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ABSTRACT

In goldfish, salmon gonadotropin (GTH)-releasing hormone (sGnRH) and chicken
GnRH-II (¢cGnRH-II) stimulate the secretion of GTH-II and growth honnone (GH). The
objective of the present study was to study the structure-activity relations of GnRH analogs
in the goldfish. The structure-function studies indicate that the structural requirements to
develop potent GnRH antagonists in goldfish are different from those of mammals. Many
‘putative’ GnRH antagonists, especially those having D-arginine6, stimulate GTH-II and
GH release in goldfish, contrary to their actions in mammals. [Ac-A3-Pro1 , 4FD-Phe2, D-
Trp3-6]-mGnRH (Analog E) inhibited GTH-II and GH stimulatory actions of both sGnRH
and chicken GnRH-II both in vivo and in vitro, without showing independent stimulatory
actions The GTH-II release inhibition by analog E varied with the reproductive status of
fish. being highest in sexually regressed fish. Analog E appears to inhibit GTH-1I and GH
release by competitively binding to GnRH receptors at the pituitary cells level. Analog E
suppressed basal plasma GTH-II and GH levels, indicating the involvement of endogenous
GnRH peptides in regulation of GTH-II and GH release. Exposure of male goldfish to a
female sex pheromone results in increases in plasma GTH-II levels and endogenous GnRH
mediates at least part of this response. Further, studies using many analogs and various
other approaches, also indicate that the two native peptides act through a single population
of receptors on gonadotrophs and through a functionally different population on
somatctcophs.

I- conclusion, [Ac-A3-Prol, 4FD-Phe2, D-Trp3~6]-mGnRH (Analog E) inhibits
native GnRH peptide-stimulated GtH-II and GH release both in vivo and in vitro. This
GnRH antagonist will serve as an effective tool in future studies to understand the role of

GnRH pentides in reproduction and growth.
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Chapter One

General Introduction

1. Gonadotropin-releasing hormone:

In the field of reproductive endocrinology, two historic events during the last fifty years
merit special attention. In 1947, Green and Harris proposed the ‘portal vessel
chemotransmitter’ hypothesis which states that the functions of the pituitary gland are
regulated by regulatory substances produced in the brain and released into the pituitary
portal blood (Green and Harris, 1947). Nearly twenty five years later, after highly
competitive and prolonged research by scientists of the groups of Dr. Andrew Schally and
Dr. Roger Guillemin, a decapeptide of identical structure was purified from porcine brain
(Matsuo et al., 1971; Schally et al., 1971a) and ovine brain (Burgus et al., 1972). This
peptide, called gonadotropin-releasing hormone (GnRH) or luteinizing hormone-releasing
hormone (LHRH), was shown to stimulate gonadotropin secretion (Schally et al., 1971b).
Since then many alternative forms of GnRH have been purified from brain of chicken
(chicken GnRH-I and -II; King and Millar, 1982, Miyamoto et al., 1982, 1984), salmon
(salmon GnRH; Sherwood et al., 1983), catfish (catfish GnRH; Ngamvongchon et al.,
1992a; Bogerd et al., 1992), dogfish (dogfish GnRH; Lovejoy et al., 1992) and lamprey
(lamprey GnRH-I, III; Sherwood et al., 1986; Sower et al., 1993). The structure of these
peptides are shown in Table 1.1.

Lamprey GnRH-I form, for which only the amino acid composition but not sequence
is known, has Ile, Phe and His instead Glu, Lys, and Tyr in IGnRH-I (Sower et al.,
1993). All the known forms of GnRH have a similar decapeptide structure, with
pyroglutamic acid (pGlul) at the amino terminus and Glycine amide(Glle-NHz) at the
carboxy terminus. The amino acids at position 1,2, 4,9 and 10 are identical in all the
known forms. The variations in amino acid sequence are at positions 3, 5, 6, 7, and
especially at position 8. Among the GnRH peptides mGnRH and ¢cGnRH-II have wide



distribution in vertebrate species (for reviews see King and Millar, 1987, 1992; Sherwood
et al., 1993).

In the literature it is well documented that GnRH regulates the synthesis and release of
gonadotropins from the gonadotroph cells in the pituitary gland of vertebrates (for reviews
see Jinnah and Conn, 1988; Lincoln, 1989; Peter et al., 1990a; Marshall et al., 1991;
Barbieri, 1992; King and Millar, 1992). GnRH also stimulates growth hormone release in
many teleost fish like goldfish, Carassius auratus (Marchant et al., 1989a), common carp,
Cyprinus carpio (Lin et al., 1993), rainbow trout (Le Gac et al., 1993) and hybrid tilapia
(Melamed et al., 1993). GnRH analogs have vast potential in treatment of many endocrine
disorders and in pro- and anti-fertility therapy in humans (Vickery, 1986; Santen and
Bourguignon, 1987; Jinnah and Conn, 1988; Schally et al., 1989; Barbieri, 1992) and in
livestock management (Schanbacher, 1987). In aquaculture GnRH analogs are mainly used

to induce maturation and ovulation of culturable fishes (Crim et al., 1987; Peter et al.,
1988; Zohar, 1989).

1.1. Multiple forms of GnRH:

Probably with the exception of advanced mammal species (King et al., 1988b), the
existence of multiple forms of GnRH is common in a species including marsupials (King et
al., 1990) and the musk shrew, a primitive placental mammal (Dellovade et al., 1993).
However, the physiological significance of the presence of multiple forms of GnRH is not
clear. In general, cGnRH-II form is present in species of cartilaginous fish, bony fish,
amphibians, reptiles, birds and lower mammals (for review see, Sherwood and Lovejoy,
1989; King and Millar, 1992; Sherwood et al., 1993). Although ¢GnRH-II has strong
gonadotropin releasing activity in most of the vertebrates tested (except mammals), in
general, it is predominantly located in extra-hypothalamic regions of the brain (King and
Millar, 1992) and the other form of GnRH (sGnRH or mGnRH or ¢cGnRH-I) is found in
the hypothalamic region. On this basis, King and Millar (1992) suggested that, in general,
cGnRH-II may not be involved in the regulation of release of gonadotropic hormones. In
support of this, in chicken only cGnRH-1 is present in, and is released from, the median
eminence (Katz et al., 1990). Similarly, both sGnRH and cGnRH-II are found in the brain
of rainbow trout, Oncorhynchus mykiss (Okuzawa et al., 1990) and masu salmon,

Oncorhynchus masou (Amano et al., 1992), but only sGnRH is present in the pituitary
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gland, implying the involvement of only sGnRH in regulation of gonadotropin-II (GTH-II)
release in these two fish species. However, non-involvement of cGnRH-II in reproduction
may not be true for all species. In goldfish, chromatographic and immunological studies
have indicated the presence of sGnRH and cGnRH-1I in the brain and pituitary (Yu et al.,
1988). In the study by Yu et al. (1988), and also in the immunocytochemical study by
Kim et al. (1993), both sGnRH and cGnRH-II were detected in different brain areas and in
the pituitary, suggesting involvement of both peptides in the regulation of pituitary
hormone secretion (reviewed by Peter et al., 1990a). In African catfish (Clarias
gariepinus), cfGnRH and cGnRH-II are located in the same granules of axon terminals
near the pituitary gonadotrophs (Zandbergen et al., 1992; Schulz et al., 1993), and
cGnRH-H is more potent than cfGnRH in stimulating GTH-II release in African catfish
(Schulz et al., 1993) and in inducing ovulation in Thai catfish, Clarias macrocephalus
(Ngamvongchon et al., 1992b). In the frog, Rana rodobinda, the cGnRH-II form but not
the mGnRH form is present in the hypothalamic region and suggested to be involved in
regulation of GTH release (Conlon et al., 1993).

1.2. Anatomical distribution;

The distribution of GnRH has been extensively studied, especially in mammalian
species (Silverman, 1988), which will not be covered here. In goldfish, sGnRH-
immunoreactive (ir) cell bodies were found in the area between the olfactory nerve and the
olfactory bulb (the terminal nerve), the ventral telencephalon, the preoptic area and the
hypothalamus. ¢GnRH-II-ir cell bodies were observed in the same areas as those of
sGnRH and also in the midbrain tegmentum. Both sGnRH and cGnRH-II-ir fibers were
located widely in the brain areas and in the pituitary gland (Kah, 1986a; Kim et al., 1993).
The measurable sGnRH and cGnRH-II content in different brain areas of goldfish shows a
pattern of distribution of two native GnRH peptides similar to that described by
immunocytochemical studies (Yu et al., 1988).

1.3. Biosynthesis of GnRH:

GnRH is synthesized as part of a larger precursor, GnRH preprohormone, having 92

amino acids in humans and rats (for review see Seeburg et al., 1987). Preprohormone in



rats consists of a signal sequence of 23 amino acids foitowed by the decapeptide, a Gly-
Lys-Arg sequence for enzymatic processing, and a 56 amino acid C-terminal sequence (for
review see Nikolics and Seeburg, 1987; Seebusg et al., 1987). The cDNA coding
sequence has been identified for the precursor of mGnRH in rat (see Seeburg et al., 1987)
and for sGnRH in African cichlids, Haplochromis burtoni (Bond et al., 1991), Atlantic
salmon, Salmo salar (Klungland et al., 1992), masu salmon, Oncorhynchus masou
(Suzuki et al., 1992) Pacific salmon, Oncorhynchus nerka (Coe et al., 1992) and for
¢GnRH-I in chicken (Dunn et al., 1992). The genes of mGnRH, sGnRH, cGnRH-I
contain 4 exons [except in Pacific saJmon, which has only three exons (Coe et al., 1992)],
of which the second exon codes for a signal peptide of 21-23 amino acids, the GnRH
decapeptide, a cleavage site, and part of a GnRH associated peptide (GAP). The nucleotide

sequence of GAP of masu salmon shows considerable variation from the sequence of GAP

in other species (Suzuki et al., 1992).

1.4. GnRH receptors:

GnRH binds to receptor protein on the target cell to elicit its physiological action.
Among the vertebrates, mammalian GnRH receptor is specific; only mGnRH exhibits high
gonadotropin-releasing activity (for review see King and Millar, 1987, 1992). In birds,
reptiles and amphibians all the vertebrate GnRH peptides tested (except IGnRH) are
biologically active (King and Millar, 1987, 1992) and in goldfish seven forms of GnRHs
(IGnRH-III not tested) are active in stimulating GTH-II release (Peter et al., 1987a; Habibi
et al., 1992; Lovejoy et al., 1992; Ngamvongchon et al., 1992a).

1.4.1. Receptor binding studies:

In mammals, many excellent reviews have covered the receptor binding characteristics
of GnRH, molecular and structural characteristics of GnRH receptors and the mechanism
of GnRH action (Clayton and Catt, 1981; Conn, 1986; Clayton, 1988; Hazum and Conn,
1988; Lincoln, 1989). In general, only a single class of high affinity binding site has been
described in rat pituitary (Clayton and Catt, 1981). Binding of GnRH peptides or presence
of mRNA for GnRH receptors has also been observed in various extra-hypothalamic
tissues of mammals, such as brain, spinal cord, gonads, breast, lymphocytes, placenta,

and breast and pancreatic tumor cells (for review see Bramley, 1987; Jones and Hsueh,
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1987; Chieffi et al., 1991; King and Millar, 1992; Sherwood et al., 1993).

In recent years the GnRH receptor binding characteristics of many fish species has been
studied (for review see Habibi and Peter, 1991; Habibi and Pati, 1993). Characterization
of GnRH receptors in the goldfish pituitary demonstrated two classes of GnRH binding
sites, high affinity, low capacity sites, and low affinity, high capacity sites (Habibi et al.,
1987, 1989b). A protein band of 51,000 Mr associated with the high affinity binding sitcs
in the pituitary of goldfish was evidenced by photoaffinity labelling studies (Habibi et al.,
1990) and appears to mediate the biological function of GnRH in goldfish (Habibi et al.,
1989b, 1992). In many other fish species such as winter flounder, Pseudopleuronectes
americanus (Crim et al., 1988; Weil et al., 1992), three-spined stickleback, Gasterosteus
aculeatus (Andersson et al., 1989), and gilthead seabream, Sparus auratua (Pagelson and
Zohar, 1992) only one class of high affinity GnRH binding sites were demonstrated. In
contrast, in sea lamprey, Petromyzon marinus, two classes of high aifinity GnRH binding
sites have been reported (Knox et al., 1994).

Limited studies in fish indicate regulation of GnRH receptor number by various factors.
In goldfish, GnRH receptor numbers in the pituitary increased during sexual maturity,
along with a parallel increase in the GTH-II response to GnRH (Habibi et al., 1989a).
Similarly, in winter flounder the GnRH binding level was higher in prespawning,
compared to post spawning feinales (Crim et al., 1988). Dopamine down regulates the
GnRH receptor number (De Leeuw et al., 1989) consistent with its inhibitory actions on
GTH-II release in goldfish (Peter et al., 1991). In catfish, castration results in an increasc
of GnRH binding sites, while androstenedione reversed this effect (Habibi ct al., 1989a).
However, implantation of testosterone to gonad intact goldfish had no effect on GnRH
binding sites or affinity (Trudeau et al., 1993a). Multiple injections of GnRH over a 24 hr
period enhances GnRH receptor numbers, but continuous treatment, at least under in vitro
conditions, causes desensitization and reduction in the pituitary receptor content (Habibi,
1991a, b; Habibi and Peter, 1991).

In goldfish, GnRH acts through high affinity binding sites to stimulate GTH-II and GH
release (Peter et al., 1990a, 1991; Habibi et al., 1992). So far, receptor binding studies
using crude goldfish pituitary membrane preparations have not indicated the presence of
more than one class of high affinity binding sites (Habibi and Peter, 1991). However, in



photoaffinity labeling studies, a protein band of approximate molecular weight of 51,000
having high affinity to GnRH, appeared as two closely associated bands on gel
electrophoresis (Habibi et al., 1990). These two bands were suggested to represent GnRH
receptors on gonadotrophs and somatotrophs. In electron microscope studies, sGnRH and
¢GnRH-II both displaced avidin gold-labelled biotinylated [D-Lys6, Pro”- NHEt]-sGnRH
from the surfaces of immunohistochemically identified gonadotrophs and somatotrophs
(Cook et al., 1991) indicating the presence of GnRH receptors on these two cell types.

Although it is common to find multiple forms of GnRH in a given species, it is not
known whether they act through the same or different populations of GnRH receptors to
stimulate gonadotropin release. In chicken, both cGnRH-I and -1I are biologically active
(but only cGnRH-I is a physiological regulator of GTH release), and they act through the
same population of pituitary GnRH receptors (King et al., 1988a). In goldfish, both
sCrRE <nd cGnRH-1I displaced bound 1251-{D-ArgS, Pro9-NHE(]-sGnRH from the
crude goldfish pituitary membrane preparations (Habibi et al., 1987, 1989b; Habibi and
Peter, 1991) and avidin gold-labelled biotinylated [D-Lys®, Pro%-NHE]-sGnRH from the
surfaces of immunohistochemically identified gonadotrophs and somatotrophs (Cook et al.,
1991). These results suggest that the two native peptides are capable of interacting with
receptors on gonadotrophs and somatotrophs. In contrast tc these results, desensitization
studies in goldfish show differences in the action of sGnRH and cGnRH-II (Habibi,
1991a, b; Khakoo et al., 1994). Further, in stimulating expression of mRNA of GTH-Ilow
and GTH-IIB subunits, cGnRH-II was more potent than sGnRH in sexually mature
goldfish, but less potent in sexually regressed goldfish, and thus sGnRH and cGnRH-II
were suggested to regulate synthesis and release of GTH-II through different ‘receptor-
effector’ mechanisms (Khakoo et al., 1994).

In recent years specific binding sites for GnRH have been demonstrated in the ovary of
goldfish, common carp, and African catfish, as well as in the testis, brain, liver, and
kidney of goldfish (Pati and Habibi, 1993; for review Habibi and Pati, 1993). In goldfish,
the presence of GnRH-immunoreactive materials in the ovary and direct actions of GnRH
on the ovary have been demonstrated (Habibi et al., 1988, 1989c; Habibi and Pati, 1993)

indicating a possible paracrine action.

1.4.2. Suructure of GnRH receptor:



Recently cDNA coding for GnRH receptors has been sequenced from a mouse oT3 cell
line (Tsutsumi et al., 1992; Reinhart et al., 1992), sheep (Brooks et al., 1993), human
(Kakar et al., 1992; Chi et al., 1993), and rat (Eidne et al., 1992). The receptors share
considerable homology between species and have 327-328 amino acids with seven putative
transmembrane domains, characteristic of G-protein-coupled receptors. The mRNA of
human GnRH receptor was observed to be present in human pituitary, ovary, testis, breast
and prostate, and in the MCF-7 breast cancer cell line, but not in liver and spleen (Kakar et
al., 1992). Transfection of cDNA into the COS-7 cell line resulted in expression of human
GnRH receptor with high affinity for GnRH analogs (Kakar et al., 1992). Further studies
in human have indicated the presence of two genes and three mRNAs encoding for GnRH
receptor proteins (Kakar et al., 1993). In sheep pituitary also three mRNAs encoding
GnRH receptors have been identified and ali three forms of mRNA are regulated similarly
by steroids and GnRH, indicating the functional importance of each (Miller et al., 1993).
However, the physiological relevance of these findings is not known at present. The

cDNA sequence of non-mammalian GnRH receptors has not been reported.

1.5. Structure-activity studies of GnRH:
1.5.1. GnRH agonists:

The isolation and characterization of GnRH has led to an exciting phase of structure-
function-activity studies both in mammalian and non-mammalian species (Millar and King,
1984: Peter et al., 1985; Karten and Rivier, 1986; Peter, 1986). The ideas behind
development of potent GnRH agonists were to increase the receptor binding affinity, and to
increase the resistance to enzymatic degradation in order to extend the plasma half-life of
the analcgs (Karten and Rivier, 1986, Gordon and Hodgen, 1992). This goal was
achieved mainly by substituting Gly6 with a D-amino acid (preferably hydrophobic) and/or
replacement of the C-terminal glycine-amide residue by an ethylamide group (Karten and
Rivier, 1986). The structure-function relationship of GnRH analogs in teleosts has been
extensively studied using goldfish as a model (for review Peter, 1986; Peter et al., 1987a,
1990a, 1991). Although there are variations in the apparent potency of a given analog
between fish species, in general, similar to mammalian studies, analogs with [D-X amino
acid6, Pro9-NHEt] are the most potent in stimulating GTH-II release. However, a



hydrophobic amino acid at position 6 may not be as important for GTH-II releasing activity
in goldfish, compared to mammals (Peter, 1986). In goldfish, [D-ArgS, Pro9-NHE]-
sGnRH is the most potent analog tested (Peter et al., 1991). The importance of receptor
binding affinity (Habibi et al., 1989b) and resistance to enzymatic degradation (Zohar et
al., 1990a, b; Goren et al., 1990) in determining the bioactivity of GnRH analogs have
been indicated. The presence of serum GnRH binding protein in goldfish (Huang et al.,
1991a, b) may extend the biological half-life and duration of action of GnRH in the blood.

1.5.2. GnRH antagonists:
Antagonistic analogs of GnRH competitively bind to GnRH receptors with high

affinity, without activating the receptor, thereby inhibiting GTH secretion stimulated by
native GnRH. The impetus for development of potent GnRH antagonists is in fertility
control, in treatment of various endocrine disorders and steroid associated cancerous
growth (Gordon and Hodgen, 1992).

During GnRH structure-function activity studies in mammals, a histidine residue at
position 2 was found to be the key for intrinsic activity in GnRH analogs. Omission of
histidine at position 2 or substitution by other smaller amino acids resulted in analogs
having weak GnRH antagonistic properties (Vale et al., 1972). Further, Rees et al. (1974)
found that insertion of a D-aromatic amino acid residue at position 2 enhanced the
antagonistic potency of analogs. Based on the idea that D-amino acid substitution at
position 6 increases resistance to enzymatic cleavage and increases receptor binding affinity
of agonistic analogs, antagonists having D-amino acids at positions 2 and 6 were developed
(Yardly et al., 1975). Thus, [D-Phe2, D-Ala6]-GnRH was the first antagonist to inhibit
ovulation in rat (Yardley et al., 1975). Since many position 2 modified analogs still had
weak intrinsic activity, the attention was then focused on position 3 (review see Nestor,
1984). Thus [D-Phe2, D-Trp3, D-Phe9]-GnRH was effective in inhibiting ovulation by a
single injection of 1 mg/rat (Nestor et al., 1984; Karten and Rivier, 1986). Based on
energy minimization calculations, Rivier and Vale (1978) introduced D-pGlu at position 1
resulting in [D-pGlul, D-Ph2, D- rp3,6]-GnRH. Subsequent studies showed that
substitution of D-pGlu1 with Ac-Pro! or Ac-A3-Prol would enhance the antagonistic
potency of analogs (Humphries et al., 1978). In order to increase the hydrophobicity,
analogs with 4-chloro- (4Cl) or 4-fluoro-(4F) Phe? were developed and in this series [Ac-
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A3-Prol, 4FD-Phe2, D-Trp3+6]-GnRH was potent with high receptor binding affinity
(Rivier et al., 1983). This analog was extensively tested for in vivo activity in mammals
including humans (Pavlou et al., 1987).

One approach for the further development of antagonists was to augment the
hydrophobicity of the peptide. The increased hydrophobicity was expccted to have two
non-specific effects (i) to decrease the rate of clearance of the peptide from the circulation,
and (i) to alter the apparent binding constant to membrane bound receptors by increasing
the affinity for hydrophobic plasma membrane compartments (Nestor et al., 1984). The
substitutions were mainly done at positions 1, 2, 3 and 6. Originally the most hydrophobic
natural amino acid, tryptophan was substituted at positions 3 and 6 and later tryptophan
was replaced by 3-(2-naphthyl)-D-Alanine (D(2)-Nal) for enhanced activity of GnRH
antagonists (Nestor et al., 1984). The most potent analogs found in this series of studies
were [N-Ac-A3-Prol, D-pF-Phe2, D-Nal(2)3:6]-GnRH and [N-Ac-Pro!, D-pF-Phe?, D-
Nal(2)3:6]-GnRH. |

The solubility problem of highly hydrophobic analogs led to the recxamination of
substitution of polar amino acids like lysine and arginine in position 6. Such substitutions
not only reduced the hydrophobicity, but also enhanced the potency of the analogs (Coy et
al., 1982). [N-Ac-D-Nal(2)!, D-pCl-Phe2, D-Trp3, D-Arg0, D-Alal®) GnRH is one of
the potent antagonists developed in this series (Rivier et al.,1984). Based on the
observation of the presence of hydrophobic tryptophan in position 7 in chicken-II and
salmon GnRHs, tryptophan was introduced to position 7 resulting in [N-Ac-D-Nal(Z)l ,D-
pCl-Phez, D-Pa1(3)3, D-Arg6, Trp7, D-Alal0}-GnRH, another highly potent antagonist
(“Nal-Arg” analog; Rivier et al., 1984).

Observing the effects on potency of D-Arginine at position 6, a series of unnatural
amino acids were designed and synthesized. These amino acids, having dialkyl
homoarginines [hArg(Ety)}, combine the positive charge of arginine (electrostatic) with
stabilization of membrane binding owing to interaction of alkyl groups with hydrophobic
phospholipids in the membrane (Nestor et al., 1984; Nestor, 1987). The example is {N-
Ac-D-Nal(2)!, D-pCl-Phe2, D-Trp3, D-hArg(Ety)S, D-Alal®] GnRH, commonly known
as Detirelix or RS-68439. This analog, having longer duration of action with a half-life of
> 48 hr in man, has been under clinical pharmacological studies as an antifertility agent



(Nestor, 1987).
In many studies, in animals as well as humans, “Nal-Arg” type of analogs and Detirelix

were found to induce histamine release from mast cells resulting in transient edema of the
face and hence were withdrawn from clinical trials (Rivier et al., 1991). So the next phase
of antagonist design and synthesis was directed at producing analogs with reduced
histamine releasing activity, keeping the potency intact. In the next series [Ac-D-Nal(2)1,
D-pCl-Phe2, D-Pal3, Arg5, D-Alal0] GnRH, and [Ac-D-Nal(2)!, D-pCl-Phe?, D-Pal3,
Args. D-Glu6(AA), D-A.lalO]-GnRH (“Nal-Glu” analog) with high potency and low
histamine releasing activity were developed (Folkers et al., 1987; Rivier et al., 1991).

To further reduce the histamine release activity of GnRH antagonists, Ljungqvist et al.
(1988) developed “Nal-Lys” analog or ‘Antide’, [Ac-D-Nal(2)1, D-pCl-Phe2, D-Pal3,
Lys(Nic)3, D-Lys(Nic)6, Lys(iPr)8, D-Alal0]-GnRH. Antide is a potent antagonist in rat
both in vivo (Wallen et al., 1991) and in vitro (Danforth et al., 1991a, b), and kas a
prolonged duration of action in monkey, probably owing to its ability to bind a 66, 000 da
protein in serum (Danforth et al., 1990). But Antide is not easily soluble in aqueous
buffers at pH higher than 4.0 t0 5.0. Hence Rivier’s group developed ‘Azaline’, [Ac-D-
Nall, 4FD-Phe2, D-Pal3, Lys(atz)3, D-Lys(atz)0, ILys8, D-Alal0]-mGnRH and related
analogs (Rivier et al., 1991; Theobald et al., 1991). Nestor’s group has developed
Ganirelix, [Ac-D-Nall, D-pCl-Phe2, D-Pa13, D-hArg(Etp)S, D-hArg(Et)8, D-Alal0)-
mGnRH (Nestor et al., 1992). All these analogs are currently under different phases of
clinical trials.

Information on antagonistic studies in non-mammalian species is scarce. In fishes,
Crim et al. (1981) have shown that the GnRH antagonist [D-Phe2:6, Phe3]-mGnRH
inhibits mGnRH stimulated gonadotropin release. Recently, Habibi (1991a) has observed
that [D-p-Glul. D-Phe?, D-Trp3'6]-mGnRH can partially supprcss both sGnRH and
c¢GnRH-II actions on GTH-II release in vitro in goldfish. However, none of these studies
provides information on the structure-activity relationships of GnRH antagonists in teleost

fish, and also the antagonists used in these studies did not completely block the actions of

native GnRH peptides.

Since the present study involves characterization of GnRH antagonists for their ability
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to inhibit GTH-II and GH release stimulated by sGnRH and cGnRH-1I1, the regulation of
GTH-I and GH will be briefly reviewed mainly using goldfish as a model species.

1.6.1. Gonadotropin hormones
1.6.1.1. Structure of gonadotropins:

Early studies on purification of gonadotropins demonstrated the presence of two types
of GTH, a carbohydrate-poor, vitellogenic GTH and carbohydrate-rich, maturational GTH
(for review, Idler and Ng, 1983). However, recent studies by Dr. Kawauchi and co-
workers have revealed the presence of two glycosylated GTHs in salmonoid fish, GTH-1
and -II (Suzuki et al., 1988; Kawauchi et al., 1989; Swanson, 1991). Duality of GTHs
has also been reported i1 non-salmonoid fishes including common carp (Van Der Kraak et
al., 1992), bonito, a marine fish (Kawauchi et al., 1991), red sea bream (Tanaka et al.,
1993, and Atlantic croaker (Copeland and Thomas, 1993). A series of excellent studies in
salmonoid fishes have shown that GTH-I and II are produced by separate pituitary cell
types (Nazaki et al., 1990) and are differentially secreted during sexual maturation (Naito et
al., 1991). Further studies have indicated that GTH-I acting through GTH-receptor type-I
(GTH-RI) stimulates steroid production and vitellogenin uptake by maturing oocytes, while
during final sexual maturation GTH-II acting through GTH-RII stimulates steroid
production and final maturation (for references, see Miwa et al., 1994). In terms of
stimulation of steoidogenesis, GTH-I and -1I were equipotent during earlier stages of
gametogenesis, while GTH-II was more potent in matured fish (Swanson, 1991). In
goldfish, carp GTH-I and -1I were equipotent in terms of stimulation of testicular and
ovarian steroidogenesis, induction of oocyte final maturation (Van Der Kraak et al., 1992),
ovarian growth, plasma vitellogenin level and vitellogenin uptake by follicles (Nunez
Rodriguez et al., 1992).

1.6.1.2. Regulation of gonadotropin release in teleosts:

The hormonal regulation of gonadotropin release in many teleost species has received
considerable attention over the last three decades (Peter, 1983; Peter et al., 1986, 1990a, b,
1991; Goos, 1991). GnRH peptides stimulate GTH-II release in almost all the species
tested. In goldfish, two native forms, sGnRH and cGnRH-II stimulate GTH-II synthesis
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(Khakoo et al., 1994) and release (Chang et al., 1990; Peter et al., 1991). ¢cGnRH-II is
more potent than sGnRH in stimulating GTH-II release in vitro (Chang et al., 1990;
Habibi, 1991a). The GTH-II response to GnRH peptides appears to be maximal in
sexually mature fish (Habibi et al., 1989a).

Dopamine acts as an endogenous inhibitor of gonadotropin release in many teleost
species including goldfish (for review see Peter et al.,1986, 1991). In vivo studies with
dopamine receptor antagonists indicate that dopamine inhibits both spontaneous and GnRH
peptide stimulated GTH-II release (Chang and Peter, 1983; Omeljaniuk et al., 1987). The
studies with African catfish, Clarias gariepinus have indicated a similar dual control of
GTH-II, stimulation by GnRH peptides and inhibition by dopamine (Goos, 1991).
Dopamine inhibits GTH-1I secretion by acting directly at the pituitary level both in goldfish
(Chang et al., 1984) and in African catfish (De Leeuw et al., 1986). In these two fish
species, immunocytochemical studies have indicated the direct dopaminergic innervation of
gonadotroph cells (Kah et al., 1986b; Peute et al., 1987). The GnRH receptor studies have
indicated that at least part of the dopaminergic inhibition is mediated through down-
regulation of the pituitary GnRH receptors (De Leeuw et al., 1989). In goldfish, dopamine
also inhibits the release of GnRH peptides from pituitary fragments and preoptic-anterior
hypothalamic slices (Yu et al., 1992). The injection of the dopamine D2 type receptor
antagonists pimozide or domperidone potentiates the effects of sGnRH analog on GTH-II
levels in blood, and combined treatment of D2 antagonist and GnRH agonist analogs is
highly effective in inducing ovulation in fish (Peter et al., 1991).

Gonadal steroids have both negative (Kobayashi and Stacey, 1990) as well as positive
effects (Trudeau et al., 1991). Recent studies in goldfish have indicated that at least part of
the inhibitory effect of steroids is due to inhibition of the stimulatory effects of y-amino
butyric acid (GABA) (Kah et al., 1992) and an increase in dopamine turnover (Trudeau et
al., 1993b; for review see Peter et al., 1991). In the European ecl (Anguilla anguilla) at
the silver stage, testosterone or estradiol strongly stimulated the expression of mRNA
GTH-1I B subunit (Quérat et al., 1991) and pituitary GTH content (Dufour et al., 1983).
Similarly there was an increase in pituitary GTH content in juvenile male and female
rainbow trout following testosterone implantation (Crim and Evans, 1979).

Neuropeptide Y stimulates GTH-II by acting directly on pituitary cells and by
stimulating release of GnRH peptides (Peng et al., 1993). The gonadal peptides inhibin
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and activin act directly on pituitary cells to stimulate GTH-II release (Ge et al., 1992).
Cholecystokinin (CCK) stimulates GTH-II release in a dose-dependent fashion and
CCK/gastrin like immunoreactivity has been demonstrated in goldfish pituitary (Himick et
al., 1993).

1.6.2 Growth hormone: .
1.6.2.1. Structure of growth hormone:

The primary structure of GH and the gene sequence encoding GH has been reviewed
recently by Rand-Weaver et al. (1993). The primary sequence of GH has been identified
from mote than 15 fish species and in general, they have 183-188 amino acids with Mr of
20, 000 to 22, 000 da (Rand-Weaver et al., 1993). Owing to the importance of GH in
possible enhancement of growth in aquaculture, the cDNA encoding GH peptides have
been sequenced in many fish species (Ho et al., 1989; Fine et al., 1993).

1.6.2.2. Regulation of growth hormone release:

Similar to other vertebrates, growth hormone release in teleosts is controlled by
multihormonal factors (Harvey, 1993). The inhibitory effects of somatostatin (SRIF) on
GH release has been demonstrated in many fish species (Marchant et al., 1987, 1989b; for
review see Harvey, 1993). A functional relationship between circulating GH levels and
endogenous brain and pituitary SRIF immunoreactivity is indicated in goldfish, in which
seasonal increases in GH secretion occur when SRIF concentrations are lowest, and vice
versa (Marchant et al., 1989b).

A physiological role for growth hormone-releasing hormone (GRF or GHRH) in
regulation of GH release of teleosts has been suggested based on the presence GRF-
immunoreactivity in fish hypothalamus, presence of GRF-like peptides and stimulation of
GH release by mammalian GRF or carp GRF (for references, see Harvey, 1993).

As mentioned earlier, GnRH also stimulates growth hormone release in many teleosts
including goldfish (Marchant et al., 1989), common carp (Lin et al., 1993), rainbow trout
(Le Gac et al., 1993) and tilapia (Melamed et al., 1993). In goldfish, both sGnRH and
cGnRH-II stimulate GH release and sGnRH is slightly more potent than cGnRH-II
stimulating GH release (Chang et al., 1990; Peter et al., 1990a, 1991).
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In goldfish, GH release is also under the stimulatory control of thyrotropin-releasing
hormone (Trudeau et al., 1992), neuropeptide Y (Peng et al., 1993) cholecystokinin
(Himick et al., 1993), and bombesin (Himick and Peter, 1994). Dopamine, a
neurotransmitter, stimulates GH release in a dose-related fashion by acting through
dopamine D1 type receptors (Wong et al., 1992, 1993a) and the GH stimulatory actions of
dopamine is highest in sexually regressed goldfish (Wong et al., 1993b).

1.7. Objectives of the present study:

Although the structure-activity relations of GnRH antagonists has been extensively
studied in mammals, there are no systemic studies of this nature in non-mammalian
species. Finding a potent GnRH antagonist will be useful (i) as a probe in studies on
regulation of GTH-II and GH secretion by hypothalamic and gonadal factors in fish; (ii) in
studies on GnRH receptors and associated intracellular second messenger systems; (iii)
possibly in controlling the reproduction of fish in aquaculture, and, (iv) such structure
activity studies may provide useful information to develop more potent GnRH agonists and
antagonists. Based on the results from initial screening studies, the ability of selected
GnRH antagonists to inhibit the GTH-II and GH release stimulated by native sGnRH and
cGnRH-II peptides, both in vivo and in vitro, was tested. The actions of GnRH
antagonists were demonstrated directly at the pituitary cell level and in competitive binding
to GnRH receptors in crude goldfish pituitary membrane preparations. Based on the
differential actions of several analogs, functional differences in GnRH receptors on

gonadotrophs and somatotrophs are suggested.
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Table 1. The amino acid sequence of eight known forms of GnRH in vertebrate species.

IMammal
Chicken I
Catfish
Chicken II
Dogfish
Salmon
Lamprey I
Lamprey I

1 2 3 4 5 6 7 8 9 10
pGlu -His -Trp -Ser -Tyr -Gly -Leu -Arg -Pro -Gly-NHp (mGnRH)
pGlu -His -Trp -Ser -Tyr -Gly -Leu -Gln -Pro -Gly-NHy (cGnRH 1)
pGlu -His -Trp -Ser -His -Gly -Leu -Asn -Pro -Gly-NH3 (cfGnRH)
pGlu -His -Trp -Ser -His -Gly -Ttp -Tyr -Pro -Gly-NHj (cGnRH II)
pGlu -His -Trp -Ser -His -Gly -Trp -Leu -Pro -Gly-NHj (dfGnRH)
pGlu -His -Trp -Ser -Tyr -Gly -Trp -Leu -Pro -Gly-NHy (sGnRH)
pGlu -His -Trp -Ser -His -Asp -Trp -Lys -Pro -Gly-NH (IGnRH-IH)
pGlu -His -Tyr -Ser -Leu -Glu -Trp -Lys -Pro -Gly-NHy (IGnRH-I)
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Chapter Two

In vitro characterization of gonadotropin-releasing hormone
(GnRH) antagonists in goldfish, Carassius auratus?

Introduction

As in vertebrates, gonadotropin-releasing hormone (GnRH) is involved in the
regulation of gonadotropin (GTH-II) secretion in teleost fish (for review Peter et al., 1986,
1990a, b, 1991). In goldfish brain and pituitary two forms of GnRH, namely salmon
GnRH (sGnRH) and chicken-II GnRH (cGnRH-II) have been identified (Yu et al., 1988).
In addition to stimulating GTH-II secretion, both forms of GnRH stimulate growth
hormone (GH) release in goldfish (Marchant et al., 1989; Chang et al., 1990; Habibi et al.,
1992). During spawning of goldfish there is a significant decrease in total GnRH levels in
the pituitary and brain starting from about 12-16 h prior to ovulation, corresponding with
the onset of the preovulatory surges in serum GTH-II and GH concentrations; a few hours
after ovulation, brain and pituitary GnRH levels, and serum GTH-II and GH levels return
to near normal preovulatory values (Yu et al., 1991). The negative correlation between
GnRH content in the pituitary and brain, and serum GTH-II and GH concentrations
suggests a causal relationship (Yu et al., 1991). Treatment with superactive analogs of
GnRH is being used in aquaculture to induce maturation and ovulation of cultured fishes
(Crim et al., 1987; Peter et al., 1988, 1990a, 1991). Repeated injection of superactive
GnRH analogs also enhances body growth (Marchant et al., 1989). Thus, GnRH appears
to be important in regulation of both reproduction and growth in fish.

In extensive studies on mammals, GnRH antagonistic analogs have been developed by
modifying the GnRH sequence especially at positions 1, 2, 3, and 6 (for review Karten and
Rivier, 1986). There is, however, very little information available on the structure-activity

1A version of this chapter has been published: CK Murthy, CS Nahorniak, JE Rivier, RE
Peter (1993). Endocrinology, 133, 1633-1644.
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relations of GnRH antagonists in fish or any other non-mammalian vertebrate. Crim et al.
(1981) have shown that [D-Phe2-6, Phe3]- GnRH can block the increase in plasma GTH-
1I levels induced by injection of mammalian GnRH (mGnRH) in male trout in vivo.
Recently, Habibi (1991) has observed that [D-p-Glu!, D-Phe2, D-Trp3:6)-mGnRH can
partially suppress both sGnRH and cGnRH-II actions on GTH-II release in vitro in
goldfish. However, none of these studies provides information on the structure-activity
relationships of GnRH antagonists in teleost fish, and also the antagonists used in these
studies did not completely block the actions of sGnRH and cGnRH-II. Finding a potent
GnRH antagonist will be useful (i) as a probe in studies on regulation of GTH and GH
secretion by hypothalamic and gonadal factors in fish; (ii) in studies on GnRH receptors
and associated intracellular second messenger systems; and, (iii) possibly also in
controlling the reproduction of fish in aquaculture. The objective of the present study was
to identify and characterize GnRH antagonists for their ability to block both sGnRH- and
c¢GnRH-II-induced GTH-II and GH release in goldfish using an in vitro pituitary

fragments perifusion system.

Materials and Methods

Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish were maintained in flow-through aquaria (1800
liters) at 17 + 1° C under a simulated natural photoperiod of Edmonton for at least 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish of both sexes, with body weight ranging from 20-35 g were used in the present study.
The sexual maturity of fish was assessed by measuring the gonadosomatic index (GSl=
weight of gonad/total body weight X 100). During initial screening of GnRH analogs, fish

in a sexually regressed state or early gonadal recrudescence were used.

Reagents and test substances sGnRH, cGnRH-II, and lamprey GnRH (IGnRH)

(purchased from Peninsula Laboratories Inc., Belmont, CA) were dissolved in 0.1 M acetic
acid and stored at -25° C as aliquots of 50 uM. The aliquots were diluted with perifusion
medium to required concentrations immediately prior to use in experiments. GnRH analog
[D-pGlul, D-Phe2, D-Trp3’6]-mGnRH was purchased from Sigma Chemical Co., St.
Louis, MO. All other analogs (Table 2.1) were the gift of Dr. J. E. Rivier, The Clayton

35



Foundation Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA. GnRH
analogs were dissolved in a primary solvent containing propylene glycol and physiological
saline at a ratio of 60:40, and subsequently diluted to required concentrations with
perifusion medium. The final propylene glycol concentration was less than 0.5%.

Perifusion of the pituitary fragments In vitro experiments were conducted using a
validated pituitary fragments perifusion system (Marchant et al., 1989). Briefly the

pituitary glands, collected from goldfish, were chopped into fragments (0.2 mm3) using a
Mcllwain tissue chopper. The fragments were washed with medium 199 and placed
between two layers of Cytodex beads (purchased from Sigma Chemical Co., St. Louis,
MO) in the perifusion columns (3 pituitary equivalents per column) with a continuous flow
of incubation medium (medium 199) at 18° C. The fragments were perifused overnight (at
least 15 h) at a flow rate of 5 ml/h. Thereafter, the incubation was continued using Hank's
balanced salt solution supplemented with 25 mM HEPES and 0.1% BSA at a flow rate of
15 mV/h for 2 h before starting the experiment. Five minute fractions of perifusate were
collected, frozen and stored at -25 C for hormonal assay. During initial screening, GnRH
analogs were tested for their possible stimulatory actions on GTH-1I and GH secretion

under 2 min pulse and 30 or 35 min continuous treatment conditions.

Radioimmunoassay GTH-II levels in perifusate were measured by using a validated
radioimmunoassay specific for goldfish GTH-II (Peter et al., 1984; Van Der Kraak et al.,
1992). The GH levels were measured by using a radicimmunoassay similar to that
described by Marchant et al. (1989), except that standard and labeled ligand were goldfish
GH (gGH), purified following the technique described by Rand-Weaver and Kawauchi
(1992). The antibody raised against gGH has <0.01% cross reactivity with carp and
goldfish prolactin, and carp somatolactin. Carp GTH-I and GTH-II caused no
displacement of iodinated gGH from the antibody. The ED20, ED50 and EDRO values for
the assays were 83.8 2.2, 36.4 £ 1.3 and 16.7 % 1.0 ng/ml, respectively (n=10). The
intra-assay and inter-assay variability were 3.04% (n=9) and 12.68% (n=8), respectively.

Data analysis The results of initial screening of GnRH analogs are presented as ng/ml for
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a single column out of 2-4 columns. To provide a mean response, the GTH-II or GH
values were expressed as percentage of pretreatment mean (of 3 fractions prior to first
pulse) for each column and pooled from 4-6 columns. The quantification of hormone
response was done as described by Peng et al. (1990). Briefly, the average hormone level
of 3 fractions immediately preceding each pulse (prepuisc mean) was treated as a basal
hormone level and the hormone values following a GnRH pulse were expressed as a
percentage of the prepulse mean. Post pulse fractions with hormone contents greater than
one standard error (SEM) above the prepulse mean were considered to be a part of the
response. The response (expressed as % prepulse) above the pretreatment mean from the
fractions considered as part of the response were added to get the net response in a
particular column.

To establish a dose-response relationship, the ability of each dose of antagonist to
block 20 nM sGnRH (or cGnRH-II) stimulated hormone release (GTH-II and GH) was
calculated in each column as follows:

R = (T/S) 100, where R = the hormonal response for 20 nM sGnRH (or cGnRH-II) in
the presence of a given concentration of GnRH antagonist expressed as a percentage of the
standard response; S = Net response of hormone release under 20 nM sGnRH (or cGnRH-
II) pulse for 2 min in the absence of any antagonist (taken as standard response for that
particular column); and T = Net response of hormone release under 20 nM sGnRH (or
c¢GnRH-II) pulse in presence of X nM antagonist.

The 'R’ values obtained for a given dose of antagonist from 4-6 perifusion columns
under the same treatment regime were averaged and expressed as mean + SEM, and were
plotted against the dose of analog. Using a computerized ALLFIT program (De Lean et al.,
1978) ED50 + approximate error value for each antagonist [effective dose for 50%
reduction of the hormone release induced by 20 nM sGnRH (or cGnRH-II)] was calculated
as a measure of potency of that analog. The difference in responses between treatment and
control was assessed by ANOVA followed by Student's t-test (p <0.05). The dose-
response curves were compared either following sin"1(¥ X/100) transformation by
ANOVA and Fisher's LSD test (p <0.05) or by constructing 95% confidence intervals.

Results

Initial screening and characterization studies During the initial screening, analogs based
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on mGnRH, sGnRH and IGnRH were studied to determine their ability to stimulate GTH-
11 and GH release, and to block sGnRH-stimulated GTH-II release. Each analog was
tested at various concentrations (20 nM to 10 M) for its actions on GTH-II and GH
release at least 2-3 times, with different protocols using pituitary fragments collected from
fishes in various stages of sexual maturity. Since sGnRH is known to stimulate GTH-II
release from goldfish pituitary fragments, a 2 min pulse of 20 nM sGnRH wes given, or in
some cases 20 nM and 100 nM pulses were given, at the start in every column to
demonstrate that the fragments were responding normally. The GTH-II release profile of a
single representative column under 2 uM dose of each analog has been presented in left
panels of Fig. 2.1. Owing to limited amounts of GH tracer, normally only the perifusion
fractions during and around the 30 or 35 min continuous analog treatment were analysed
for GH content and are shown on right side panels of Fig. 2.1. Most of the analogs tested
except for a few indicated below, had some GTH-II and GH releasing activity. [Ac-A3-
Prol, 4FD-Phe2, D-Trp3+6]-sGnRH (analog C, Fig. 2.1c), [Ac-A3-Prol, 4FD-Phe?, D-
Trp36]-mGnRH (analog E, Fig. 2.1e) and [D-p-Glu!, D-Phe?, D-Trp3-6-mGnRH
(Analog M, Fig. 2.1m) did not increase the release of GTH-1I either under 2 min pulse
treatment (20 nM and 100 nM) or under 30 or 35 min continuous treatment at 2 uM
concentration. In the presence of analogs C, E, and M, GTH-II release stimulated by 20
nM sGnRH was strongly reduced when compared to that of sGnRH alone. Analogs E
(Fig. 2.1€) and M (Fig. 2.1m) had no effects on GH release. However, analog C had
strong GH stimulatory activity (Fig. 2.1c). [Ac-D(2)-Nall, 4C1-D-Phe2, D-Trp3, D-
hArg(Ety)6, D-Alal0]-mGnRH (Analog K, Fig. 2.1k) and [Ac-D(2)- all, 4C1-D-Phe2,
D-Trp3, D-Arg6, Trp’, D-Alal0}-mGnRH (Analog J, Fig. 2.1j) under continuous
treatment at 2 pM concentrations strongly stimulated both GTH-II and GH release. 1GnRH
(Fig. 2.1n) and analogs based on IGnRH structure, specifically analogs G, H, and I, and
analog D weakly stimulated GTH-II and GH release from perifused pituitary fragments
under 30 or 35 min continuous treatment at 2 UM concentration (Fig. 2.1g, h, i, and d,
respectively). [Ac-D-4Cl-Phe!+2, D-Trp3, D-Lys®]-mGnRH (analog A) weakly
stimulated GTH-II release and more strongly stimulated GH release (Fig. 2.1a); whereas,
analogs B and F more strongly stimulated GTH-II release and analog B, but not F, weakly
stimulated GH release. Analog N was not tested in this series of experiments. A
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qualitative summary of the actions of various analogs on GTH-II and GH release is
presented in Table 2.2.

Analogs based on mGnRH or sGnRH structure having D-arginine at position 6
(analogs B, D, H, J and K) sll have stimulatory actions on GTH-1I and GH release (Fig.
2.1; Tabie 2.2); analog F had stimulatory actions on GTH-II release but no effects on GH
release. Analog L with arginine at position 5 also increased GTH-II release, but
significantly suppressed basal GH release exhibiting differential actions on GTH-II and
GH release. Although, many of these analogs stimulated GTH-II and GH release, further
stimulation by sGnRH was abolished in their presence. Normally, GTH-II stimulatory
activity of an analog was observed under 30 or 35 min continuous treatment, but not under
2 min pulse.

Further characterization of the actions of analogs C and E as GnRH antagonists was
carried out using fragments collected from fish in the final stages of gonadal recrudescence
or sexually mature fish (Figs. 2.2, 2.3). In control columns, 20 nM sGnRH (Fig. 2.2a, d)
and cGnRH-1II (Fig. 2.3a, d) caused repeatable increases of similar magnitude in GTH-1I.
In the presence of analog E (Fig. 2.2b, ), GTH-II release stimulated by 20 nM sGnRH
was suppressed by about 86 + 3%. At 90 min after termination of analog E treatment, 20
nM sGnRH induced a magnitude of GTH-1I release similar to that of the initial pulse (Fig.
2.2¢). Analog C at 2 UM concentration inhibited sGnRH actions on GTH-1I release with a
lesser efficiency (63 £ 3% inhibition, Fig. 2.2c, f); at 90 min after termination of exposure
to analog C, the response to 20 nM sGnRH was significantly lower compared to the initial
pulse, indicating that the duration of action of analog C was prolonged relative to that of
analog E. Analogs C and E inhibited cGnRH-1I-induced GTH-II release by about 67 + 4%
and 85 + 2% respectively (Fig. 2.3a to f). Analog E suppressed 20 nM sGnRH (86 £ 3%)
and cGnRH-II (85  2%) actions on GTH-II release equally (Fig. 2.2e, 2.3¢). Similar
equipotency was exhibited by analog C (Figs. 2.2f, 2.3f). AnalogE, at2 uM
concentration, had a significantly greater inhibition of sGnRH actions on GTH-II release
than analog C (86 + 3% vs 63 * 3%; Figs. 2.2¢, f). Similarly, in suppressing cGnRH-II
induced GTH-1I release, analog E (85 * 2%) was significantly more effective than analog
C (67 £ 4%; Fig. 2 3e, f).

In a similar experiment, a 2 uM dose of analogs M and N, [Ac-D(2)Nall, 4Cl1-D-
Phe2, D-(3)Pal3’6]-mGnRH also suppressed 50 nM sGnRH-induced GTH-II release by
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81 + 4% and 98 + 2% respectively from the pituitary fragments collected from sexually
regressed fish (Fig. 2.4). This inhibitory action by analog N was significantly greater than
that of analog M. The inhibitory effects of analog N, but not M were observed even at 90
min after termination of analog treatment.

Dose-response studies sGnRH (20 nM for 2 min) given at 90 min intervals elicited
GTH-II responses of similar magnitude in pituitary fragments obtained from post-
spawning fish (Fig. 2.5a, b). In the presence of increasing concentrations (2 to 2000 nM)
of analog E the GTH-II responses to 20 nM sGnRH gradually decreased (Fig.2.6a,c). In
the reciprocal experiments with decreasing concentrations of analog E, sGnRH stimulated
GTH-II release gradually increased (Fig. 2.6b, d). The GTH-II responses were quantified
and the pooled data showed a dose-related inhibition of sGnRH stimulated GTH-II release
by analog E (Fig. 2.7a), with an ED50 (effective dose to inhibit 20 nM sGnRH stimulated
GTH-I release by 50%) of 242 + 48 nM. Ata 2 pM concentration analog E inhibited the
GTH-II response to 20 nM sGnRH by 94 + 2%. In sexually regressed fish, analog E also
suppressed 20 nM sGnRH induced GTH-1I release in a dose-dependent fashion with an
ED50 of 128 + 82 nM (Fig. 2.7b). A similar approach was used to investigate the
antagonist activity of analog E on the GTH-I releasing activity of cGnRH-II in sexually
regressed fish. The dose-related inhibition of cGnRH-II action by analog E had an ED50
of 169 + 17 nM (Fig. 2.8). Ata dose of 2 M, analog E completely blocked the
stimulatory action of cGnRH-II on GTH-II release. Although ED50 comparisons do not
show any significant differences, ANOVA on transformed dose response data shows that
analog E has a significantly greater inhibition of sGnRH induced GTH-I release in
sexually regressed fish (Fig. 2.7b) than in post-spawning fish (Fig. 2.7a). Similarly,
analog E (2 uM) totally blocked 20 nM cGnRH-1I action in regressed fish (Fig. 2.8) as
against an inhibition of 85 £ 2% in sexually mature fish (Fig. 2.3).

Analog M also suppressed sGnRH induced GTH-II release from pituitary fragments
collected from sexually regressed fish in a dose-dependent fashion, with an approximate
ED50 of 326 + 96 nM (Fig. 2.9a). Under similar experimental conditions, analog M
blocked 20 nM cGnRH-II stimulated GTH-II release in a dose-related manner with an
EDS50 of 249 + 74 nM (Fig. 2.9b). Ata 2 uM concentration analog M inhibited 20 nM
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sGnRH and cGnRH-1I induced GTH-II release by 88 + 3% and 88 + 2%, respectively.
Comparison of ED50 values along with confidence intervals, or of responses at different
doses by ANOVA following sin"1(\ X/100) transformation, did not reveal any significant
differences in the ability of analog M to suppress sGnRH and cGnRH-II induced GTH-II

release.

Antagonism of GH response to GnRH_ Repeated 2 min pulses of 20 nM sGnRH (Fig.

2.10a) or cGnRH-II (Fig. 2.10b) given either in the presence or in the absence of solvent,
induced similar increases in GH release from the pituitary fragments collected from fishes
in the final stages of gonadal recrudescence. In the presence of analog E (2 uM), the GH
release stimulated by both 20 nM sGnRH (Fig. 2.10c) and 20 nM ¢GnRH-II (Fig. 2.10d)
was reduced compared to initial pulses. In a similar study using sexually regressed fish,
analogs E (Fig. 2.11a, d), M (Fig. 2.11b, €) and N (Fig. 2.11c, f) at 2 uM concentration
significantly suppressed 50 nM sGnRH induced GH secretion without showing any GH
stimulatory activity. The inhibitory effects of analogs E and N, but not of M, were still
evident even at 90 min after termination of analog treatment.

sGnRH (20 nM for 2 min) given at 90 min intervals elicited GH responses of similar
magnitude in pituitary fragments obtained from post-spawning fish (Figs. 2.12a and
2.13a). The GH responses to sGnRH (20 nM) in post spawning fish were gradually
increased in the presence of decreasing concentrations of analog E (Fig. 2.12b, c) and
gradually decreased in the presence of increasing concentrations of analog E (data not
shown). This dose-related suppression of GH release by analog E had an ED50 of 128 +
74 nM (Fig. 2.13b). Analog E also blocked 20 nM sGnRH induced GH release from
pituitary fragments obtained from sexually regressed fish, in a dose-related manner (Fig.
2.13c); at a 20 nM dose, analog E suppressed 20 nM sGnRH action on GH release by
more than 50%.

Repeated 2 min pulses of 20 nM cGnRH-1II elicited GH release of similar magnitude
from the pituitary fragments collected from sexually regressed goldfish (Fig. 2.14a).
Analog E suppressed 20 nM cGnRH-II induced GH release in a dose-related fashion with
an ED50 of 157 + 67 nM (Fig. 2.14b).

Comparison of dose-response data by ANOVA indicated that analog E was more
effective in suppressing sGnRH induced GH release (Fig. 2.13c) than GTH-II release
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(Fig. 2.7b) in sexually regressed fish. Similarly analog E had a greater inhibition of
¢GnRH-1I induced GH release (Fig. 2.14b) than GTH-II release (Fig. 2.8). However,
analog E at the 2 uM concentration showed carry over effects on sGnRH induced GH
release at 90 min after termination of analog E treatment. This may influence the dose
response studies making it difficult to compare the ability of analog E to inhibit GTH-II and
GH release especially at the high doses. However, in single dose studies, analog E
generally suppressed the GH release response to sGnRH to a greater extent than that of
GTH-II (Figs. 2.2b and 2.10c). Similarly, analog M was more effective in inhibiting the
GH release response to sGnRH compared to GTH-II release response to sGnRH (Figs.
2.4¢ vs 2.11¢). The dose dependent inhibition of analog M on sGnRH or cGnRH-II

stimulated GH release was not tested.

Discussion

Amongst all the GnRH analogs tested in the present study, only four exhibited pure
antagonism to sGnRH and cGnRH-11 stimulated GTH-II release from the perifused
goldfish pituitary fragments without some accompanying agonistic action on GTH-II
release. All of the purely antagonistic analogs, [Ac-A3-Prol, 4FD-PheZ, D-Trp36)-
mGnRH (analog E), [Ac-43-Prol, 4FD-Phe2, D-Trp>6]-sGnRH (analog C), [D-p-Glul,
D-Phe2, D-Trp>6]-mGnRH (analog M), and [Ac-D(2)Nal, 4CI-D-Phe, D-(3)Pal>]-
cGnRP-II (analog N) have modifications at positions 1, 2, 3 and 6 of mGnRH or sGnRH
or cGnRH-IL. Similar modifications produce potent GnRH antagonists in mammalian
studies (for review Karten and Rivier, 1986). Vale et al. (1972) reported that des-His2-
GnRH had no agonistic activity, but reduced the GnRH stimulated LH release from the
dispersed rat pituitary cells. Substitution of D-phenylalanine at position 2 resulted in a
weak GnRH antagonist (Rees et al., 1974). Further, introduction of D-Ala® along with D-
Phe? resulted in an antagonist which inhibited ovulation in rats at a dose of 6 mg (Yardley
et al., 1975). Further enhancement of potency of GnRH antagonists by modification of the
amino acid at position 3, preferably by substitution of a D-amino acid, was attributed to a
decrease in residual intrinsic activity along with a greater resistance to enzymatic
degradation (Rivier and Vale, 1978). Introduction of D-pGlu (Rivier and Vale, 1978) or

Ac-Pro at position 1, caused an additional increase in potency of GnRH antagonists;
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injection of 7.5 pug of [Ac-A3-Prol, 4FD-Phe?, D-Trp3'6]-mGnRH (analog E) at noon on
the proestrus day completely inhibited ovulation in rats (Rivier et al., 1984).

In mammals, the substitution of D-Trp6 with D-ArgS in [Ac-A3-Pro!, 4FD-Phe2, D-
Trp3'6]-mGnRH along with the very hydrophobic residue Ac-D(2)-Nall greatly increased
antagonist potency (Rivier et al., 1984). In contrast, in the present study analogs of both
mGnRH (analog F) and sGnRH (analog B) having [Ac-D(2)-Nal!, 4FD-Phe2, D-Trp3, D-
Arg6] were stimulatory to GTH-II release; analog B was also stimulatory to GH release.
[Ac-4Cl-Phe!, 4C1-D-Phe2, D-Trp3, D-Arg6, D-Ala10}-mGnRH at 1.5 -3.0 pg in com oil
per rat caused 100% inhibition of ovulation (Coy et al., 1982). Further studies by Horvath
et al. (1982) showed that antagonist [Ac-(2)-D-Nall, 4C1-D-PheZ, D-Trp3, D-ArgS, D-
Alalo]-mGnRH having Ac-(2)-D-Nal instead of Ac-4Cl-Phe at position 1, was
approximately 3 times more potent than the parent analog. This antagonist also exhibited a
longer duration of inhibition, suppressing LH levels for more than 30 h in ovariectomized
rats when injected at a dose of 100 pg (Nekola and Coy, 1984). A similar strong GnRH
inhibitory activity has also been reported for [Ac-(2)-D-Nall, D-pCl-Phe?, D-Trp3, D-h-
Arg(Ety)S, D-Ala!0}-mGnRH and for [Ac-(2)-D-Nal!, D-4C1-Phe2, D-Trp3, D-h-
Arg(Etp)0, Trp7, D-Alal0}-mGnRH (Nestor et al., 1988). In goldfish, [D-Arg, Pro?
NHE]-sGnRH has a high receptor affinity (Habibi et al., 1989c), and is the most potent
GTH-releasing analog studied to date both in vivo (Peter et al., 1985) and in vitro (Habibi
et al., 1989c¢). In the present study the D-Arg6 substituted analogs B, D, H, J, and K were
all stimulatory to both GH and GTH-1I release; analog F was the only exception, with only
GTH-II releasing activity. Other stimulatory analogs, without D-Arg6, showed only a
weak GH and GTH-II stimulation (analogs A, D, G, I, and L); analog L was inhibitory on
GH release. Only analogs E, and M with hydrophobic D-Trp3'6 or D-(3)I’al3*6 (analog
N) acted as pure GnRH antagonists on GH and GTH-II release; uniquely, analog C was
antagonistic on GTH-II release, and stimulatory on GH release. These results demonstrate
that position 6 generally plays an important role in determining the nature of intrinsic
activity of GnRH peptides in the goldfish.

Structure-activity studies of GnRH agonistic analogs using the goldfish pituitary
indicate that there is less specificity in ligand requirements to activate receptors compared to
that of mammals (Habibi et al., 1989c). In goldfish, all of the known GnRH peptides
tested to date, including mGnRH, sGnRH, ¢cGnRH-1, cGnRH-II, IGnRH (Habibi et al.,
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1992), catfish GnRH (Ngamvongchon et al., 1992), and dogfish GnRH (Lovejoy et al.,
1992) stimulatc GTH-II release. However, in the rat, beside mGnRH, only cGnRH-II
shows any significant GTH stimulatory activity (32% and 41% potency of mGnRH in
stimulating LH and FSH release, respectively; Miyamoto et al., 1984). It may be that in
the goldfish, since the ligand structure requirements for receptor activation are not highly
rigid, the requirements for receptor antagonists may be more restrictive. In support of this,
many of the analogs tested in the present study known to be potent GnRH antagonists in
mammals were stimulatory to GTH-II release in the goldfish.

The inhibitory action of antagonists is presumably due to competitive binding to
GnRH receptors in the pituitary. Analog E displaced bound 1251.sGnRH-A from a crude
goldfish pituitary membrane preparation (see Chapter 6); analog M also showed similar
displacement properties, with a receptor binding affinity greater than that of the two native
peptides (Habibi, 1991). In the present study, although many analogs induced increased
GTH-II release, in the presence of these stimulatory analogs, a pulse of sGnRH or
cGnRH-II often failed to further stimulate GTH-II release indicating that the analogs also
act through the same population of receptors. In mammals it has been extensively
documented that GnRH antagonists bind competitively to GnRH receptors to exert
inhibitory action on agonists (for review Clayton, 1989; Karten and Rivier, 1986; Vickery,
1987).

Comparison of GTH-II response data by ANOVA following transformation showed
that analog E caused a significantly greater suppression than analog M of both sGnRH and
cGnRH-II induced GTH-II release in sexually regressed fish. The GTH-II responses to 20
nM sGnRH in presence of analog E (Fig. 2.7b) and analog M (Fig. 2.9a) were
significantly different, specifically at 20, 200, 500, and 1000 nM doses of analogs.
Similarly, compared to analog M (Fig. 2.9b), analog E (Fig. 2.8) showed a greater
inhibition of cGnRH-II actions on GTH-II release, specifically at 200, 500, 1000, and
2000 nM doses. In mammalian studies substitution of D-p—Glul with Ac-Prol
(Humpbhries et al., 1978) and of D-Phe2 with D-chloro (or fluoro)-Phe2 (Coyetal., 1979)
was found to enhance the potency of GnRH antagonists. These modifications also appear
to be favorable in increasing the GnRH antagonist potency in goldfish.

Analog C, based on sGnRH structure, having similar modifications as that of analog
E, [Ac-A3-Prol. 4FD-Phe?, D-Trp3’6]-mGnRH, was a significantly less potent antagonist
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of sGnRH stimulated GTH-II release compared to analog E. Similarly, the antagonistic
ability of analog C on ¢cGnRH-II action was significantly lower compared to analog E.
However, at 90 min after termination of analog C treatment, the sGn™ 1 and cGnRH-I1
induced GTH-II response was significantly less than the initial pulse, whereas
responsiveness was entirely regained following exposure to analog E under a similar
protocol. Since sGnRH is more hydrophobic than mGnRH, it may be that analog C has a
higher dissociation constant than analog E.

There are seasonal changes in the GTH-II responses to GnRH peptides in goldfish
with the greatest responses occurring in sexually mature fish (Habibi et al., 1989b). The
ability of GnRH antagonists to inhibit this response also appears to vary with reproductive
developmental stage of goldfish. Analog E had a greater inhibition of sGnRH action in
sexually regressed fish compared to post spawning fish. Similarly, analog E (2 uM) totally
blocked 20 nM ¢GnRH-II action ir regressed fish as compared to an inhibition of 85 £ 2%
in sexually mature fish. A similar tendency was also exhibited by analog M. Habibi et al.
(1989b) have shown that the pituitary GnRH receptor number is highest in sexually mature
fish and lowest in sexually regressed fish. Accordingly, the results indicate that less
GnRH antagonist is required to occupy the receptors in sexually regressed fish, providing
the basis for the seasonal changes in apparent activity of the antagonists.

The two native forms of GnRH peptides present in goldfish, sGnRH and cGnRH-II
(Yu et al., 1988), are assumed to stimulate GTH-II release via the same population of
receptors on gonadotrophs (Habibi et al., 1988, 1989a, 1992). Analog E ata 2 uM dose
antagonized the actions of both sGnRH and cGnRH-II on GTH-II release equally. Similar
results were observed in the case of analog C. The sGnRH based analog C at 50, 300, and
1000 nM concentration blocked 50 nM sGnRH and ¢cGnRH-II induced GTH-II release
with a similar efficacy (see Chapter 3). In the dose response studies, the ability of analog
M, at doses ranging from 2 nM to 2 uM, to inhibit sGnRH and cGnRH-II stimulation on
GTH-1I release was not significantly different. Habibi (1991) also noted similar results
using [D-p-Glul, D-Phe?, D-Trp3’6]-mGnRH (analog M in the present study). The
results support the idea that the two native forms of GnRH peptides act through the same
population of receptors on gonadotrophs. This is further supported by the fact that both
sGnRH and ¢GnRH-1I displace bound 125I-sGnRH-A from the pituitary membrane
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preparations (Habibi et al., 1988, 1989a, 1992; Peter et al., 1990a) and avidin gold labelled
biotinylated sGnRH analog from the gonadotrophs (Cook et al., 1991). Interestingly,
there are distinct differences in the intracellular mechanisms mediating the action of sGnRH
and ¢cGnRH-1I on GTH-II release (Chang and Jobin, 1991; Chang et al., 1993). ¢GnRH-
II action on GTH-II release is mainly mediated by internalization of extracellular calcium,
without involving mobilization of intracellular calcium and arachidonic acid metabolism
(Chang et al., 1993). However, sGnRH stimulated GTH-II release is mediated by all these
second messenger components.

Analog E effectively blocked sGnRH and ¢cGnRH-II induced GH release. This is the
first report showing a GnRH antagonist blocking actions of GnRH peptides on
somatotrophs. Analogs M and N also significantly suppressed 50 nM sGnRH induced GH
release. Analogs E, M, and N at a given concentration exhibited a greater suppression of
GH than GTH-II release stimulated by sGnRH and cGnRH-II. Analog E had greater
suppression of GH than GTH-II release induced by sGnRH in sexually regressed and
post-spawning fish, and by c<GnRH-II in sexually regressed fish. Analogs M and N, at
least at 2 M concentrations, caused greater inhibition of GH than GTH-II release induced
by 50 nM sGnRH. These results indicate that a lower dose of analogs is required to inhibit
GnRH induced GH compared to GTH-II release, and implies that there are differences in
the properties of GnRH receptors on GTH and GH cells. In support of this hypothesis, a
2 UM dose of analog E at 90 min after termination of analog E treatment exhibited carry
over effects on GH release but not on GTH-1I release. The possibility of persistent
antagonism by this high dose of analog E on GH release makes it difficult to compare these
particular parts of the dose response inhibition curves of GTH-II and GH by analog E.

[Ac-A3-Prol, 4FD-Phe2, D-Trp3’6]-anRH (analog C) had stimulatory actions on
GH release, but not on GTH-1I release. In contrast to this, [Ac-D(2)-NaJl, 4C1-D-Phe2,
D-(3)Pal3:6, Arg5, D-Alal0]-mGnRH (analog L) inhibited GH release, but stimulated
GTH-1I release. Similarly, [Ac-D(2)-Nall, 4FD-Phe2, D-Trp3, D-Arg6]-mGnRH (analog
F) also showed differential GTH-II and GH release action. Additional studies are required
to determine if other antagonists have differential actions on GH versus GTH-II release.
Nevertheless the results further indicate differences in the structure-function relationships
between GnRH receptors on somatotrophs and gonadotrophs.

In conclusion the results presented here indicate that GnRH antagonists can inhibit
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GnRH and ¢i3nRH-1I stimulated GTH-II and GH release in vitro. The inhibition is
influenced by the sexual development stage of the fish. Both sGnRH and cGnRH-I1
actions on gonadotrophs are equally suppressed by antagonists, indicating that the native
peptides act through the same population of receptors on the gonadotrophs. The properties
of GnRH receptors on GTH-II and GH cells may however, be different, as some
antagonists exhibit a greater ability to suppress GH than GTH-II release. Further, a few
analogs show differential actions on GTH-II and GH release. [Ac-A3-Prol. 4FD-Phe?
D-Trp3'6]-mGnRH is the most potent antagonist studied to date. The substitution of D-

Arg6 normally results in stimulatory analogs.
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Fig. 2.1 Effects of analogs A to M and of IGnRH (sec Table 2.1 for analog
structures) pulse treatment (2 min at 20 nM or 100 nM) or continuous exposure (30
or 35 min at 2 uM) on unstimulated and 20 nM sGnRH stimulated GTH-II release
from the perifused pituitary fragments (left panels). Effects of analogs A to M and
of IGnRH at 2 uM concentration under continuous exposure on GH release from the
perifused pituitary fragments (right panels). Results of a representative column out

of 2-4 similar columns for each peptide are presented.
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Fig. 2.1 Continued
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Fig. 2.2 The effects of repeated 2 min pulses {arrows) of 20 nM sGnRH
on GTH-II release with the second pulse given in presence (bars) of
vehicle (a), 2 UM of [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH
(analog E; b), or 2 UM of [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6])-sGnRH
(analog C; ¢). The data were transformed as % pretreatment and
expressed as mean + SEM (n=4). The GTH-II responses were quantified
as % prepulse and presented as mean + SEM for 20 nM sGnRH in
presence of vehicle (d), 2 pM of analog E (e), and 2 uM of analog C (f).
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Fig. 2.3 The effects of repeated 2 min pulses (arrows) of 20 nM
c¢GnRH-II on GTH-II release from the pituitary fragments collected
from sexually recrudescent goldfish (GSI = 8.9 * 0.7%), with the
second pulse given in presence (bars) of vehicle (a), 2 uM of
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog E; b), or 2 uM
of [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-sGnRH (analog C; c). The
data were transformed as % pretreatment and expressed as mean +
SEM (n=4). The GTH-II responses were quantified as % prepulse
and presented as mean + SEM for 20 nM cGnRH-II in presence of
vehicle (d). 2 uM of analog E (e), and 2 uM of analog C (f).
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Fig. 2.4 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH on
GTH-1I release from the pituitary fragments collected from sexually
regres.cd goldfish (GSI = <2%), with the second pulse given in presence
(bars) cf 2 uM of [D-p-Glul, D-Phe2, D-Trp3,6]-mGnRH (analog M; a), or
2 UM of [Ac-D(2)-Nall, 4CI1-D-Phe2, D-(3)Pal3.6]-cGnRH-II (analog N;
b). The data were transformed as % pretreatment and expressed as mean
+ SEM (n=4). The GTH-II responses were quantified as % prepulsc and
presented as mean + SEM for 50 nM sGnRH in presence of 2 uM of
analog M (<), and 2 uM of analog N (d).
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pretreatment (a) and quantified as % prepulse (b).
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Fig. 2.7a). The GTH-II responses presented in Fig. 2. 6 were quantified as
% prepulse, and presented as % of standard GTH-II response to 20 nM
sGnRH alone (n=6). b). The GTH-II responses of pituitary fragments
obtained from sexually regressed goldfish (GSI = <1.0%), to 20 nM
sGnRH (2 min) in presence of various doses of [Ac-A3-Prol, 4FD-Phe2,
D-Trp3,6]-mGnRH (analog E) given in decreasing concentrations were
quantified as % prepulse, pooled, and presented as % of standard GTH-II
response to 20 nM sGnRH alone (n = 6).
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Fig. 2.8 The GTH-II responses of pituitary fragments obtained
from sexually regressed goldfish (GSI = <1.0%), to 20 nM
¢GnRH-II (2 min) in presence of various doses of [Ac-A3-Prol,
4FD-Phe2, D-Trp3,6]-mGnRH (analog E) given in increasing and
decreasing concentrations were quantified as % prepulse, pooled,
and presented as % of standard GTH-II response to 20 nM
cGnRH-II alone (n = 6).
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Fig. 2.9 The GTH-II responses of pituitary fragments obtained from
sexually regressed goldfish (GSI = <1.0%), to 20 nM sGnRH (a) or
to cGnRH-II (b) in the presence of different concentrations of
[D-p-Glul, D-Phe2, D-Trp3,6)-mGnRH (analog M) were quantified
as % prepulse, pooled and presented as % of standard GTH-II
response to 20 nM sGnRH or cGnRH-II alone (n = 4).
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Fig. 2.11 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH
on GH release with the second pulse given in presence (bars) of 2 uM of
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog E; a), or 2 pM of
[D-p-Glul, D-Phe2, D-Trp3,6]-mGnRH (analog M; b), or 2 uM of
[Ac-D(2)-Nall, 4C1-D-Phe2, D-(3)-Pal3,6]-cGnRH-II (analog N; c).

The data were transformed as % pretreatment and expressed as mean +
SEM (n=4). The GH responses were quantified as % prepulse and
presented as mean + SEM for 50 nM sGnRH in presence of 2 pM of
analog E (d) 2 M of analog M (e), and 2 uM of analog N (f).
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Fig. 2.12 The effects of repeated 2 min pulses (arrows) of
20 nM sGnRH on GH release from the pituitary fragments
collected from post-spawning goldfish (GSI = 8.3 + 1.3%),
in the presence (bars) of vehicle (a) or various doses of
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog E; b,
c). The GH values in ng/ml were transformed as %
pretreatment, and presented as mean SEM (n =4).
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Fig. 2.13 The GH responses (presented in Fig. 2.12) to 20 nM sGnRH
(2 min) in presence of vehicle or different concentrations of
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6}-mGnRH (analog E) were
quantified as % prepulse, and presented as % of standard GH response
to 20 nM sGnRH alone (a and b respectively). In a similar experiment,
the effects of various doses of analog E on 20 nM sGnRH induced GH
release from pitaitary fragments obtained from sexually regressed fish
were measured. The GH responses were quantified as % prepulse and
expressed as % of GH response to 20 nM sGnRH alone (c).
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Fig. 2.14 The effects of repeated 2 min pulses of 20 nM
c¢GnRH-II on GH release from the pituitary fragments
collected from sexually regressed goldfish (GSI = <1%), in the
presence of vehicle (n = 4) or various doses of [Ac-A3-Prol,
4FD-Phe2, D-Trp3,6]-mGnRH (analog E; n = 6) were
measured. The GH responses were quantified as % prepulse,
and presented as % of standard GH response to 20 nM
c¢GnRH-II alone (a and b respectively).
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Table 2.1. A list of GnRH peptides and analogs used in the study:

mGnRH:
sGnRH:
c¢GnRH-II:
1GnRH:

Analog A:
Analog B:
Analog C:
Analog D:
Analog E:
Analog F:
Analog G:
Analog H:
Analog I:

Analog J:

Analog K:
Analog L:
Analog M:
Analog N:

[pGlu!, His2, Trp3, Ser4, Tyr3, Gly, Leu, Arg8, Pro%, Glyl10-NH;]
[pGlul, His2, Trp3, Ser4, Tyr5, GlyS, Trp7, Leu®, Pro9, Glyl0-NH)
[pGlul, His2, Trp3, Ser4, His5, GlyS, Trp, Tyr8: Pro?, Gly10-NH;]
[pGlul, His2, Tyr3, Ser4, LeuS, Glub, Trp7, Lys8, Pro9, Glyl0-NH2]

[Ac-D-4Cl-Phe 1.2, D-Trp3, D-Lys6}-mGnRH

[Ac-D(2)-Nall, 4FD-Phe2, D-Trp3, D-Arg0]-sGnRH

[Ac-A3-Prol, 4FD-Phe2, D-Trp3:6]-sGnRH

[Ac-D(2)-Nal!l, 4FD-Phe2, D-Trp3, D-Argb, NMe Leu8]-sGnRH

r Ac-A3-Prol, 4FD-Phe2, D-Trp3:6]-mGnRH

[Ac-D(2)-Nall, 4FD-Phe2, D-Trp3, D-Arg6]-mGnRH

[Ac-D(2)-Nal!, 4C1-D-Phe2, D-Tyr3, Leu3, D-GInS, Trp7, Lys8]-mGnRH
[Ac-D(2)-Nall, 4C1-D-Phe2, D-Tyr3, Leu3, D-Arg, Trp/, Lys8]-mGnRH
[Ac-D(2)-Nall:6, 4C1-D-Phe2, D-Tyr3, Leud, Trp7, Lys8]-mGnRH
[Ac-D(2)-Nall, 4CI-D-Phe2, D-Trp3, D-Argb, Trp’, D-Alal0}-mGnRH
[Ac-D(2)-Nall, 4C1-D-Phe2, D-Trp3, D-hArg(Et)S, D-Ala10}-mGnRH
[Ac-D(2)-Nall, 4C1-D-Phe2, D-(3)Pal3:6, Arg3, D-Alal0]-mGnRH
[D-p-Glul, D-Phe2, D-Trp3+6]-mGnRH

[Ac-D(2)-Nall, 4C1-D-Phe2, D-(3)Pal3:6]-cGnRH-II

[Ac = Acetyl; h-Arg (Ety) = Dialkyl-D-homoarginine; Nal(2) = 3-(2-naphthyl) alanine;
Pal(3) = 3-(3) pyridy! alanine; 4Cl-D-Phe = para chloro phenylalanine; 4FD-Phe = para
fluoro phenylalanine; A3-Pro = A3’4-dehydro proline].
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Table 2.2 Effects of various GnRH analogs when perifused alone for 30 or 35 min on
GTH-1I and GH release from goldfish pituitary fragments.

Analog GTH-UI GH.
release release

A + ++

B +++ +

C 0 +++

D + +

E 0 0

F ++ 0

G + +

H + +

1 + +

J +++ +++

K +++ +++

L +

M 0 0

N 0 0

1GnRH ++ ++

+ = Stimulation, - = Inhibition, and O = No stimulation or inhibition of release; +++

(or ---) = strong; ++ (or --) = moderate; and + (or -) = weak effects
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Chapter Three

Functional evidence regarding receptor subtyp+s mediating the
actions of native gonadotropin-releasing hormones (GnRH) in
goldfish, Carassius auratus’

Introduction

Gonadotropin-releasing hormone (GnRH) is involved in the regulation of
gonadotropin (GTH) secretion in vertebrates. In most of the vertebrates, with the possible
exception of higher mammals (King et al., 1988), existence of multiple forms of GnRH in
a given species is common (for review Sherwood and Lovejoy, 1989; King and Millar,
1992). In goldfish, chromatographic and immunological siudies have indicated the
presence of [Trp7, I.eu8]-GnRH (salmon GnRH, sGnRH) and [His5, Trp7. Tyr8]-GnRH
(chicken GnRH-II, cGnRH-II) (Yu et al., 1988). In the study by Yu et al. (1988), and
also in the immunocytochemical study by Kim et al. (1993), both sGnRH and cGnRH-II
were detected in different brain areas and in the pituitary, suggesting involvement of both
peptides in the regulation of pituitary hormone secretion (review Peter et = . 1990).
Indeed, both sGnRH and ¢cGnRH-II have been shown to stimulate GTH-II ang growth
hormone (GH) release in goldfish (Marchant et al., 1989; Chang et al., 1990; Habibi et al.,
1992). In contrast, although cGnRH-I and cGnRH-1I stimulate LH and FSH release in
chicken, only cGnRH-I is found in the median eminence of the hypothalamus (Katz et al.,
1990). Similarly only cGnRH-I is released from the chicken median eminence, suggesting
that cGnRH-1 is the regulator of gonadotropin release in chicken (Katz e! al., 1990).
Although both sGnRH and cGnRH-1I are found in the brain of rainbow trout (Okuzawa et
al., 1990) and masu salmon (Amano et al., 1992), only sGnRH is present in the pituitary
gland, implying the involvement of only sGnRH in regulation of GTH release in these two

1A version of this chapter has been published: CK Murthy, RE Peter (1994). Gen.
Comp. Endocrinol., 94, 78-91.
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fish species.
In receptor studies on the goldfish pituitary, two classes of binding sites have been

described, high affinity/low capacity and low affinity/high capacity binding sites (Habibi et
al., 1987, 1990). Both sGnRH and cGnRH-II displaced bound 1251.[D-ArgS, Pro%-
NHE(]-sGnRH (sGnRH-A) from the crude goldfish pituitary membrane preparations
(Habibi et al., 1987, 1988; Habibi and Peter, 1991) suggesting that both nuauve forms of
GnRH act through the same population of receptors. In further support of this hypothesis,
in electron microscope studies Cook et al. (1991) found that sGnRH and cGnRH-II both
displaced avidin gold-labelled biotinylated [D-Lys6, Pro°-NHEt]-sGnRH from the
surfaces of immunohistochemically identified gonadotrophs and somatotrophs. Chang and
co-workers showed that the two native GnRHs in goldfish activate somewhat different
second messenger components in stimulating GTH-1I release (Chang et al., 1991a,

1991b). They proposed a novel hypothesis that two closely related peptides can compete
for the same receptors on gonadotrophs and stimulate hormone release via activation of
different post-receptor messenger systems (Chang and Jobin, 1991). In contrast to these
results, continuous exposure of pituitary fragments to sGnRH or cGnRH-II (107 M)
caused desensitization, and under such conditions cGnRH-II treated fragments had
significantly lower receptor content than those treated with sGnRH (Habibi, 1991a). In a
further study, Habibi (1991b) observed that cGnRH-II exerted a greater degree of
desensitization than sGnRH when administered either continuously or as 2-min pulses
every 20 min, whereas sGnRH exerted a greater degree of desensitization when given as 2-
min pulses every 60 min. These results are not fully compatible with the view that sGnRH
and cGnRH-II interact with the same receptor population on gonadotrophs (Habibi and
Peter, 1991). In a photoaftinity labelling study in goldfish, a protein band of Mr 51,000
exhibiting a high affinity for GnRH was found to be present as two closely associated
bands on the gel (Habibi et al., 1990), and these two bands of protein were suggested tc
repressnt GnRH receptors on gonadotrophs and somatotrophs.

In a previous study with goldfish pituitary fragments, { Ac-A3-Prol, 4FD-Phe?, D-
Trp3’6]-anRH (analog C) stimulated GH, but not GTH-II release (Murthy et al., 1993,
see Chapter 2), suggesting differences in the properties of GnRH receptors on
somatotrophs and gonadotrophs. In a simiar swdy, [Ac-A3-Prol, 4FD-P:22, D-Trp3, D-
Arg6]-mGnRH (analog F) stimulated GTH-II, but not GH release, and [Ac-D(2)-Nall,
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4C1-D-Phe2, D-(3)Pal36, Argd, D-Ala10}-mGnRH (analog L) weakly stimulated GTH-II
release, but strongly suppressed GH release. However, the possible duality of GnRH
receptors in goldfish pituitary has not been studied in detail. Although the desensitization
of GTH-II response to native GnRH peptides in goldfish is well documented (Habibi,
1991a, b), possible desensitization of the GH response to GnRH has not been studied.

The objectives of the present study were 1) to determine whether there are differences
in the GH and GTH-II responses to sGnRH and cGnRH-II (i) in the presence of sGnRH
and cGnRH-II based antagonists, (ii) under desensitizing conditions with prolonged
sGnRH or cGnRH-II treatment and (iii) in the presence of sGnRH and ¢cGnRH-II. 2) To
confirm the differential actions of selected ‘putative’ GnRH antagonists on GTH-11 and GH

release.

Materials and Methods

Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish were maintained in flow-through aquaria (1800
liters) at 17 + 1°C under a simulated natural photoperiod of Edmonton for at least 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish of both sexes, with body weight ranging from 20-35 g were used in the present study.

Reagents and test subscances Salmon GnRH and chicken cGnRH-II (Peninsula

Laboratories Inc., Belmont, CA) were dissolved in 0.1 M acetic acid and stored ai 25Ca
aliquots of 50 M. The aliquots were diluted with perifusion medium to required
concentrations immediately prior to use in experiments. [Ac-A3-Prol, 4FD-Phe?, D-
Trp3+6]-sGnRH (analog C of Chapter 2), [Ac-A3-Prol, 4FD-Phe2, D-Trp3, D-ArgS]-
mGnRH (analog F of Chapter 2), and [Ac-D(2)Nal!, 4CI-D-Phe2, D-(3)Pal6}-cGnRH-
1 (analog N of Chapter 2) were gifts of Dr. Jean E. Rivier, The Clayton Foundation
Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA. All analogs were
dissolved in a primary solvent containing propylene glycol and physiological saline at a
ratio of 60:40, and subsequently diluted to required concentrations with perifusion medium;

the final propylene glycol concentration was less than 0.5%.
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Perifusion of the pituitary fragments and cells In vitro experiments were conducted

using a validated pituitary fragniems perifusion system (Marchant et al., 1989). Briefly the
pituitary glands, collected from goldfish, were chopped into fragments (0.2 mm>3) using a
Mcllwain tissue chopper. The fragments were washed with medium 199 and placed
between two layers of Cytodex beads (Sigma Chemical Co., St. Louis, MO) in the
perifusion columns (3 pituitary equivalents per column) with a continuous flow of
incubation medium (Medium 199) at 17°C. The fragments were perifused overnight (at
least 15 h) at a flow rate of 5 ml/h. The following morning, the incubation was continued
using Hank's balanced salt solution supplemented with 25 mM HEPES and 0.1% BSA ata
flow rate of 15 m/h for 2 hr before starting the experiment. Fractions of perifusate were
collected for 5 or 10 min intervals, frozen and stored at -25°C for hormonal assay.

The enzymatically dispersed pituitary cells (for procedure see Chang et al., 1990) were
incubated with preswollen cytodex beads (Cytodex I, Sigma) at 28°C under 5% CO; and
saturated humidity. After overnight incubation, cytodex beads with pituitary cells atiached
were loaded into perifusion columns and the experiment was conducted as described

above.

Radioimmunoassay GTH-I levels in perifusate were measured by using a validated carp
GTH-II specific radioimmunoassay (Peter et al., 1984; Van Der Kraak et al., 1992). The
GH levels were measured by using a radicimmunoassay described earlier (Murthy et al.,

1993) using goldfish GH as standard and labeled ligand.

Data analysis For presentation the GTH-II values were exprvssed as the percentage of
sretreatment mean (3 fractions prior to first pulse) for each column and pooled from 4-6
«clumns. The quantification of hormone response was as described by Peng et al. (1990).
Briefly, the average hormone level of 3 fractions immediately preceding each pulse
(prepulse mean) was defined as the basal hormone level. The hormone values following a
GnRH pulse were expressed . 2 percentage of the prepulse mean. Post-pulse fractions
with hormone contents greater than one standard error of the mean (SEM) above the
prepulse mean were considered to be a part of the response. The response (expressed as %
prepulse) above the pretreatment mean from the fractions, considered as part of the

response, were added to get the net response ir a particular column.
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Significant differences between treatments and controls were analysed by ANOVA
followed by Fisher's LSD test or Student’s t-test (p <0.05).

Results

GTH-II response: The efficacy of [Ac-A3-Prol, 4FD-Phe2, D-Trp3'6]-anRH (analog
C) and [Ac-D(2)Nall, 4C1-D-Phe2, D-(3)Pai3-0]-cGnRH-II (analog N) to inhibit the
action of the two native peptides on gonadotrophs was tested. Analog C at a dose of 50
nM (ratio of 1:1 of agonist : antagonist), 300 nM (1:6 ratio) and 1000 nM (1: 20 ratio)
suppressed both 50 nM sGnRH and 50 nM cGnRH-II stimulated GTH-II release in a dose
dependent manner (Fig. 3.1a, b). The results from two experiments (n=5-8 columns) were
pooled and compared. The inhibition of sGrRH and cGnRH-II action was not
significantly different at a given dose of analog C, when the GTH-1I response was
expressed either as % of standard response (GTH-II response to 50 nM sGnRH or
cGnRH-II in the absence of analog C; not shown) or as % of GTH-II response to 50 nM
sGnRH (Fig. 3.1¢c). [Ac-D(2)Nall, 4Cl-D-Phe2, D-(3)Pal3-6]-cGnRH-1I (analog N) at a
dose of 50 nM, 300 nM, and 1000 nM, suppressed both 50 nM sGnRH and 50 nM
¢GnRH-II stimulated GTH-II release (Fig. 3.2a, b). The inhibition by analog N was not
as clearly dose-dependent as for analog C (compare Fig. 3.1c to Fig. 3.2c¢). However, ata
given dose analog N equally suppressed GTH-1I release induced by both sGnRH and
cGnRH-II (Fig. 3.2¢).

In the next series of experiments, the ability of sGnRH to stimulate GTH-11 release
when given as a pulse during the continuous treatment of cGnRH-1I, and vice versa, was
tested. As evident from Fig. 3.3a, 100 nM sGnRH and cGnRH-II stimulated GTH-11
release from pituitary fragments either in the presence or absence of vehicle. However,
under continuous treatment of 100 nM sGnRH (Fig. 3.3b), 2 2 min pulse of 100 nM
sGnRH or cGnRH-II did not cause any further increase in GTH-1I release. At 60 min after
termination of continuous sGnRH exposure, the GTH-II responses to both sGrR: = 4+’
cGnRH-TI were signific.atly lower compared to the initial pulse. Similarly, dur- -
continuous treatment of cGnRH-II (Fig. 3.3¢), a 2 min pulse of cGnRH-II or sGorit id
not further stimulate GTH-II release; at 60 min after cGnRH-1I exposures, the GTH-II

responses to the two native peptides were again significantly reluced.
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The effects of desensitization caused by prolonged exposure of pituitary fragments to
sGnRH or cGnRH-1I on the response to subsequent pulses of either of the two peptides
was further examined. In control columns the magnitude of sGnRH and cGnRH-II
induced GTH-II release from pituitary fragments before and after 90 min vehicle exposure
was not significantly different (Fig. 3.4a, d). At 60 min after continuous exposure to 100
nM sGnRH for 90 min, there was a lower GTH-II response to both sGnRH (Fig. 3.4b, e)
and cGnRH-II (Fig. 3.4c, f). There were no significant differences in the GTH-II
responses to the two native peptides after desensitization with sGnRH (response to sGnRH
was 44 + 3% of initial sGnRH pulse and the response to cGnRH-1I was 47 + 5% of initial
¢GnRH-1I pulse; Fig. 3.4e, f). Under similar conditions, pituitary fragments desensitized
with continuous exposure to 100 nM of cGnRH-II also had lower responses to a
subscquent pulse of the two native peptides (Fig. 3.52, b); the desensitization process
reduced the GTH-II responses to sGnRH and cGnRH-II equally (the GTH-II responses to
sGnRH and cGnRH-II were 57 + 3% 2nd 49 + 9%, respectively, of their initial pulses;

Fig. 3.5¢, d). -

GH response: The GH responses to repeated pulses of 50 nM sGnRH in the absence and
presence of various doses of analog C and N were measured. The initial and final pulses
(2 min) of 50 nM sGnRH stimulated GH release (Fig. 3.6a, b). Interestingly, [Ac-A3-
Prol, 4FD-Phe2, D-Trp3'6]-anRH (analog C) itself stimulated GH release in a dose
dependent manner with the highest GH stimulation at 1 pM. In continued presence of
analog C, GH response to a pulse of 50 nM sGnRH was suppressed in a dose-dependent
manner. At 1 pM dose, anai.:z C completely inhibited additional GH release response to
sGnRH (Fig. 3.6a, b). [Ac-i%2)Nall, 4CI-D-PheZ, D-(3)Pal?-6]-cGnRH-II (analog N) at
a dose of 50 nM, 300 nM, und 1000 nM, suppressed both 50 nM sGnRH and 50 nM
¢GnRH-1I stimulated GH release (Fig. 3.7a, b). At a given dose analog N equally
suppressed GH release induced by both sGnRH and cGnRH-1I, without showing any
preferential inhibition (Fig. 3.7¢).

Similar to GTH-II responses presented in Fig. 3.3a, 100 nM sGnRH and ¢cGnRH-1I
stimulated GH release either in the presence or absence of vehicle (Fig. 3.8a). Under
continuous treatment of 100 nM sGnRH a 2 min pulse of 100 nM cGnRH-1I caused a

small, but insignificant (either by comparison of post-pulse fractions ¢ prepulse fractions,
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or by comparing the net GH response in terms of total area under curve) increase in GH
release (Fig. 3.8b). At 60 min after termination of continuous sGnRH exposure, the GH
responses to both sGnRH and cGnRH-II were significantly lower compared to the initial
pulses. Similarly, during continuous treatment of cGnRH-II (Fig. 3.8c), 2 min pulse of
sGnRH caused a small, but insignificant increase in GH release; at 60 min after cGnRH-11
exposure, the GH responses to sGnRH and c¢GnRH-II were again significantly reduced.
The magnitude of sGnRH and cGnRH-II induced GH release responses before and
after 90 min vehicle exposure were not significantly different (Fig. 3.9a, d). At 60 min
after continuous exposure to 100 nM sGnRH, the GH responses to both sGnRH (Fig.
3.9b, ) and cGnRH-II (Fig. 3.9¢, f) were equally reduced (response to sGnRH was 46 &
3% of initial pulse, Fig. 3.9¢, and the response to cGnRH-H was 47 + 1% of initial pulse,
Fig. 3.9f). Under similar conditions, continued exposure of pituitary fragments to 100 nM
of cGnRH-II also reduced the GH"responses to subsequent pulses of 100 nM sGnRH (42
+ 4% of initial pulse) and 100 nM cGnRH-1I (41 £ 2 % of initial pulse; Fig. 3.10) equally.

Differential release responses of GTH-1l and GH: The differential release responscs of
GTH-II and GH to [/ac-A3-Prol, 4FD-Phe2, D-Trp3:0]-sGnRH (analog C) were further

tested. Exposure of pituitary fragments to 2 M concentration of analog C for 30 min
caused no significas:f change in GTH-II release, but stimulated GH release (Fig. 3.11).
Further, in presence of analog C (2 uM) 50 nM sGnRH induced GTH-II and GH relcasc
was significantly suppressed <ompared to responses to initial pulse of 50 nM sGnRH. At
90 min after termination o analog C treatment, GTH-II and GH responses to 50 nsM
sGnRH were significantly lower than those to the initial sGnRH pulse (Fig. 3.11c, d). To
find out the possible site of aciion of analog C, enzymatically dispersed pituitary cclls were
used. sGnRH (50 nM) stimulated both GTH-II and GH release from the dispersed
pituitary cells (Fig. 3.12a, b). Analog C (2 uM) had no significant effect on GTH-II
release, but significantly stimulated GH release, indicating the direct action of analog C at
the pituitary cell level.

Additional differences in the GTH-UI and GH responses were noticed during
prolonged (35 min) treatment of pituitary fragments with [Ac-A3-Pr01, 4FD-Phe2, D-
Trp3, D-Arg6]-mGnRH (analog F). Analog F at 100 nM and 1000 nM concentrations
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significantly stimulated GTH-II release in a dose dependent fashion (Fig. 3. 13a, ¢), witha
slight, but significant inhibition of GH release (Fig. 3.13b, c). However, the inhibition of
GH release by analog F was not dose-dependent and was significant only at higher doses.

Discussion
In the present study both sGnRH and cGnRH-1I increased the rel=ase of GTH-1I and

GH in agreement with earlier observations on the GTH-II and GH releasing ac’

these peptides (Chang et al., 1990; Peter et al.,1990; Habibi, 1991a; Habibi e .. S

To test whether these two native peptides act through the same population of G..#( i
receptors on gonadotrophs, two GnRH antagonists based on the structure of native GnRH
peptides, [Ac-A3-Pro!, 4FD-Phe2, D-Trp3-6]-sGnRH (analog C) and [Ac-D(2)Nall, 4Cl-
D-Phez, D(3)-Pal3'6}-cGnRH-II (analog N) were used to determine whether the actions of
sGnRH and cGnRH-II could be differentially inhibited. Analog C, at low, intermediate
and high dosages relative to sGnRH and cGnRH-1I, inhibited the GTH-11 releasing actions
of both native peptides with equal efficacy. Analog N also suppressed the GTH-II
stimulatory actions of sGnRH and cGnRH-1I equally; however, analog N appears io have
persistent antagonism resulting in ¥ . 1g of a clear dose-related inhibition of the GTH-II
responses to SGnRH and cGnRFF - =arlier studies, anzlog C (at Z pM dose), {Ac-
A3-Prol, 4FD-Phe2, D-Trp>61-n. wnalog E; at 2 pM Jose) and [D-p-Glul, D-
Phe?, D-Trp3°6]-mGnRH (analog M; a. Loses ranging fron. * =*1 to 2 pM) suppressed
sGnRH and cGnRH-II action on GTH-II release equally (Muriny et al., 1993; see Chapter
2). These results support the idea that the two native GnRH peptides act through the same
population of receptors on gonadotrophs.

This hypothesis was further tested using another approach. It was further reasoned
that if there is more than one population of GnRH receptors being preferential or selective
to each peptide, then in the presence o. .. submaximal dose of one peptide, the other should
be able to further stimulate GTH-1I release. However, in this study when a pulse of
cGnRH-II was given during continuous treatment with sGnRH, there was no additional
increase in GTH-II release in response to cGnRH-II; similarly sGnRH cau- i 0 additional
GTH-1I release in the presence of cGnRH-II. Habibi (1991a) has shown .. .. - Jntinuous
exposure of pituitary fragments to 100 nM of sGnRH or cGnRH-II for 60 min causes
desensitization of receptors to subsequent GnRH treatment, and that at least part of the
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desensitization is due to a decline in binding capacity. The influence of desensitization
following continued exposure of pituitary fragments to 100 nM sGnRH (or ¢GnRH-II) for
90 min or 150 min on the response 10 a subsequent pulse of these two peptides was tested
and there was no preferential reduction in the response to any one peptide. It should be
noted that the decrease in responsiveness following continued exposure to sGnRH or
¢GnRH-II is not due to depletion of GTH-II in gonadotrophs; Habibi (1991a) found that
under similar experimental conditions the calcium ionophore (A23187) could still induce
GTH-II release. Together these results support the hypothesis that sGnRH and cGnRH-11
act through a single population of receptors on gonadotrophs. In support of this
hypothesis, in static incubation studies using dispersed goldfish pituitary cells the GTH-II
response to maximally effective doses of sGnRH and ¢cGnRH-II are not additive (Chang ct
al., 1993)

The results on GH release in all above discussed experiments were similar to that of
GTH-II release, and indicate that sGnRH and ¢GnRH-II act via the same population of
receptors on somatotrophs. In support of this nypothesis, analog N equally suppressed
actions of both sGnRH and ¢cGnRH-iI on GH release, withc::t showing any preferential
inhibition. Interestingly, analog C stimulated GH release while acting as a ‘truc’ antagonist
on GTH-II release (see discussions below). A pulse of cGnRH-II given during continuous
treatment with sGnRH, caused a small, but not significant additional GH release; similarly
sGnRH caused no significant additional GH release in the presence of cGnRH-II. Asin
the case of GTH-II, continued exposure of pituitary fragments for 90 min and 150 min to
100 nM sGnRH or 100 nM cGnRH-II results in reduction of GH responses to a
subsequent pulse of 100 nM sGnRH and cGnRH-II. However, following continuous
treatment with sGnRH or cGnRH-1I there was no preferential reduction in the response to
any one peptide.

Although the results of the present study do not provide evidence for different
populations of GnRH receptors on either gonadotrophs or somatotrophs, there is evidence,
however, of differences between the GnRH receptors on somatotrophs and GnRH
receptors on gor.adotrophs. Analog C stimulated GH release, without causing a significant
increase in GTH-II release. The differential actions of analog C on GTH-II and GH releasc
were observed both in pituitary fragmenits and dispersed pituitary cells, indicating a direct
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action of analog C at the pituitary cell level. This functional difference in receptors is
further substantiated by the results with analog F, which on long term treatment induced a
dose dependent GTH-II release, with a slight, but significant inhibition of GH release. In
an earlier study analog F also stimulatcd GTH-II release, without apparent GH stimulation
(Murthy et al., 1993; see Chapter 2). [Ac-D(2)-Nall, 4C1-D-Phe2, D-(3)Pa1}6, Arg3, D-
AlalO]-mGnRH (analog L) (2 uM) showed GTH-II stimulatory versus GH inhibitory
activities (Murthy et al., 1993; see Chapter 2). The differential actions of analog L on
GTH-II and GH release were dose dependent and could also be observed in the dispersed
pituitary cells (see Chapter 4). These results indicate the direct, but differcntial actions of
these GnRH analogs on GTH-II and GH release, suggesting functional differences in the
properties of GnRH receptors on gonadotrophs and somatotrophs.

In the in vitro pituitary fragment perifusion studies a lower dose of analog E was
required to block sGnRH induced GH release compared to GTH-II release; the dosages of
analog E to inhibit 20 nM sGnRH induced GTH-II and GH release from pituitary
fragments obtained from post-spawning fish by 50 % were 241.9 * 48.4 nM and 128 74
nM, respectively (Murthy et al., 1993; see Chapter 2). In a recent structure-activity study
of GnRH analogs using the goldfish pituitary fragment perifusion system, it was found that
analogs substituted with histidine, leucine, methionine or tyrosine at position 8 cxhibited
significantly lower GTH-II releasing activity compared to that of sGnRH or ¢GnRH-II
(Habibi et al., 1992). In the same study, the efficiency of these position 8 substituted
analogs in terms of stimulation of GH release was not significantly different from the two
native peptides, suggesting a differential requirement of ligand structure for optimal
receptor activation. Among the native peptides, sGnRH has a slightly greater GH but
weaker GTH-II release potential than cGnRH-II (Chang et al., 1990; Peter et al.. 1990;
Habibi et al., 1992). Photoaffinity labelling studies indicated that the high affinity binding
protein responsible for biological action, has a Mr of 51, 000 dalton, and appcared as two
closely associated bands on the gels (Habibi et al.,1990). These two bands were suggested
to represent the high affinity binding sites on gonadotrophs and somatotrophs (Peter et al.,
1990). Together these results strengthen the idea that the GnRH receptors on
gonadotrophs and somatotrophs are distinct.

Extensive work by Habibi (1991a, b) has shown that prolonged exposure of pituitary
fragments to sGnRH or cGnRH-II results in desensitization of the GTH-II response to a
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subscquent pulse of these two peptides. At least a part of the reduced response was due to
a decreasc in binding capacity. This is the first report showing desensitization of the GH
response to GnRH treatment. Exposure of pituitary fragments to 100 nM of sGnRH or
¢GnRH-II for 90 min or 150 min resulted in significant reduction in the GH response to a
subsequent pulse of both sGnRH and cGnRH-II. However, the actual mechanism of
desensitization of the GH response to GnRH peptides is not clear from these experiments.
In conclusion, the two native peptides sSGnRH and cGnRH-II appear to act through the
same population of GnRH receptors on gonadotrophs to stimulate GTH-II release.
Likewise, sGnRH and cGnRH-II appear to act through the same population of GnRH
receptors on somatotrophs to stimulate GH release. However, the GnRH receptors on the

somatotrophs appear to be functionally distinct from that on gonadotrophs.
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Fig. 3.1 The GTH-II responses to 50 nM sGnRH (a) and to 50 nM
c¢GnRH-II (b) in the absence and presence of different concentrations
of [Ac-A3-Prol, 4FD-Phe2, D-Trp3.6]-sGnRH (analog C). The data
were transformed as % pretreatment, pooled and expressed as mean
+ SEM (n = 4). GTH-II responses were quantified as % prepulse,
pooled from two experiments (n = 5-7) and expressed as % of
response to 50 nM sGnRH (c).
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Chapter Four

Differential actions of a mammalian gonadotropin-releasing
hormone (GnRH) antagonist on gonadotropin-II and growth
hormone release in goldfish, Carassius auratus!

Introduction
Gonadotropin-releasing hormone (GnRH) peptides stimulate gonadotropin-II (GTH-

11) and growth hormone (GH) secretion in goldfish (Marchant et al., 1989; for review Peter
et al., 1990), common carp (Lin et al., 1993), and rainbow trout (Le Gac et al., 1993).
Probably with the exception of higher mammals (King et al., 1988b) presence of multiple
forms of GnRH in a given species of vertebrate is common (for review Sherwood and
Lovejoy, 1989; King and Millar, 1992; Sherwood et al., 1993). In goldfish two forms of
GnRH, salmon GnRH (sGnRH) and chicken GnRH (cGnRH-II) have been demonstrated
in the brain and pituitary (Yu et al., 1988; Kim et al., 1993). Both sGnRH and ¢GnRH-II
stimulate GTH-II and GH release in vivo and in vitro in goldfish (Marchant et al., 1989;
Habibi et al., 1992; for review Peter et al., 1990). The GTH-II and GH stimulatory
actions of the two native peptides were also observed with dispersed goldfish pituitary cells
in static culture and in perifusion, indicating the direct action at the level of pituitary cells
(Chang et al., 1990). Both sGnRH and cGnRH-II displaced 125-1-[D-ArgS, Pro”-NHEX]-
sGnRH (sGnRH-A) bound to crude goldfish pituitary membrane preparations (Habibi et
al., 1987; for review Habibi and Peter, 1991). Further, both sGnRH and cGnRH-II also
displaced avidin gold-labelled biotinylated [D-Lys6, Prog-NHEt]-anRH from the surface
of gonadotrophs and somatotrophs (Cook et al., 1991), confirming a direct action of
GnRH on these cells.

Structure-function activity studies of GnRH analogs in mammals indicate that

1A version of this chapter has been accepted for publication: CK Murthy, RJ Turner, AOL
Wong, PD Prasada Rao, JE Rivier, RE Peter (1994). Neuroendocrinology (in press).

99



modifications of the amino acid sequence especially at positions 1, 2, 3, and 6 result® in
potent antagonists (for review Karten and Rivier, 1986). The potency of GnRH
antagonists was further enhanced by substitution of D-Arg6 along with a hydrophobic
aromatic N-terminus (Nekola et al., 1982, Rivier et al., 1984). To reduce the in vivo
release of histamine by D-Arg6 substituted analogs (for review Karten and Rivier, 1986
Karten et al., 1987), the “Arg5, Arg8” series of antagonists with D-3-Pal6, were developed
(Folkers et al., 1986; Nestor, 1987; for review Folkers et al., 1987). One of the analogs in
this series, [N-Ac-D(2)Nall, D-pCl-Phe2, D-(3)Pal36, Arg3, D-Ala!0]-GnRH was
highly potent in inhibiting ovulation in rats (Folkers et al., 1986), with only moderate
histamine release activity.

In our previous studies on the characterization of GnRH antagonists in goldfish
(Murthy et al., 1993; see Chapter 2), many mammalian GnRH antagonists, especially thosc
with D-ArgS, stimulated both GTH-II and GH release from perifused goldfish pituitary
fragments. [Ac-A3-Prol, 4FD-Phe?, D-Trp3'6]-mGnRH (analog E of Chapter 2)
inhibited both sGnRH and cGnRH-II induced GTH-II and GH release in a dose dependent
fashion (Murthy et al., 1991, 1993; see Chapter 2). Interestingly, some mammalian GnRH
antagonists differentialiy regulated GTH-II and GH release. [Ac-A3-Prol, 4FD-Phe2, D-
Trp3, D-Argb]-mGuRH (analog F of Chapter 2) stimulated GTH-II, but not GH release
(see Chapters 2, 3). [Ac-D(2)-Nall, 4CI-D-Phe2, D-(3)Pa13-6, Arg3, D-Alal0}-mGnRH
(analog L of Chapter 2), a potent GnRH antagonist in mammals (Folkers et al., 1987),
weakly stimulated GTH-II release, but strongly suppressed GH release from the perifused
pituitary fragments. In order to further characterize the differential actions of analog L on
GTH-H and GH release in goldfish, we have studied its dose-dependent actions on GTH-II
and GH release, and specificity of inhibition of native GnRH actions on GTH-II and GH
release. We also tested whether analog L acts directly at the pituitary cell level.

Materials and Methods

Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish were maintained in flow-through aquaria (1800
liters) at 17 + 1°C under a simulated natural photoperiod of Edmonton for at least 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish of both sexes, with body weight ranging from 20-35 g were used in the present study.
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The sexual maturity of fish was assessed by measuring the gonadosomatic index (GSI=

weight of gonad/total body weight X 100).

Reagents and test substances sGnRH, cGnRH-II (Peninsula Laboratories Inc., Belmont,
CA) were dissolved in 0.1 M acetic acid and stored at -25°C as aliquots of 50 uM. The
aliquots were diluted with perifusion medium to required concentrations immediately prior
(0 use in experiments. [Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal3*9, Arg5, D-Alal0l-mGnRH
(analog L of Chapter 2) and [Ac-A3-Prol, 4FD-Phe2, D-Trp3'6]-mGnRH (analog E of
Chapter 2) were gift of Dr. J. E. Rivier, The Clayton Foundation Laboratories for Peptide
Biology, The Salk Institute, La Jolla, CA, and were dissolved in 0.3-0.5 ml of primary
solvent containing propylene glycol and physiological saline at a ratio of 60:40, and
subsequently diluted to required concentrations with perifusion medium. The final
propylene glycol concentration was less than 0.5%. SKF38393 (dopamine D1 type
receptor agonist; Research Biochemicals Inc., Wayland, MA) was dissolved in 200 pl of
dimethyl sulfoxide (DMSO) and diluted to required concentrations with perifusion medium.
The final DMSO concentrations were less than 0.1%. Thyrotropin-releasing hormone
(TRH; Peninsula Laboratories Inc., Belmont, CA) was dissolved in perifusion medium.

Perifusion of pituitary fragments and cells In vitro experiments were conducted using a

validated pituitary fragments perifusion system described earlier (Marchant et al., 1989)
with minor changes. Briefly, the pituitary glands, collected from goldfish, were chopped
into fragments (0.2 mm3) using a McIlwain tissue chopper. The fragments (three pituitary
equivalents per chamber) were washed with medium 199 and placed in 0.5 ml micro-
chambers (Endotronics Inc., Minneapolis, MN) between two 13 mm filters; 8 micron pore
size for inlet (Millipore Inc., Bedford MA) and 5 micron pore size for outlet (Micron
Separations Inc., Westboro, MA) with a continuous flow of medium (M199) at 18°C.
These filters were supported by circular stainless steel screens with a pore size of 450
micron. The reservoirs, holding perifusion medium or drugs were attached to a 3-way
valve. From the 3-way valve the drug or medium was delivered to the micro-chambers by
a tubing passing through an ISMTEC multichannel cartridge pump (Cole-Parmer
Instruments Corporatior, Chicago, Dlinois). The fragments were perifused overnight (at
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least 15 h) at a flow rate of 5 mV/h. Thereafter, the incubation was continued using Hank's
balanced salt solution supplemented with 25 mM HEPES and 0.1% BSA at a flow rate of
15 mV/h for 2 h before starting the experiment. Five minute fractions of perifusate were
collected, frozen and stored at -25°C for hormonal assay.

The enzymatically dispersed pituitary cells (for procedure sec Chang et al., 1990) were
incubated with preswollen cytodex beads (Cytodex I, Sigma Chemical Co., St. Louis,
MO) at 28°C under 5% CO9 and saturated humidity. After overnight incubation, cytodex
beads with pituitary cells attached were loaded into 0.5 ml micro-chambers and the

experiment was conducted as described above.

GnRH receptor study The GnRH receptor studies were conducted using goldfish crude
pituitary membrane preparations. The iodination of [D-Arg6. Pro?-NHE(]-sGnRH
(sGnRH-A), crude pituitary membrane preparation and displacement studies were
conducted as described by Habibi et al. (1987). The displacement by 10-6M sGnRH-A
was taken as non-specific binding in all the experiments. The displacement curves were
analysed by a non-linear weighted least-square curve fitting method (Munson and Rodbard,
1980; McPherson, 1985), using the computer program LIGAND (Biosoft, Cambridge,
UK). The data analysis was done in two steps; the initial affinity constant and binding
capacity values were obtained by Equilibrium Binding Data Analysis (EBDA) and bascd on
these initial estimates, the final estimates were obtained by LIGAND. The displaccment
data of analog L from individual experiments were analysed individually and then data from
four individual experiments were analysed simultaneously to obtain the final cstimates of

equilibrium association constant (Ka).

Radipimmunoassay GTH-II levels in perifusate were measured by using a validated
radioimmunoassay specific for goldfish GTH-II (Peter et al., 1984; Van Der Kraak et al.,
1992). The GH levels were measured by using a goldfish GH radioimmunoassay
described by Murthy et al. (1993).

Data analysis To provide a mean response, the GTH-IT or GH values were expressed as
percentage of pretreatment mean (of 6 fractions prior to first pulse) for each column and

pooled from 4 columns. The quantification of the hormone response was done as
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described by Peng et al. (1990). Briefly, the average hormone level of the 3 fractions
immediatcly preceding each pulse (prepulse mean) was treated as basal, and the hormone
values following a GnRH pulse were expressed as a percentage of this prepulse mean.
Post pulse fractions with hormone contents greater than one standard error (SEM) above
the prepulse mean were considered to be a part of the response. The response (expressed
as % prepulse) above the pretreatment mean from the fractions considered as part of the
response were added to get the net response in a particular column. Using a computerized
ALLFIT program (De Lean et al., 1978) ED50 + approximate error values for analog L to
stimulate GTH-II release and to inhibit GH release were calculated as a measure of
potency. The difference in responses between treatment and control was assessed by
ANOVA followed by Fisher’s LSD test or Student's t-test (p <0.05).

Results

Dose response studies To compare the GTH-II and GH releasing potencies of analog L
ans ~13nRH, the dose-related effects of 2 min pulse treatments of analog L. on GTH-II and
GH release from perifused pituitary fragments was tested. Analog L given as 2 min pulses
at 73 min intervals stimulated GTH-II release (Fig. 4.1a, ¢) and inhibited GH release (Fig.
4.1b, d). The effects of analog L on hormone release were very distinct at higher
concentrations of 1 M and 10 uM. Analog L stimulated GTH-II release with an
approximate ED50 of 1018 + 756 nM and maximum nex response of 388 + 82% of
prepulse. The minimum effective concentration of analog L to cause a significant increase
in GTH-II release was 1000 nM. In the same experiment sSGnRH stimulated GTH-II
release with an ED50 of 17.2 £ 10.6 nM and caused a maximum response of 1993 + 299%
of prepulse. sGnRH at a minimum concentration of 10 nM significantly increased GTH-II
release (see Chapter 5). Thus, analog L was 60-100 times less potent than sGnRH in
stimulating GTH-II release. Interestingly, analog L on its own suppressed the
unstimulated GH release from the perifused pituitary fragments in a dose related manner,
with inhibition being significant at 1 uM and 10 uM concentrations. Analog L at 10 uM
concentration suppressed the unstimulated GH release by 111 + 10% prepulse (Fig. 4.1d).
The inhibition of unstimulated GH release by analog L was transient and the GH levels
returned to prepulse values quickly (Fig. 4.1b).
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In our preliminary studies the actions of analog L were distinctly noted under
prolonged (30-35 min) treatment conditions. Hence we tested the dose-related effects of
various concentrations of analog L ranging from 1 nM to 3 uM for 30 min at 90 min
intervals. Under these treatment conditions analog L stimulated GTH-II release in a dosc
related manner with an ED50 of 976 £ 436 nM; the minimum effective concentration being
10 nM (Fig. 4.2). Analog L inhibited GH release with an ED50 of 922 + 318 nM and the
minimum effective concentration was 300 nM (Fig. 4.3). Similar to the previous
experiment, the inhibition of unstimulated GH release by analog L was transicnt with the
basal GH values returning to prepulse levels (Fig. 4.3a, b). At 90 min after termination of
analog L treatment, a pulse of 50 nM sGnRH stimulated GH release from the pituitary

fragments.

Inhibition of sGnRH and ¢cGnRH-II actions by analog L Sincc analog L strongly

inhibited unstimulated GH release, we wanted to test the effects of analog L on GH and
GTH-1I release induced by 50 nM sGnRH (Fig. 4.4) and 50 nM ¢GnRH-II (Fig. 4.5).
Similar to earlier experiments, exposure of pituitary fragments to analog L at 2 uM for 30
min resulted in increased GTH-II release (Fig. 4.4a, ¢) and reduced GH release (Fig. 4.4b,
d). In the presence of analog L (2 pM), the GTH-II and GH releasc responses to a 2 min
pulse of 50 nM sGnRH were significantly suppressed compared to the responses to the
initial pulse of sGnRH (GTH-II, 69 + 5% inhibition; GH, 79 * 3% inhibition; Fig. 4.4c,
d). At90 min after termination of analog L treatment, the GTH-II and GH releasc
responses to a 2 min pulse of S0 nM sGnRH were similar to that of the initial sGnRH
pulse.

In a similar experiment, a 2 uM concentration (45 min) of analog L inhibited 50 nM
c¢GnRH-II induced GTH-II (59 * 3% inhibition; Fig. 4.5a, ¢) and GH (78 + 6% inhibition;
Fig. 4.5b, d) release. Again, at 90 min after the termination of analog L treatment, the
GTH-II and GH responses to a pulse of cGnRH-II were not significantly different from the
responses to the initial pulse of cGnRH-II.

Specificity of inhibition of GnRH actions by gnalog L In the previous experiments analog
L significantly suppressed both sGnRH and ¢cGnRH-II stimulated GTH-II and GH rclease.

In these experiments the specificity of analog L to suppress the GH releasing effects of the
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GH sccretogogues SKF38393, a dopamine D1 type receptor agonist, and TRH was tested.
In the presence or absence of vehicle repeated 2 min pulses of 0.5 uM SKF38393 elicited
GH release responses of similar magnitude from perifused pituitary fragments (Fig. 4.6a,
c). Similarly, the GH responses (quantified as % prepulse) to 0.5 pM SKF38393 in the
presence of 2 uM analog L were not significantly different from the GH responses to
SKF38393 in the presence or absence of vehicle (Fig. 4.6b, d). In another experiment, the
GH release responses to 2 min pulse of 1 uM concentration of TRH in the presence of .
either vehicle or analog L (2 uM) were not significantly different (Fig. 4.7), indicating the
inhibitory actions of analog L only on GnRH actions.

Site of action of analog L These experiments explored the possible sites of action
mediating the differential effects of analog L on GTH-II and GH release, and in inhibiting

the hormonal release responses elicited by native forms of GnRH. In the first experiment,
exposure of pituitary fragments to 2 uM of analog L for 30 min in the continuous presence
of vehicle caused a significant increase in GTH-II release (Fig. 4.8a), and a significant
decrease in GH release (Fig. 4.8d). However, in the continuous presence of 2 uM [Ac-
A3-Prol, 4FD-Phe2, D-Trp3’6]-mGnRH (analog E; a ‘true’ GnRH antagonist, [Murthy et
al., 1993; see Chapter 2]), the GTH-II release stimulation by analog L. was completely
inhibited (Fig. 4.8b, ¢). Under similar conditions, analog E partially, but significantly
inhibited the GH release suppression by analog L (Fig. 4.8e, f).

In the next experiment, the effects of analog L treatment on GTH-II and GH release
from enzymatically dispersed goldfish pituitary cells were tested. As observed with
pituitary fragments, the exposure of dispersed pituitary cells to 2 uM analog L for 45 min
resulted in significantly enhanced GTH-II (Fig. 4.9a) and suppressed GH release (Fig.
4.9b; quantification of data not shown). Further, in the presence of analog L, GTH-II and
GH release stimulated by a 2 min pulse of 50 nM sGnRH was significantly inhibited,
indicating the actions of analog L directly at the pituitary cell level (quantification of data not
shown).

In the GnRH receptor binding studies, incubation of crude pituitary membrane
preparations with 125-1-sGnRH-A and with increasing concentrations (1()'12 to 106 M, in
triplicate) of ‘cold’ analog L resulted in a dose-dependent displacement of bound 125-1-
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sGnRH-A (Fig. 4.10). The profiles of 125-1-sGnRH-A displacement curves by analog L.
sGnRH-A, and sGnRH were similar (se¢ Chapter 6), indicating the binding of analog L to
GnRH receptors in the pituitary membrane preparations. The analysis of the displacement
curves for analog L for two binding sites was statistically a better fit than for a single
binding site, similar to previous findings regarding GnRH receptors in the goldfish
pituitary (Habibi et al., 1987; Habibi and Peter, 1991). The simultancous analysis of four
displacement curves by LIGAND indicated equilibrium association constants (Ka) of 4.17
+1.01 X 1011, M-1 (95 % confidence limits being 2.45 - 7.10 X 1011, M-1) and 0.63 ¢
0.05 X 107, M-1 (95 % confidence limits being 0.53 - 0.75 X 107, M-1) for high and low
affinity binding sites, respectively.

Discussion

[Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal36, Arg3, D-Alal0}-mGnRH (analog L)
stimulated GTH-II release and inhibited GH release in a dose-dependent manner. These
results support our earlier report (Murthy et al., 1993; see Chapter 2) on diffcrential actions
of analog L on GTH-II and GH release. However, the actions of analog L in goldfish arc
contrary to results in mammalian studies. Folkers et al. (1986) have shown that analog L
acts as a potent GnRH antagonist in rat; analog L inhibits ovulation by 60, 80 and 1{1% at
0.125, 0.25 and 0.5 pg/rat doses, respectively. Analog L was the most potent antzgonist
known in 1986, with significantly lower histamine release (Folkers et al., 1987). Similar
to the present results, many mammalian GnRH antagonists stimulated LH relcase from
chicken gonadotrophs (Millar and King, 1984; King et al., 1988a). These results indicate
that the ligand structure requirements for GnRH antagonists are different for rat and
goldfish, and also between other species.

The observed GTH-II stir....lation by analog L cannot be due to contamination of
analog L with GnRH agonists such as mGnRH, because the time course of GTH-II
stimulation by agonists and analog L are different. Normally, agonists stimulate GTH-II
release immediately after exposure to goldfish pituitary fragments and dispersed cells.
Analog L, given as a 2 min pulse at a high concentration or continuously at a lower
concentration, stimulated GTH-II release 10-15 min after initial exposure to pituitary
fragments or cells. Secondly, GnRH agonists stimulate both GTH-II and GH release in
goldfish. In contrast, analog L stimulated GTH-II, but inhibited GH release.
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It is interesting to note that analog L stimulated GTH-II release, but suppressed GH
release. In addition, analog L (2 M) was found to have a greater ability to suppress
s(+aRH and ¢cGnRH-II induced GH release compared to inhibition of GTH-II release
induced by sGnRH and cGnRH-II. A similar tendency has also been noticed for some
other GnRH antagonists in goldfish (Murthy et al., 1993; see Chapter 2). Further, analog
E (2 uM) completely blocked the GTH-II stimulatory actions of analog L (Fig. 4.8a, b, ¢),
but only partially suppressed GH release inhibitory actions of analog L (Fig. 4.8d, e, f).
These results suggest that the structure-activity relations of GnRH receptors on
gonadotrophs and somatotrophs in goldfish are different. In support of this, in an earlier
study in goldfish, [Ac-A3-Pro!, 4FD-Phe2, D-Trp3-6]-sGnRH (analog C) acted as a ‘true’
antagonist on GTH-II release, but stimulated GH release on its own (Murthy et al., 1993;
see Chapters 2, 3). In contrast, [Ac-D(2)-Nall, 4FD-Phe2, D-Trp3, D-Arg®}-mGnRH
(analog F) strongly enhanced GTH-II release, but weakly inhibited GH release (see
Chapters 2, 3). Results from other GnRH structure-activity studies in goldfish indicate that
the requirements for superactive GnRH agonists for GTH-II and GH are also different
(Peter et al., 1990; Habibi et al., 1992).

Analog L, under both 2 min pulse treatment and 30 min prolonged exposure,
stimulated GTH-II release in a dose dependent manner. However, in terms of ED50 and
the maximum GTH-II release response, the GTH-II stimulatory ability of analog L was 60-
100 times lower than that of sGnRH. Although analog L stimulated GTH-II release, in
continuous presence of analog L both sGnRH and cGnRH-II actions on GTH-II and GH
release were significantly suppressed. These results suggest that analog L acts as a ‘partial
antagonist’ (an antagonist with weak agonistic activity) on GTH-II release in goldfish. In
the preliminary screening studies, many of the mammalian GnRH antagonists, especially
those with D—Arg6. which exhibited weak to strong stimulatory actions on GTH-II release
(Murthy et al., 1993; see Chapter 2) also showed inhibitory actions on GnRH induced
GTH-II release. Similar to these results, many mammalian antagonists are reported to act
as ‘partial antagonists’ in chicken pituitary cells (Millar and King, 1984; King et al.,
1988a).

We tested the hypothesis that analog L does not interact with receptors of other ligands
acting on somatotrophs in the goldfish. In goldfish, GH release is under the stimulatory
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control of multiple hypothalamic factors (Marchant et al., 1989; Chang et al., 1990; Peng et
al., 1990; Habibi et al.,1992; Trudeau et al., 1992; Wong et al., 1992, 1993a, b, c; Peng et
al,, 1993). One of these factors, dopamine has been shown to act via D1 type of receptors
to stimulate GH release (Wong et al., 1992; 1993a, b, ¢). Similarly, TRH stimulates GH
secretion from the perifused goldfish pituitary fragments in a dose dependent manner
(Trudeau et al., 1992). When tested, both SKF38393 (dopamine D1 type agonist) and
TRH stimulated GH secretion from the perifused pituitary fragments. Analog L at 2 uM
had no significant effects on GH release induced either by SKF38393 or by TRH. These
results support the concept that analog L specifically acts via GnRH receptors on
somatotrophs

The next series of studies were directed to test the hypothesis that analog L acts
through GnRH receptors on the GTH and GH cells. Analog E acts as a ‘true’ antagonist to
inhibit sGnRH and ¢cGnRH-II actions on GTH-II and GH release in goldfish pituitary
fragments (Murthy et al., 1991, 1993; see Chapter 2) as well as dispersed pituitary cells
(see Chapter 6), without any independent effects on basal secretion of GTH-II and GH. In
the present study, in the continuous presence of analog E the ability of analog L to stimulate
GTH-II and to inhibit GH release were significantly suppressed. Secondly, analog L acted
directly on the enzymatically disper- .d pituitary cells to stimulate GTH-II and inhibit GH
release, and, in the continuous presence of analog L, sGnRH stimulated GTH-II and GH
release from the pituitary cells was significantly suppressed. Thirdly, in the receptor
binding studies analog L displaced 125-1.sGnRH-A bound to crude pituitary membranc
preparations in a dose dependent manner. 125-1-sGnRH-A displacement profile of analog
L was similar to that of sGnRH and sGnRH-A. The equilibrium association constant
(Kaj) of analog L to high affinity site [Kaj=4.17 £ 1.01 (95% confidence limits: 2.45 -
7.100 X 1011, M-1] was significantly higher than that of sGnRH [Kaj = 3.41 £ 0.5 (2.43
- 4.78) X 1010, M-1) and sGnRH-A [Ka) = 4.97 £ 0.27 (4.41 -5.60) X 1010, M-1],
However, the equilibrium association constant (Kaj) of analog L to low affinity site [0.63
+0.05 (0.53 - 0.75) X 107, M-1) was lower than that of both sGnRH [3.14 £ 0.71 (1.87
-5.27) X 107, M-1] and sGnRH-A [8.92 + 0.47 (7.94 - 10.03) X 107, M1]. Taken
together the results indicate that the actions of analog L are due to binding to GnRH
receptors in the pituitary cells and not by a non-specific interaction with any other protein
on the cell surface. Recently Schutz and Freissmuth (1992) suggested the possible
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cxistence of ‘neutral antagonists” (without any intrinsic activity) and ‘negative antagonists’
(with negative intrinsic activity or suppression of basal activity). It may be interesting to
know whether the inhibition of unstimulated GH release from dispersed pituitary cells by
analog L is due to negative intrinsic activity.

Like in other vertebrates, somatostatin (SRIF) can inhibit both unstimulated and
stimulated GH release in goldfish (Marchant et al., 1987; Peng et al., 1993; Wong et al.,
1993b). However, the ability of analog L to suppress the unstimulated GH release is not
by stimulation of SRIF release, as SRIF inhibits GH stimulatory activity of both dopamine
(Wong et al., 1993b) and TRH (V.Trudeau, C. Peng and R. Peter, unpublished results).
Also, analog L had no significant effects on the GH stimulatory actions of both dopamine
and TRH in the goldfish. Further, the actions of analog L are not through activation of
SRIF receptors as SRIF has no action on GTH-II release (Marchant et al., 1989), while
analog L stimulates GTH-II release. The stimulatory actions of GnRH on GH release may
not be restricted to teleost fish. mGnRH has been found to stimulate GH release from the
rat pituitary that has been anatomically and/or functionally disconnected from the CNS
(Panerai et al., 1976) and by perifused rat pituitary cells (Badger et al., 1987). In humans
mGnRH stimulates GH release under many pathological conditions such as acromegaly,
mental depression, anorexia nervosa, and schizophrenia (for review Miiller, 1987).

In mammals, many GnRH antagonists, especially those with D-Argb, stimulate
histamine release in vivo (for review Karten and Rivier, 1986; Karten et al., 1987; Nestor,
1987). Histamine appears to have inhibitory actions on stimulated GH release in vivo in
rats and humans (for review Miiller, 1987). However, it is unlikely that the inhibition of
GH release from goldfish pituitary fragments and dispersed cells by analog L is due to
histamine release. In rats histamine and histamine receptor antagonists have no direct
actions on GH release in vitro (for review Miiller, 1987). Further, [Ac-D(2)-Nall, 4CI-
D-Phe2, D-Trp3, D-hArg(Ety)6, D-Alal0]-mGnRH, which has a much greater histamine
release activity than analog L in rats (Nestor, 1987), strongly stimulated GH as well as
GTH-II release from perifused goldfish pituitary fragments (Murthy et al., 1993; see
Chapters 2, 5) suggesting that histamine release by GnRH antagonists and the suppression
of GH release in goldfish by analog L are independent.

In conclusion, [Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pa13:6, Arg3, D-Alal%-mGnRH
(analog L) differentially acts on GTH-II and GH release, suggesting differences in the
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properties of the GnRH receptors on GTH and GH cells. Contrary to its actions as a
potent GnRH antagonist in mammals, analog L has independent GTH-II stimulatory
actions in goldfish. Analog L. also independently suppresses GH release in goldfish.
Analog L exerts its actions directly at the pituitary cell level, by binding to GnRH receptors.
Analog L also specifically inhibits sGnRH and cGnRH-II actions on GTH-II and GH
release, without any significant effects on GH release induced by DA and TRH.
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Fig. 4.1 The effects of repeated 2 min pulses (arrows) of different
concentrations (from 1 nM to 10 uM) of [Ac-D(2)Nall, 4C1-D-Phe2,
D(3)-Pal3,6, Arg5, D-Alal0]-mGnRH (analog L) on GTH-II (a) and GH (b)
release from perifused pituitary fragments collected from sexually mature
goldfish (GSI = 8.3 + 1%). The hormone release data in ng/ml were
transformed as % pretreatment, pooled and expressed as mean + SEM (n = 4).
The GTH-II and GH release responses to different concentrations of alanlog L
were quantified as % prepulse and presented as mean + SEM (c, d).
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Fig. 4.2 The effects of prolonged treatment (30 min; open boxes) of different
concentrations (from 1 nM to 3 uM) of [Ac-D(2)Nall, 4C1-D-Phe2,
D(3)-Pal3.6, Arg5, D-Alal0]-mGnRH (analog L) on GTH-II release (a, b)
from perifused pituitary fragments collected from sexually recrudescent
goldfish (GSI = 3.8 £ 0.5%). The hormone release data in ng/ml were
transformex as % pretreatment, pooled and expressed as mean £ SEM (n=4).
The GTH-I release responses to different concentrations of analog L were
quantified as % prepulse and presented as mean £ SEM (c). Significant
differences between responses at a given concentration are indicated by
separate lines on top of each concentration (ANOVA and Fisher’s LSD test).
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Fig. 4.3 The effects of prolonged treatment (30 min; open boxes) of different
concentrations (from 1 nM to 3 uM) of [Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal3,6,
Arg5, D-Alal0}-mGnRH (analog L) on GH release (a, b) from perifused pituitary
fragments collected from sexually recrudescent goldfish (GSI = 3.8 + 0.5%). The
hormone release data in ng/ml were transformed as % pretreatment, pooled and
expressed as mean + SEM (n=4). The GH release responses to different concentrations
of analog L were quantified as % prepulse and presented as mean + SEM (c).
Significant differences between responses at a given concentration are indicated by
separate lines on top of each concentration (ANOV A and Fisher’s LSD test).
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Fig. 4.4 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH on GTH-II
release (a) and GH release (b) from perifused pituitary fragments collected from
sexually regressed goldfish (GSI = <2%), with the second pulse given in the presence
(45 min; open box) of 2 uM [Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal3.6, Arg5,
D-Alal0]-mGnRH (analog L). The hormone release data in ng/ml were transformed
as % pretreatment, pooled and expressed as mean + SEM (n=4). The GTH-II and GH
release responses to three repeated pulses of sGnRH were quantified as % prepulse and
presented as mean + SEM (shown in the first three columns in Fig. ¢, d). The hormonal
responses to 2 UM concentration of analog L (first 30 min of exposure) were quantified
as % prepulse and presented as mean + SEM (shown in the fourth column in Fig. ¢, d).
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release (a) and GH release (b) from perifused pituitary fragments collected from sexually
regressed goldfish (GSI = <2%), with the second pulse given in the presence (45 min;
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(analog L). The hormone release data in ng/ml were transformed as % pretreatment,
pooled and expressed as mean + SEM (n=4). The GTH-II and GH release responses to
three repeated pulses of cGnRH-II were quantified as % prepulse and presented as mean
+ SEM (shown in the first three columns in Fig. ¢, d). The hormonal responses to 2 uM
concentration of analog L (first 30 min of exposure) were quantified as % prepulse and
presented as mean + SEM (shown in the fourth column in Fig. ¢, d)
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Fig. 4.6 The effects of repeated 2 min pulses (arrows) of 50 pM SKF38393
(dopamine D1 agonist) on GH release from perifused pituitary fragments collected
from sexually recrudescent goldfish (GSI = 3.8 + 0.5%), with the second pulse
given in the presence (50 min; open box) of vehicle (a) or 2 uM [Ac-D(2)Nal 1,
4Cl-D-Phe2, D(3)-Pal3,6, Arg5, D-Alal0}-mGnRH (analog L; b). The hormone
release data in ng/ml were transformed as % pretreatment, pooled and expressed
as mean + SEM (n=4). The GH release responses to two repeated pulses of
SKF38393 were quantified as % prepulse and presented as mean + SEM (c, dj.
In quantification of GH response to SKF38393 in presence of analog L (b, d) the
increase in GH following termination of analog L treatment (fraction 32 onwards)
was not considered as part of the response.
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Fig. 4.7 The effects of 2 min pulses (arrows) of 1 UM thyrotropin-releasing

hormone (TRH) on GH release from perifused pituitary fragments collected from
sexually recrudescent goldfish (GSI = 3.8 + 0.5%), given in the presence (50 min;
open box) of vehicle (a) or 2 uM [Ac-D(2)Nall, 4CI-D-Phe2, D(3)-Pal3.6, Arg5,
D-Alal0]-mGnRH (analog L; b). The hormone release data in ng/ml were
transformed as % pretreatment, pooled and expressed as mean + SEM (n=4). The
GH release responses to pulses of TRH were quantified as % prepulse and presented
as mean + SEM (c). In quantification of GH response to TRH in the presence of
analog L (b, c) an increase in GH release following termination of analog L
treatrment (fraction 18 onwards) was not considered as part of the response.
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Fig. 4.8 The effects of prolonged treatment (30 min; closed box) of 2 uM
[Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal3.6, Arg5, D-Alal0}-mGnRH (analog L)
given in the presence (80 min; open box) of vehicle (a, d) or 2 yM
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog E; b, e) on GTH-II (a,
b) and GH release (d, e) from perifused goldfish pituitary fragments. The
hormone release data in ng/ml were transformed as % pretreatment, pooled
and expressed as mean + SEM (n=4). The GTH-II and GH release responses
were quantified as % prepulse and presented as mean + SEM (c, f).
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Fig. 4.9 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH on GTH-II
release (a) and GH release (b) from enzymatically dispersed goldfish pituitary cells,
with the second pulse given in the presence (45 min; open box) of 2 uM
[Ac-D(2)Nall, 4C1-D-Phe2, D(3)-Pal3.,6, Arg5, D-Alal10]-mGnRH (analog L). The
hormone release data in ng/ml were transformed as % pretreatment, pooled and
expressed as mean = SEM (n=4). A significant increase in GTH-II release and a
significant decrease in GH release in response to analog L treatment, compared to
pretreatment level (ANOVA foliowed by Fisher's LSD test) is indicated by * mark.
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Fig. 4.10 The binding of 125I-[D-Arg6, Pro9-NHEt]-sGnRH
(sGnRH-A), in % of specific binding (% total binding - % binding in
presence of 10-6 M sGnRH-A) to crude goldfish pituitary membrane
preparations in the absence and presence of increasing concentrations of
analog L. Each value represents the mean + SEM of 9-12 treatments.
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Chapter Five

A new gonadotropin-releasing hormone (GnRH) superagonist in
goldfish: influence of dialkyl-D-homoarginine at position 6 on
gonadotropin-II and growth hormone release!

Introduction

In goldfish and other teleost fishes gonadotropin-II (GTH-II) secretion is uader dual
conirol of stimulation by gonadotropin-releasing hormone (GnRH) and inhibition by
dopamine (DA) (for review Peter et al., 1986, 1991). In goldfish, the two primary native
forms of gonadotropin-releasing hormones (GnRH), salmon GnRH (sGnRH) and
chicken-II GnRH (cGnRH-I) (Yu et al., 1988) siiinulate GTH-II and also growth
hormone (GH) release both in vitro and in vivo (Mar:hant et al., 1989; Chang et al.,
1990; Habibi et al., 1992; for review Petcret al., 1990, 1991). Structure-activity studics
of GnRH analogs in goldfish have indicated :hat substitution of D-arginine6 along with
proline9-NHEt enhances GTH-II releasing potency {Peter, 1986; Peter et al., 1991).
Thus, [D-Argb, Pro9-NHEt]-sGnRH (sGnRH-A) is the most potent GnRH analog known
for stimulation of GTH-1I release in goldfish.

In our previous study, initial screening of GnRH antagonists for their actions on
GTH-1II and GH release indicated that many mammalian GnRH antagonists, especially
those having D-Arg6, often have moderate to strong GTH-II and GH releasing activity
(Murthy et al., 1993; see Chapter 2). Among the analogs tested [Ac-D(2)-Nal 1. 4CI-D-
Phe2, D-Trp3, D-Arg6, Trp/, D-Alal0)-mGnRH (analog J) and [Ac-D(2)-Nall, 4CI-D-
Phe2, D-Trp3, D-hArg(Et))0, D-Alal0]-mGnRH (analog K) strongly stimulated GTH-11
release (Murthy et al., 1993; see Chapter 2). In contrast to these results, both of these
analogs act as potent GnRH antagonists in rat (Rivier et al., 1984; Nestor et al., 1988).

1A version of this chapter has been submitted for publication: CK Murthy, RJ Tumer, JJ
Nestor Jr., RE Rivier, RE Peter (1994), Regul. Peptides (submitted).
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[Ac-D(2)-Nall, 4Cl-D-Phe2, D-Trp3, D-hArg(Et2)6, D-Alal0}-mGnRH, known as
Detirelix (analog K of Chapter 2), has potent, and prolonged inhibition of LH release in rat
(Nestor et al., 1988, 1992), dog (Vickery et al., 1987), monkey (Bremner et al., 1987,
Khurshid et al., 1991), and man (Pavlou et al., 1987).

In the present study, the GTH-II and GH stimulatory actions of analogs J and K were
further tested under pulses and long term exposure using perifused goldfish pituitary
fragments. Further, to study the site of action, the ability of a ‘true’ GnRH antagonist to
inhibit analog K stimulated GTH-II and GH release was investigated. Since analog K,
having [D-hArg(Et2)6], strongly stimulated GTH-II release, we hypothesized that [D-
hArg(Et2)6]-substituted GnRH analogs may act as superagonists in goldfish. The relative
potency of severai {D-hArg(Et2)6] or [D-hArg(CHZCF3)26] substituted GnRH analogs in
stimulating GTH-II and GH release from the goldfish pituitary was determined.

Materials and Methods

Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish were maintained in flow-through aquaria (1800
liters) at 17  1°C under a simulated natural photoperiod of Edmonton for at least 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish of both sexes, with body weight ranging from 20-35 g were used in the present study.
The sexual maturity of fish was assessed by measuring the gonadosomatic index (GSI=

weight of gonad/ total body weight X 100).

Reagents and test substances sGnRH, and cGnRH-II were purchased from Peninsula
Laboratories Inc., Belmont, CA, and [D-Arg6, Pro9-NHEt]-anRH was a gift from

Syndel laboratories Ltd., Vancouver, BC, Canada. [D-hArg(Et2)6, Pro9-NHEt)-sGnRH,
[D-hArg(Et2)6]-cGnRH-I, [D-hArg(Ety)6]-mGnRH, [D-hArg(CH,CF3),6]-mGnRH and
[D-hArg(CH2CF3)79, Pro9-NHEt]-mGnRH were gift of Dr. J. J. Nestor Jr., The
Institute of Bio-Organic Chemistry, Syntex Research, Palo Alto, CA., USA. All these
peptides were dissolved in 0.1 M acetic acid and stored at -25°C as aliquots of 50 uM. The
aliquots were diluted with perifusion medium to required concentrations immediately prior
to use in experiments. [Ac-A3-Prol, 4FD-Phe2, D-Trp3'6]-mGnRH (analog E), [Ac-
D(2)-Nall, 4CI-D-Phe2, D-Trp3, D-Argb, Trp7, D-Alal0}-mGnRH (analog J) and [Ac-
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D(2)-Nall, 4C1-D-Phe2, D-Trp3, D-hArg(Etp)6, D-Alal0]-mGnRH (analog K) were gift
of Dr. J. E. Rivier, The Clayton Foundation Laboratories for Peptide Biology, The Salk
Institute, La Jolla, CA., USA. These analogs were dissolved in a primary solvent
containing propylene glycol and physiological saline at a ratio of 60:40, and subsequently
diluted to required concentrations with perifusion medium; the final propylene glycol

concentrations were less than 0.5%.

Perifusion of the pituitary fragments In vitro experiments were conducted using a

validated pituitary fragments perifusion system (Marchant et al., 1989) with minor changes
described earlier (see Chapter 4). Briefly, goldfish pituitary glands were chopped into
fragments (0.2 mm3) using a Mcllwain tissue chopper. The fragments (three pituitary
equivalents per chamber) were washed with Medium 199 (M 199) and placed in 0.5 ml
micro-chambers (Endotronics Inc., Minneapolis, MN) between two 13 mm filters; 8
microns pore size for inlet (Millipore Inc., Bedford, MA) and S microns pore size for outlet
(Micron Separations Inc., Westboro, MA) with a continuous flow of medium (M199) at
18°C. These filters were supported by circular stainless steel screens with a pore size of
450 microns. The reservoirs, holding perifusion medium or drugs were attached to a 3-
way valve. From the 3-way valve the drug or medium was delivered to the perifusion
chambers by a tubing passing through an ISMTEC multichannel cartridge pump (Cole-
Parmer Instruments Corporation, Chicago, IL). The fragments were perifused overnight
(at least 15 h) at a flow rate of 5 mV/h. Thereafter, the incubation was continued using
Hank's balanced salt solution supplemented with 25 mM HEPES and 0.1% BSA at a flow
rate of 15 mV/h for 2 h before starting the experiment. Five minute fractions of perifusate

were collected, frozen and stored at -25°C for hormone measurement.

Radiocimmunoassay GTH-II levels in perifusate were measured by validated RIA specific
for GTH-II (Peter et al., 1984; Van Der Kraak et al., 1992). The GH levels were
measured by using a goldfish GH RIA described by Murthy et al. (1993).

Data analysis To provide a mean hormone release response, the GTH-II or GH values
were expressed as percentage of pretreatment mean (of 6 fractions prior to first pulse) for
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each column and pooled from 4 columns. The quantification of the hormone response was
done as described earlier (Murthy et al. 1993; see Chapter 2). Briefly, the average
hormone level of the 3 fractions immediately preceeding each pulse (prepulse mean) was
treated as basal, and the hormone values following a GnRH pulse were expressed as a
percentage of this prepulse mean. Post pulse fractions with hormone contents greater than
one standard error (SEM) above the prepulse mean were considered to be a part of the
response. The response (expressed as % prepulse) above the prepulse mean from the
fractions considered as part of the response were added to get the net response in a
particular column. Statistical differences between treatment and control groups were
assessed by ANOVA followed by Fisher’s LSD test (p <0.05). For the dose-response
studies, non-linear least square curve fitting program ALLFIT (De Lean et al., 1978) was
used to obtain ED50 % approximate error values as a measure of potency. When the
hormene release response failed to reach a plateau, the response at the highest concentration
of peptide tested was taken as maximum response. The significant differences between the
potency of analogs were compared by constructing 95% confidence limits following log

transformation.

Results

1a s of analogs J and K ng e: The perifused
goldfish pituitary fragments collected from sexually mature goldfish (GSI = 8.3 + 1%)
were exposed to 2 min pulses of increasing doses of analog J or K or native sGnRH at 75
min intervals. Analogs J and K, and sGnRH stimulated GTH-II and GH release in a dose-
dependent manner (Figs. 5.1 and 5.2). Compared to sGnRH, analogs J and K were
significantly lower in potency to stimulate GTH-1I and GH release in terms of ED50,
minimum dose required to cause significant hormone release and maximum response (Fig.
5.2a, b; Table 5.1); the minimum concentrations required to cause significant GTH-II and
GH release were 1000 nM (analog J), 100 nM (analog K) and 1 nM (sGnRH). In terms of
the maximum GTH-II and GH release responses, analogs J and K caused significantly
lower magnitude of hormone release than sGnRH (Fig. 5.2a, b; Table 5.1), suggesting that
analogs J and K are “partial antagonists” (antagonists with agonistic activity) on GTH-II

Dose-related acticns of analog and K on GI{H-Il and GH relegd

and GH release in goldfish.
The effects of prolonged treatment (40 min exposures, 2 hr interval) of increasing
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concentrations of analog K and sGnRH on GTH-II and GH release were tested. Both
analog K and sGnRH stimulated GTH-II and GH release in a dose-dependent manner (Fig.
5.3). Although analog K was less effective in stimulating hormone release, at a 1000 nM
concentration it caused GTH-II release response which was 63 £ 3 % of the GTH-1I
response to 1000 nM sGnRH (Fig. 5.3c). At 1000 nM concentration both analog K and
sGnRH caused GH release of similar magnitude (Fig. 5.3f).

Probable site of action of analogs J and K: First, we tested the interactions of analogs J

and K on native cGnRH-II stimulated GTH-II release. In control columns, three repeated
pulses of 20 nM cGnRH-1I caused GTH-1I release of similar magnitude (results not
shown). Both analogs stimulated GTH-II release from the goldfish pituitary fragments
(Figs. 5.4a, b). Further, in continuous presence of 2 pM analog J or K, the GTH-II
release responses induced by 20 nM of cGnRH-II were significantly reduced compared to
the initial cGnRH-II pulses (Fig. 5.4). Similarly, both analogs suppressed cGnRH-1I
induced GH release (results not presented) indicating interaction of analogs J and K with
GnRH receptors on gonadotrophs and somatotrophs in the goldfish pituitary. Even at 90
min after termination of treatment of analogs J and K, GTH-II responses to cGnRH-II
pulse were significantly lower than that to the initial pulse, suggesting prolonged action of
analogs J and K.

Further, we tested the ability of a ‘true’ GnRH antagonist in goldfish, [Ac-A3-Prol.
4FD-Phe2, D-Trp3:9]-mGnRH (analog E ; see Chapter 2), to suppress GTH-II and GH
release stimulated by analog K. Treatment of pituitary fragments with analog K (2 uM for
10 min) in continuous presence of vehicle caused an increase in GTH-II and GH releasc
(Fig. 5.5a, d). However, in continuous presence of analog E, the release of GTH-II and
GH stimulated by analog K were significantly inhibited (Fig. 5.5).

Since D-homo arginineS substituted mammalian GnRH antagonists act as “partial
antagonists” with strong GTH-II and GH releasing activity in goldfish, we postulated that
incorporation of D-homoarginine® may favor developing potent GnRH agonists in the
goldfish. The effects of 2 min pulses given at 90 min intervals of D-homoarginine®
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substituted sGnRH, mGnRH and cGnRH-I analogs on GTH-II and GH release from
perifused goldfish pituitary fragments were tested. All the analogs tested stimulated GTH-
II and GH release in dose-dependent manner (Figs. 5.6 to 5.9). In the first series of
experiments {D-hArg(Et2)0, Pro%-NHEt]-sGnRH and [D-ArgS, Pro9-NHEt)-sGnRH
strongly stimulated GTH-II release in terms of both minimum concentrations required to
elicit a significant response (1 nM as against 10 nM for sGnRH) and ED50 values (Fig. 5.6
and Table 5.2). The magnitude of GTH-II release at high concentrations (100 and 1000
nM) of [D-hArg(Et2)6]-cGnRH-I was similar to that of sGnRH, [D-hArg(Ety)6, Pro9-
NHEL(]-sGnRH and [D-Arg6, Pro9-NHEt]-sGnRH; however, at lower concentrations of 1
and 10 nM [D-hArg(Et2)6]-cGnRH-I stimulated GTH-II release of significantly lower
magnitude compared to [D-hArg(Et2)6, Pro9-NHE(]-sGnRH and [D-Arg6, Pro9-NHE]-
sGnRH (Fig. 5.6). [D-hArg(Et2)6]-cGnRH-I was less potent than sGnRH, in terms of
EDS50, in stimulating GTH-II release (Table 5.2). In the next series of experiments only
[D-hArg(Et2)6]-mGnRH was more potent than sGnRH in stimulating GTH-II release (Fig.
5.7; Table 5.2). The other two analogs of mGnRH, [D-hArg(CHCF3)26]-mGnRH and
[D-hArg(CHzCF3)26, Pro9-NHEt]-mGnRH caused significantly lower GTH-II release at
1000 nM compared to sGnRH, and were equipotent (in terms of ED50) to sGnRH in
stimulating GTH-II release (Fig. 5.7; Table 5.2). Overall, [D-hArg(Ety)6, Pro9-NHE]-
sGnRH was the most potent to stimulate GTH-II release in goldfish, being 2-3 times and
6-8 times more potent than [D-Arg6, Pro9-NHEt]-sGnRH and sGnRH, respectively (Table
5.2).

The growth hormone release responses to these peptides show significant differences
from that of GTH-II release responses. Both [D-hArg(Etz)G, Pro9-NHEt]-anRH and
[D-Arg6, Pro9-NHEt}-sGnRH strongly stimulated GH release (Fig. 5.8), being more
potent than sGnRH (Fig. 5.8; Table 5.2). ¢cGnRH-I-A was significantly lower in potency
in terms of minimum concentration required to cause significant GH release (100 nM as
against 10 nM for sGnRH) and ED50 values (Fig. 5.8; Table 5.2). The three mGnRH
analogs caused significant GH release only at higher concentrations of 100 and 1000 nM
(Fig. 5.9), caused lower GI1 release at 1000 nM than sGnRH (except for [D-
hArg(CH2CF3)20, Pro9-NHEt]-mGnRH, which had a maximum GH stimulation
comparable to that of sGnRH), and were lower in potency compared to sGnRH (Table
5.2).
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Discussion

Both [Ac-D(2)-Nall, 4C1-D-Phe2, D-Trp3, D-Arg6, Trp?, D-Ala!0}-mGnRH (analog
J) and [Ac-D(2)-Nall, 4C1-D-Phe2, D-Trp3, D-hArg(Et,)6, D-Ala!0]-mGnRH (analog K)
stimulated GTH-II and GH release in a dose-related fashion from the perifused goldfish
pituitary fragments. However, the potencies of these two analogs to stimulate GTH-II and
GH release, in terms of minimum effective dose, maximum response and ED50 values,
were significantly lower than that of native sGnRH. In the continuous presence of analogs
J and K, GTH-II and GH release stimulated by a pulse of cGnRH-II (present study) and
sGnRH (Murthy et al., 1993; see Chapter 2) were significantly suppressed, implying the
interaction of analogs J and K with GnRH receptors. This hypothesis is further supported
by the observation that 2 tM analog E, a ‘true’ GnRH antagonist in goldfish (see Chapter
2), significantly suppressed the GTH-II and GH stimulatory actions of 2 uM analog K. In
a preliminary study, analog K displaced 125I-{D-ArgS, Pro9-NHEt}-sGnRH bound to
crude goldfish pituitary membrane preparations (Murthy CK, Peter RE, unpublished
results). Taken together, these results indicate that analogs J and K, by interacting with
GnRH receptors on the goldfish gonadotrophs and somatotrophs, are “partial antagonists”,
antagonizing the actions of native GnRH peptides and having some independent agonist
activity.

Interestingly, both analogs J and K act as potent GnRH antagonists in mammals
(Rivier et al., 1984; Nestor et al., 1988, 1992; see Introduction). Similar to our findings,
many mGnRH antagonists stimulate LH release from chicken gonadotrophs (Millar and
King, 1984; King et al., 1988). The differences in the actions of mGnRH antagonists
between species suggests functional differences in GnRH receptors between species, and
supports our hypothesis that the ligand structure requirements for GnRH antagonists arc
different for rat and goldfish, and also between other species (see Chapter 4). One
important observation is that most of the mGnRH antagonists having agonistic activity in
goldfish have D-arginine or D-homoarginine at position 6 (see Chapter 2; present study).
In mammals, modifications at position 6 plays a critical role in enhancing the potency of
both agonists and antagonists by increasing resistance to enzymatic cleavage, providing
structural stability, and increasing the receptor binding affinity (Loumaye et al., 1982; for
review Karten and Rivier. 1986). Recent studies in fishes have indicated similar
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importance of position 6 substitution in enhancing the receptor binding affinity (Habibi et
al., 1989) and resistance to enzymatic degradation (Zohar et al., 1990; for review Peter et
al., 1991). The agonistic activity of D-Argb substituted mGnRH antagonists in goldfish
demonstrates that modifications at this position also play an important role in determining
the nature of intrinsic activity of GnRH peptides in goldfish. In lampreys substitution of
naturally occurring Glu® (in lamprey GnRH-I) with Gly6 resulted in total loss of biological
activity (unpublished results, quoted in Sower et al., 1993). In rats substitutions at
position 6 are also suggested to alter the intrinsic activity of reduced size GnRH peptides
(Haviv et al., 1989a, b).

Since analog K, having [D-hArg(Etz)6], exhibited relatively strong GTH-II releasing
activity, we postulated that incorporation of [D-hArg(Et2)6]-may enhance the agonistic
activity of other analogs. The results demonstrated that [D-hArg(Et2)6, Pro9-NHE(]-
sGnRH is a potent stimulator of GTH-II release from the perifused goldfish pituitary
fragments. In stimulating GTH-II release, [D-hArg(Et2)6, Pro9-NHEt]-anRH is at least
2-3 times more potent than [D-Arg6, Pro9-NHEt]-sGnRH, which was previously the most
potent GnRH analog known in goldfish (for review Peter et al., 1990, 1991), and at least
8-10 times more potent than native sGnRH. The rank order of potency to stimulate GTH-
11 release was [D-hArg(Etp)6, Pro9-NHEt]-sGnRH > [D-Arg6, Pro9-NHE(]-sGnRH >
[D-hArg(Et2)6]-mGnRH >sGnRH = [D-hArg(CHzCF3)26]-mGnRH = [D-
hArg(CHCF3)26, Pro9-NHEt)-mGnRH > [D-hArg(Et2)6]-cGnRH-I. In rainbow trout
and landlocked salmon also [D-hArg(Et2)6, Pro9-NHEt]-anRH and [D-Arg6, Pro%-
NHE!]-sGnRH were among the most potent GnRH peptides in stimulating an increase in
plasma GTH levels (Crim et al., 1988). In the rat estrus suppression bio-assay [D-
hArg(Et2)6, Pr09-NHEt]-mGnRH was at least 150 times more potent than mGnRH
(Nestor et al., 1984). Since [D-hArg(E12)6] substituted analogs, besides being highly
potent, are also known to have long lasting effects in rat (Nestor et al., 1984), it would be
of interest to test the duration of av.ion and potency of [D-hArg(Et2)6, Pro?-NHEt]-
sGnRH in vivo in goldfish.

There are significant differences in the potency of analogs to stimulate GH release
compared to GTH-II release (Table 5.2). While equipotent, both [D-hArg(E12)6, Pro9-
NHEt]-sGnRH and [D-Arg6, Pr09-NHEt]-anRH were more potent than sGnRH in
stimulating GH release. All other analogs, based on mGnRH and cGnRH-I were
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significantly less potent in stimulating GH release, both in terms of ED50 and the
maximum GH release response, compared to sGnRH. The differences in potency of these
analogs in stimulating GTH-II and GH release support our earlier hypothesis that the
GnRH receptors on GTH and GH cells in goldfish are functionally differcnt (Habibi et al.,
1992; see Chapter 3). It is interesting to note that among the native peptides tested sGnRH
is the most potent in stimulating GH release (Chang et al.. 1990; Peter et al., 1990: Habibi
etal,, 1992). In the present study only sGnRH, but not mGnRH, based analogs, were
potent GH stimulators. This suggests that the Trp/, Leu8 residues in sGnRH are
important in stimulating GH release and may also be essential for superactive analogs in
stimulating GH release in goldfish.

In conclusion, in contrast to their actions in mammals, [Ac-D(2)-Nal!, 4Cl-D-Phe2,
D-T1p3, D-Arg6, Trp7, D-Ala!0]-mGnRH (analog J) and [Ac-D(2)-Nall, 4C1-D-Phe2, D-
Trp3, D-hArg(Et)6, D-Alal0)-mGnRH (analog K) are “partial antagonists” in goldfish,
interacting with GnRH receptors in the goldfish pituitary to stimulate GTH-1I and GH
release independently, as well as antagonizing the actions of native GnRH peptides. These
results suggest that ligand structure requirements for GnRH antagonists are different for rat
and goldfish, and also between other species. The amino acid residue at position 6 appears
to play a crucial role in determining the nature of intrinsic activity of an analog, besides
increasing its receptor binding affinity and stability. [D-hArg(E12)6, Pro9-NHE(]-sGnRH
is the most potent analog in stimulating GTH-II release in goldfish; [D-hArg(Etz)ﬁ, ProY-
NHE:!]}-sGnRH and [D-Argé, Pro9-NHEt]-sGnRH are equipotent in stimulating GH

release.
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Fig. 5.1 The effects of 2 min pulses (lines) at 75 min intervals of different
concentrations (from 0.1 nM to 10 uM) of [Ac-D(2)-Nall, 4CI-D-Phe?2,
D-Trp3, D-Arg6, Trp7, D-Alal0]-mGnRH (analog J), [Ac-D(2)-Nall,
4Cl1-D-Phe2, D-Trp3, D-hArg(Et2)6, D-Alal0]-mGnRH (analog K), and
sGnRH on GTH-II (a, b, c) and GH (d, e, f) release from the perifused
pituitary fragments collected from sexually mature goldfish (GSI=8.3 +
1%). The hormone release data in ng/ml were transformed as % of
pretreatment mean, pooled and expressed as mean + SEM (n = 4).

135



1@ —o— Analog)
—O-— Analog K
—&— sGnRH

:

g

GTH-II response (% prepulse)
1

0- I~ T — T 1
0.1 1 10 100 1000 10000
400-b
—{O— Analog]
_ ~—O0— Analog K
# 300 —2—— sGmRH
2
)
1=
=]
R 200 ~
%100-
| =
=
&}
6- T

L 3 L] L] 1 L}
0.1 1 10 100 1000 10000
Concentration (nM)

Fig. 5.2 The GTH-II and GH release responses
shown in Fig. 5.1 were quantified as % prepulse
and presented as mean £ SEM (a, b).
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Fig. 5.3 The effects of prolonged exposure (40 min; open boxes) at 120
min intervals of increasing concentrations (from 10 to 1000 nM) of
[Ac-D(2)-Nall, 4CI1-D-Phe2, D-Trp3, D-hArg(Et2)6, D-Alal0]-mGnRH
(analog K), and sGnRH on GTH-II (a, b) and GH (d, e) release from the
perifused pituitary fragments obtained from sexually regressed goldfish
(GSI <2.0%). The hormone release data in ng/ml were transformed as
% of pretreatment mean, pooled and expressed as mean + SEM (n = 4).
The GTH-II and GH release responses to treatments were quantified as
% prepulse and presented as mean + SEM (c, f).
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Fig. 5.4 The effects of three repeated 2 min pulses (arrows) of 20 nM
¢GnRH-II on GTH-1I release from perifused pituitary fragments (from
sexually recrudescent goldfish; GSI = 6.7 £ 0.5), with the seccnd pulse
given in the presence (45 min; open box) of 2 uyM [Ac-D(2)-Nall,
4C1-D-Phe2, D-Trp3, D-hArg(Et2)6, D-Alal0]-mGnRH (analog K; a) or
[Ac-D(2)-Nall, 4CI-D-Phe2, D-Trp3, D-Arg6, Trp7, D-Alal0}-mGnRH
(analog J; b). The hormone release data in ng/ml were transformed as %
pretreatment, pooled and expressed as mean £ SEM (n=4). The GTH-11
release responses to three repeated pulses of cGnRH-1I were quartified as %
prepulse and presented as mean + SEM (shown in the first three columns in
Fig. ¢, d). The GTH-II responses to 2 uM concentration of analogs J and K
(first 15 min of exposure) were quantified as % prepulse and presented 8
mean * SEM (shown in the fourth column in Fig. ¢, d).
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Fig. 5.5 The effects of 10 min treatment (closed box) of 2 UM [Ac-D(2)-Nall,
4Cl-D-Phe2, D-Trp3, D-hArg(Et2)6, D-Alal0]-mGnRH (analog K) given in the
presence (50 min; open box) of vehicle (a, d) or 2 uM [Ac-A3-Prol, 4FD-Phe2,
D-Trp3,6)-mGnRH (analog E; b, €) on GTH-II (a, b) and GH release (d, e) from
perifused pituitary fragments (from sexually recrudescent goldfish; GSI =6.7 +
0.5). The hormone release data in ng/ml were transformed as % pretreatment,
pooled and expressed as mean + SEM (n=4). The GTH-II and GH release
responses were quantified as % prepulse and presented as mean + SEM (c, ).
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Fig. 5.6 The effects of 2 min pulses (arrows) at 90 min intervals of
increasing concentrations (from 0.1 to 1000 nM) of [D-hArg(Et2)6,
Pro9-NHEt]-sGnRH, [D-hArg(Et2)6]-cGnRH-I, [D-Arg6, Pro9-
NHE(]-sGnRH and sGnRH on GTH-II release from the perifused
pituitary fragments from sexually regressed goldfish (GSI < 2%).
The hormone release data in ng/ml were transformed as % of
pretreatment mean, pooled and expressed as mean + SEM (n = 4).
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Fig. 5.7 The effects of 2 min pulses (arrows) at 90 min intervals of
increasing concentrations (from 0.1 to 1000 nM) of [D-hArg(Et2)6]-
mGnRH, [D-hArg(CH2CF3)26]-mGnRH, [D-hArg(CH2CF3)26,
Pro9-NHEt]-mGnRH and sGnRH on GTH-II release from perifused
pituitary fragments from sexually regressed goldfish (GSI < 2%). The
hormone release data in ng/ml were transformed as % of pretreatment
mean, pooled and expressed as mean + SEM (n = 4).
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Fig. 5.8 The effects of 2 min pulses (arrows) at 90 min intervals of
increasing concentrations (from 0.1 to 1000 nM) of [D-hArg(E2)6,
Pro9-NHEt]-sGnRH, [D-hArg(Et2)6]-cGnRH-I, [D-Arg6, Pro9-
NHEt]-sGnRH and sGnRH on GH release from the perifused
pituitary fragments from sexually regressed goldfish (GSI < 2%).
The hormone release data in ng/ml were transformed as % of
pretreatment mean, pooled and expressed as mean + SEM (n = 4).
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Fig. 5.9 The effects of 2 min pulses (arrows) at 90 min intervals of
increasing concentrations (from 0.1 to 1000 nM) of [D-hArg(Et2)6]-
mGnRH, [D-hArg(CH2CF3)26]-mGnRH, [D-hArg(CH2CF3)26,
Pro9-NHE(]-mGnRH and sGnRH on GH release from the perifused
pituitary fragments from sexually regressed goldfish (GSI < 2%). The
hormone release data in ng/ml were transformed as % of pretreatment
mean, pooled and expressed as mean + SEM (n = 4).
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Table 5.1 The ED50 estimates (in nM) of sGnRH and analogs J and K to stimulate
gonadotropin-II (GTH-II) and growth hormone (GH) release from the perifused goldfish
pituitary fragments. The ED50 values (with approximate SEM) were obtained by analyzing
dose-response curves by ALLFIT, computerized non-linear least square curve fitting
program. The minimum effective dose represents the lowest concentration observed to
produce a significant hormone release, as determined by ANOVA followed by Fisher's
LSD test. The maximum response represents the largest stimulation of hormone release

observed in the dose-response curve.

Peptide  Minimal effective =~ Maximum response EDS0 (nM)
dose (nM) (% of prepulse) X SEM i SEM
GTH-I GH GTH-II GH GTH-II GH

Analog] 1000 1000 574 £ 129¢ 117+ 3C 1602+ 5852 1301 £ 226A
Analog K 100 100 903+ 104> 224+ 11B 3191 79b 93 + 388
sGnRH 1 1 1993+299a 3871264 17.216C 28 +2C
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Table 5.2 The ED50 estimates (in nM) for sGnRH and the position 6 substituted analogs to
stimulate gonadotropin-II (GTH-II) and growth hormone (GH) release from the perifused

goldfish pituitary fragments. The ED50 values (with approximate SEM) were obtained by

analyzing dose-response curves by ALLFIT, computerized non-linear least square curve fitting

program. The maximum response represents the largest stimulation of hormone release

observed in the dose-response curve. Different letter superscripts indicate significant

differences in the ED50 values or in maximum responses (p < 0.05) within the experiment.

Peptides ED50 (nM) + SEM im n

(% of prepulse) + SEM

GTH-II GH GTH GH

Experiment |
[D-hArg(Et)0, Pro9-NHEt]-sGnRH 3.3+ 0.62 11.8+3.1A  957+59 597+ 102A
(D-hArg(Et2)6]-cGnRH-I 39.5+5.4d 174.1£29.9C 943+76 340+ 48B
[D-Argb, Pro9-NHEt}-sGnRH 80+02b 17.7£75A 7974196 432+ 52AB
sGnRH 23.6£4.5¢ 39.4+7.9B 887+ 127 478+ 86AB
Experiment 2
[D-hArg(Ety)6]-mGnRH 15.7+2.82 1414+ 17.5B 1143+69 257 +14B
[D-hArg(CH2CF3)26]-mGnRH 276+ 1.70 1467+ 17.3B 826+312 248 +27B
[D-hArg(CH2CF3),5,
Pro9-NHEt]-mGnRH 299+ 54b 1274+ 13.6B 865+ 482 405+ 32A
sGnRH 28.5+5.8b 4724674 1251463 486+ 37A
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Chapter Six

Receptor binding of gonadotropin-releasing hormone (GnRH)
antagonists that inhibit gonadotropin-1I and growth hormone
release in goldfish, Carassius auratus?

Introduction

In goldfish the two native forms of gonadotropin-releasing hormones (GnRH),
salmon GnRH (sGnRH) and chicken-I GnRH (cGnRH-II), stimulate gonadotropin-II
(GTH-II) and growth hormone (GH) release both in vitro and in vivo (Marchant et al.,
1989; Chang et al., 1990; Habibi et al., 1992; for review Peter et al., 1990a, 1991). The
goldfish pituitary has two classes of GnRH binding sites, high affinity/low capacity sitcs
and low affinity/high capacity binding sites (Habibi et al., 1987, 1990; for review Habibi
and Peter, 1991). Both sGnRH and cGnRH-1I displace bound 1257-[D-Argb, Pro9-
NHEL!]-sGnRH (sGnRH-A) from crude goldfish pituitary membrane preparations (Habibi
et al., 1987, 1992; Habibi and Peter, 1991) suggesting that the labelled ligand binds to the
same populations of receptors as sGnRH and cGnRH-II on gonadotrophs and
somatotrophs, respec:tively. In electron microscope studies, Cook et al. (1991) found that
sGnRH and cGnRH-1 both displaced avidin gold-labelled biotinylated [D-Lys6. Pro?-
NHEL]-sGnRH from the surfaces of immunohistocherrically identified gonadotrophs and
somatotrophs, also indicating that the latter analog binds to the same populations of
receptors as sGnRH and ¢cGnRH-IL In a photoaffinity labelling study in goldfish, a
protein of molecular weight 51,000 dalton exhibiting a high affinity for GnRH was found
to be present as two closely associated bands on the gel (Habibi et al., 1990), and these
two bands of protein may represent different GnRH receptors on gonadotrophs and/ or

somatotrophs

1A version of this chapter has been accepted for publication: CK Murthy, AOL Wong,
HR Habibi, JE Rivier, RE Peter (1994) Biol. Reprod. (accepted).
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In our previous study using a goldfish pituitary fragments perifusion system, [Ac-A3-
Prol, 4FD-Phe2, D-Trp3:6]-mGnRH (analog E of Chapter 2) inhibited sGnRH and
c¢GnRH-II stimulated GTH-II as well as GH release in a dose dependent manner (Murthy et
al., 1993; see Chapter 2). Two other GnRH analogs based on native GnRH peptide
sequences, [Ac-A3-Prol, 4FD-Phe2, D-Trp3:6)-sGnRH (analog C of Chapter 2), and
[Ac-D(2)Nall, 4C1-D-Phe?, D-(3)Pal3-6]-cGnRH-II (analog N of Chapter 2) inhibited
GTH-II and GH release stimulated by sGnRH and cGnRH-II; however, analog C was
found to have GH releasing actions on its own, indicating that it is not 4 ‘true’ antagonist
on GH release (Murthy et al., 1993; see Chapters 2, 3). The differential action on GTH-II
and GH release by analog C, [Ac-A3-Prol, 4FD-Phe?2, D-Trp3, D-Arg6]-mGnRH (analog
F; see Chapters 2, 3) and [Ac-D(2)-Nall, 4C1-D-Phe2, D-(3)Pa13:6, Arg5, D-Alal10)-
mGnRH (analog L; see Chapter 4) indicate the presence of functional differences in the
properties of GnRH receptors on gonadotrophs and somatotrophs (see Chapter 3, 4). On
this basis, one objective of the present study was to determine whether more than one
population of GnRH receptors in goldfish pituitary membranes could be detected, based on
the binding characteristics of analog C.

In mammalian studies. it has been extensively documented that GnRH antagonists
inhibit mGnRH actions by competitively binding to GnRH receptors at the pituitary level
(for review Karten and Rivier, 1986; Clayton, 1989; Gordon and Hodgen, 1992). Teleost
fish including goldfish, in contrast to other vertebrates, lack a functional hypothalamo-
hypophysial portal blood system and the adenohypophysis is directly innervated by GnRH
neurons originating from preoptic area and the anteroventral hypothalamus (for reviews see
Kah, 1986; Peter et al., 1990b, 1991). In rat, GnRH neurons terminating in medio-basal
hypothalamus (releasing GnRH into portal blood system) contain GnRH receptors
mediating autofeed back regulation (Sarkar, 1987; Zanishi et al., 1987). Presence of nerve
terminals in the goldfish pituitary fragments may complicate the inference from our earlier
dose-response studies on the site of action of GnRH antagonists, and hence we tested the
direct action of GnRH antagonists at the pituitary cell level.

In goldfish, although sGnRH and cGnRH-II stimulate GTH-II and GH release (Peter
etal,, 1991), in the previous GnRH receptor binding studies only sGnRH-A was used as
labelled ligand (Habibi et al., 1987, 1990). Here we have made an effort to determine
whether there is any selective displacement of bound labelled sGnRH-A or [D-Arg6]-
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c¢GnRH-II (cGnRH-A) by antagonists, especially those based on native GnRH molecules.
The other objective of the present study was to test whether there is any correlation between
the receptor binding affinity of an antagonist and its bioactivity in terms of the potency and

apparent duration of action.

Materials and Methods

Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish were maintained in flow-through aquaria (1800
liters) at 17 £ 1°C under a simulated natural photoperiod of Edmonton for at lcast 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish of both sexes, with body weight ranging from 20-35 g were used in the present sit:Ay.
The sexual maturity of fish was assessed by measuring the gonadosomatic index (GSI=
weight of gonad/ total body weight X 100%).

Reagents and test substances sGnRH, cGnRH-II (Peninsula Laboratories Inc., Belmont,
CA), sGnRH-A (Syndel laboratories Ltd., Vancouver, BC, Canada) and (D-Arg6]-

c¢GnRH-II (cGnRH-1I-A, gift from Dr. R. P. Millar, University of Cape Town, Capc
Town, South Africa) were dissolved in 0.1 M acetic acid and stored at -25°C as aliquots of
S0 uM (for perifusion) or 1 mM (for receptor binding studies). The aliquots were diluted
with perifusion medium or with binding assay buffer to required concentrations
immediately prior to use in experiments. (Ac-A3-Prol, 4FD-Phe2, D-Trp3’6]-mGnRH
(analog E), [Ac-A3-Prol, 4FD-Phe2, D-Trp3+6]-sGnRH (analog C), and [Ac-D(2)Nal!,
4C1-D-Phe2, D-(3)Pal3:6]-cGnRH-II (analog N) were gift of Dr. J. E. Rivier, The Clayton
Foundation Laboratories for Peptide Biology, The Salk Institute, La Jolla, CA. All analogs
were dissolved in a primary solvent containing propylene glycol and physiological saline at
a ratio of 60:40, and subsequently diluted to required concentrations with perifusion
medium or binding assay buffer; the final propylene glycol concentration was always less
than 0.5%.

Perifusion of the pituitary fragments and cells In vitro experiments vrerc conducted using

a validated pituitary fragments perifusion system for the goldist (‘Marchant et al., 1989)
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with minor changes. Briefly, goldfish pituitary glands were chopped into fragments (0.2
mm3) using a Mcllwain tissue chopper. The fragments (three pituitary equivalents per
chamber) were washed with Medium 199 (M 199) and placed in 0.5 ml micro-chambers
(Endotronics Inc., Minneapolis, MN) between two 13 mm filters; 8 micron pore size for
inlet (Millipore inc., Bedford MA) and 5 micron pore size for outlet (Micron Separations
Inc., Westboro, MA) with a continuous flow of medium (M199) at 18°C. These filters
were supported by circular stainless steel screens with a pore size of 450 micron. The
reservoirs, holding perifusion medium or drugs were attached to a 3-way valve. From the
3-way valve the drug or medium was delivered to the perifusion chambers by a tubing
passing through an ISMTEC multichannel cartridge pump (Cole-Parmer Instruments
Corporation, Chicago, lllinois). The fragments were perifused overnight (at least 15 h) at a
flow rate of 5 ml/h. Thereafter, the incubation was continued using Hank's balanced salt
solution supplemented with 25 mM HEPES and 0.1% BSA at a flow rate of 15 ml/h for 2
h before starting the experiment. Five minute fractions of perifusate were collected, frozen
and stored at -25°C for hormone measurement.

Dispersed goldfish pituitary cells were prepared by controlled trypsin/ DNase treatment
(for procedure see Chang et al., 1990) and were incubated with preswollen cytodex beads
(Cytodex I, Sigma Chemical Co., St. Louis, MO) at 28°C under 5% CO» and saturated
humidity. After overnight incubation, cytodex beads with pituitary cells attached were
loaded into 0.5 ml perifusion chambers and the experiments were conducted as described

above.

GnRH receptor study The GnRH receptor studies were conducted using goldfish crude
pituitary membrane preparations. The iodination of sGnRH-A and [D-Arg6]-cGnRH-II,
and the crude pituitary membrane preparation and displacement studies were conducted as
described by Habibi et al. (1987). The amount of 125]-sGnRH-A bound to crude pituitary
membrane preparations in the presence or absence of competitors was expressed as
percentage specific binding by taking the binding in presence of unlabeled 10-6 M sGnRH-
A as non-specific binding (% total binding - % non-specific binding). The displacement
curves were analysed by a non-linear weighted least-square curve fitting method (Munson
and Rodbard, 1980; McPherson, 1985a, b), using the computer program LIGAND
(Biosoft, Cambridge, UK). The data analysis was done in two steps; the initial affinity
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constant and binding capacity values were obtained by Equilibrium Binding Data Analysis
(EBDA) and based on these initial estimates, the final estimates were obtained by
LIGAND. The displacement data of native sGnRH, sGnRH-A, analogs C, E, and N from
individual experiments were analysed individually and then data from two to four
individual experiments were analysed simultaneously to obtain the final estimates of
equilibrium association constant (Ka). The 95% confidence intervals were obtained

following log transformation (McPherson, 1985b).

Radioimmunoassay GTH-II levels in perifusate were measured by validated RIA specific
for GTH-II (Peter et al., 1984; Van Der Kraak, 1992). The GH levels were measured by
using a goldfish GH RIA described by Murthy et al. (1993).

Data analysis To provide a mean hormone release response, the GTH-1I or GH valucs
were expressed as percentage of pretreatment mean (of 6 fractions prior to first pulse) for
each column and pooled from 4 columns. The quantification of the hormone response was
done as described by Peng et al. (1990). Briefly, the average hormone level of the 3
fractions immediately preceding each pulse (prepulse mean) was treated as basal, and the
hormone values following a GnRH pulse were expressed as a percentage of this prepulsc
mean. Post pulse fractions with hormone contents greater than one standard error (SEM)
above the prepulse mean were considered to be a part of the response. The response
(expressed as % prepulse) above the prepulse mean from the fractions considered as part of
the response were added to get the net response in a particular column. Statistical
differences between treatment and control groups were assessed by ANOVA followed by
Fisher’s LSD test (p <0.05).

. o

ACIIO oN nikKH -stimulateq [ and Ul ease from tne pe

goldfish pituitary fragments: To test the antagonistic actions of [Ac-A3-Prol, 4FD-Phe2,
D-Trp3’6]-mGnRH (analog E) on goldfish pituitary fragments as well as cells, in vitro
experiments were conducted using pituitary fragments and dispersed pituitary cells obtained
from the same batch of goldfish. The exposure of perifused pituitary fragments obtained
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from sexually regressed goldfish (GSI = < 2.0%) to 50 nM sGnRH for 2 min resulted in a
significant increase in release of GTH-II (Fig. 6.1a, c) and GH (Fig. 6.1b, d). In the
continuous presence of 2 UM analog E, sGnRH-stimulated GTH-II (98 + 2% inhibition)
and GH (97 £ 4 % inhibition) release were significantly suppressed (Fig. 6.1c, d). At90
min after termination of analog E treatment, 50 nM sGnRH induced a magnitude of GTH-II
release similar to that of the initial SGnRH pulse, indicating the transient nature of inhibition
by analog E (Fig. 6.1c). However, the GH response to sGnRH at 90 min after the
termination of analog E treatment was significantly lower in magnitude compared to the GH
response to the initial sGnRH pulse (Fig. 6.1d).

In a similar experiment, analog C (2 M) and analog N (2 uM) inhibited 50 nM
sGnRH stimulated GTH-II release by 72 + 2% and 98 + 2% respectively (see Chapter 2).
The inhibition of sGnRH stimulated GTH-II release by analog C was significantly lower
than that by analogs E and N (Murthy et al., 1993; see Chapter 2). Analog N (2 uM) also
suppressed 50 nM sGnRH stimulated GH release by 94 + 3% (see Chapter 2).

In these experiments using pituitary fragments from sexually regressed goldfish (GSI
=< 2.0%), analogs C and N were found to have persistent antagonism on GTH-II and GH
release at least up to 90 min after termination of analog treatment, indicating the longer
duration of action of analogs C and N (see Chapter 2). Analog E had no persistent
antagonism on GTH-II release at 60 min (Murthy CK and Peter RE, unpublished results)
and 90 min (see Chapter 2; present results) after termination of analog E treatment.
However, all three analogs had persistent antagonism on GH release to sGnRH at least up
to 90 min after termination of analog treatment (see Chapter 2; present results).

on pituitary cells, the dispzrsed pituitary cells obtained from sexually regressed goldfish
(GSI = < 2.0%) were exposed to 2 min pulses of 50 nM sGnRH in the presence and
absence of 2 uM analog E. A two min pulse of 50 nM sGnRH significantly increased the
release of both GTH-II and GH from the perifused dispersed pituitary cells (Fig. 6.2a, b).
Similar to results obtained with perifused pituitary fragments, analog E at 2 uM
concentration for 30 min (prior to sGnRH pulse) had no apparent effects on GTH-II and
GH release from the perifused dispersed goldfish pituitary cells. In the presence of analog
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E, sGnRH-stimulated GTH-II and GH release were significantly suppressed, indicating the
direct actions of analog E on the pituitary cells (Fig. 6.2a-d). At 90 min after termination of
analog E treatment, the GTH-II, but not the GH, response to sGnRH was normal,
suggesting that the inhibitory actions of analog E on GTH-II release was transient (Fig.
6.2a, c). However, analog E had persistent antagonism on GH release at least up to 90
min after termination of analog E treatment (Fig. 6.2d).

In another experiment using a similar protocol as for Fig. 6.2, analog E significantly
suppressed GTH-II and GH release from the perifused dispersed goldfish pituitary cells
induced by 2 min pulse of 50 nM ¢GnRH-II (Fig. 6.3a-d), confirming the direct actions of
analog E on goldfish pituitary cells. Again, the persistence of antagonism by analog E at
90 min after the termination of analog E treatment was present on GH release, but not on
GTH-II release (Fig. 6.3b, d).

GnRH receptor binding studies: In the next series of experiments, the GnRH receptor
binding characteristics of analog E, [Ac-A3-Prol, 4FD-Phe?2, D-Trp3’6]-anRH (analog

C), and [Ac-D(2)Nall, 4C1-D-Phe2, D-(3)Pal3:6]-cGnRH-1I (analog N) were tested using
crude goldfish pituitary membrane preparations. In the presence of increasing
concentrations of analog E (10-12 to 10-6 M), the % specific binding of 125-sGnRH-A to
crude pituitary membrane preparations (Fig. 6.4) gradually decreased. The analysis of the
displacement curves for native sGnRH, sGnRH-A, and analogs E, C, and N was best
fitted with a two-site binding model, similar to previous findings regarding GnRH
receptors in the goldfish pituitary (Habibi et al., 1987, 1990, 1992).

The displacement profile of analog E was similar to that of native sGnRH and
sGnRH-A (Fig. 6.4) indicating that analog E competitively binds to the same classes of
GnRH receptors on the crude pituitary membrane preparations. The receptor binding
affinity (equilibrium association constant, Ka;) of analog E for high affinity binding sites
(10.79 £ 1.14; 95 % confidence intervals (CI), 8.55 - 13.60 X 1010 M-1) was significantly
higher than that of native sGnRH (3.41 £ 0.5; CI, 2.43 - 4.78 X 1010 M-1) and sGnRH-A
(4.97 + 0.27; CI, 4.41 - 5.60 X 1010 M-1; Table 6.1). However, the equilibrium
association constant (Ka,) of analog E for low affinity binding sites (0.59 £ 0.29 X 107
M-1) was significantly lower than that of native sGnRH (3.14 £0.71 X 107 M-1) and
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sGnRH-A (8.92 + 0.47 X 107 M-1; Table 6.1).
The displacement profile of analog C (Fig. 6.5a) was similar to that of native sGnRH

peptide, again indicating the competitive binding of analog C to GnRH receptors in the
crude goldfish pituitary membrane preparations. The receptor binding affinity (Ka;) of
analog C for high affinity sites (24.60 £ 6.94 X 1010 M-1) was 5 - 10 times (significantly)
higher than that & sGnRH and sGnRH-A (Table 6.1). The binding affinity (Kay) of
analog C to low affinity binding sites was similar to that of sGnRH-A and slightly, but
significantly, higher than that of sGnRH (Table 6.1). Analog N also displaced bound 125
sGnRH-A in a dose-dependent manner (Fig. 6.5b), and the binding affinity (Ka;) of
analog N for high affinity sites was at least 10 times higher than that of native sGnRH and
sGnRH-A (Table 6.1). The Ka; of analog N, based on native cGnRH-II structure, was
significantly higher than that of analogs C and E (Table 6.1).

Further, to test the possibility of selective binding, the ability of analogs to displace
bound 125I-[D-Arg6]-cGnRH-II (¢cGnRH-1I-A) from the crude goldfish pituitary
membrane preparations was tested. Analogs C, E and N, sGnRH-A and cGnRH-II-A at
106 M concentrations displaced bound 1251-cGnRH-II-A (Fig. 6.6). These results indicate
that these analogs competitively bind to the same population of GnRH receptors on the

crude goldfish pituitary membrane preparations.

Discussion
In the present study two native GnRH peptides, sGnRH and cGnRH-1I, stimulated

GTH-II and GH release from perifused pituitary fragments and dispersed cells of goldfish.
These results confirm earlier studies (Marchant et al., 1989; Chang et al., 1990; Peter et al.,
1990a, 1991; Habibi et al., 1992) suggesting the involvement of native GnRH peptides in
the regulation of GTH-II and GH release. Similar to our earlier report, [Ac-A3-Prol, 4FD-
Phe2, D-Trp3:0]-mGnRH (analog E) significantly suppressed 50 nM sGnRH stimulated
GTH-H and GH release from perifused goldfish pituitary fragments. Although there are no
indications of neuronal activity in the pituitary fragments after overnight preincubation in
the perifusion system, presence of nerve terminals in the goldfish pituitary fragments
complicates the inference on site of action of analog E (see Introduction). Analog E
significantly suppressed both sGnRH and cGnRH-II stimulated GTH-II and GH release
from dispersed goldfish pituitary cells, indicating the ability of analog E to act directly at the
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pituitary cell level to inhibit native GnRH actions. In the receptor binding studies analog E
competitively displaced bound 125]-sGnRH-A from the crude goldfish pituitary membrane
preparations (Fig. 6.4) and from dispersed goldfish pituitary cells (results not presented).
The binding displacement profile of analog E is simiilar to that of native sGnRH and
sGnRH-A. Analog E (2 uM) also displaced 1251-cGnRH-II-A bound to crude pituitary
membrane preparations. Similarly, analogs C and N (2 uM) displaced bound 125]-
sGnRH-A and 125]-cGnRH-II-A. Taken together these results indicate that GnRH
antagonists inhibit native GnRH peptide action by competitively binding to GnRH
receptors on the goldfish pituitary cells. In agreement with these results, [D-pGlul, D-
Phe2, D-Trp3’6]-mGnRH which acts as a weak GnRH antagonist in goldfish (Murthy ¢t
al., 1993; see Chapter 2), competitively binds to goldfish pituitary GnRH receptors with an
affinity 8-10 times higher than that of native sGnRH (Habibi, 1991).

In mammalian studies it is well established that GnRH antagonists competitively bind
to GnRH receptors on the pituitary cells (for review Karten and Rivier, 1986; Clayton,
1989; Gordon and Hodgen, 1992). GnRH antagonists displace bound radioiodinated
agonists and vice versa, suggesting that both agonists and antagonists act through the same
population of GnRH receptors (Perrin et al., 1983). Antagonists also displace
photolabeled GnRH anaiogs bound to crude rat pituitary membrane preparations (Hazum
and Keinan, 1983). Similarly, photoaffinity labelled GnRH agonist or antagonist bound to
rat pituitary membranes was displaced by unlabeled agonist or antagonist, indicating that
agonists and antagonists bind to the same sites (Janovick et al., 1993).

The rank order of binding to the high affinity sites in the goldfish pituitary membranc
preparations was aralog N 2 C > E. In the in vitro assay the antagonist activity on GTH-
I release in goldfish was in the order of E = N > C (Murthy et al., 1991, 1993; see
Chapter 2, 3), indicating a non-linearity of relationship between receptor binding affinity
and antagonistic activity of these analogs. Although a positive correlation between binding
affinities and the in vitro potencies of GnRH agonists and antagonists has been found in
numerous studies in rats (Loumaye et al., 1982; for review Karten and Rivier, 1986), a
number of reports showing non-linearity have also appeared. For example, in rat th..:: -vas
no linear correlation between receptor binding affinity of three GnRH antagonists having
D-Trp6, D-Nal(2)0 or D-Argb, and their in vitro potency (Rivier et al., 1983). A similar
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lack of correlation between receptor binding affinity and in vitro biological activity has
been reported by Bajusz et al. (1988). In goldfish, there was a significant correlation
between binding to the high affinity sites and in vitro biological GTH-II releasing activity
of position 6 and 10 substituted agonists of native sGnRH (R =0.94); however, there was
only a weak correlation (R = 0.41) for similar analogs based on mGnRH peptide,
suggesting a lower or lack of correlation for analogs based on the non-native mGnRH
structure (Habibi et al., 1989). Further, the binding affinities of mGnRH analogs were
significantly lower than that for sGnRH analogs, although many mGnRH analogs were as
potent as sGnRH analogs in releasing GTH-II from perifused goldfish pituitary fragments
(Habibi et al., 1989). Further, there was no correlation between GTH-II releasing activity
and receptor binding affinity of position 5, 7, and 8 substituted mGnRH analogs in
goldfish (Habibi et al., 1992). Similarly, in African catfish, Clarias gariepinus, although
mGnRH analogs were more potent than sGnRH in stimulating GTH release, the receptor
binding affinity of the mGnRH analogs was lower than for sGnRH (De Leeuw et al.,
1988). In the present study, although analog E (based on mGnRH) was more potent than
analog C (based on sGnRH) in inhibiting sGnRH stimulated GTH-II release, its binding
affinity was significantly lower than that of analog C. In goldfish pituitary fragments
perifusion, the rank order of in vitro GTH-II releasing potency is cGnRH-II > sGnRH =
mGnRH (Habibi, 1991; Habibi et al., 1992), while the rank order of binding affinity is
¢GnRH-II > sGnRH > mGnRH (Habibi et al., 1992), again indicating weaker ability of
mGnRH in receptor binding, but not in terms of in vitro GTH-1I releasing activity. Taken
together these results indicate a lack of positive relation between recepror binding affinity
and in vitro GTH-II release inhibiting (or stimulating) potency for analogs based on non-
native GnRH peptides in goldfish. Further, the rank order of binding affinity of analogs C
(sGnRH-a), E (mGnRH-a) and N (cGnRH-II-a) appears to be related to the rank order of
binding affinity of parent molecules (cGnRH-II > sGnRH > mGnRH).

Both in pituitary fragments and in dispersed pituitary cells analog E at 2 uM
concentration showed persistent antagonism even 90 min after termination of analog E
treatment on GH release, but not on GTH-II release. A similar tendency was also noticed
in our earlier studies (see Chapter 2), suggesting functional differences in the properties of
GnRH receptors on gonadotrophs and somatotrophs in goldfish. Other evidence for
functional differences is based on photoaffinity labeling studies (Habibi et al., 1990),
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differential actions of some ‘putative’ GnRH antagonists (see Introduction) on GTH-II and
GH release (Murthy et al., 1993; see Chapters 2, 3, 4) and a requirement for a lower
concentration of analog E to block GH than GTH-II release.

In addition to the evidence for stimulation of GH release by GnRH peptides in
goldfish, recent studies have confirmed a similar action of GnRH in common carp (Lin et
al., 1993), tilapia (Melamed et al., 1993), and rainbow trout (Le Gac et al., 1993). In
goldfish GnRH appears to act through high affinity binding sites to stimulate GH release
(Habibi et al., 1990, 1992). Although functional differences in the properties of GnRH
receptors on GTH and GH cells are suggested (see above), only one high affinity GnRH
binding site has been demonstrated in the goldfish pituitary (Habibi et al., 1987, 1589;
Habibi and Peter, 1991). Even in the present study, analog C, which stimulates GH
release but not GTH-1I release, did not distinguish more than one population of high
affinity binding sites. It is possible that GnRH receptors on goldfish gonadotrophs and
somatotrophs have different structure-function relationships, but have similar binding
affinities to native GnRHs and their analogs. Molecular sequencing of GnRH receptors in
goldfish will help to clarify this point.

In general, there seems to be a lack of correlation between GnRH receptor binding
affinity and GH releasing (or inhibiting) potency of natural GnRH peptides and analogs.
Habibi et al. (1992) did not find a correlation between in vitro GH releasing potency and
receptor binding affinity (to either high affinity site or low affinity site) of mammalian
GnRH, sGnRH, chicken GnRH-1, cGnRH-II, lamprey GnRH and position 5, 7 and 8
substituted mGnRH analozs. - the present study, analogs E and N have similar in vitro
potency ) inhibit GH relzase yut analog N has at least 10 times higher receptor binding
affinity ¢ high affinity siwss tnan analog E, suggesting no positive relation between receptor
binding affiuity and in vitro potency. Analog C has GH stimulatory actions and hence
cannot be used in these correlations.

Although there is a lack of relation between receptor binding affinity and in vitro
GTH-II releasing potency for analogs C, E and N, there appears to be a positive
relationship between receptor binding affinity and duration of in vitro GTH-I release
inhibitory action. The rank order of binding affinity and duration of action on GTH-II
release was analog N 2 C > E (see Chapters 2, 3; and present study). In addition, all three
analogs exhibited persistent antagonism on GnRH stimulated GH release at least up to 90
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min after termination of analog treatment. Because in vivo potency of agonists and
antagonists is known to be influenced not only by receptor binding affinity but also by
other factors such as absorption, distribution, resistance to degradation and elimination
(Karten and Rivier, 1986), the ultimate usefulness of these antagonists in aquaculture
remains to be investigated.

In the present study the receptor binding affinity (Kaj) of sGnRH to high affinity
binding sites was 3.41 + 0.5 X 1010 M-1, which is higher than reported earlier (0.67 + 0.2
X 1010 M-1; Habibi et al., 1987). This difference may be due to seasonal variation in the
binding affinity during the reproductive season. Further studies are needed to clarify this
idea.

In conclusion, results presented in this study indicate that the [Ac-A3-Prol, 4FD-
Phe?, D-Trp3’6]-mGnRH (analog E) can inhibit native GnRH peptide actions on GTH-II
and GH release by acting directly on the pituitary cells. Analogs C, E and N were able to
displace bound 1251-sGnRH-A and 125]-cGnRH-II-A, indicating that these aralogs exert
inhibitory a< tions by competitively binding to GnRH receptors. There is no positive
relation between receptor binding affinity of the three analogs tested and in vitro potency to
inhibit GTH-II release; however, there appears to be a positive relationship with duration of

antagonism on GTH-II and GH release.
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Fig. 6.1 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH
on GTH-II release (a) and GH release (b) from perifused pituitary
fragments obtained from sexually regressed goldfish {GSI = < 2.0%), with
the second pulse given in the presence (45 min; open i+:x; of 2 UM
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog £). The hormone
release data in ng/ml were transformed as % °retreatment, pooled and
expressed as mean + SEM (n=4). The GTH-II and GH release responses
to three repeated pulses of sGnRH were quantified as % prepulse and
presented as mean + SEM (c, d). Significant differences in quantified
GTH-II and GH release in response to three SGnRH pulses were
indicated by different letters (ANOVA and Fisher’s LSD test, p <(.05).
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Fig. 6.2 The effects of repeated 2 min pulses (arrows) of 50 nM sGnRH on GTH-II
release (a) and GH release (b) from perifused dispersed pituitary cells obtained from
sexually regressed goldfish (GSI = < 2.0%), with the second puise given in the
presence (45 min; open box) of 2 uM [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGuRH
(analog E). The hormone release data in ng/ml were transformed as % pretreatment,
pooled and expressed as mean + SEM (n=4). The GTH-II and GH release
responses to three repeated pulses of sGnRH were quantified as % prepulse and
presented as mean £ SEM (c, d). Significant differences in quantified GTH-II and
GH release in response to three sGnRH pulses were indicated by diffzrent letters
(ANOVA and Fisher’s LSD test, p < 0.05).
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Fig. 6.3 The effects of repeated 2 min pulses (arrows) of 50 nM ¢cGnRH-II
on GTH-II release (a) and GH release (b) from peritused dispersed pituitary
cells obtained from sexually regressed goldfish (GSI = < 2.0%), with ihic
second pulse given in the preserce (45 min; open box) of 2 uM
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog E). The hormone
release data in ng/ml were transformed as % pretreatment, pooled and
expressed as mean *+ SEM (n=4). The GTH-II and GH release responscs
to three repeated pulses of sGnRH were quantified as % prepulse and
presented as mean + SEM (c, d). Significant differences in quantified
GTH-II and GH release in response to three cGnRH-II pulses were
indicated by different letters (ANOVA and Fisher’s LSD test, p < 0.05).
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Fig. 6.4 Displacement of 125I-[D-Ar ». Pro9-NHEt]-sGnRH bound
to goldfish pituitary membranes by iuceasing concentrations of
unlabeled sGnRH, [D-Argb, Pro9-NHEt]-sGnRH (sGnRH-A) or
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog F). Values
(mean * SEM) represent % specific binding determ:aned by
subtraction of % non-specific binding in the presence of 106 M
unlabeled sGnRH-A. Results were obtained by pooling from 3 or 4
similar experiments, each in triplicates, using goldfish that were in
sexual recrudescent stage of development (GSI = 4.2 + 0.5%).
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Fig. 6.5 Displacement of 125I-[D-Arg6, Pro9-NHEt]-sGnRH bound
to goldfish pituitary membranes by increasing concentrations of
unlabeled sGnRH or [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-sGnRH
(analog C; a) and {Ac-D(2)Nall, 4Cl1-D-Phe2, D-(3)Pal3.6]-cGnRH-11
(analog N; b). Values (mean + SEM) represent % specific birding
determined by subtraction of % non-specific binding in the presence cf
10-6 M unlabeled sGnRH-A. Results were obtained by pooling from 2
or 3 similar experiments, each in triplicates, using goldfish that were in
sexual recrudescent stage of development (GSI = 4.2 + 0.5%).
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Fig. 6.6 Displacement of 1251-[D-Arg6]-cGnRH-II (¢cGnRH-II-A) bound
to goldfish pituitary membrane by 10-6 M concentration of unlabeled
cGnRH-Ii-A or [D-Arg6, Pro9-NHEt]-sGnRH or [Ac-A3-Prol, 4FD-Phe2,
D-Trp3.6]-mGnRH (analog E), or [Ac-A3-P:0l, 4FD-2Phe2, D-Trp3,6]-
sGnRH (analog C) or [Ac-D(2)Nall, 4C!-D-Phe2, D-(3)Pal3.6]-cGnRH-II
(analog N). Values (in cpm) represent mean + SEM obtained from 2 simiiar
experiments, in triplicate, using goldfish that were in sexual recrudescent
stage o ucvelopment (GSI = 4.2 + 0.5%).
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Table 6.1 Estimates of binding affinity (equilibrium association constant, Ka*) and 95 %
confidence intervals of sGnRH and selected GnRH analogs to goldfish pituitary membrane

preparations.

——— Receptor binding affinity

Ka; 1010 M-1 (95 % CI) Ka,; 107, M-1 (95 % CI)
sGnRH 3.41 (2.43-4.78) 3.14 (1.87 - 5.27)
«GnRH-A 4.97 (4.41 - 5.60) 8.92 (7.97 - 10.03)
Analog C 24.60 (11.92 - 50.79) 7.85 (4.77 - 12.93)
Analcp E 10.79 (8.55 - 13.60) 0.59 (0.2 - 1.74)
Analog N 46.22 (33.58 - 63.65) 1.21 (0.5 - 2.9)

*Ka values were estimated by using a non-linear least square curve-fitting computer
program (LIGAND) from the displacement curves presented in Figs. 6.4 and 6.5, fitted for
two classes of binding sites; data points obtained from 2-4 displacement curves, each in

triplicate.
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Chapter Seven

In vivo actions of a gonadotropin-releasing hormone (GnRH)
antagonist on gonadotropin-II and growth hormone secretion in
goldfish, Carassius auratus?!

Introduction

In goldfish, the two native forms of GnRH, salmon GnRH (sGnRH) and chicken
GnRH-II (cGnRH-II) (Yu et al., 1988) stimulate gonadotropin-II (GTH-II) and growth
hormone (GH) release both in vivo and in vitro (for review Peter et al., 1990a, 1991).
The goldfish pituitary has two c!asses of GnRH binding sites, high affinity, low capacity
sites and low affinity, high capacity hinding sites (Habibi et al., 1987; Habibi and Peter
1991). Both sGnRH and cGnRH-II displace bound 125I-[D-Argf, Pro9-NHE(]}-sGnRH
from crude goldfish pituitary membrane preparations (Habibi and Peter, 1991). In
addition, both sGnRH and ¢cGnRH-II displace avidin gold-labelled biotinylated [D-Lys6,
Pro9-NHEt]-anRH from the surfaces of immunohistochemically identified gonadotrophs
and somatotrophs (Cook et al., 1991), indicating the presence of GnRH binding sites on
both of these two cell types. The GTH-II responses to sGnRH and the GnRH receptor
content increases with sexual development in goldfish (Habibi et al., 1989). At the onset
of the preovulatory surges in plasma GTH-II and GH levels in goldfish, there is a
corzsponding decrease in brin and pituitary GnRH content (Yu et al., 1987). GnRH also
sumulates GH release in cc::won carp (Lin et al., 1993), rainbow trout (Le Gac et al.,
1993), and tilapia (Melamr- * - al., 1993). Repeated injection of mGnRH-a results in
crhancement of growth (Marchant et al., 1989). These results support the hypothesis that
GnRH is involved in the regulation of both reproduction and growth of teleost fish.

1A version of this chapter has been submitted for publication: CK Murthy, W Zheng,
VL Trudeau, CS Nahorniak, JE Rivier, RE Peter, Gen. Comp. Endocrinol.
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The regulation of GTH-II release in goldfish is controlled by multiple hypothalamic
factors (Peter et al., 1991). Besides GnRH, various other factors such as growth
hormone-releasing hormone (GRF; Vaughan et al., 1992), ncuropeptide Y (Peng et al.,
1993), dopamine (Wong et al., 1993), thyrotropin-releasing hormone (Trudeau et al.,
1992), and cholecystokinin (Himick et al., 1993) stimulate GH release. However, the
relative importance of these various factors in regulation of GTH-II and GH releasc in fish
is not clear. The two classical approaches to understand the role of endogenous factors in a
given endocrine event are immunoneutralization and inhibition by antagonists. Unlike
tetrapods, which have a well defined median eminence and a hypothalamic portal system,
in teleosts the cell bodies of GnRH perikarya in the preoptic area project to the pituitary
gland to directly innervate the GTH-II and GH cells (for review Peter ct al., 1990b; Kah ct
al., 1993). This anatomical arrangement obviates passive immunoneutralization of
hypothalamic factors to test their actions on the release of pituitary hormones.

In our previous in vitro study using perifused goldfish pituitary fragments, [Ac-A3-
Prol, 4FD-Phe2, D-Trp™+0}-mGnRH (analog E) suppressed both GTH-II and GH release
stimulated by sGnRH and ¢GnRH- II (Murthy et al., 1993; see Chapter 2). The inhibitory
actions of analog E were observed in pituitary fragments collected from goldiish in
different sexual development stages (Murthy et al., 1993; see Chapter 2). Analog E also
inhibited GTH-II and GH release from dispersed goldfish pituitary cells stimulated by
GnRH peptides, and displaced 1251-[D-Arg6, Pro9-NHEt]-sGnRH bound to crude
goldfish pituitary membrane preparations (see Chapter 6), indicating that analog E acts by
binding to GnRH rir eptors.

In the present study, the ability of analog E to inhibit the increases in plasma GTH-1I
and GH levels induced by ex.genous sGnRH and cGnRH-II in normal and dopamine
depleted goldfish was deruonstrated. Further, the importance of endogenous GnRH in
regulation of basal plasma GTH-II and GH levels was examined. The involvement of
GnRH in the increase in plasma GTH-II levels of sexually mature goldfish exposed to a

female sexual pheromone was also demonstrated.

Materials and Methods
Experimental animals Goldfish of the common or comet varieties were purchased from
Ozark Fisheries, Stoutland, MO. The fish werc maintained in flow-through aquaria (1800
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liters) at 17 £ 1°C under a simulated natural photoperiod of Edmonton for at least 2-3
weeks prior to experiments. The fish were fed to satiation daily with Ewos trout pellets.
Fish weighing 20-35 g were used in the present study. Fish were tagged, transfered to
smaller aguaria (100 liters) 5 days prior to experiment and were maintained at 20 + 1°C.
Fish were anesthetized by immersion in 0.05% solution of tricaine methane-sulfonate
(Syndel Laboratories Ltd., Vancouver, BC, Canada) prior to all handling. During the
experiments, blood samples were collected by puncture of the caudal vasculature using a
25-gauge needle attached to a 1-ml syringe rinsed with heparin (1000 Units/ml in *~tilled
water; Sigma Chemical Co., St. Louis, MO). Plasma was collected following
centrifugation, and frozen on dry ice and stored at -25°C until radioimmunoas: .y to%<i -
Il and GH levels. The sexual maturity of fish was assessed by measuring the guiad.
somatic index (GSI= weight of gonad/ total body weight X 100). The reproductive
developmental stage of fish was classified (using female fish as index) as sexually
regressed (GSI = <2%), sexually recrudescent (GSI = 2 - 8%) and sexually mature (GSI =

>8%). In the pheromone study, mature males with free flowing milt on slighi pressure of

the abdomen were used.

Reagents and test substgnces sGnRH, and cGnRH-II were purchased from Peninsula
Laboratories Inc., Belmont, CA. | *-Prol, 4FD-Phe2, D-Trp3:6}-mGnRH (analog E)

was gift of Dr. J. E. Rivier, The” .ndation Laboratories for Peptide Biology,
The Salk Institute, La Jolla, CA. A. ~tides were disso. ed in a primary solvent
containing propylene glycol and physioiugical saline at a rau., ¢ 20:40, and subsequently
diluted to required concentrations with saline. o-methyl-p-tyrosine methyl ester (o--MPT;
Sigma Chemical Co., St. Louis, MO) was dissolved in saline prior to injection. Injections
of all the peptides and chemicals were intraperitoneal in volumes of 5 ul/g body weight. In
the pheromone study, 17, 20B-dihydroxy-4-pregnen-3-one (17¢., 20B-P) (Sigma
Chemical Co., St. Louis, MO) was dissolved in 100 p1 of ethanol and added to the
aquarium water to create a final water concentration of approximately 5 X 10-10 M (Dulka
etal,, 1992). Estradiol (E,) was purchased from Sigma Chemical Co., St. Louis, MO.
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Experimental protocols

The effects of analog E on increases in the plasma GTH-II and GH levels stimulared by
SGnRH in normal goldfish: In the first experiment sexually mature females (GSI = 16
1%) were injected with sGnRH (0.1p1g/g body weight), with or without analog E (1.0
Hg/g), or with analog E (1.0 pg/g) alone. In the next experiment, sexually recrudescent
goldfish (GSI = 2.4 £ 0.2%) were injected with vehicle (groups 1, 2) or analog E (1.0
Hg/g; groups 3, 4) and one hour later (designated as time zero) injected with vehicle
(groups 1, and 4) or sGnRH (1.0 pg/g; groups 2, and 3). In both experiments blood
samples were taken at 0, 3, and 6 h post injection.

The effects of cnalog E on increases in plasma hormone levels stimulated by sGnRH in
goldfish with depleted pituitary and brain dopa:sine levels: It is well documented that
dopamine exerts a strong inhibitory effect on GTH-II release in teleost fish in general, and
blockade of dopamine action by use of D2 type receptor antagonists or by suppression of
dopamine synthesis results in potentiation of GnRH actions on GTH-II release (for review
Peter et al., 1990a, 1991). Because it normally is difficult to induce a significant increase
in plasma GTH-II levels in response to a low dose of GnRH (0.1 pg/g) in sexually
regressed or early recrudescent goldfish due v the GTH-II release-inhibitory actions of
dopamine, in this series of experiments the actions of analog E were tested in goldfish in
which the inhibitory effects of dopamine were reduced. Following the protocol developed
by Trudeau et al. (1993), fish were treated with a-MPT, a dopamine synthesis inhibitor
(240 11g/g) and five days later the dopamine content in both the pituitary and brain were
reduced by about 80 % (results not presented). Under these conditions fish were injected
with vehicle, sGnRH or cGnRH-II (0.1 png/g), sGnRH or cGnRH-1I combined with
analog E (1.0 Lg/g), or analog E alone. Blood samples were collected at 0 and 3 h post

injection.

Inhibitory effects of analog E on basal hormone levels: In two separate experiments, fish
were injected with analog E (1.0 or 10.0 pug/g) and blood samples were taken at 1.5, 4, and
48 h post treatment.

The effects of analog E on the increased plasma GTH-II levels in sexually mature male

176



goldfish exposed to a frmale sexual pheromone: It is well documented that a preovulatory
sexual pheromone, 170, 20B-P, released from ovulating females, increases plasma GTH-
IT levels and milt volume in sexually matured male goldfish (for review Stacey et al.,
1991). Following the protocol of Dulka et al. (1992) sexually mature male goldfish were
placed in standing water aquaria (100 liters) and injected with either vehicle or analog E
(1.0 pg/g), and one hour later (designated as time 0 h) fish were exposed for 6 h to ethanol
(EtOH), or 10 pg of 17ax, 20B-P dissolved in 100 pl of ethanol added to the water
(approximately 5 X 10-10 M), Blood samples were collected at 6 h post pheromone

exposure.

The effects of analog E on elevation in plasma GH levels stimulated by sGnRH in

estrogen pretreated goldfish: Since estradiol (E;) has been shown to enhance both basal
and sGnRH stimulated GH release in goldfish (Trudeau et al., 1992), the effects of analog
E on basal and sGnRH-stimulated plasma GH levels were tested. Solid silastic pellets
containing E» or no steroid (blank) were prepared, washed in saline, and implanted
intraperitoneally as described by Trudeau et al. (1991). Five days later, fish were injected
with vehicle or analog E (2 jug/g), and one hour later (designated as time zero) injected with
vehicle or sGnRH (0.5 ng/g). Blood samples were taken at 3 and 6 h post second

injection.

Radioimmunoassay GTH-II levels in plasma sample were measured by validated RIA
specific for GTH-II (Peter et al., 1984; Van Der Kraak et al., 1992). The GH levels were
measured by using a goldfish GH RIA described by Murthy et al. (1993).

Data analysis The plasma GTH-II and GH levels in ng/ml were transformed as percentage
of pretreatment (0 h) value and presented as mean + SEM (Figs. 8.1, 8.2, 8.4, and 8.7).
In the experiments where a 0 h blood sample was not taken, the plasma GTH-II and GH
levels in ng/ml were simply averaged and presented as mean + SEM (Figs 8.3, 8.5, 8.6,
and 8.8). Statistical differences between treatment and control groups were assessed by
either Student’s t-test or ANOVA (on percentage pretreatment data or log transformed
ng/ml data) followed by Fisher’s LSD test. A p value of < 0.05 was considered as
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statistically significant difference. However, higher level of significance, if found, was

also indicated in the legends.

Results
GTH-II r¢sponses:

The effects of analog E on increases in the plasma GTH-II levels stimulated by sGnRH in
normal goldfish: Compared to vehicle injected fish, sGnRH (0.1 pug/g) treated fish had
significantly increased plasma GTH-II levels at 3 and 6 h post injection (Fig. 7.1). Co-
injection of analog E (1.0 pg/g) with sGnRH significantly suppressed the sGnRH induced
increase in plasma GTH-II levels at both 3 and 6 h post injection (Fig. 7.1a, b), indicating
the ability of analog E to suppress the GTH-II stimulatory actions of exogenous sGnRH.
Analog E treatment alone had no significant effects on plasma GTH-II levelsat3 and 6 h
post injection.

In the second experiment, sGnRH (1.0 pg/g) again stimulated a significant increase in
plasma GTH-II levels at both the 3 and 6 h sample times (Fig. 7.2a, b). However, in
analog E (1.0 pg/g) pretreated fish, sGnRH (1.0 pug/g) failed to increase plasma GTH-II
levels at both 3 and 6 h after the second injection (Fig. 7.2a, b). Similar to the first
experiment, analog E alone had no significant effects on GTH-II levels.

The effects of analog E on the increases in plasma GTH-1I levels stimulated by sGnRH in
goldfish with depleted pituitary and brain dopamine levels: The basal GTH-II levels
(pooled data from two groups each, n = 20-21) in o-MPT pretreated fish (8.2 £ 0.4 ng/ml)
were slightly, but significantly higher than in the saline injected controls (6.2 + 0.4 ng/ml).
However, comparison of the basal GTH-II levels of individual groups (n = 10-11) did not
show a significant difference between saline and a-MPT treatment (Fig. 7.3). In saline
pretreated fish, injection of sGnRH (0.1 pg/g) caused a significant increase in plasma
GTH-II levels 3 h post treatment (Fig. 7.3). In a-MPT pretreated fish, sGnRH (0.1 pg/g)
stimulated significantly higher plasma GTH-II levels than in the saline pretreated sGnRH
injected fish, indicating the potentiation of the GTH-II response to sGnRH in o-MPT
pretreated fish (Fig. 7.3).

Treatment of a-MPT pretreated, sexually recrudescent goldfish with sGnRH (0.1
ng/g) resulted in a significant increase in plasma GTH-II levels at 3 h post-treatment
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compared to vehicle treated fish (Fig. 7.4a). However, co-injection of sGnRH with analog
E (1.0 pg/g) resulted in inhibition of the stimulatory effects of sGnRH on plasma GTH-II
levels. Further, injection of analog E alonc (1.0 pg/g) caused a significant suppression of
basal GTH-II levels compared to control fish (Fig. 7.4a), indicating the involvement of
endogénous GnRH in regulation of basal plasma GTH-II levels in dopamine depleted fish.
In a similar experiment, injection of cGnRH-II (0.1 ng/g) to a-MPT pretreated,
sexually regressed goldfish (GSI = < 2%) induced a significant increasc in plasma GTH-1I
levels at 3 h post injection (Fig. 7.4b). However, injection of cGnRH-II (0.1 pg/g)
combined with analog E (1.0 ug/g) partially, but significantly reduced the elevation of
plasma GTH-II release caused by cGnRH-II. Once again, analog E treatment alone
reduced basal GTH-II levels at 3 h post-treatment, compared to control fish (Fig. 7.4b).

Inhibitory effects of analog E on basal plasma GTH-II levels: The involvement of
endogenous GnRH in regulation of basal GTH-II levels in normal fish was further
examined by using either a moderate dose of analog E (1.0 pg/g) in a large number of fish
(n = 22-24) or a high dose (10 pg/g) in a small number of fish (n = 7-9). Injection of
analog E (1.0 pg/g) to sexually recrudescent fish (GSI = 2.4 £ 0.2; n = 22-24)
significantly reduced plasma GTH-II levels at 90 min post-injection compared to vehicle
injected fish (Fig. 7.5a). In another experiment, injection of 10 pg/g of analog E caused a
significant decrease (48% reduction compared to vehicle treated group) in plasma GTH-II
levels in sexually recrudescent goldfish (GSI = 2.6 + 0.6; n = 7-9) (Fig. 7.5b). The
plasma GTH-II levels in analog E injected fish remained lower compared to vehicle injected
fish at 4 h (7.5 + 1.3 vs 12.8 + 1.9 ng/ml), but not at 48 h post-treatment (10.1 £ 2.7 vs
11.8 £ 2.1 ng/ml).

The effects of analog E on the increased plasma GTH-II levels in sexually mature male
goldfish exposed to a female sexual pheromone: In vehicle pretreated fish, exposure to
170, 20B-P resulted in a significant increase in plasma GTH-II levels compared to ethanol
exposed fish (Fig. 7.6). In analog E (1.0 pug/g) pretreated fish, exposure to 17a., 208-P
failed to cause a significant increase in plasma GTH-II levels compared to ethanol exposed
sexually mature goldfish (Fig. 7.6). 17c, 20B-P had no significant effects on plasma GH

levels in either vehicle or anatog E pretreated male goldfish (results not shown).
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GH responscs:

The effects of analog F. on increases in the plasma GH levels stimulated by sGnRH in
normal goldfish: Injection of a high dose of sGnRH (1.0 pg/g) resulted in a significant
increase in plasma GH levels at 3 h after second injection (Fig. 7.7a). In analog E (1.0
ug/g) pretreated fish, sGnRH (1.0 pug/g) failed to stimulate an increase in plasma GH levels
(Fig. 7.7a). Analog E alone had no significant actions on GH levels. At 6 h after the
second injection, vehicle plus sGnRH treated fish, but not analog E plus sGnRH treated
fish, had significantly higher plasma GH levels compared to vehicle plus vehicle treated
fish (results not shown), indicating a continued inkibition of sGnRH actions on plasma GH
levels by analog E.

In sexually recrudescent goldfish (GSI = 4.1 £ 0.6%) pretreated with a-MPT,
c¢GnRH-1II (1.0 pg/g) caused a significant increase in plasma GH levels; however, co-
injection of analog E (1.0 pg/g) with cGnRH-II irhibited the increase in the plasma GH

levels (Fig. 7.7b).

The effects of analog E on elevation in plasma G levels stimulated by sGnRH in

estrogen pretreated goldfish: In goldfish implanted with blank pellets, injection of sGnRH
stimulated an increase in plasma GH levels compared to vehicle injected fish (Fig. 7.7¢).
Implantation of E; pellets increas¢-d the basal plasma GH levels compared to fish implanted
with blank pellets. In E, implantcd fish, sGnRH injection stimulated significantly increased
plasma GH levels compared to E, implanted vehicle injected fish, as well as blank
implanted sGnRH injected fish (Fig. 7.7c). Notably, pretreatment of the E, implanted fish
with aralog E (1.0 pug/g) 1 h prior to sGnRH injection, resulted in inhibition of the GH
stimulatory efiects of sGnRH. Analog E alone had no significant effects on basal GH

levels in E, primed fish (Fig. 7.7¢c).

Inhibitory effects of analog E on basal plasma GH levels: Similar to the results on GTH-1I
release, injection of a moderate dose of analog E (1.0 pg/g) in a large number of fish (n =
17-21) or a high dose (10.0 ug/g) in small number of fish (n = 7-9) significantly reduced
plasma GH levels at 90 min post-injection, compared to vehicle injected fish (Fig. 7.8a, b).
The plasma GH levels in analog E (10.0 ug/g) injected fish remained significantly lower
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compared to vehicle injected fish at 4 h, but not at 48 h post-treatment (results not

presented).

Discussion

The increases in plasma GTH-II levels stimulated by injection of sGnRH (0.1 and 1.0
pg/g body weight) in sexually mature female and sexually recrudescent goldfish were
inhibited by co-injection or pretreatment (1 h prior to sGnRH injection) with [Ac-A3-Pml.
4FD-Phe?, D-Trp3-6]-mGnRH (analog E). Dosages of analog E to sGnRH at a ratio of
10:1 or 1:1 significantly suppressed such an increases in plasma GTH-II levels for at least
6 h after sGnRH injection. Further, analog E suppressed both sGnRH- and ¢cGnRH-II-
stimnlated increases in plasma GTH-1I levels in dopamine depleted sexually regressed or
recrudescent goldfish. Analog E also inhibited the increasc in plasma GH levels induced
by sGnRH (in normal fish or E; primed fish) and cGnRH-1I (in dopamine depleted fish).
In any of these experiments analog E alone had no stimulatory actions on plasma GTH-II
or GH levels. These results indicate that analog E can effectively suppress the increases ir
plasma GTH-1I and GH levels caused by the injection of native GnRH peptides and the
inhibitory ability of analog E can be observed throughout the reproductive developmental
stages of goldfish. These results also support our in vitro observations that analog E acts
as a ‘true’ GnRH antagonist in goldfish. inhibiting sGnRH- and cGnRH-II- stimulated
GTH-II and GH release, without having independent stimulatory effects on cither GTH-II
or GH release (Murthy et al., 1993; see Chapter 2).

In rat, injection of 7.5 g of analog E at noon on the day of proestrus inhibited
ovulation by 100% (Rivier et al., 1984). Analog E exhibited acute and long term
suppression of pulsatile gonadotropin secretion in adult male monkeys (Bercu ct al,, 1984).
Similarly the gonadotropin inhibitory effects of analog E have also been demonstrated in
normal men and postmenopausal women (for review Pavlou et al., 1987). Thus analog E
acts as a GnRH antagonist in mammals as well as in fish.

Since analog E was able to suppress the actions of sGnRH and cGnRH-1I on GTH-II
and GH release, both in vitro and in vivo, the role of endogenous GnRH in regulation of
basal plasma GTH-II and GH levels was examined by injecting analog E to inhibit
endogenous GnRH actions. Injection of analog E at a moderate dosage (1.0pg/g)toa
large number of fish, or a high dosage (10.0 pg/g) to a small number of fish resulted in
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significant decreases in basal plasma GTH-II and GH levels for at lest up to 4 h after
injection, indicating the regulatory importance of endegenous GnRH in both GTH-II and
GH release. The decrease in plasma GTH-1I and GH levels following analog E injection
arc not due to non-specific, toxic effects of analog E; at 48 h after injection « "analog E
(10.0 pg/g) plasma GTH-II and GH levels were similar to vehicle injc ~ * fish. urther, in
dopamine depleted goldfish, a mocerate dose of analo E (1.0 7 ') ¢ od a significant
suppression of basal GTH-II levels (Fig. 7.4a, b), b not GH icvel« (Fip .7b),
indicating the facility of studying the role of endogeious GnRH in r>gulatic - of GTH-II
release under a dopamine depleted state.

Similar to earlier studies (Marchant et al.. 1989), both sGnRH and  1RI:-I1 injection
caused an increase in plasma GH Jevels. Such an increase in plasina GH levels
inhibited by analog E. In goldfish, besides GnRH, various other hypothalamic ..ctc s also
stimulate GH release (see Introduction). An important question is why GnRH peptides are
involved in the regulation of GH secretion in goldfish and other tclecsts. GnRH has no
effect on GH release in normal mammals, except under various pathological conditions
(Miiller, 1987), nor in birds and reptiles (for review Harvey, 1993). In goldfish sexual
development involves growth of gonads from less than 1% of body weight to as much as
20% of body weight. Growth hormone potentiates GTH-II-stimulated steroid production
by ovarian follicles of goldfish (Van Der Kraak et al., 1990). Recombinant salmon GH
increases and modulates steroid production by rainbow trout and killifish gonads in vitro
(Singh et al., 1988; Le Gac et al., 1992) and in spotted seatrout (Cynoscion nebulosus)
(Singh and Thomas, 1993). High affinity, low capacity GH tinding sites have been
reported in trout testis (Le Gac et al., 1992). The plasma GH levels in adult Atlantic
salmon, Salmo salar, increase with sexual development, and manipulation of photoperiod
causing delay or advancement of sexual maturity results in parallel change in timing of the
increases in plasma GH levels (Bjérnssson et al., 1994). Co-treatment of GH with E, was
required for induction of vitellogenin synthesis in primary hepatocyte culture in eel,
Anguilla japonica (Kwon and Mugiya, 1994). These results suggest the involvement of
GH in reproductive activities, and that control of both GTH-II and GH by GnRH peptides
is an integral function in regulation of reproduction in teleost fish.

In goldfish, the gonadal steroid 17c, 20B-P functions as a potent preovulatory female
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sex pheromone in males to stimulate increases in serum GTH-II levels and subsequent
increases in milt volume (Stacey et al., 1991). At least part of the neuroendocrine
mechanisms involved in the increase in GTH-II releasc in response to exposure to 17a,
20PB-P is a rapid reduction in the turnover of dopamine at the pituitary level (Dulka ct al.,
1992). This decrease in dopamine inhibitory action on gonadotrophs presumably serves to
potentiate the actions of endogenous GnRH. In the present study exposure of vehicle
injected mature male goldfish to 17a., 20B-P, resulted, as expected, in an incrcase of
plasma GTH-II levels and milt volume (data not shown). Intercstingly, preinjection of
male fish with analog E resulted in a significant suppression in the increase in the plasma
GTH-II levels caused by 17a, 2003-P, but not milt volume (data not shown). This
indicates the involvement of endogenous GnRH in mediating the actions of [7a., 20B-P on
GTH-II release. However, from our study it is not possible to determine whether the
activation of the GnRH system by 17c, 20B-P is parallel to a reduction in dopamine
turnover or subsequent to it. Because, dopamine also inhibits GnRH release from
hypothalamic slices and pituitary fragments in vitro (Yu and Peter., 1991), it is possible
that a reduction in dopamine turnover (Dulka et al., 1992) can cause an increase in GnRH
release as well as potentiate the actions of GnRH peptides on GTH-II rclease, lcading to an
increase in plasma GTH-H levels. Alternatively, the pheromone may stimulatc GnRH
release, but simultaneously suppress dopamine release, resulting in increased GTH-11
release. Anatomical evidence in catfish indicates the possibility of activation of the GnRH
system in the preoptic area by pheromones acting through the medial olfactory tract (Resink
et al., 1989). In the preoptic region of goldfish, perikarya and axons of GnRH are
innervated by dopaminergic neurons and in tun GnRH neurons inncrvate dopamine
perikarya and axons (Anglade et al., 1991; Kah et al., 1993), indicating a close interaction
between GnRH and dopamine systems in regulation of GTH-II release

In the present study, there was no significant change in the plasma GH levels of males
exposed to 17c, 20B-P. In goldfish, dopamine stimulates GH release both in vivo and in
vitro by acting through DA D1 type receptors, and DA D1 type receptor antagonists reduce
the plasma basal GH levels (Wong et al., 1993). A reduction in dopamine turnover in
males following exposure to 17¢t, 20B-P would lead to a decrease in basal plasma GH

ievels. Since there is no change in plasma GH levels, another factor, probably GnRH,
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must be causing an additional stimulation of GH release to compensate for the reduction in
stimulation by dopamine. Results with GTH-II indicating the involvement of GnRH,

supports the idea that 17a, 20B-P causes an increase in GnRH release, in addition to a

decrease in dopamine turnover.
In conclusion, the present results suggest that [Ac-A3-Prol. 4FD-Phe2. D-Trp3'6]-

mGnRH (analog E) inhibits native GnRH actions on GTH-II and GH release in vivo,
without showing any independent stimulatory actions. Inhibition of basal GTH-II and GH
levels by analog E strongly suggests the importance of endogenous GnRH in regulation of
both GTH-II and GH release in goldfish. In a-MPT pretreated (dopamine depleted) fish
analog E inhibits the actions of both exogenous and endogenous GnRH peptides on GTH-
Il release. Increases in plasma GTH-II levels in male goldfish following exposure to 17c,
20pB-P were also inhibited by analog E. The regulation of both GTH-II and GH release by
GnRH may be essential owing to participation of both GTH-II and GH in various

endocrine events during gonadal cycles, and ovulation, in fish.
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Sexually mature female goldfish
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Fig. 7.1 The changes in the plasma GTH-II levels expressed as %
of pretreatment mean + SEM at 3 hr (a) and 6 hr (b) after injection
of vehicle, sGnRH (0.1 ng/g body weight), sGnRH combined with
[Ac-A3-Prol, 4FD-Phe2, D-Trp3.6]-mGnRH (analog E; 1.0 g/g)
or analog E (1.0 pg/g) alone to sexually mature female goldfish
(GSI = 10.5 = 1%). The significant differences between treatment
groups were analysed by ANOVA followed by Fisher’s LSD test (n
= 10) and indicated by different letter superscripts (p < 0.001).
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Fig 7.2 The changes in the plasma GTH-II levels expressed as % of
pretreatment mean + SEM at 3 hr (a) and 6 hr (b) after the second injection of
vehicle + vehicle (Veh + Veh), vehicle + sGnRH (Veh + sG, 1.0 pg/g),
[Ac-A3-Prol, 4FD-Phe2, D-Trp3,6)-mGnRH (analog E; 1.0 pg/g) clus
sGnRH (ana E + sG), or analog E (1.0 pg/g) plus vehicle (ana E + Veh) to
sexually recrudescent goldfish (GSI = 2.4 £ 0.2%). The significant differences
between treatment groups were analysed by ANOVA followed by Fisher’s LSD
test (n = 11-12) and indicated by different letter superscripts (p < 0.001).
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Fig. 7.3 The changes in the plasma GTH-II levels presented as
mean (ng/ml) = SEM at 0 hr and 3 hr after injection of saline (sal)
or sGnRH (1.0 pg/g) to sexually recrudescent goldfish (GSI = 2.5

+ 0.2%), pretreated with a-methyl-p-tyrosine methyl ester

(0-MPT; 240 pg/g) five days prior to experiment. The significant
differences between treatment groups were analysed by ANOVA
on log transformed data, followed by Fisher’s LSD test (n = 10)
and indicated by different letter superscripts (p < 0.01).
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Fig. 7.4 The changes in the plasma GTH-II levels (expressed as % of
pretreatment mean + SEM) at 3 hr after injection of vehicle (Veh),
sGnRH (sG; 0.1 pg/g body weight), sGnRH combined with [Ac-A3-Prol,
4FD-Phe2, D-Trp3,6]-mGnRH (analog E; 1.0 ug/g), or analog E (ana E;
1.0 ug/g) alone in o-MPT (240 pg/g) pretreated sexually recrudescent
goldfish (GSI = 5.4 + 0.6%) (a). Similarly, the changes in the plasma
GTH-II levels (expressed as % of pretreatment mean + SEM) at 3 hr
after injection of vehicle (Veh), cGnRH-II (cG-II; 0.1 pg/g body
weight), cGnRH-II combined with analog E (1.0 pg/g), or analog E (ana
E; 1.0 pg/g) alone in a-MPT (240 pg/g) pretreated sexually regressed
goldfish (GSI = < 2 %) (b). The significant differences between
treatment groups were analysed by ANOVA followed by Fisher’s LSD
test (n = 10-12) and indicated by different letter superscripts (p < 0.01).
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Fig. 7.5 The changes in the plasma GTH-1I levels presented as mean
(ng/ml) + SEM at 1.5 hr after injection of (i) vehiclc or [Ac-A3-Prol,
4FD-Phe2, D-Trp3,6]-mGnRH (analog E; 1.0 pg/g) in sexually
recrudescent goldfish (GSI=2.410.2;n= 22-24) (a) and (ii) vehicle
or analog E (10.0 pg/g) in sexually recrudescent gold(ish (GSI 2.6 +
0.6; n =7-9) (b). The significant difference between trcatment and
control groups in each experiment was analysed by Student's t-test and
indicated by different letter superscripts (p < 0.05).
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Fig. 7.6 The changes in the plasma GTH-II levels presented as mean (ng/ml)
+ SEM at 6 hr after exposure to ethanol (control) or 17a., 20 B-dihydroxy-4-
pregnen-3-one (17c., 20B-P) in sexually mature male goldfish pretreated (at
-1 hr) with vehicle or [Ac-A3-Prol, 4FD-Phe2, D-Trp3,6]-mGnRH (analog
E; 1.0 ug/g). The significant differences between treatment groups were

analysed by ANOVA on log transformed data, followed by Student’s t-test (n
= 10) and indicated by different letter superscripts (p < 0.01).
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Fig. 7.7 The changes in the plasma GH levels expressed as % of pretreatment mean
+ SEM at 3 hr after the second injection of vehicle + vehicle (Veh + Veh), vehicle +
sGnRH (Veh +sG, 1.0 pig/g), [Ac-A3-Prol, 4FD-Phe2, D-Trp3.6}-mGnRH (analog E;
1.0 pg/g) plus sGnRH (ana E + sG), or analog E (1.0 pug/g) plus vehicle (ana E + Veh)
to sexually recrudescent goldfish (GSI = 2.4%0.2%)(a). The changes in the plasma
GH levels expressed as % of pretreatment mean + SEM at 3 hr after injection of
vehicle, cGnRH-II (¢G-II; 0.1 ug/g), analog E (1.0 pg/g) combined with cGnRH-II
(cG-I1; 0.1 ug/g), or analog E (1.0 pig/g) alone in a-MPT (240 ng/g) pretreated
sexually recrudescent goldfish (GSI =4.1% 0.6%)(b). The changes in the plasma GH
levels presented as ng/ml (mean £ SEM) at 3 hr after injection of sGnRH-1I (sG, 0.5
pg/g) pretreated or not with analog E (2.0 pg/g), or analog E (ana E, 2.0 p1g/g) alone
in blank (B) or estradiol (E2) implanted sexually recrudescent goldfish (GSI =2.5%
0.3 %)(c). The significant differences between treatment groups were analysed by
ANOVA followed by Fisher’s LSD test) and indicated by different letter superscripts
(p < 0.005 for Figs. a, ¢ and p < 0.001 for Fig. b).
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Fig. 7.8 The changes in the plasma GH levels presented as mean
(ng/ml) + SEM at 1.5 hr after injection of vehicle or [Ac-A3-Prol,
4FD-Phe2, D-Trp3,6]-mGnRH (analog E, 1.0 pg/g) in sexually
recrudescent goldfish (GSI = 2.4  0.2; n = 22-24) (a), and
vehicle or analog E (10.0 pg/g) in sexually recrudescent goldfish
(GSI 2.6 £ 0.6; n = 7-9) (b). The significant difference between
treatment and control groups in each experiment was analysed by
Student's t-test and indicated by different letter superscripts (p <
0.05 for Fig. a and p < 0.01 for Fig. b).
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Chapter Eight

General Discussions and Conclusions

The main aim of the present thesis was to characterize and study the structurc-activity
relations of GnRH antagonists in fish, using goldfish as a model. The other objectives
were (v use GnRH antagonists, thus characterized, to understand the role of GnRH in
various activities associated with regulation of GTH-II and GH secretion. Further, it was
also envisaged to use the information gained from structure-activity studies in designing

and testing potent GnRH agonists and antagonists.

The objectives of the initial ‘screening’ studies (Chapter 2) using the perifused
goldfish pituitary fragments were (i) to test whether ‘putative’ GnRH antagonists have any
effects on GTH-II and GH releasc and (ii) whether these analogs can inhibit GTH-II and
GH release stimulated by sGnRH and cGnRH-II. Based on their actions the analogs can
be grouped into three categories. The first group of analogs including analogs E, M, and
N, had no actions on their own, on either GTH-II or GH release. However, in continuous
presence of these analogs, sGnRH and ¢cGnRH-II stimulation of GTH-II and GH rcleasc
were significantly reduced, and hence these analogs are designated ‘true’ antagonists. The
second group of analogs, including analogs A, B, D, G, H, I, J, and K had moderate to
strong GTH-II as well as GH releasing activity on their own, and in continuous presence
of these analogs, sGnRH and cGnRH-1I stimulation of GTH-II and GH release were
significantly reduced. These analogs are designated ‘partial’ antagonists (antagonists with
agonistic activity). The third group of analogs including analogs C, F and L, on their own
stimulated either GTH-II or GH release, but not both. These analogs also significantly
suppressed sGnRH and cGnRH-II stimulation of GTH-II and GH release. This group of

analogs do not fit any particular designation.
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Among the ‘truc’ antagonists [Ac-A3-Pr01, 4FD-Phe?, D-Trp3'6]-mGnRH (analog E)
and [D-pGlul, D-Phe2, D-Trp3: 6]-mGnRH (analog M) were chosen for further dose
responsc studies, because, unlike analog N, these two analogs had no persistent
antagonism on GTH-II relcase. Both analogs E and M suppressed GTH-1I release
stimulated by 20 nM of sGnRH or cGnRH-II in a dose-dependent manner. Analog E was
more polent than analog M in inhibiting the actions of the two native peptides on GTH-II
relcase. The ability of a given dose of analog E to inhibit GTH-II release stimulated by
sGnRH varied with the sexual developmental stage of goldfish, being highest in sexually
regressed fish. The GnRH receptor content in goldfish is lowest in sexually regressed
goldfish and highest in sexually mature goldfish (Habibi et al., 1989a). Hence, it was
postulated that in sexually regressed fish, it takes less antagonist to saturate the receptors
and thus the antagonist is apparently more effective at this sexual developmental stage.

GH releasc from perifused goldfish pituitary fragments, stimulated by either sGnRH
or cGnRH-II was suppressed in a dose-dependent manner by analog E (Chapter 2). Analog
E also inhibited the actions of the native GnRH peptides in dispersed pituitary cells
(Chapter 6). Further, analog E displaced 1251-[D-ArgS, Pro9-NHEt}-sGnRH and 1251-
[D-Arg6]-cGnRH-I1 bound to crude goldfish pituitary membrane preparations, with a
receptor binding affinity significantly higher than that of sGnRH (Chapter 6). Analog E
was cffective in inhibiting the increases in plasma GTH-II and GH stimulated by both
sGnRH and cGnRH-II (Chapter 7). These results indicate that analog E is an antagonist
capable of inhibiting the actions of the two native peptides on GTH-II and GH release both
in vivo and in vitro, by competitively binding to GnRH receptors on the pituitary cells in
goldfish.

Analogs C, M and N are also ‘true’ antagonists on GTH-II release, and analog N is a
‘true’ antagonist on GH release. The receptor binding affinities of analogs C, E and N
were significantly higher than that of sGnRH (Chapter 6). There was no significant
correlation between the receptor binding affinity and the in vitro GTH-II inhibitory
potency of these three analogs. In general, there is a positive correlation between receptor
binding affinity and in vitro potency of GnRH agonists and antagonists in mammals
(Karten and Rivier, 1986). However, many studies also indicate a lack of correlation
between receptor binding affinity and in vitro potency (Rivier et al., 1983; Bajusz et al.,
1988). In goldfish, position 6 and 10 substituted sGnRH analogs, but not mGnRH
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analogs, showed significant correlation between binding affinity and in vitro potency
(Habibi et al., 1989b). Compared to sGnRH analogs, many mGnRH analogs had
significantly lower binding affinity, but similar in vitro GTH-II releasing potency (Habibi
et al., 1989b). In the present study, although analog E (based on mGnRH) was more
potent than analog C (based on sGnRH) in inhibiting sGnRH stimulatcd GTH-1II release,
its binding affinity was significantly lower than that of analog C. These results indicate that
although the GnRH receptors in goldfish are ‘less specific’ as all known forms of GnRH
stimulate GTH-II release, they may ‘prefer’ native GnRH peptides and their analogs in
terms of receptor binding. Further testing of analogs of cGnRH-II (the other native
GnRH) for potency and binding affinity may provide additional support for this
hypothesis.

GnRH Antagonists: The early development of GnRH antagonists in mammals involved
analogs having modifications at positions 2, 6, and 2, 3, 6 (for review see Karten and
Rivier, 1986). There are no systematic studies in non-mammalian specics to demonstrate
the effectiveness of position 2, 6 modified antagonists. In male trout, {D-Phe2:6, Phe3}-
mGnRH inhibited the increase in plasma GTH-II levels stimulated by mGnRH, indicating
the effectiveness of an analog having modifications at positions 2, 3, 6 (Crim et al., 1981).
In the present study analogs having modifications at positions 1, 2, 3, and 6, and, in a few
cases, analogs with modifications at positions 1, 2, 3, 6 and 10 were tested. All of the
purely antagonistic analogs, [Ac-A3-Prol, 4FD-Phe2, D-Trp3'6]-mGnRH (analog E),
[Ac-A3-Pro!, 4FD-Phe2, D-Trp3:6]-sGnRH (analog C), [D-p-Glu!, D-Phe2, D-Trp3:)-
mGnRH (analog M), and [Ac-D(2)Nall, 4CI-D-Phe2, D-(3)Pal3:0]-cGnRH-II (an:"og N)
have modifications at positions 1, 2, 3 and 6 of mGnRH, sGnRH or cGnRH-II. Similar
modifications produce potent GnRH antagonists in mammals (Karten and Rivier, 1986).
Habibi (1991a) earlier described that [D-p-Glu!, D-Phe2, D-Trp3:6]-mGnRH (analog M)
inhibited GTH-II release stimulated by sGnRH and cGnRH-II in goldfish and King et al.
(1988) demonstrated that this analog inhibited LH release stimulated by cGnRH-1and -1I in
chicken.

In dose-response studies, compared to [D-p-Glul, D-Phez, D-Trp3’6]-mGnRH
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(analog M), [Ac-A3-Prol, 4FD-Phe, D-Trp>6]-mGnRH (analog E), caused a
significantly greater suppression of GTH-II release stimulated by sGnRH and ¢cGnRH-II in
sexually regressed fish. In mammalian studies substitution of D-p-Glul with Ac-Pro!
(Humphries et al., 1978) and of D-Phe2 with D-chloro (or fluoro)-Phe? (Coy et al., 1979)
was found to enhance the potency of GnRH antagonists. These modifications also appear
10 be favorable in increasing the GnRH antagonist potency in goldfish (see Chapter 2 for
further discussion). Additional increase in potency in mammals was achieved by
introduction of 3-(2-naphthyl) alanine [Nal(2)] at position 1 (Nestor, 1987) and Pal(3) at
positions 3 and 6 (Folkers et al., 1987). [Ac-D(2)Nall, 4CI-D-Phe2, D-(3)Pal3-]-
cGnRH-II (analog N) having similar modifications inhibited sGnRH and cGnRH-II actions
on GTH-II and GH release (see Chapters 2, 3). The GTH-II release inhibitory potency of
analog N was higher than that of analog C and similar to that of analog E (see Chapters 2,
3). Analog N also had significantly higher receptor binding affinity than analogs C and E.
Both analog C (based on sGnRH) and analog E (based on mGnRH) have similar
modifications at positions 1, 2, 3, and 6, having [Ac-A3-Pr01, 4FD-Phe?, D-Trp3'6].
Based on limited dose-response studies (see Chapters 2, 3) with analog C and full dose-
response studies on analog E (see Chapter 2), analog E was significantly more potent than
analog C in suppressing GTH-II release stimulated by both sGnRH and cGnRH-II (see
Chapter 2 for further discussion). Howevc~, analog C has significantly higher receptor
binding affinity than analog E (see Chapter 6). The reason for low potency of analog C
may be ‘excess hydrophobicity’ as hypothesized for sGnRH agonistic analogs (Habibi et
al., 1989b). Most of the potent agonists in mammals have hydrophobic D-Trp, D-
Ser(tBu), D-His(Bzl) or D-Nal(2) at position 6 (Nestor, 1984). In goldfish, analogs of
mGnRH and sGnRH having hydrophobic D-Trp5 or D-His(Bz1)0 were only 2-4 times
more potent than sGnRH in stimulating GTH-1I release (Habibi et al., 1989b). Further,
[D-Ala6, Pro9-NHE(]-sGnRH had significantly higher receptor binding affinity, but a
lower G1id-1I release potency than [D-Ala6, Pro?-NHEt]-mGnRH (Habibi et al., 1989b).
In the same study, compared to [D-Trp6, Pr09-NHEt]-mGnRH, [D-Trp6, Pr09-NHEt]-
sGnRH had significantly higher receptor binding affinity, but a lower GTH-II release
potency. Based on these results, it was hypothesized that substitution of a hydrophobic
amino acid at position 6 of sGnRH, which already has tryptophan, a hydrophobic and
aromatic amino acid at position 7 may result in ‘excess hydrophobicity’ compared to
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mGnRH analogs having similar substitution. Interestingly, analog N having [D-(3)Palf)
along with Trp7 has higher receptor binding affinity compared to both analogs C and E.
Further, the GTH-II release inhibitory efficacy of analog N is higher than that of analog C
and similar to that of analog E. This may be due to presence of a basic and more
hydrophilic moiety (compared to tryptophan) of D-(3)Pal at position 6 along with Trp’.
Since we have not tested mGnRH and sGnRH analogs having [Ac-D(2)Nall. 4C1-D-Ph¢2,
D-(3)Pal3’6], it is not possible to compare the relative potency of these analogs. In
mammalian studies also substitution of D-(3)Pal®, Trp7 resulted in potent antagonists
(Nestor, 1984).

In mammals substitution of D-Arg6 or D-hArg(Etz)6 resulted in significant
enhancement of potency of GnRH antagonists (for review see Karten and Rivier, 1986;
Nestor, 1987). In contrast to this, in the present study, mGnRH and sGnRH analogs with
D-Arg6 or D-hArg(Etz)6 (analogs B, F, J and K) stimulated GTH-II release. When tested
further, two of these analogs, analogs J and K, which are ‘true’ antagonists in mammals
(Rivier et al., 1984; Nestor, 1987; Nestor et al.,1992) stimulated both GTH-1I and GH
release in a dose-dependent manner, although with significantly lower potency than
sGnRH in terms of minimum effective concentration, ED50 and maximum hormone release
(see Chapter 5). The ability of these analogs to interact with GnRH receptors in eliciting an
increase in GTH-II and GH release was demonstrated by two approaches. First, in
continuous presence of analogs I and K, the GTH-I stimulatory actions of sGnRH and
cGnRH-II were significantly suppressed. Second, the increase in GTH-II and GH release
stimulated by analog K was significantly suppressed by the ‘true’ aniagonist analog E.
These results indicate that analogs J and K are ‘partial antagonists’ (antagonistic analogs
with weak to moderate agonistic activity). In chicken also, two mammalian GnRH
antagonists [D-Phe2-6, D-Trp3}-mGnRH and [Ac-D-Nai(2)!, D-a-Me-4Cl-Phe2, D-Trp3,
D-Argb, D-Alal0]-mGnRH stimulated LH release (Millar and King, 1984; King et al.,
1988). These results indicate that there are functional differences in the properties of
GnRH receptors between goldfish and mammals, and the structure function requirements
for antagonists are different. Further, analog A having D-Lys also weakly stimulated
GTH-1I and GH release (see Chapter 2). Even analog L, [Ac-D(2)-Na11, 4Cl1-D-Phe2, D-
(3)Pal3:6, Arg3, D-Alal0}-mGnRH having arginine at position 5 weakly stimulated GTH-
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11 release and strongly inhibited GH release (see Chapter 4). In view of stimulatory actions
in goldfish of these analogs, especially the “Nal-Arg” analogs, it will be interesting to test
the actions of recently developed ““Nal-Lys” analogs such as ‘Antide’, [Ac-D-Nal(2) 1 p-
pCl-Phe2, D-Pal3, Lys(Nic)3, D-Lys(Nic)®, Lys(iPr)8, D-Alal0)-mGnRH (Ljungqvist et
al., 1988), and ‘Azaline’, [Ac-D-Nall, 4FD-Phe2, D-Pal3, Lys(atz)d, D-Lys(atz)6, ILysS,
D-Alal0)-mGnRH and related analogs (Rivier et al., 1991; Theobald et al., 1991).

In goldfish, compared to sGnRH, lamprey GnRH-I (IGnRH-I) has significantly
higher receptor binding affinity, but markedly lower GTH-II and GH releasing activity
(Habibi et al., 1992). Based on these observations it was postulated that analogs based on
IGnRH-I structure with modifications at positions 1, 2, 3 and 6 may be potent antagonists
in goldfish. All three such analogs tested (analog G, H, and I) were ‘partial antagonists’
having weak GTH-II and GH stimulatory effects, while suppressing the actions of
sGnRH. The receptor binding affinity of these analogs was not tested.

GnRH Agonists: Based on the observation that analog K, having [D-hArg(Et2)6],
strongly stimulated GTH-II and GH release in goldfish, it was postulated that [D-
hArg(Et2)6] substituted agonists may act as superagonists in goldfish. A series of GnRH
analogs having [D-hArg(Et2)6] or [D-hArg(CHzCF3)26] were tested for their ability to
stimulate GTH-II and GH release from the perifused pituitary fragments. Among these
peptides [D-hArg(Et2)6, Pro9-NHEt]-sGnRH is the most potent analog tested in
stimulating GTH-II and GH release. [D-hArg(Etz)G, Pro?-NHEt]-sGnRH is one of the
most potent agonists in rainbow trout, landlocked salmon and winter flounder (Crim et al.,
1988). [D-Arg6, Pro9-NHEt]-sGnRH is the most potent analog formerly known in
goldfish in terms of stimulating GTH-II release and receptor binding affinity (for review
see Peter et al., 1990, 1991). [D-Arg6, Pro9-NHEt}-sGnRH is also a superagonist in
many teleost species (Crim et al., 1988; Goos, 1991). These results indicate that
substitution of hydrophilic D-Arg6 or D-hArg(Et;)_)6 helps in developing potent agonists to
stimulate GTH-II release in teleost fish. Most of the potent agonists in mammals have
hydrophobic D-Trp, D-Ser(tBu), D-His(Bzl) or D-Nal(2) at position 6 (Nestor, 1984). In
goldfish, analogs of mGnRH and sGnRH having hydrophobic D-Trp or D-His(Bz1)6
were only 2-4 times more potent than sGnRH in stimulating GTH-II release (Habibi et al.,
1989b). In the same study [D-Argﬁ, Pro9-NHEt]-sGnRH was 17 times more potent. In
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stimulating GTH-II release, sGnRH analogs with a hydrophobic amino acid at position 6,
were less potent compared to mGnRH analogs having the same substitution and this was
suggested to be due to the presence of ‘excess hydrophobicity’ (see discussion above).
Since cGnRH-II also has Trp/, it will be interesting to test the role of hydrophobic or
hydrophilic amino acids at position 6 of cGnRH-1I analogs in determining the GTH-II
release potency in goldfish. In the present study [D-hArg(Et2)6] substituted cGnRH-II
analogs were not tested.

[D-hArg(Et2)6] substituted mGnRH analogs arc very potent in estrus suppression
assay in rat (for review Nestor et al., 1984). In contrast, [D-hArg(Et2)6] substituted
mGnRH and cGnRH-II analogs were only 1-2 times more potent than the parent molecule
in stimulating LH release in chicken pituitary cells (for review Millar and King, 1987).
However, [D-hArg(Et2)6] substituted sGnRH analog was significantly m:ore potent than
corresponding mGnRH, cGnRH-I and cGnRH-II analogs in chicken (Millar and King,
1987). These results demonstrating marked differences in the potency of GnRH analogs
between species, support the hypothesis that there are functional differer:ces in the GnRH
receptors between vertebrate species.

The potency of GnRH analogs to stimulate GH release compared to (3TH-II releasc

also showed marked differences, and is discussed in a later section.

Use of GuRH s in physiolosical studies:

The main impetus for development of GnRH antagonists in mammals is their possible
use as anti-fertility agents. However, antagonists are also useful in establishing specificity
of GnRH actions in terms of receptor binding, activation of second messengers and
biological activity. In the present study using analog E it has been shown that endogenous
GnRE peptides are important in regulation of ‘basal’ plasma GTH-II and GH levels.
Further, GnRH has been shown to mediate at least a part of the actions of a female sexual
pheromone, 17, 20 B-dihydroxy-4-pregnen-3-one (17c, 203-P) on sexually mature
males in stimulating an increase in plasma GTH-II levels (see Chapter 7 for discussion).
By use of an antagonist, the involvement of GnRH in GTH-1I release stimulated by
neuropeptide Y (NPY) has been demonstrated in goldfish (Peng et al., 1993). Using a
similar approach, the gonadal peptides inhibin-A and activin-A have been shown to
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stimulatc GTH-II release independent of GnRH in goldfish (Ge et al., 1992). Habibi
(1991a) used a GnRH antagonist to demonstrate that prolonged exposure of goldfish
pituitary fragments to native GnRH peptides, but not to a GnRH antagonist, caused down-
regulation of receptor number and desensitization of the GTH-II response to subsequent

challenge of GnRH peptides.

somatotrophs:

Although many species of vertebrates have more than one form of GnRH, it is not
known whether these multiple forms act through the same or different populations of
receptors. In chicken, both cGnRH-I and -II act on the same population of receptors (King
et al., 1988). However, further studies indicated that only cGnRH-I is found in the
hypothalamus and released into hypothalamo-hypophysial portal system, and thus only
c¢GnRH-I is involved in the regulation of reproduction in chicken (Katz et al., 1990). In
goldfish, receptor binding and electron microscopy studies indicate that both sGnRH and
¢GnRH-1I are capable of displacing the receptor bound radioligand, 1251-[D-Arg6, Pro®-
NHE1]-sGnRH (Habibi et al., 1987; Habibi and Peter, 1991), or competing for receptor
binding sites with avidin gold-labelled biotinylated [D-Lys5, Pro9-NHEt]-sGnRH (Cook et
al., 1991). Furthermore, in static incubations of dispersed goldfish pituitary cells, the
GTH-II responses to maximally effective doses of sGnRH and cGnRH-1II were not
additive (Chang et al., 1993). These results suggest that both native peptides bind to the
same population of receptors.

In contrast to this hypothesis, compared to sGnRH, cGnRH-II is more potent in
stimulating GTH-II release, has a higher binding affinity, and causes greater degree of
desensitization and down regulation of receptor number (Habibi, 199:a). Further, in
causing desensitization of the GTH-II response by perifused pituitary fragments, cGnRH-
II is more effective than sGnRH when given either as continuous or extended pulses, or as
a 2 min pulse every 20 min; on the other hand, sGnRH is more effective under 2 min
pulses every 60 min (Habibi, 1991b). In addition, pulsatile alternate treatments with
sGnRH and cGnRH-1I (10 nM, every 30 min) caused lower desensitization compared to
repeated pulses of sGnRH or cGnRH-1I or repeated pulses of the two combined (Khakoo
et al.,, 1994). In stimulating expression of mRNA of GTH-Ila and GTH-IIP subunits,
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c¢GnRH-II was more potent than sGnRH in sexually mature goldfish, but less potent in
sexually regressed goldfish (Khakoo et al., 1994). Based on these results, sGnRH and
c¢GnRH-1I were suggested to regulate synthesis and release of GTH-II through different
‘receptor-effector’ mechanisms (Khakoo et al., 1994). Significant differences have also
been found in the second messenger pathways mediating the increase in GTH-II release
stimulated by sGnRH and cGnRH-II (for review see Chang and Jobin, 1991; Chang et al.,
1993). Compared to sGnRH, cGnRH-II is more dependent on extracellular calcium and
fails to mobilize calcium from intracellular sources. In addition, metabolism of arachidonic
acid is involved in sGnRH, but not in cGnRH-II actions (Chang and Jobin, 1991; Chang et
al., 1993).

However, these results do not necessarily indicate the presence of more than one
population of GnRH receptors on gonadotrophs in goldfish. The results presented in
chapter 3 indicate that antagonists (analogs C and N) based on sGnRH and cGnRH-II
structures have no preferential inhibition on GTH-II stimulatory actions of either sGnRH or
c¢GnRH-II. Similarly, t' : mGnRH based analogs E and M also showed no preferential
inhibition (see Chapter 2). In continuous presence of 100 nM sGnRH, a pulse of 100 nM
c¢GnRH-II caused no significant addilionél GTH-II release and a sGnRH pulse given in
continuous presence of cGnRH-II also caused no additional GTH-II release. Prolonged
exposure of pituitary fragments to either sGnR’1 or cGnRH-1I caused a significant decreasc
in the GTH-II response to subsequent pulse treatment with either sGnRH or cGnRH-II,
without showing any preferential reduction in response to any one peptide. All thesc
results support the hypothesis that both sGnRH and cGnRH-II act through the same
population of receptors on gonadotrophs. It is well documented that GnRH receptors in
goldfish are less ‘specific’ in terms of ligand requirement as demenstrated by the GTH-II
releasing activity of all tested forms of GnRH (Habibi et al., 1992, Peter et al., 1991). In
view of this, it will be interesting to know whether other forms of GnRH such as mGnRH,
cGnRH-I, dogfish GnRH or catfish GnKH, follow sGnRH or cGnRH-II in terms of
activation of ‘receptor-effector’ systems and second messenger components.

Our results with growth hormone release also indicate that both sGnRH and ¢cGnRH-II
act through the same population of receptors on somatotrophs. However, the results
suggest that GnRH receptors on gonadotrophs and somatotrophs are functionally different.
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Analog C stimulated GH release from the pituitary fragments and from dispersed pituitary
cells, while acting as ‘true’ antagonist on GTH-II release (Chapters 2, 3). In contrast,
analog F stimulated GTH-II in a dose dependent manner, but weakly suppressed GH
release (Chapter 3). Further, analog L weakly stimulated GTH-II release in a dose
dependent manner, while strongly inhibiting GH release (Chapter 4). The differential
actions of analog L on GTH-II and GH release is through interaction with GnRH receptors
as indicated by (i) the ability of analog L to significantly suppress the actions of sGnRH
and cGnRH-II on GTH-II and GH release, (ii) the ability of analog L to displace 125I-[D-
Arg6, Pro?-NHE(]-sGnRH bound to crude pituitary membrane preparations, and (iii) a
significant inhibition of the actions of analog L by a ‘true’ antagonist, analog E. Further,
the inhibitory ability of analog L is specific to GnRH as it had no actions on the GH
stimulatory actions of dopamine and thyrotropin-releasing hormone. An additional support
for the functional differences in GnRH receptors on gonadotrophs and somatotrophs comes
from the structure-activity studies of GnRH agonists in goldfish wherein significant
differences in the potencies to stimulate GTH-II and GH release have been observed.
Compared to sGnRH, [D-hArg(Et2)6]-mGnRH was significantly more potent in
stimulating GTH-1I release, but less potent in stimulating GH release (Chapter 5).
Similarly, [D-hArg(CHoCF3)26]-mGnRH and [D-hArg(CH7CF3)26, Pro9-NHE(]-
mGnRH were equipotent to sGnRH on GTH-II release, but significantly less potent than
sGnRH on GH release (Chapter 5). Substitution of position 8 in mGnRH with tyrosine,
leucine, methionine or histidine resulted in loss of GTH-II, but not GH, releasing potency
compared sGnRH (Habibi et al., 1992).

Interestingly, recent cloning of GnRH receptors has indicated the presence of two
genes in human (Kakar et al., 1992; 1993), and three mRNAs in human (Kakar et al,,
1992; 1993) and sheep (Miller et al., 1993) encoding for GnRH receptor proteins.
Molecular cloning of GnRH receptors will provide further evidence regarding the presence

or absence of multiple receptors in the pituitary cells of goldfish.

GnRH as regulator of GH release:
One of the interesting aspects of GnRH actions in goldfish is its stimulatory actions on
GH release (Peter et al., 1990). sGnRH and cGnRH-1I stimulate GH release in vitro from

the goldfish pituitary fragments and dispersed pituitary cells (Marchant et al., 1989; Chang

206



et al., 1990; Habibi et al., 1992) and in vivo (Marchant et al., 1989). The direct action of
GnRH on GH cells has been demonstrated by localization of avidin gold-labelled
biotinylated [D-Lysb, Pro9-NHE(]-sGnRH on the cell surface of somatotrophs and that
such binding is displaced by co-incubation with unlabeled sGnRH or cGnRH-II (Cook et
al., 1991). In the present study also both sGnRH and cGnRH-II stimulated GH release in
vitro (see Chapter 2, 3, and 4) and in vivo (see Chapter 7). Further, analog E suppressed
the basal plasma GH levels, indicating the involvement of GnRH peptides in the regulation
of GH secretion in goldfish. In support of this, during spawning in male goldfish, serum
GH and GTH-II levels increased with a corresponding decrease in brain GnRH levels (Yu
et al., 1991). Further, gonadal steroids modulate the GH response to sGnRH;
gonadectomy reduces (Wong et al., 1993), while estradiol implantation to normal goldfish
enhances (Trudeau et al., 1992) the GH responses to sGnRH or sGnRH analog. Further,
the in vitro GH responses to sGnRH and ¢cGnRH-II were maximum in sexually maturc
and lowest in sexually regressed goldfish (Murthy et al., 1993). GnRH binding capacity
also increases during sexual maturity (Habibi et al., 1989b). Based on these observations
endogenous GnRH was suggested to be an important regulator of GH release during
sexual maturity (Wong et al., 1993) and spawning (Yu et al., 1991).

GnRH aiso stimulates GH release in common carp (Lin et al., 1993), rainbow trout
(Le Gac et al., 1993), and tilapia (Melamed et al., 1993). Recent studies have
demonstrated the involvement of GH in various activities during sexual development in
fish. Growth hormone potentiates GTH-II-stimulated steroid production by ovarian
follicles of goldfish (Van Der Kraak et al., 1990). Recombinant salmon GH increases and
modulates steroid production by rainbow trout and killifish gonads in vitro (Singh et al.,
1988; Le Gac et al., 1992) and in spotted seatrout (Cynoscion nebulosus) (Singh and
Thomas, 1993). High affinity, low capacity GH binding sites have been reported in trout
testis (Le Gac et al., 1992). The plasma GH levels in adult Atlantic salmon, Salmo salar,
increase with sexual development, and manipulation of photoperiod causing delay or
advancement of sexual maturity results in a parallel change in the timing of the increases in
plasma GH levels (Bjornssson et al., 1994). Co-treatment of GH with Ej was required for
induction of vitellogenin synthesis in primary hepatocyte culture in eel, Anguilla japonica
(Kwon and Mugiya, 1994). Thus, the control of both GTH-II and GH by GnRH peptides
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is an integral function in regulation of reproduction in teleost fish.

Conclusions:

In summary, the important conclusions based on the results presented in this thesis are
as follows:

1. [Ac-A3-Prol, 4FD-Phe2, D-Trp3'6]-mGnRH (analog E) is a ‘true’ GnRH
antagonist in goldfish without any independent stimulation of GTH-II and GH release.
Analog E is effective in suppressing GTH-II and GH release stimulated by sGnRH and
c¢GnRH-II, both in vitro and in vivo. Analog E by competitively binding to GnRH
receptors on pituitary cells, inhibits the actions of native GnRH peptides.

2. Endogenous GnRH regulates basal GTH-II and GH levels and such regulation of
GTH-II and GH by endogenous GnRH is an integral part of sexual development in fish.
Further, GnRH mediates at least part of the actions of female sex pheromone, 17a, 20 B-
dihydroxy-4-pregnen-3-one on sexually mature males in stimulating an increase in plasma
GTH-II levels.

3. Many mammalian GnRH antagonists, especially those with D-Arg6, stimulate
GTH-II and GH release in goldfish, indicating differences in the properties of the receptors
between species and in ligand requirement to develop potent antagonists.

4. The two native GnRH peptides act through the same population of receptors on
gonadotrophs; however, GnRH peptides act through functionally different receptor
populations on somatotrophs and gonadotrophs.

5. [D-hArg(Et2)6, Pro9-NHEt]-sGnRH is the most potent GnRH analog in
stimulating GTH-II release in goldfish, and one of the most potent analogs in stimulating

GH release.
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