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ABSTRACT

In vertebrates the brain superimposes control on fundamental processes such as 

reproduction and growth. Neuropeptides secreted from the brain initiate a cascade of 

events that affect these processes. In this thesis three neuropeptides are examined to 

determine their structures and patterns in the context of vertebrate evolution.

Reproduction in vertebrates is controlled by the neuropeptide gonadotropin- 

releasing hormone, GnRH, a decapeptide belonging to a peptide family of twelve known 

members. One common theme in vertebrates is that there is usually more than one form of 

GnRH in the brain of a single species; often each form of GnRH has a separate location in 

the brain and therefore, an implied distinct function. In this thesis, the brain of Siberian 

sturgeon, Acipenser gueldenstaedti, initially was examined for GnRH using reversed- 

phase high performance liquid chromatography, HPLC, and radioimmunoassay, RIA, 

with specific antisera and was shown to contain mammalian (m)GnRH by chemical 

sequence analysis and by accurate determination of the molecular mass. In addition, 

another form of GnRH, termed chicken (c)GnRH-ll, was found in the sturgeon brain.

This is the first report to show that the primary structure of GnRH is identical in an 

evolutionarily-ancient fish and in mammals including humans. Further, the second form of 

GnRH, cGnRH-11, was identified for the first time in the brain of adult stumptail monkeys 

{Macaca speciosa) as well as in adult and fetal rhesus monkey {Macaca mulatta) brains. 

This study implies that at least two forms of GnRH are found in the brain of most 

vertebrate species including mammals.

In cartilaginous fish that evolved earlier than sturgeon, the same HPLC and RIA 

methods were used to demonstrate that regions of the brain and pituitary of skate. Raja 

canebensis, also contained cGnRH-11 but dogfish (df)GnRH rather than mGnRH. By the 

same criteria, teleost fish like whitefish {Prosopium williamsoni), platyfish {Xiphophorus 

maculatus), green swordtail {Xiphophorus hellerei) and sablefish {Anoplomia fimbria)
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were shown to have cGnRH-II and salmon (s)GnRH, as well as one or two more 

immunoreactive variants of GnRH with novel or seabream (sb)GnRH-like properties, 

within their brain. The identity of at least three types of immunoreactive GnRH molecules 

in the brain of these fish species suggests that three forms of GnRH in the brain is an early 

condition in teleost evolution.

Ancestral sturgeon emerged at a branch point between the bony fish lineage and the 

tetrapod lineage and therefore, it is useful to compiate the neuropeptide structures found in 

their brain with those both in fish and more evolutionarily-advanced vertebrates. Several 

tetrapod species were examined to determine if the forms of GnRH found in the sturgeon 

brain had been retained in their evolution. In contrasts to studies in our laboratory and by 

others showing that most amphibians, reptiles and birds contain two forms of GnRH, the 

present research shows that the brain of the green anole lizard, Anolis carolinensis, 

contained only cGnRH-11 within its brain. In addition, my HPLC and RIA studies showed 

that only mGnRH was present in the brain of guinea pig, hamster and rat suggesting that 

there are some species which function with only one form of GnRH in their brain. Also, 

there were no distinguishable forms of GnRH in a human placenta, demonstrating that the 

type(s) of GnRH might be tissue-specific.

Two neuropeptides associated with growth also were isolated from the sturgeon 

brain. A cDNA encoding growth hormone-releasing factor, GRF, and pituitary adenylate 

cyclase-activating polypeptide, PACAP, was isolated and sequenced using the polymerase 

chain reaction, PGR, and other molecular biology methods. In contrast to mammals where 

GRF and PACAP are encoded on separate genes, in sturgeon, GRF and PACAP are 

encoded in tandem on a single mRNA.
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In this thesis, I establish the structure of GnRH, GRF, and PACAP in sturgeon, a 

species that evolved near a critical branching point between bony fish and tetrapods. These 

structures are used as a focal point for comparison to those of other vertebrates. This 

comparative evolutionary approach is an important step toward understanding the evolution 

of these important neuropeptides as well as enhancing our knowledge of general principles 

in the endocrine systems controlling reproduction and growth.
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Chapter 1

General Introduction



The process and products of evolution can be examined using both macroscopic 

and microscopic methods. A combination of both methods is useful in drawing 

conclusions about the phylogeny of species because the methods are so inextricably 

linked; most of the directly observed (macroscopic) characteristics of a species are 

produced co-operatively by the interaction between genetic (microscopic) and 

environmental factors. In evolution, stem groups include the more primitive ancestors of 

a distinct lineage. Ancestral sturgeon were part of the stem group for bony fish that 

emerged near the transition between the major lineages of bony fish and tetrapods.

Living sturgeon have retained many of the primitive features of the stem group.

Sturgeon are of particular interest in phylogenetic studies because of their ancient 

origin and possible relationship to the tetrapod line (Fig. l-l). Sturgeon-like fossils have 

been dated to the early Jurassic period and therefore, sturgeon ancestors emerged over 

200 million years ago. These sturgeon ancestors, the Chondrostei, are survived by two 

orders and three families: order Palaenoiscoidei, the bichirs and order Acipenseroidei, 

the sturgeons and paddlefish (Young, 1981). Although extant species of sturgeon have 

evolved and changed considerably from their ancestors, they retain some features of 

primitive fish such as a heterocercal tail, bony external scutes and rhomboidal scales, an 

almost wholly cartilaginous skull and skeleton, and an unrestricted notochord. Some of 

their internal digestive, circulatory and buoyancy organs are also more primitive than 

those in more evolutionarily-advanced fish. Surprisingly, sturgeons have some internal 

anatomical characteristics that are more like tetrapods than like modem bony fish. For 

example, they have a rudimentary median eminence and hypothalamo-hypophyseal 

portal system, an acrosome sperm that undergoes an acrosomal reaction to enter the egg 

(even though the egg contains a micropyle), a Muellerian duct and an egg that undergoes 

holoblastic cleavage during development. In sturgeon, the presence of both primitive and 

advanced anatomical and physiological characteristics suggest that they represent an 

important evolutionary transition point.



Fig. 1-1. Schematic diagram showing the phylogeny of vertebrates. The major groups of 

vertebrates are identified by uppercase lettering, whereas lesser taxa are in lowercase 

with the first letter in uppercase; representative species from those orders are in lower 

case only. A) Bold lettering and bold lines identifies sturgeon. B) Bold underlined 

lettering identify sturgeon as well as other species studied in this thesis.
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Anatomical and physiological features are not the only tools that have proven 

useful in determining the phylogeny of species. Protein and peptide structure, and the 

sequence of the encoding gene and cDNA, also have become important in establishing 

the relatedness of species and formulating hypotheses about their origin. Although there 

have been few reported sequences from sturgeon, these have provided additional 

information suggesting that sturgeon arose close to a branching point in evolution 

between the emergence of bony fish and and the line that led to tetrapods. For example, 

sturgeon growth hormone, GH, has immunological and biological properties that are 

closer to those in more recently-evolved vertebrates like coelacanths, lungfish and 

tetrapods than to those of teleost GHs (Bewley and Papkoff, 1987; Farmer et al. , 1981 ; 

Hayashida, 1977; see Rubin and Dores, 1994). The peptide structures of sturgeon GHs 

have recently been characterized and as predicted they have higher sequence identity 

with tetrapod GHs than with teleost GHs (Yasuda et a i ,  1992). The sturgeon liver also 

contains receptors that bind mammalian GHs with characteristics more closely 

resembling mammalian GH receptors than teleost GH receptors (Tarpey and Nicoll, 

1985), suggesting parallel evolution between the peptide and its binding site. These 

authors suggest that sturgeon retain an ancestral form of GH that was conserved 

throughout the evolutionary lineage leading to mammals. However, during the course of 

teleost evolution, the stringent structure/ function relationship of the GH molecule was 

"relaxed", allowing rapid mutation to a more chemically and structurally unique form. In 

contrast, sturgeon prolactin, PRL, a peptide thought to share a common ancestry with 

GH, has a slightly higher sequence identity with teleost PRLs than with tetrapod PRLs. 

However, sturgeon PRLs have a putative tertiary structure that is more like the structure 

in lungfish and tetrapods than that in bony fish (Noso et al., 1993). Another sturgeon 

protein that might have followed an evolutionary path more similar to that in teleosts 

than to that in tetrapods is thrombin B which has 82.5% amino acid sequence identity 

with rainbow trout thrombin B but only 64-72% identity with that in other vertebrates.



including hagfish, chicken and various tetrapods (Banfield and MacGillivray, 1992). 

There also is a sturgeon peptide, urotensin 11 (UIl) that was shown to have a higher 

degree of relatedness with phylogenetically ancient fish than with teleosts (McMaster et 

al., 1992; Waugh et a i ,  1995). Finally, the sturgeon pituitary contains two 

neurohypophysial hormones; vasotocin, which has been conserved in hagfish, lampreys, 

cartilaginous fish, euteleosts and some mammals, and an oxytocin-like molecule, which 

is more like that present in some metatherian and placental mammals than in other 

vertebrates (Acher era/., 1973, Rouille era /., 1991). The aforementioned studies in 

sturgeon demonstrate that protein and peptide sequences can be useful tools in proposing 

the relatedness of species but they also show some of the limitations of using this method 

to establish phylogeny. Sturgeon contain peptides that are structurally related to 

evolutionari 1 y-ancient vertebrates as well as to more recently-evolved vertebrates and 

hence phylogeny based solely on the peptide sequences they contain would be difficult. 

Therefore, it is clear that the phylogenetic information obtained from peptide sequences, 

and/or the cDNAs and genes that encode them, is most useful if used in conjunction with 

anatomical, physiological and fossil evidence.

It might be expected that peptides central to major physiological processes would 

be highly conserved in evolution and therefore, be valuable as molecular tools to help 

determine phylogeny. Two such peptides are gonadotropin-releasing hormone, GnRH, 

and growth hormone-releasing factor, GRP; these two neuropeptides are synthesized in 

the brain and other tissues of vertebrates and are fundamental to the regulation of 

reproduction and growth, respectively. Another peptide with a high degree of sequence 

identity in vertebrates, but with many functions including the release of growth hormone, 

is pituitary adenylate cyclase-activating polypeptide, PACAP. GnRH and GRP are 

useful as phylogenetic probes because they are easily identified by structure and function. 

The high conservation of PACAP throughout vertebrate evolution also makes it 

favourable for helping to establish relatedness among species.
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GnRH peptide structure

GnRH was first isolated from pig and sheep hypothalami (Burgus et al. , 1972; 

Matsuo et ai. , 1971). Since that time, there have been twelve different GnRH peptides 

isolated; ten from vertebrates and two from invertebrates. Each GnRH is a decapeptide 

with a pyroglutamyl modified amino terminus, an amidated carboxy terminus, conserved 

amino acids 1, 2, 4 ,9  and 10 (Fig. 1-2) and at least 50% sequence identity to other GnRH 

family members (Sherwood et al., 1997). Most of the differences between GnRHs 

occurs in amino acids 5-8 but, additional structural diversity is also achieved by post- 

translational modification, as shown by hydroxylation of proline in position 9 in 

mammalian(m) GnRH (Gautron etal., 1991) or by dimerization, as shown by 

tunicate(t)GnRH-II (Powell etal., 1996).

One common theme among vertebrates is that more than one form of GnRH 

exists within the brain of a single species. The most ubiquitous form of GnRH is chicken 

(c)GnRH-II, which has been found in the brain of species from all classes of vertebrates 

except for Agnatha. Other frequently found forms of GnRH include mGnRH, which is in 

the brain of mammals, amphibians and possibly some evolutionarily-ancient bony fish. 

Salmon (s)GnRH is in the brain of all teleosts except for two species of catfish and some 

early-evolved teleosts like eels and butterflyfish (Powell, 1995; see Sherwood etal.,

1997; Standen, 1995). Within the brain, the two or three forms of GnRH are usually 

found in different locations and therefore, might have a separate function.



Fig. 1-2. The twelve GnRH peptide structures isolated to date. The amino acid 

differences from mammalian GnRH are outlined and in bold. The GnRH structures are 

named after the animal from which they were first isolated, but also are found in other 

species.
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Function and location

GnRH can act as either a hypophysiotropic hormone or a neuromodulator in the 

brain depending on where it is located. Cells containing mGnRH, cGnRH-I, sGnRH, and 

sea bream (sb) GnRH are found in the forebrain-septo-preoptic system. The majority of 

the axons from these cells extend to hypothalamo-hypophyseal portal vessels in tetrapods 

or into the pituitary in teleosts. Therefore, these types of GnRH predominantly act as 

hypophysiotropic hormones stimulating the synthesis and release of the gonadotropins 

(GtHs), luteinizing hormone (LH), and follicle stimulating hormone (FSH). In addition, 

some axon branches terminate on neurons in the brain and therefore, these forms of 

GnRH might have a neuromodulatory as well as hypophysial function.

The role of cGnRH-II in reproduction is curious in that the synthetic form is a 

potent releaser of gonadotropins, but the anatomical position of axons containing 

cGnRH-II suggests that the peptide might not reach the portal vessels. cGnRH-II cells 

are most abundant in the mid-brain, with the majority of fibers extending to extra- 

hypothalamic parts of the brain and to the spinal cord (see Muske, 1993). The ability of 

chicken GnRH-II to release gonadotropins has been most clearly demonstrated in birds, 

where administration of either cGnRH-II or cGnRH-I can stimulate the release of LH and 

FSH (Sharp et al., 1990). However, the role of gonadotropin releaser is assigned to 

cGnRH-I partially because of the anatomical location of neurons containing cGnRH-I; 

their axons terminate on the hypophysial portal system that perfuses the pituitary. The 

other reason is that active immunization against cGnRH-I, but not against cGnRH-II, 

results in a regression of the reproductive system and suppression of plasma LH (Sharp et 

al., 1990). Hence, in most vertebrates the spatial isolation of cGnRH-II-containing cells 

from gonadotropin-synthesizing cells in the pituitary suggests that the predominant role 

of cGnRH-II is neuromodulation. This putative function has been demonstrated in the 

bullfrog where the sympathetic ganglia have strong binding sites for cGnRH-II and also 

where changes in potassium currents (Jones, 1987) or in late, slow post-synaptic
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potentials (Hsueh and Schaeffer, 1985) occur upon exposure to cGnRH-II. Other 

indications of neuromodulation are that injection of GnRH into the midbrain enhances 

lordosis and female receptivity in rats (Pfaff et al. , 1993) and turtle doves ( H.R. Besmer, 

unpublished data, Millar and King, 1994).

Other less well-known functions of GnRH include growth hormone and prolactin 

release from the pituitaiy of some species of fish as well as release of human chorionic 

gonadotropin, hCG, from the placenta and embryo development and growth in mammals 

(Sherwood et a i ,  1997). GnRH mRNA transcripts also have been found in the placenta, 

mammary gland, ovary and testis of some species, suggesting that GnRH might be 

important in the development and maturation of these reproductive tissues (Sherwood et 

al., 1997). The maintenance of proper gonadal development and function might be an 

ancestral function for GnRH because in adult tunicates, injection of either tGnRH-1 or 

tGnRH-Il into the visceral blood sinus increased the estradiol content in the gonads 

(Powell etal., 1996).

GnRH mRNA and gene structure

The cDNAs encoding six of the twelve known GnRH peptides have been 

isolated; 1) mGnRH, from the brain of human, rat, hamster and frog as well as from 

human placenta and rat ovary and lymphocyte, 2) cGnRH-lI, from the brain of tree 

shrew, catfish, sea bream and cichlid and from the ovary of goldfish, 3) sGnRH, from the 

brain of seven salmonids, cichlid, sea bream and midshipman; also, two separate cDNAs 

encoding sGnRH have been reported in salmon, 4) catfish (cf) GnRH, from the brain of 

catfish; two separate cDNAs encoding cfGnRH also have been reported in catfish, 5) 

cGnRH-I, from the brain of chicken, and 6) sbGnRH, from the brain of gilthead sea 

bream and cichlid (Sherwood et al., 1997). Each cDNA encodes a preprohormone 

precursor that includes a 23 amino acid (AA) signal peptide with a conserved 

hydrophobic core, a 10 AA GnRH with a deduced amino acid sequence identical to the
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corresponding isolated peptide primary structure and a 46-56 AA GnRH-associated 

peptide (GAP). The GAP region is not only variable in length depending on species but 

also has little sequence identity among the various GnRH cDNAs except for 80% 

conservation among the seven salmonids. The function of GAP is not known but, it may 

be important for proper folding of the prohormone for processing (Sherwood et al. ,

1997).

Currently, only the genes encoding mGnRH, cGnRH-1, cGnRH-lI, sbGnRH and 

sGnRH are known. The gene from which mGnRH is transcribed was identified in the 

brain of human, rat, and mouse whereas, the gene encoding cGnRH-1 was isolated from 

the brain of chicken (Sherwood et a i ,  1997). The genes encoding cGnRH-II, sbGnRH 

and sGnRH were recently isolated from the striped bass (Chow etal.. 1997). The 

sGnRH gene was isolated from the brain of Atlantic salmon and Pacific salmon. Each 

gene has a similar structural pattern of four exons separated by three introns. In each 

gene, exon 1 encodes the S' untranslated region (S' UTR); exon II encodes the signal 

peptide, GnRH, a Gly-Lys-Arg enzymatic cleavage site and the first eleven AA of the 

GAP; exon 111 encodes the majority of the GAP and; exon IV encodes the remainder of 

the GAP and the 3' untranslated region, 3' UTR (Fig. 1-3). The structural organization of 

the GnRH gene as well as domains encoded by each individual exon are conserved 

among species, but there is considerable sequence variability in the S' regulatory region 

and in the size of the introns (Sherwood et al. , 1997). Each form of GnRH is encoded by 

a separate gene as there are no reports of two or more GnRH sequences encoded in 

tandem in a single precursor. Therefore, it is clear that other GnRH genes and cDNAs 

remain to be isolated.
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Figure 1-3: GnRH, GRF, and PACAP gene structures. A). Comparison of the GnRH 

genes of fish and mammals. Exons I, II, II, and IV are labelled. Introns are shown as 

single lines. Exons, introns and peptide domains are not drawn to scale, (adapted from 

Sherwood etal., 1994). B). Comparison of the GRF-Iike/ PACAP genes of fish and 

chicken with the PACAP and GRF genes of mammals. Exons I, II, III, IV and V are 

labelled. Introns are shown as single lines. Exons, introns and peptide domains are not 

drawn to scale (adapted from Parker era/., 1997). Abbreviations are: 5 ’U, 5 ’ untanslated 

region; SP, signal peptide; GAP, GnRH-associated peptide; 3 'U, 3 ' untranslated region, 

cr>ptic, cryptic region; GRF, growth hormone-releasing factor; GnRH, gonadotropin- 

releasing hormone; PRP, PACAP-related peptide; PACAP, pituitary adenylate cyclase- 

activating polypeptide; C-peptide, cryptic peptide
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GRF peptide structure

Growth hormone-releasing factor, GRF, was one of the last hypothalamic 

neuropeptides to be identified. The peptide was initially isolated in 1982 from human 

pancreatic tumors (Guilleman et al., 1982; Rivier et al. , 1982 ). It was present in three

different forms, a forty-four amino acid amidated form, GRF ̂  j [ NH2, and two non- 

amidated forms of forty amino acids and thirty seven amino acids each, GRF OH and

GRFj_3 * 7  OH; only G R Fj_^ NH2 was isolated from mammalian brain tissue (Riviere/

al., 1984). Since then six other mammalian GRF peptides and one non-mammalian GRF 

peptide have been isolated and sequenced (see Sherwood etal., 1994). The cDNA 

encoding a GRF-Iike peptide has also been isolated from the brain of chicken ( Me Rory g/ 

al., 1997), salmon (Parker et a i,  1993), catfish (McRory etal., 1995). zebrafish (Delgado 

etal., 1996) and tunicate (McRory and Sherwood, 1997). Therefore, the mature GRF 

can be predicted from the nucleotide sequence (Fig. 1-4). The GRF peptides range in 

size from 46 (or 43) AA, in chicken, 45 AA in salmon, catfish and zebrafish, 44 AA in 

human, pig, cow, sheep, goat, and hamster, 43 AA in rat, 42 AA in mouse and 27 AA in 

tunicate (Fig. 1-4). In addition to a variation in size, the carboxy and amino termini of 

GRF are different among species. An aromatic amino acid in the first position is 

common to all GRFs but tyrosine is the initial amino acid in most mammals and histidine 

is the first amino acid in rat, mouse and the non-mammalian species. The carboxy 

termini of most mammalian GRFs is amidated but in the free acid form in rat, mouse and 

other GRFs. Phenylalanine in position 6 has been retained in all GRFs except for catfish 

GRF which has leucine in this position (Fig. 1-4; Campbell and Scanes, 1992; Ono etal., 

1994). It is this variability in size and termini among GRF peptides, as well as the 

relatively low sequence identity among them, that might explain why a molecule with 

structural similarity to mammalian GRFs was not reported in other vertebrates until 1992.
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Fig. 1-4. The GRF peptide structures isolated to date. The peptides are listed in order of 

their sequence identity with human GRF except for tunicate GRFs, which are listed at the 

end because the peptides are shorter. The starred amino acids represent identity with 

human GRF. The bracket identifies the peptides that are termed ‘GRF-Iike’ because 

there is not sufficient functional evidence to date to categorize them as GRF.
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Location and function

GRF is expressed primarily in the arcuate nucleus of the medial basal 

hypothalamus but GRF peptides and/or mRNA transcripts also have been found in the 

placenta, ovary, and testis of human, rat and mouse as well as in human pancreatic 

tumors (Sherwood et al., 1994). The primary role of GRF Is to stimulate the synthesis 

and release of GH from the pituitary. GH then circulates to the liver to augment the 

synthesis and release of the insulin-like growth factor -1, IGF-I, which functions as the 

final biological effector of the GRF message by inducing division and growth of cells 

and tissues (Deseva era/., 1992; Frohman and Jansson, 1986; Rappaport, 1985). The 

effect of GRF on growth is held in check not only by feedback mechanisms involving 

GRF, GH and IGF but also by another neuropeptide, somatostatin, which inhibits the 

synthesis and release of GH from the pituitary. GRF has been reported to regulate 

somatotroph proliferation in the pituitary, to promote growth and differentiation of the 

fetus (either directly or indirectly by inducing the production of other placental 

hormones) and to augment steroidogensis in the ovary and testis (Mayo et al. , 1996). 

Immunoreactive GRF-containing axons are present in areas of the brain not directly 

associated with the hypophysial-portal system suggesting that GRF may have 

neurotransmitter or neuromodulatory functions affecting the release or activity of 

neurons. The observed effect of intracerebroventricular injection of GRF on the feeding 

behaviour of mice indicates that GRF has direct central actions on neural systems other 

than those directly associated with GH release (Vaccarino et al. , 1989). It is evident that 

GRF has multiple functional roles.

GRF mRNA and gene structure

For mammalian GRF, only two species-specific genes and two cDNAs are 

reported. The GRF-Iike precursors reported for fish and chicken are more closely related 

in organization to the PACAP precursors and will be discussed later (Fig. 1-4). The
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human GRF gene is ten kilobases and contains five exons, one of which encodes the 

biologically active core of the GRF. Within the hypothalamus and in pancreatic tumors, 

the GRF gene is transcribed to a 750 nucleotide mRNA and translated into a 107 or 108 

amino acid preprohormone containing the signal peptide, the mature GRF peptide and 

two cryptic peptides of unknown function (Frohman et al. , 1989; Mayo et al. , 1986).

The rat GRF gene is of similar size and exon/ intron structure as the human gene but is 

spliced differently, resulting in a 104 amino acid precursor with little sequence identity to 

the human precursor at the carboxy-terminal end of the GRF domain, the cryptic region 

and the 3 ’UTR (Mayo et al. , 1985).

The cDNA encoding mouse GRF contains a 103 AA GRF precursor that has 

similar structure to the human and rat GRF precursors but has higher sequence identity to 

the rat GRF precursor, especially in the 5' and 3 ' UTRs and in the carboxy terminus of 

the GRF domain (Suhr et al. , 1989). The hamster GRF cDNA has a similar structural 

organization as the human, rat, and mouse GRF precursors but is closer in size and amino 

acid identity to the human GRF precursor than to the rodent precursors (Ono et al. ,

1994).

In addition to its high expression in the brain, GRF mRNA transcripts can be 

found in the rat and mouse testes (Barry and Pescovitz, 1988; Barry and Pescovitz,

1990), rat ovaries (Bagnato et al. , 1992) and human, rat and mouse placenta (Gonzalez- 

Crespo and Boronat, 1991). These GRF transcripts are not identical in size or structure to 

those in the hypothalamus and var>' considerably in quantity during development, 

suggesting that the regulation of the single copy GRF gene within these organs is tissue- 

specific. Placental GRF in particular seems to be regulated by an alternative promoter 

(Gonzalez-Crispo and Boronat, 1991; Mizobuchi etal., 1991). This tissue specific 

expression suggests that GRF can also have localized functions which are physiologically 

significant at specific times of development.
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PACAP peptide structure

PACAP was first isolated from sheep hypothalami as a 38 amino acid peptide 

with the ability to increase the accumulation of cyclic adenosine monophosphate, cAMP, 

in cultured rat pituitary cells (Miyata et a i ,  1989). Since then the 38 AA peptide has 

been isolated from the brain of frog (Chartrel etal., 1991) and a 27 AA PACAP peptide,

potentially a cleavage product of PACAP ̂  has been isolated from sheep hypothalami

(Miyata etal., 1990). The cDNA structure encoding PACAP has been characterized in 

human, sheep, rat, chicken, salmon, catfish, zebrafish and tunicate. Therefore, the 

structure of the mature PACAP peptides can be predicted from the nucleotide sequences. 

All of the predicted PACAP peptides in vertebrates are 38 AA and include a putative 27 

AA peptide. The predicted tunicate PACAPs are only 27 AAs (McRory and Sherwood, 

1997). All of the PACAPs have similar amino and carboxy termini and over 90% 

sequence identity among them.

The PACAP peptide has been sequenced from the testis of human, rat, and 

mouse (Hurley etal., 1995; Sherwood etal., 1994).

PACAP location and function

Immunoreactive PACAP cells and axons have been demonstrated in the 

paraventricular nucleus, supraoptic nucleus, preoptic area and median eminence of 

human, monkey, sheep, and rat brain as well as in the gut and testis of rat (see Arimura et 

al., 1992: Sherwood etal., 1994; Vigh etal., 1991).

The evidence to date suggesting that PACAP might function as a 

hypophysiotropic hormone is based primarily on the location of irPACAP fibers in the 

median eminence abutting hypophysial portal vessels (Miyata et a i ,  1990), the presence 

of PACAP specific receptors in pituitary cell membranes (Gotschall et a i , 1990) and the



ability of PACAP to act as a  highly potent stimulator of cAMP synthesis in cultured rat 

pituitary cells (Miyata et a i ,  1990). Also, if PACAP is administered in a pulsatile 

manner it can act as a releasing hormone in a rat cell perfusion assay, stimulating the 

release of GH, PRL, adrenocorticotropic hormone (ACTH) and LH. PACAP also will 

stimulate the release of some neuropeptides from dispersed pituitary cell cultures and 

pituitary clonal cell lines but not from static pituitary cell cultures (Sherwood eta l.,

1994). PA CAP’S ability to stimulate LH and FSH release from rat anterior pituitary cells 

is enhanced if used in conjunction with mGnRH but there is no synergistic effect on the 

release of GH, ACTH , or thyroid stimulating hormone (TSH) if PACAP is applied 

together with their respective releasing factors (Culler and Paschall, 1991). PACAP 

might also affect the growth process in rats because it has been shown to stimulate GH 

release and increase the number of pituitary GH-secreting cells in a hemolytic plaque 

assay. This effect was specific to PACAP because the stimulatory effect was through 

pituitaiy receptors that were not GRF receptors (Goth et al. , 1992). In addition, PACAP 

has been shown to be a potent stimulator of GH release from salmon pituitary cell 

cultures (Parker et al. , 1997).

Other reported functions of PACAP in different species include stimulation of 

insulin secretion, vasodilation, interleukin-6 release, amylase secretion, modulation of GI 

tract motility and ion secretion, reduction of food intake, elevation of heart rate as well as 

the ability to stimulate cell proliferation in cultured cells and in transplanted tumors 

(Arimura, 1992; Rawlings and Hezareh, 1996; Sherwood etal., 1994). Recently,

PACAP also has been shown to inhibit the proliferation of embryonic rat cortical 

neuroblasts and enhance neuronal differentiation, suggesting that it might serve as a 

signal triggering the transition from proliferation to differentiation (Lu and DiCicco- 

Bloom, 1997). In fish and chicken, GRF-Iike/ PACAP mRNAs are expressed not only in 

the brain, but in the testis, ovary, and GI tract and in tunicate, a GRF-Iike/ PACAP 

mRNA is detected in both the neural ganglion and dorsal strand (McRory eta l., 1995,
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1997; Parker et al., 1997; McRory and Sherwood, 1997). Therefore, the ability of 

PACAP to function outside the brain seems to be conserved in evolution in non- 

mammalian vertebrates and invertebrates.

GRF-Iike/ PACAP and PACAP mRNA and gene structure

mRNAs encoding a GRF-Iike peptide and PACAP in tandem have been isolated 

from chicken (McRory et a i ,  1997), salmon (Parker etal., 1993), catfish (McRoiy etal., 

1997), zebrafish (Delgado etal., 1996), and tunicate (McRory and Sherwood, 1997). In 

vertebrates , these mRNA precursors encode a preprohormone containing: a 22-26 AA 

signal peptide; a cryptic peptide of approximately 50 AAs; a 43-46 AA GRF-Iike 

peptide, including a 29 AA peptide and a 38AA PACAP, which includes a putative 27 

AA form. Two different GRF-Iike/ PACAP cDNAs have been isolated from tunicate. 

Unlike the vertebrate precursors, the GRF-Iike and PACAP regions in tunicate both 

encode only 27AAs and one of the cDNAs does not encode a cryptic peptide (McRory 

and Sherwood, 1997). In chicken and salmon, there is an additional truncated GRF-Iike/ 

PACAP mRNA reported that results from alternative splicing; the transcript is similar in 

structure and sequence to the longer one described above except for the omission of the 

nucleotides encoding the first 32 A A of the GRF-Iike peptide. (McRory et al., 1997; 

Parker et al., 1997). The structural organization of each GRF-Iike/ PACAP precursor in 

different species is similar but there are considerable amino acid differences especially in 

the S' UTR, 3' UTR and ciy’ptic regions.

Human, sheep, and rat PACAP cDNAs are similar to the GRF-Iike/ PACAP 

precursor in tunicate, fish and chicken because the mammalian precursors also encode a 

peptide immediately upstream of the PACAP sequence; this 29 (or more likely 48) amino 

acid peptide is called PACAP- related peptide, PRP (Kimura et a l., 1990; Ogi et al., 

1990). Immunoreactive PRP cells and fibers and the processed peptide have been found 

in the median eminence and anterior pituitary (Hannibal et al., 1994; Mikkelsen et al.,
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1995) suggesting that it could potentially be a hypophysiotropic factor. However, there 

are currently no reports of a function for the PE^, either in the release of pituitary 

hormones or in the stimulation of cAMP in vitro (Mikkelsen et al. , 1995) despite its 

sequence similarity to GRF and other glucagon superfamily members. The substitution 

of the first amino acid in PRP to one (Asp) different from all other superfamily members 

(His or Tyr) might explain the difference in function (Sherwood et al., 1994).

The mammalian gene encoding human PRP/ PACAP has a similar structural 

organization to the genes encoding salmon and chicken GRF-Iike/ PACAP but encodes 

PRP rather than GRF. Nonetheless, each gene contains five exons: exon I, encodes most 

of the 5' UTR; exon II, has the signal peptide; exon II, encodes the cryptic peptide; exon

IV, encodes the PRP in mammals or the GRF-Iike peptide in fish and chicken and exon

V, encodes the remaining portion of GRF in addition to PACAP and the 3' UTR (Hosoya 

etal., 1992; McRory e /a /., 1997; Okhubo e/a/., 1992; Parker e /a /., 1997). Two partial 

gene structures encoding GRF-Iike/ PACAP in tunicate have been isolated; one of these 

genes contains only three exons encoding the signal peptide, a 27AA GRF-Iike peptide 

and a 27AA PACAP whereas, the other gene has four exons encoding the same three 

domains as well as a cryptic domain (McRory and Sherwood, 1997). One of the 

common features of each of these genes is that the biologically active domains are 

encoded by separate exons; this is also characteristic of GRF and the genes encoding 

other members of the glucagon superfamily.

Glucagon superfamily

GRF and PACAP belong to the glucagon superfamily of peptides because they 

retain critical amino acids and a similar gene structure as well as a few overlapping 

functions (Bell, 1986). Other members include glucagon, glucagon-like peptide-I (GLP - 

I), GLP-2, secretin, vasoactive intestinal polypeptide (VIP), peptide histidine methionine 

(PHM), peptide histidine isoleucine (PHI), glucose-dependent insulin-releasing peptide
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(GIP), PRP and helcxlermin, helospectin and exendin-3 (Campbell and Scanes, 1992). 

Further comparisons of different members of this glucagon superfamily will be useful in 

determining structure/function relationships as well as potential evolution of these 

neuropeptides.

Transport of GnRH. GRF and PACAP in the brain of vertebrates

GnRH, GRF and PACAP are transported from the site of synthesis in the brain to 

the site of action in the pituitary in different ways depending on the vertebrate species. In 

mammals, birds, reptiles and amphibians, these neuropeptides are released in a pulsatile 

manner from axon terminals of hypothalamic neurons into the hypophysial-portal system 

and then carried to their effector cells in the pituitary. In most teleosts, the link between 

brain and pituitary is more direct with the axons that contain GnRH, GRF, and PACAP 

terminating directly in the pituitary. Sturgeon have an intermediary transport system, 

using mostly axons to carry these neuropeptides to the pituitary but also using a 

rudimentary hypophysial portal system for some of the transport (Polenov and Pavlovic, 

1978; Polenov et al. , 1976). There is also a recent report of a similar system in the 

tarpon. Megalops cyprinoides (Baskaran and Sathyanesan, 1992) suggesting that this 

method of transporting neuropeptides might be conserved in early-evolved teleost 

species. In cartilaginous fish, there is no evidence of a hypophysial portal system or of 

immunoreactive(ir) GnRH fibers impinging on the pituitary. However, GnRH and a 

GnRH-binding protein are found in the plasma of these fish and therefore, GnRH (and 

possibly the other neuropeptides) are carried to the pituitary by systemic circulation. In 

jawless fish, the method by which GnRH and other neuropeptides reach the pituitary is 

unknown; the current hypothesis is that diffusion occurs or blood vessels in the 

neurohypophysis or cerebral spinal fluid in the third ventricle of the brain carry GnRH to 

the anterior pituitary (Sherwood et al. , 1997). In tunicates, because there is no 

homologue to the vertebrate pituitary and because irGnRH is found in fibers that directly



26

innervate the sinus near the gonads and other tissues, GnRH and other neuropeptides 

might be carried close to their target organs by the axons that contain them (Powell et al. ,

1996).

Once they reach the pituitary, GnRH, GRF and PACAP each bind separate types 

of seven transmembrane domain receptors that are guanine (G) protein-coupled to carry 

out their respective actions. However, although the receptors for each neuropeptide 

might have some similarities in structure, they usually bind only one type of hormone 

with high affinity.

GnRH receptor

The GnRH receptor, GnRHR, is located primarily on gonadotrope cells in the 

anterior pituitary, but there have been reports of cDNAs encoding the GnRHR in human 

breast and ovarian tumors and rat gonads; these extrapituitary receptors are identical in 

structure to the pituitary GnRHR of the corresponding species. The cDNAs encoding 

GnRH receptors have been isolated from the pituitary of human, sheep, cow, pig, mouse, 

rat, and catfish (Sealfon et al., 1997). The predicted GnRHR proteins in mammals are 

327-328 amino acids and have over 85% sequence identity among them, with the highest 

conserv ation in the seven transmembrane region. Also, unlike all other G protein 

coupled receptors of the same type, the mammalian GnRHR does not have an 

intracellular carboxy- terminal domain. In contrast, the predicted catfish GnRHR is 370 

amino acids and does contain an intracellular carboxy- terminal domain (Sealfon et al. ,

1997).
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GRF and PACAP receptor superfamily

There is evidence to suggest that during evolution a family of receptors emerged 

in parallel with the glucagon super family of related peptides. For example, VIP and 

glucagon receptors have similar structure, similar exon/ intron organization of the genes, 

conserved critical amino acids as well as a common starting point in the post receptor 

cascade involving G proteins and adenylate cyclase (Laburthe et a i,  1996).

GRF receptor

To date, only the human, rat, and mouse cDNAs encoding the GRF pituitary 

receptors have been cloned. The GRF receptors predicted from the cDNA clones are 

approximately 400 AA with 80% sequence identity among them, the highest identity- 

being in the seven transmembrane spanning regions. The rat GRFR mRNA is found in 

the anterior pituitary, placenta and kidney but not in the gonads. In contrast, the mRNA 

encoding GRF is found in the gonads as well as in the anterior pituitary and placenta, but 

not in the kidney (see Mayo et al. , 1996). This difference in distribution between the 

expression of the GRF receptor and peptide suggest that like PACAP, there also might be 

type(s) of GRF receptors that are tissue specific.

It is interesting to note that GRF will not bind the GRF receptor if there is a point 

mutation in amino acid 60 of the extracellular domain; this mutation results in the 

deficient GH production and the decreased number of pituitary- somatotrophs 

characteristic of the dwarf phenotype of the little {lit) mouse (Mayo et al., 1996). Amino 

acid 60 is the only completely conserved charged residue in the glucagon super family of 

receptors suggesting that it is essential for maintaining proper ligand/ receptor 

interaction.
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In the pituitary GRF binds its receptor and activates the G proteins, which alter 

membrane ion channels, either by direct binding or by cAMP-induced phosphorylation of 

ion channel proteins, and ultimately cause the membrane potential changes that trigger 

GH release.

PACAP receptor

The cDNAs encoding the PACAP receptor have been isolated from human, cow, 

rat, and mouse. Unlike the receptors for GnRH and GRF, at least three different types of 

PACAP receptors are present in each species. Each of these receptors is structurally 

similar, with the highest sequence identity in the predicted seven transmembrane 

hydrophobic domains. However, they differ in their affinities for PACAP and VIP as 

well as in their tissue distribution. The PACAP type 1 receptor binds PACAP with much 

higher affinity than VIP and is found primarily in the brain, pituitary, adrenal medulla 

and testis whereas the type 11 PACAP receptor binds PACAP and VIP with equally low 

affinities and is found in the lung, liver and GI tract. The most recently isolated PACAP 

receptor, PACAP type 111, binds both PACAP and VIP with high affinities and is located 

predominately in the pancreatic islet cells, but in low concentration in the lung, brain, 

stomach, colon and heart. The diversity of signal transduction by PACAP in various 

tissues can be further enhanced by alternative splicing of the receptor(s ) during RNA 

processing, resulting in receptor sub-types with different affinities for PACAPl-38, 

PACAPl-27 and VIP as well as different abilities to couple to G proteins (Hezareh et al. , 

1996; Laburthe etal., 1996; Pisenga etal., 1996; Rawlings and Hezareh, 1996). It is 

interesting to note that in goldfish, sGnRH and cGnRH-11 bind a similar receptor on the 

pituitary gonadotropes but they activate different post-receptor pathways (Chang and 

Jobin, 1991). This implies that like the receptors for PACAP, there are receptor sub-
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types for GnRH that have the ability to couple preferentially to different signalling 

pathways.

Identifying the receptors for GnRH, GRF and PACAP in different species and 

tissues is an important first step in understanding the specific function of these 

neuropeptides, which might have overlapping locations and common functions.

Overlapping functions

There is evidence to suggest that GnRH, GRF and PACAP neuropeptides have 

overlapping functions in certain tissues. For example, in several fish species GnRH can 

stimulate the release of GH in vitro (Lovejoy et a i, 1992; Marchant et a i ,  1989; 

Ngamvongchon et a i , 1992). PACAP also has been shown to stimulate GH release 

under some experimental conditions but not others (Sherwood et a i ,  1994). PACAP’s 

potential effect on somatic growth has been further demonstrated in salmon where 

sPACAP was more effective than salmon GRF in stimulating the release of GH from 

cultured coho salmon pituitary cells (Parker et a i, 1997). PACAP also could potentially 

affect reproduction because PACAP can stimulate LH release in some experimental 

conditions (Hart et a i , 1992; Miyata et a i , 1989; Osuga et a i , 1992; ) but not in others 

(Arimura et a i , 1992; Miyata et a i , 1989). In addition, PACAP has been shown to act 

synergistically with GnRH to stimulate gonadotropin release from rat anterior pituitary 

cell cultures (Culler and Paschall, 1991; Winters etal., 1996; ) but not in vivo in human 

(Hammond et a i ,  1993). Furthermore, GnRH can inhibit PACAP stimulated cAMP

accumulations in gonadotrope tumor cells (aT3-l) (McArdle et a i ,  1994). However,

GnRH and PACAP act through distinct receptors and therefore, the functional overlap 

between PACAP and GnRH in gonadotrope cells occurs at the intracellular level, 

possibly through competition for shared signalling molecules (McArdle, 1996). Distinct 

GRF and PACAP receptors also are present on somatotrope cells suggesting that the
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cross-talk between signalling pathways is responsible for the overlapping functions of the 

neuropeptides in these cells.

Prevertebrate history

There is evidence that the emergence of GnRH, GRF and PA CAP in evolution 

predates the emergence of the vertebrates. For example, two different GnRH peptides 

(Powell etal., 1996) and two separate cDNAs encoding a GRF-like/ PACAP precursor 

(McRory et al., 1997) have been isolated from the neural ganglion of the tunicate, 

Chelyosoma productum. One of the tunicate PACAP cDNAs was used as a probe and 

hybridized to the DNA of rat, starling, chicken, alligator, salmon, catfish, tunicate, 

reedfish and sea urchin (McRory and Sheruood, 1997); positive hybridization of the 

tunicate PACAP probe to sea urchin DNA suggests that PACAP-like molecules evolved 

even prior to the tunicates. Immunoreactive GnRH-like molecules have been shown to 

exist in the central nervous system (CNS) of the gastropod mollusc, Helisonia trivolvis 

(Goldberg et a i ,  1993) and in acorn worm, Saccoglossus (Cameron etal.. 1997). Yeast

a-mating factor has been shown to release LH from rat pituitary cells at a dose of lOOOX

compared to mGnRH, but no GnRH has been found in yeast (Loumaye et al., 1982).

There also is a report of an immunoreactive PACAP-like molecule in the CNS of 

Drosophila (Zhong et al., 1995).

Purpose of thesis

Sturgeon, Acipenser sp., are an excellent model for increasing our knowledge of 

the molecular aspects of reproduction and growth because of their evolutionary position, 

close to the branching point between bony fish and tetrapod ancestors. Sturgeon also is 

an interesting species to study the neuropeptides controlling reproduction and growth 

because these processes are unusual in sturgeon compared to other fish. For example, 

sturgeon take many years to become sexually mature; 8-14 years for females and 8 years
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for maies (Rochard et al., 1990). This lengthy time to reproductive maturity is not due to 

a lack of reproductive hormones (GnRH is present in the brain) but the release of 

gonadotropins is dependent on the fish reaching a certain size, suggesting that growth 

and reproduction are tightly linked. The growth process in sturgeon is also interesting; 

not only do the fish have the ability to reach over six meters in length but also they have 

highly variable growth rates as juveniles. Isolating and characterizing the neuropeptides 

central to the control of reproduction and growth in sturgeon is an important first step 

toward understanding these processes in this little understood species and toward 

drawing general conclusions about the evolution of the control of these endocrine 

systems in vertebrates.

In this thesis, the primary structure of GnRH was determined first from the brain 

of an early-evolved vertebrate, the sturgeon, using high performance liquid 

chromatography (HPLC) and radioimmunoassay (RIA) with anti-GnRH antisera. The 

results of this study were startling in that one of the two forms of GnRH was identical to 

human GnRH, but the second form in sturgeon seemed to be missing in humans. This 

led me to consider the origin and expression of GnRH in more evolutionarily-ancient as 

well as more recently-evolved vertebrates than sturgeon. The purpose of this part of the 

thesis was to use sturgeon GnRH peptides as a focal point for comparison to GnRH 

peptides in the evolutionary line leading to sturgeon and to the subsequent lines leading 

to teleosts or to mammals. To this end, the brain of a cartilaginous fish (skate) and 

teleost fishes (whitefish, platyfish, green swordtail and sablefish) as well as the brain of 

tetrapods (green anole lizard, guinea pig, hamster, rat and monkey) were examined for 

the type of GnRH present (see Fig. l-I). Also, the brain of skate was divided into seven 

parts and the brain of adult monkey into three parts; each region was analyzed separately 

to establish whether distinct parts of the brain contained different types and quantities of 

GnRH. In addition, the pituitary of whitefish, the fetal tissue of rat and monkey and the 

placenta of human were analyzed for immunoreactive (ir) GnRH to determine whether
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there was a difference between the type of GnRH present in the brain and that present in 

other tissues.

In the second part of this thesis, the sturgeon was again used but this time to 

isolate the complementary DNA (cDNA) structure encoding GRF and PACAP from the 

brain using the polymerase chain reaction (PGR) and additional molecular biology 

methods. The isolation of the GRF/ PACAP precursor in sturgeon, which has retained 

many primitive traits from the stem ancestors can be beneficial in deciding if there is a 

difference in the conservation of distinctive parts of the precursor; this information might 

help establish the functional importance of each respective domain.

Determining the structure of GnRH, GRF and PACAP in sturgeon and 

establishing the presence of irGnRH molecules in animals representing different 

vertebrate classes is useful in determining the evolutionary relationships of these 

important peptides among species. In addition, a phylogenetic study of GnRH, GRF and 

PACAP allows the deduction of general principles about neuropeptide structure, function 

and the regulation of reproduction and growth.
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Chapter 2

Determination of the primary structure of mGnRH from the brain of Siberian 

sturgeon, Acipenser gueldenstadtii.

A m odified version of this chapter has been published as:

Lescheid, D.W., Powell, J.F.F., Fischer, W.H., Park, M., Craig, A., Bukovskaya, O. 

Barannikova, I.A., and Sherwood, N.M. (1995). Mammalian gonadotropin- 

releasing hormone (GnRH) identified by primary structure in Russian sturgeon, 

Acipenser gueldenstaedtii Regui. Peptides 5 5, 299-309.



48

Introduction:

Mammalian GnRH (mGnRH) was the first gonadotropin-releasing hormone to be 

identified (Burgus et al., 1972; Matsuo et al., 1971); there are currently 11 other GnRH 

peptides known. The location, form and function of mGnRH has been studied best in 

mammals, but there is little direct evidence concerning the existence and function of 

mGnRH in other vertebrates. The only mGnRH peptide to be isolated from a non­

mammalian vertebrate was from the amphibians, Rana catesbeiana (Rivier et al., 1981) and 

Rana ridibunda (Conlon et al., 1993). There is considerable indirect evidence from 

HPLC, RIA and immunohistochemical investigations indicating that a GnRH-like 

molecule, immunologically similiar to mGnRH, is present in a variety of species. For 

example, some marsupials (King et al., 1989; King etal., 1990a), frogs, Ranapipiens, 

Hyla regilla, a newt, Taricha granulosa, a salamander, Ambystoma gracile (Sherwood et 

al., 1986a), and a toad, Xenopus laevis (King and Millar, 1981) contain mammalian-like 

immunoreactive molecules.

A previous report by Sherwood et al. ( 1991) had demonstated that one of the forms 

of GnRH within the brain of white sturgeon, Acipenser transmoruanus, was 

immunologically and chromatographically indistinguishable from mGnRH. Mammalian 

GnRH-like molecules also have been reported in the brain of other evolutionarily-ancient 

bony fish in addition to sturgeon: reedfish, Calanwichthys calabaricus, the alligator gar, 

Lepisosteus spatula, the butterflyfish, Pantodon bucholzi (Powell, 1995; Standen, 1995) 

and two species of eel, Anguilla anguilla (King etal., 1990b) and Muraena militaris 

(Powell, 1995; Standen, 1995). The holostean fish, Amia calva, may contain mammalian­

like immunoreactive GnRH fibers within its brain and gut (Crim et al., 1985) and the 

lungfish, Neoceratodus forsteri may contain immunoreactive mGnRH within its brain 

(King and Millar, 1992). Even species as evolutionarily-ancient as the gastropod mollusc, 

Helisoma trivolvis, have been suggested to contain a mammalian-like GnRH form 

(Goldberg et al., 1993). However, it is important to establish a  phylogenetic history of this
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molecule based on primary structure and not solely on immunological data. The small size 

of GnRH means that antisera (particularly polyclonal antisera) raised against a specific 

GnRH form, may also cross-react to some degree with the other known GnRH family 

members. In addition, differences in experimental design of HPLC elution profiles and 

radioimmunoassays can result in misleading conclusions about the presence of m G nfüi in 

other species.

The Importance of sturgeon as a species that occupies a phylogenetic position close 

to the bifurcation leading to bony fish or mammals led me to choose it for a study to 

determine the GnRH structure present in the brain and therefore, provide valuable 

information of how GnRH could have evolved in vertebrates. The origin of mGnRH in 

phylogeny was interesting at the time I began this study not only because it was widely 

distributed among the vertebrates but also because it appeared to be the sole form of GnRH 

in most placental mammals, unlike the situation in most other vertebrates where multiple 

forms of GnRH existed.

This chapter presents the isolation and primary structure of mGnRH from the brains 

of the Siberian sturgeon, Acipenser gueldensiaedti. Although the previous report o f a 

mGnRH-like molecule in sturgeon was done using white sturgeon, Acipenser 

transmontanus, Siberian sturgeon were chosen for this study because it is relatively easier 

to obtain sufficient brains of this species for the determination of peptide hormone primary 

structure. This work was done in collaboration with Jim Powell at the University of 

Victoria and with M. Park, W. Fischer and A.G. Craig at the Clayton Foundation for 

Peptide Biology, Salk Institute, La Jolla, California. Also, l.A. Bukovskaya and O. 

Barranikova at the University of St. Petersburg collected and sent the sturgeon brains from 

Russia.
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M aterials and M ethods

Collection o f  brains

Brains were collected from adult pre-spawning male and female Russian sturgeon 

{Ascipenser gueldenstaedti Brandt) during the period of anadromous migration in the 

Volga river, April, 1992. The size of fish ranged from 110 to 130 cm in males and from 

120 to 150 cm in females. The age of the fish is unknown. Brains were frozen and shipf)ed 

on dry ice from St. Petersburg, Russia to Victoria, B.C., Canada. The tissue was stored at 

-80®C on arrival. Pitui taries were not collected with the brains.

Extraction

Frozen brains (485g) were processed using similar extraction techniques as 

described previously (Sherwood etal., 1986). Briefly, frozen brains were crushed with a 

cold mortar and pestle, powdered with liquid nitrogen in a Waring blender and then added 

to a cold IN HCL and acetone mixture (3:100, v/v). For every gram of brain tissue 

extracted, 5 ml of the acid:acetone mixture was used. The extraction mixture was stirred on 

ice for 3 h and then filtered through a Buchner funnel and filter (Whatman No. 1).

Insoluble material was extracted again for a further 5 minutes with continuous stimng in a 

0 .0IN HCL and acetone mixture (1:4, v/v), and then refiltered. The volume of the acid: 

acetone mixture used in this additional extraction was 40% of the volume used in the initial 

extraction. The filtrates were combined and then treated with 5 consecutive applications of 

petroleum ether (4:1, v/v) to remove acetone, lipids and other hydrophobic substances.

The final aqueous phase (800 ml) was evaporated in a vacuum centrifuge to 2(X) ml prior to 

application onto the SepPak cartridges.

SepPak and High perfonnance liquid chromatography (HPLC)

For the preliminary study, sturgeon brains ( 1 Ig) were treated as described above 

for the extraction of peptides. After solvents had been evaporated, the aqueous extract was 

filtered through a low protein absorbing filter (45 pm, pCoStar LB ™, Keenebunk, ME)
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and then adjusted to pH 2.5 using 5N NaOH.

Initially, a blank sample of 600 ia\ of Milli-Q water (Millipore, Bedford, MA) was 

injected through a 1 ml injection loop onto a Supelco C-18 HPLC column (25.0 cm x 0.46 

cm X 5 pim particle size, Supelco Canada, Oakville, OnL), attached to a guard column (0.46 

cm X 2 cm) of the same material and a Beckman HPLC System Gold, solvent Module 125 

and UV detector Module 166. The following HPLC program was used to elute any 

potentially immunoreactive proteins: 10 min at 5% B (80% acetonitrile, CH3 CN; 20%

O.IM heptafluorobutyric acid, HFBA) and 95% A (O.IM HFBA), followed by an increase 

of 1.4% per min of solution B for 50 min. Sixty fractions of 1 ml each were collected in 

borosilicate glass tubes; 500 ii\ was removed from each fraction, vacuum dried, 

reconstituted in phosphate buffered saline (PBS) with 1% gelatin and assayed for 

immunoreactive GnRH with an RIA using antisera GF-4 and Bla-4. The cross-reactivities 

of these antisera are as reported previously by Kelsall et al. ( 1990) and described in chapter 

3 of this thesis. GnRH immunoreactivity was not detected in this blank run (results not 

shown) and therefore, four aliquots of 800 pi\ of sturgeon brain extracts were applied at 

two minute intervals to the HPLC column and eluted using the same HFBA program that 

was used in the blank run. Sixty fractions of 1 ml each were collected In polyallomer tubes 

and treated as above, except only 100 /<1 fractions were assayed for immunoreactive GnRH

in the RIAs.

For the large scale brain extraction, an additional purification step was done prior to 

injection onto the C-18 HPLC column using 10 SepPak C-18 cartridges held together in 

series by shrink wrap tubing. The SepPak column was primed with methanol and washed 

with Milli-Q water according to the manufacturer’s instructions. The brain extracts were 

brought to pH 2.5 with 5N NaOH and then pumped onto the SepPak column using a 

peristaltic pump at a flow rate of 1.5 ml/min. The SepPak column was then attached to the 

same HPLC system as described above except that the detector was bypassed.
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Proteinaceous material was eluted using the following HPLC program: initial conditions of 

5% B (0.05% trifluoroacetic acid, TFA, in 80% acetonitrile, ACN) and 95% A (0.05% 

TFA in Milli-Q water) followed by a gradient increase to 80% B over 55 min and a final 5 

min at 80% B (20% A). Sixty fractions of 1 ml each were collected in polyallomer tubes 

and treated as above, except only 50 //I fractions were assayed for immunoreactive GnRH 

in the RIAs. Immunoreactive fractions following elution of the sturgeon brain extracts 

from the SepPak column were combined and vacuum concentrated to remove any residual 

acetonitrile prior to their application on the C-18 HPLC column.

Purification o f  GnRH

Procedural steps for the purification of GnRH are as described in Ngamvongchon 

et al. ( 1992). Briefly, the purification of GnRH-like peptides was done using three 

successive HPLC stages utilizing a C%g Supelco column with varying solvents and ion- 

pairing agents (Table 2-1). These HPLC runs were followed by an HPLC run using a 

different type of column,Vydac phenyl, which should further separate peptides. Aliquots 

of 10 pA were used to determine the amount of immunoreactive GnRH (irGnRH).

Fractions with irGnRH were present in only one or two fractions at each successive step. 

These fractions were then applied to the HPLC in the next step of the purification. Only 

one peak from the initial SepPak was detected and purified. Aliquots ( 101*\) of fractions 

from the final step of the purification (Vydac phenyl column) were additionally assayed 

with antiserum B-6 , which is specific for mGnRH.
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Table 2-1: Sequence of HPLC steps in the purification of GnRH

HPLC
->
“Solvent A “Solvent B pH Column type

1 0.05% TFA 0.05% TFA in 80% ACN 2.5 SepPak C18
2 O.IM HFBA O.IM HFBA in 80% ACN 2 . 0 Supelco C18

3 0.012M TEAF ACN 2.5 Supelco C18
4 0.013MTEAP ACN 6.5 Supelco C18

5 0.05% TFA 0.05% TFA in 80% ACN 2.5 Vydac Phenyl

 ̂Consecutive HPLC steps are shown above. Immunoreactive fractions detected 
by antisera GF-4 and Bla-5 in each stage of purification were combined 
and reduced in volume before being used in the next step of HPLC and RIA.

Chemical abbreviations are: trifluoroacetic acid, TFA; acetonitrile, ACN; 
heptafluorobutyric acid, HFBA; triethylammonium phosphate, TEAP; 
triethvlammonium formate, TEAF.
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Standards

Seven synthetic standards were combined and applied to the column at a 

concentration of 200 ng/ ml each immediately after HPLC and RIA analyses of the brain 

extracts were completed The elution positions of the standards on the chromatograph were 

confirmed by absorbance peaks (A= 280 nm) and by GnRH-specific RIA using antisera 

GF-4, Bla-4 and B-6 .

Radioimmunoassay (RIA)

Aliquots of 10 /<1 from fractions collected at each successive stage in the purification 

were assayed for irGnRH by methods previously reported (Sherwood etal. , 1983) and 

described below. Briefly, 300 )4l of 10 mM phosphate buffered saline, PBS (pH 7.0) was 

added to the sample in a 5 ml polyallomer tube. A standard curve of nine different 

concentrations, ranging from I ng to 250 ng, was made by serially diluting a stock solution 

of synthetic mGnRH standard to a final volume of 300 ptl using the PBS buffer. Reference 

tubes were prepared in triplicate and included: 1) zero binding tubes that contained 400 fx\ 

of PBS and 100 ftl of radioactive tracer but no diluted antiserum, 2) maximal binding tubes 

that contained 300 /<1 of PBS, I(X) pil of radioactive tracer, and 100 pil of diluted anti serum 

and 3) total radioactivity' tubes that also contained 400 {4l of PBS and 100 )4[ of radioactive 

tracer but no diluted antiserum and were used later to determine percent maximal 

binding(B/Bo). The radioactive tracer added to the sample, standard and reference tubes

was ” I-mGnRH; a 100 )i\ aliquot of approximately 6000 cpm was used. The tubes were

incubated overnight at 4°C and then all tubes, except the total radioactivity reference tubes, 

received 1 ml of 2.5% charcoal (w /v ) , 0.25% dextran (w/ v) in 10 mM PBS. The tubes 

were vortexed vigorously and then incubated for a further 10 min at 4°C before 

centrifugation for 15 min at3000g at4°C (Centra-7R, Intl. Equip. Company, Needham

Hts., Mass). The supernatants, representing the unbound fraction, were decanted into an 

additional set of labelled borosilicate glass tubes and placed in a gamma counter (LKB
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Minigamma counter. Model 1275, Waliac Oy, Finland) for determination of radioactivity. 

The amount of irGnRH in the samples was determined by comparison of radioactivity to 

the standards.

The RIAs with antisera GF-4, Bla-4 and B- 6  used mGnRH as the labeled hormone 

and standards. Antiserum GF-4 (raised against salmon GnRH) was used in a dilution of 1:

50,CXX) resulting in 22-32% binding of ^^-mGnRH. Antiserum Bla-4 (made against

lamprey GnRH-1) was used in a dilution of 1:10,000 resulting in 9-17% binding of 

mGnRH. Seven of the known GnRH forms are recognized by these two antibodies, GF-4 

and Bla-4. Limits of detection (B/B^= 80%) averaged 10.4 pg for GF-4 and 47.6 pg for

Bla-4. Anti serum B-6 , although a polyclonal antibody, is specific for mGnRH and does

1 ' ’5not cross-react with any other known form. B- 6  had a binding of 52% of “  I-mGnRH 

and a detection limit (B/B^= 80%) of 9.4 pg.

Characterization o f the primary structure

Sequence analysis was attempted on 10% (by volume) of the HPLC-purified 

sample before digestion. The lack of sequence data suggested that the peptide possessed a 

blocked N terminus. Fifty percent of the sample was dried and digested with calf liver 

pyroglutamate aminopeptidase (Boehringer Mannheim Biochemicals). The details of this 

procedure have been reported elsewhere (Lovejoy et al., 1991b). The digested peptide was 

sequenced using an Applied Biosystems Protein Sequencer (Model 470A). A sample of 

the purified peptide was analv’zed on the mass spectrometer as described (Ngamvongchon 

et a i, 1992).

R esults

HPLC

Our small-scale preliminary investigation detected two forms of irGnRH using 

HFBA and 80% acetonitrile on a G ig analytical column (Fig. 2-1 A, 2 -IB).
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Fig. 2-1. Initial study of sturgeon GnRH. (A) Elution of crude brain extract, assayed using 

GF-4 antiserum (1:50.000 dilution). (B) Elution of crude brain extract, assayed using Bla- 

4  antiserum ( 1:10,000 dilution). One immunoreactive GnRH peak was detected using both 

antisera. A second ir-peak that is not detected by Bia4 can be deduced by noting a 

decreased quantity of GnRH in fraction 54. Refer to Table 2-1 for a description of the 

HPLC program used. The dashed line indicates percent acetoniuile. The mobile phase is 

indicated by A and B; HFBA, heptafluorobutvTic acid and ACN, acetonitrile. The elution 

position of seven of the known forms of GnRH on the same HPLC program is shown 

above the figures. cl= chicken I; cf= catfish; 1= lamprey; m= mammalian; cll= chicken II; 

s= salmon; df= dogfish GnRH.



57

50

40

30

20

10

&
X
Xc
g
O)c

50

40

2-1A.

Antiserum = GF-4
Supelco C-18 column
A=0.01MHFBA
B=0.01 M HFBA in 80 % ACN

cl df.

10 20 30

2 - 1 8 .

Antiserum = Bla-4 
Supelco 0-18 column 
A=0.01MHFBA 
B=0.01M HFBA in 80 % AON

40

cl m

100

75

50

25

64 ®

I
i
( D

100

30 75

20 50

10

10 20 30 40

25

60 64

fraction number (min)



58

The material was tentatively assigned as mGnRH and cGnRH-II based on elution positions 

and antisera cross-reactivity.

Assay of fractions from the large-scale SepPak HPLC detected irGnRH in fractions 

19-29 with antiserum GF-4 and fractions 14-41 with antiserum Bla-4. Fractions 20-28 

(37-44% ACN) were selected as having the highest amoimt of irGnRH (Fig. 2-2A). The 

acetonitrile was evaporated in a vacuum centrifuge and the fractions combined before 

application to the HPLC. Elution of these fractions from a Supelco C ig  analytical column 

using O.IM heptafluorobutyric acid (HFBA) yielded irGnRH activity in fractions 43-62 

(Fig. 2-2B). One major peak (2,488ng) was observed in fraction 50 as detected by both 

antisera. The total irGnRH detected represents 5.4ng GnRH /g sturgeon brain. Fraction 

50 of this HPLC run was reduced in volume and applied to the same column with 

triethylammonium formate (TEAF) (Rivier, 1978). The irGnRH eluted as one peak in 

fractions 29 and 30 (30% ACN) with an irGnRH content of 2360 ng/ 2ml (Fig. 2-2C).

The immunoreactive peak at fractions 34 and 35 as detected by antiserum GF-4 and not by 

antiserum Bla-4 (data not shown), indicates the presence of a chicken GnRH-ll-like 

molecule.

The acetonitrile in fractions 29 and 30 was removed before they were combined and 

applied to the same HPLC column in the fourth step of the purification. Fractions 26 and 

27 (26% ACN) were found to contain 900 ng (543 + 375 ng) of irGnRH activity by 

antisera GF-4 (Fig. 2-2D) and 1,306 ng by antiserum Bla-4 (not shown). The acetonitrile 

was removed from these fractions and they were applied to a  Vydac phenyl HPLC column. 

Fractions 21 and 22 from the phenyl column (Fig. 2-2E) were used for structural and mass 

analysis. In addition, an aliquot from all fractions that eluted from the phenyl column were 

assayed with three antisera (Fig. 2-2F to 2-2H). Fractions 21 and 22 were found to 

contain a total of 1,200 (GF-4), 1,850 (Bla-4) and l,400ng (B-6 ) iiGnRH (Figs. 2-2F to 

2-2H).
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Fig. 2-2 . Purification of sturgeon GnRH. (A) Fractions 20-28 were used for the next step 

o f purification. (B) Fraction 50 contained the largest quantity of ir-GnRH and was further 

purified. (C) Fractions 29,30 and (D) Fractions 26, 27 were further purified. (E) Fraction 

22 from the Vydac phenyl column was used for the structural characterization. (F, G, H) 

Fractions shown in Fig. 2-2E. were assayed using two additional antisera to confirm the 

presence of mGnRH. Refer to Table 2-1 for a description of the HPLC program used.
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Sequence and Mass Spectral Analysis

A major peak eluted at 23.9 min from a narrow-bore HPLC system (Fig. 2-3A) 

after application of an aliquot (10%) of the irGnRH material from the previous purification 

step (phenyl column HPLC). Another aliquot (50%) of the immunoreactive material from 

the phenyl column HPLC separation was concentrated to dryness and subjected to 

pyroglutamyl aminopeptidase digestion as described (Fischer and Park, 1992). The 

digested sample eluted at 22.4 min, whereas the remaining undigested material eluted at 

24.9 min (Fig. 2-3B). Edman degradation of the digested material that eluted at 22.4 

minutes (Fig. 2-3B) was applied to an automated gas phase sequenator and yielded the 

following PTH amino acid derivatives in consecutive cycles: His (31.7 pmol). Tip ( 159.2 

pmol), Ser (26.7 pmol), Tyr ( 116.7 pmol), Gly (80.1 pmol). Leu ( 101.0 pmol), Arg (30 

pmol). Pro (28.7 pmol), and Gly (23.3 pmol). No other significant signal was observed in 

any of the cycles. The following sequence was assigned: His-Trp-Ser-Tyr-Gly-Leu-Arg- 

Pro-Gly.

Another aliquot was further purified by reversed-phase HPLC and analyzed by 

liquid secondary ion mass spectrometry on a double focusing magnetic sector instrument 

(Jeol HX 110). The determined mass (m/z 1182.5) is consistent with the C-terminally 

amidated form of mammalian GnRH (MH+=1182.58 Da). The complete sequence 

assignment is thus pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 .
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Fig. 2-3. Absorbance of sturgeon GnRH eluted from a narrow-bore C-18 HPLC column.

(A) HPLC profile of undigested material. The intact sturgeon GnRH eluted at 23.9 min;

(B) HPLC profile of sturgeon GnRH after digestion with pyroglutamate aminopeptidase. 

The digested peptide eluted at 22.4 min, whereas the undigested peptide eluted at 24.9 min. 

The fraction with the digested peptide was used for sequence analysis.
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D iscussion:

This is the first report to determine the primary structure of mGnRH in a fish. The 

peptide was isolated from the brains of Siberian sturgeon, an evolutionarily-ancient bony 

fish. The identity of the purified peptide as mGnRH was established by chemical sequence 

analysis (after removal of the N-terminal pyroglutamate with a specific enzyme) and by 

accurate determination of the molecular mass.

Although immunoreactive mammalian-type GnRH molecules can be detected in 

various non-mammalian vertebrates, the definitive proof that this form was present at least 

200 million years ago when the order Acipenseriformes evolved (see Birstein and Vasiliev, 

1987) depends on the determination of primary structure. Relatively large quantities of 

mGnRH per brain, 5.4 ng/brain, were isolated from these fish. Usually, fish contain less 

GnRH per brain (Lovejoy and Sherwood, 1989). This relatively large quantity likely 

indicates that these fish were harvested at a stage of the life cycle when the endogenous 

levels of this peptide were elevated. Alternatively, the differences in brain sizes between 

species and variation in cross-reactivitv among antisera may also contribute to the quantity 

of GnRH detected.

Mammalian GnRH is known to affect the reproductive physiology of sturgeons. 

Intramuscular injection of synthetic mGnRH or [D Ala^, Pro^ N Et] mGnRH to stellate 

(A. stellatus ) and Siberian (A. gueldenstaedtii ) sturgeons caused activation and 

exhaustion of pituitary gonadotropic cells and a corresponding rise in spermiation, 

ovulation and blood plasma levels of gonadotropins (Barannikova et a i,  1982; 1989; 

Barannikova and Bukovskaya, 1990, 1991). Injections of synthetic mGnRH agonists, in 

particular [D-.Ala^j mGnRH, were also successful in inducing ovulation in white sturgeon 

(Doroshov and Lutes, 1984, Gontcharov et al„ 1989), indicating that not only the structure 

but also the function of mGnRH has been conserved in these primitive fish.

My results suggest that the sturgeon brain also contains a small amount of cGnRH- 

II. We previously detected cGnRH-II in white sturgeon, A. transmontanus, with



6 6

chromatographic and immunological methods (Sherwood etaL, 1991). However, I was 

unable to isolate sufficient quantities from the brains of the fish in the present study to 

purify and characterize the peptide. cGnRH-II may not be present in sufficient levels at the 

stage of collection used here or may be masked by the presence of relatively high amounts 

of mGnRH. Nonetheless, my study as well the HPLC/ RIA study by Sherwood et al. 

(1991) and the immunocytochemical study by Lepretre et al. (1993) demonstrate that 

cGnRH-lI exists with mGnRH in the brain of sturgeon. The ancient origin of cGnRH-II 

has been established further by chromatographic and immunological data from the brain of 

evolutionarily-ancient bony fish like reedfish and gar (Sherwood etal., 1991) but most 

clearly by primary structure from the brain of fish that evolved prior to the sturgeon such as 

the dogfish shark, Squalus acanthias (Lovejoy etal., 1992b) and the ratfish, Hydrolagus 

colliei (Lovejoy etal., 1991b).

Lepretre and co-workers ( 1993) used immunocytochemistiy' to examine the 

differential distribution of mGnRH and cGnRH-II in the brain of the same species of 

sturgeon studied here, A. baeri. Mammalian-type immunoreactive cell bodies and fibers 

were concentrated in the forebrain region, whereas chicken ll-type GnRH neurons were 

found mostly in the midbrain tegmentum. This distribution parallels that which has been 

reported for teleosts (Yu et a i, 1988; King et a i ,  1990b; Okuzawa et a i, 1990) and birds 

(Mikami et al, 1988; Katz et al., 1990; Sharp et al., 1990). Cell bodies immunoreactive to 

mGnRH were also found in the brain of sterlet, A. ruthenus Linnaeus (Kulik et al., 1992). 

The form of GnRH that predominates in the preoptic tissues and which has a primary role 

as a stimulant of pituitary gonadotropin synthesis and release, may vary in structure in 

different species. However, the GnRH form that is concentrated in the mesencephalon 

(cGnRH-lI) has a potential neuromodulatory role (see King and Millar, 1992). In addition, 

a few species have cGnRH-11 axons that provide a minor innervation of the portal vessels 

or pituitary and hence may have a more traditional gonadotropin-releasing role. This 

cGnRH-II form is highly conserved in that it is distributed throughout jawed vertebrates.
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except for most placental mammals. However, the brain location of mGnRH within 

Siberian sturgeon suggests that it is this form and not cGnRH-lI that is primarily 

responsible for pituitary gonadotropin release.

Determination of the primary structure of the mammalian form of GnRH in 

sturgeon clearly establishes mGnRH as one of the ancestral forms of GnRH. Nucleotide 

substitutions in the mGnRH gene could have led to one or more different forms of GnRH 

during evolution. For example, salmon GnRH (sGnRH) may be an evolutionary 

derivative of mGnRH because mGnRH is present in sturgeon but not in teleosts, except in 

early-evolving teleosts like the eel (King et a i, 1990b; Powell, 1995; Standen, 1995) and 

butterflyfish (Powell, 1995; Standen, 1995). Likewise, a change from mGnRH to 

cGnRH-1 is thought to have occurred in an ancestral reptile (see Sherwood et al., 1993). It 

also is clear from this thesis that the sturgeon brain contains the same form of GnRH that is 

found in the brain of humans. This evidence in addition to those reports described in 

chapter one of other peptides as well as morphological and physiologrcal characters of 

sturgeon with mammalian-like properties, help to strengthen the hypothesis that these fish 

are derived from ancestors that evolved close to the stem line of tetrapod evolution.
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Chapter 3

Identification of the forms of GnRH present in the brain of a cartilaginous fish, 

the skate, as well as in the brains of four teleosts; whitefish, platyfish, green swordtail and 

sablefish.

Parts of this chapter has been submitted for publication in a modified form as:

Lescheid, D.W., Schreibman, M.P., Warby, C.M. and Sherwood, N.M. A novel form of 

gonadotropin-releasing hormone (GnRH) is present in the brain of platyfish and 

green swordtail. Gen. Comp. Endocrinol, (submitted)
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Introduction

Heterogeneity of GnRH structures within the brain of a single species is common 

in vertebrates. Teleost fish make excellent model species to examine this diversity of 

GnRH structures within the brain because they are such a large and diverse group of 

vertebrates, utilizing a wide array of different reproductive strategies. Although it is 

possible that a single form of GnRH is the central regulator of reproduction in all fish, it 

is more likely that multiple forms of GnRH are present, each with a  unique function. 

Indeed, seven of the twelve known forms of GnRH were first isolated from fish and four 

forms of GnRH (sGnRH, sbGnRH, hGnRH and cfGnRH) are only found in teleosts.

Two of the most evolutionarily-conserved forms of GnRH, cGnRH-11 and mGnRH, also 

are reported to be present in the brain of some teleosts.

The presence of more than one form of GnRH within a single brain, with non­

overlapping cell locations, also suggests that there is more than one function for this 

peptide. In most teleosts, there is a direct neuronal link between the brain and pituitary, 

rather than the intermediate vascular medium between the brain and pituitary that is 

present in other vertebrates. Consequently, in teleosts the identification of GnRH in the 

pituitary or in regions of the brain that have fibers extending to the pituitary, provides 

strong anatomical evidence that a particular form of GnRH functions as the gonadotropin 

releaser.

Once 1 had established the presence of both mGnRH and cGnRH-lI in the brain of 

sturgeon, my next objective was to determine if these two forms of GnRH had been 

conserved in evolution. Therefore, I used HPLC and RIA with specific anti-GnRH 

antisera to search for mGnRH, cGnRH-II or other forms of GnRH in the brain of a fish 

derived from a group that had diverged before sturgeon, the skate, as well as in the brain 

of fish derived from groups that had diverged after sturgeon, such as whitefish, platyfish, 

green swordtail and sablefish. 1 also examined six different regions of the brain and 

pituitary of skate as well as the pituitary of whitefish with the same HPLC and RIA
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methods to determine if the area of the brain examined or the type of tissue examined 

made a difference in the form and amount of GnRH detected. My second objective was 

to determine whether two forms of GnRH or three forms of GnRH in the brain of a single 

species of teleosts represents the ancestral or derived condition. Also, by using whitefish 

as one of the species examined in this study, 1 could compare my results to those reported 

previously for Arctic char and salmon (which belong to two different, but closely related 

subfamilies to whitefish) and therefore, determine any differences in the type of GnRH 

present in the brain of closely related species of fish.

There have been only a few previous reports of GnRH-like substances within the 

brain of skates and rays, species that belong to the order Rajiformes, a more recently 

evolved order of elasmobranchs than the order Squaliformes, which includes the sharks. 

These reports include HPLC and RIA studies of the brain of the torpedo ray (King et al. , 

1992) and skate (Bolduc et a i ,  1988; Calvin et al., 1993) as well as immunocytochemical 

studies of the brain of black skate, Bathyraja kincaidi (Lovejoy et al., 1992) and rays 

(Wright and Demski, 1992). Determination of the identity of molecular forms of GnRH 

in the brain of an evolutionarily ancient vertebrate like skate would help ascertain which 

forms of GnRH in the brain of sturgeon are ancestral or derived.

My second question was whether two or three forms of GnRH in the brain of a 

single species is the ancestral condition in teleosts. The most evolutionarily-ancient 

teleosts that have been examined for GnRH in their brain are the knifefish, Xenomystus 

nigri, and the butterflyfish, Pantodon bucholzi ; both are members of the earliest- 

diverged order of teleosts, the Osteoglossiformes. Only two forms of GnRH were shown 

by HPLC and RIA to be present in the brain of these fish; mGnRH and cGnRH-11 in 

butterflyfish and sGnRH and cGnRH-11 in knifefish (Powell, 1995; Standen, 1995). The 

brain of two species of eel, Muraena militaris and Anguilla anguilla was shown also to 

contain only mGnRH-like and cGnRH-ll-like molecules (King etal., 1990; Powell, 1995; 

Standen, 1995) suggesting that two forms of GnRH were also present in the order
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Anguilliformes, another early-evolved order of teleosts. Although the above evidence 

suggests that two forms of GnRH in the brain of a single species is the more ancestral 

condition in teleosts, there is more conclusive evidence that some early-evolved teleosts 

species contained three forms of GnRH in their brain.

Recently, three forms of GnRH have been isolated and sequenced from the brain 

of herring, Clupea harengus (Carolsfeld etal., 1997) and pacu, Piaractus mesopotomicus 

(Powell el at., 1997); these species belong to orders of teleost fish that emerged relatively 

close to the Anguilliformes. The later two reports proved unequivocally that three 

different GnRH structures are present in the brain of some early-evolved teleost species. 

Three forms of GnRH in the brain of a single species also has been confirmed by primary 

structure in tilapia, Oreochromis niloticus (Weber et ai., 1997) and by a combination of 

primary structure and/or cDNA sequence in cichlid Haplochromis burtoni (Powell et al., 

1995; White etal., 1995) and gilthead sea bream, Sparus aurata (Pbwell etal., 1994; 

Gothilf etal., 1995); these three species belong to one of the most recently evolved 

orders of teleosts, the Percifomes. Therefore, the presence of three forms of GnE^-l in the 

brain of a single species has been confirmed in fish representing both early-evolved and 

recently-evolved orders of teleosts.

In this thesis, I examined the brain of whitefish, platyfish, green swordtail and 

sablefish, partly because they are from orders of teleosts that are widely separated by 

evolutionary time. Therefore, these species might be useful in answering the question of 

whether three forms or two forms of GnRH in the brain of a single species is the ancestral 

condition in teleosts. The additional reasons why these species were chosen for this 

study are included below.

The Rocky Mountain whitefish, Prosopium williamsoni, is a freshwater salmonid 

native to northern British Columbia. Whitefish are members o f the Coregoninae, one of 

the earliest subfamilies to evolve within the Salmonidae family of fish. The other two 

subfamilies, Thymallinae (which includes graylings) and Salmoninae (which includes
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chars, trouts and salmon) are thought to have evolved later and include somewhat more 

specialized fish. The brain of a species of Thymallinae and the brain and pituitary of 

different species of Salmoninae have been previously examined for GnRH-like 

immunoreactivity. However, there have been no previous reports of GnRH in species of 

Coregoninae. Fish species from each of the subfamilies of salmonids live in 

northwestern North America, making them accessible to study closely related species in a 

single fam ily.

Platyfish, Xiphophorus maculatus and green swordtails, Xiphophorus fiellerei, 

are members of the Cyprinodontiformes order of teleost fish, which also includes 

guppies, mollies, mummichogs and medaka. Cyprinodont fish are among the most 

widely used fish in laboratory studies of genetics, behavior, toxicology and reproduction; 

this is largely due to the relative ease with which they can be maintained in breeding 

aquaria and their rapid development (Parenti, 1994). Some of the important biological 

advances that were made using these fish as models include the first demonstration of: 1 ) 

a direct neuroanatcmical connection between GnRH systems in the brain and pituitary 

gland in teleost fish (Schreibman etal., 1979), 2) immunoreactive (ir) GnRH-containing 

cells in the nucleus olfactoretinalis of fish, now named the terminal nerv e ganglion 

(Mtinz et al. , 1981), 3) a nucleus of irGnRH-containing cells in the midbrain with axonal 

projections to optic tectum, cerebellum, and medulla oblongata (Miinz et al. , 1981), and 

4) a system of irGnRH-containing nerves and fibers between the brain mesencephalon 

and caudal spinal cord of fish (Miller and Kriebel, 1986). These latter observations were 

among the first to suggest that GnRH is not only a hypophysiotropic factor but is also 

involved in integrating visual, olfactory, and motor input with the central control of 

reproduction. Studies on platyfish species have been useful also in demonstrating that 

genetic switches may exist that are responsible for determining the age of sexual 

maturation (Kallman and Borkoski, 1978; Kallman and Schreibman, 1973) and more 

recently, suggesting that certain cancers may be heritable. It is surprising, considering
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the important role of these fish as models (especially in terms of the central control of 

reproduction), that the molecular forms of GnRH have been examined in only three 

species, mollies (Coe etal., 1990), mummichog (Knox and Sower, 1991), and medaka 

(Powell et al., 1997). The diversity of reproductive strategies in fish within the order 

Cyprinodontiformes makes this an interesting taxon in which to search for diverse forms 

of GnRH within the brain.

The sablefish or black cod, Anoploma fimbria, is a member of the 

Scorpaeniformes order of teleosts; this taxon diverged from the teleost lineage close to 

the Perciformes order. Only one previous report has examined the brain of species from 

this order of fish for GnRH; Powell etal., 1997 demonstrated by HPLC and RIA that the 

brain of grass rockfish contained three distinct irGnRH peaks identified as sbGnRH, 

cGnRH-II, and sGnRH based on chromatographic and immunological characteristics. 

Also, a previous report by Solar et al., 1990 demonstrated that ovulation of sablefish 

could be induced following oral administration of a sGnRH analogue. It has been 

demonstrated previously that native forms of GnRH might be most effective in releasing 

gonadotropins and therefore, an additional directive of this study was to isolate the forms 

of GnRH present in the brain and pituitary of sablefish so that they might be used in 

future commercial applications.

The sablefish study was done in collaboration with Jim Powell at the University 

of Victoria who also collected the whitefish brains and pituitaries. Also, platyfish brains 

were collected by Dr. M. Schreibman at Brooklyn College, New York and skate brains 

were collected and dissected by Dr. L. Demski at the University of Florida.

Materials and methods

Details of the species and amount of tissue used, the extraction method, the HPLC 

programs for purification, the antiserum for RIA and the deduced forms of irGnRH are 

summarized in Table 3-1A and 3 -IB.
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Table 3-1 A: Skate HPLC and RIA summary

Species ^Tissue
(grams)

"GF-4 irGnRH 
elution peaks

“7CR-10 irGnRH 
elution peaks

Inferred forms 
of irGnRH

Skate
(Raja
canebensis)

olfactory bulb/ 
terminal nerve 
(l.94g)

33-34 min
24-26 min 
33-34min

cGnRH-11
dfGnRH

telencephalon
(1.82g) 30-31 min 

33-35 min

25-27 min 

33-35 min

cGnRH-11
unknown
dfGnRH

midbrain
(0.85g)

25-26 min 
30-31 min 
32-33 min

25-26 min 

32-34 min

cGnRH-11*
unknown
dfGnRH*

inferior lobe 
(0.27g)

24-26 min 
29-31 min 
33-34 min

26 min 

34-35 min

cGnRH-11
unknown*
dfGnRH

pituitary
(0.03g)

25 min 
32-33 min 32-33 min

cGnRH-11
dfGnRH

cerebellum
(0.50g)

25-26 min 
30 min 

33-34 min

25-26 min 

33-34 min

cGnRH-11
unknown
dfGnRH

medulla
(I.35g)

25-26 min 
29-30 min 
32-33 min

25-26 min 

32-33 min

cGnRH-11
unknown
dfGnRH

Each tissue was extracted with an acid-acetone mixture. The extracts were then loaded 
onto HPLC and eluted with a 17-24% TEAF program combined with acetonitrile.
“The RIAs of the HPLC fractions used either antiserum GF-4 (I: 25,000 final 
concentration) or antiserum 7CR-I0 (1: 37500 final concentration).
* The starred forms of GnRH indicate where the highest concentration of immunoreactive 
GnRH was detected.
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Table 3-IB. Teleost species HPLC and RIA summary

Species Tissue
(grams)

HPLC 
purification

"Antisera in 
RIA

Inferred 
forms of 
irGnRH

R ocky
mountain
w hitefish
{ Prosopium 
willianison)

brains
(38.05g)

SepPak TFA 
TEAF 17-24% 
TEAP 
TFA
Vydac TFA

GF-4 sGnRH
cGnRH-II
novel

pi tui taries 
(0.45g)

TEAF 17-24%
TEAP
TFA
Vydac TFA

GF-4
BLA-5

sGnRH
novel

Platyfish
(Xiphophorus
maculatus)

brains 
+ pitui taries 
(0.35g)

TEAF 17-24% GF-4
BLA-5

cGnRH-II
sGnRH
novel

Green
sw ordtail
(Xiphophorus
hellerei)

brains 
+ pi tui tari es
( 1 2 .0 0 g)

SepPak TFA 
TEAF 17-24% 
TEAP 
TFA
Vydac TFA

GF-4
BLA-5

cGnRH-Il
sGnRH
novel

Sablefish
(Anoploponia
fimbria)

brains 
+ pitui tari es 
(215.0g)

SepPak TFA 
TEAF 17-24% 
TEAP 
TFA
Vydac TFA

GF-4 cGnRH-11
sGnRH
sbGnRH

Each tissue was extracted with an acid: acetone mixture 
Antisera characteristics are summarized in Table 3-3.
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Tissue collection

Skate, whitefish. sablefish and platyfish

Juvenile skates were collected in Florida. Later, their pi tui taries and brains were 

removed separately and divided into six different parts at Dr. Leo Demski's laboratory. 

University of South Florida, Florida City. Male and female, non-spawning Rocky 

Mountain whitefish (n= 75) were captured near Fort St. John, B.C. and their brains and 

pi tui taries removed. Male and female sablefish brains including pi tui taries were 

collected by H. Kreiberg and D. Murie of the Pacific Biological Station, Nanaimo, B.C. 

Male and female platyfish brains including pitui taries (n= 35) were collected at Dr. 

Martin Schreibman’s laboratory, Brooklyn College, New York. The brain parts, 

pi tui taries and whole brains from the above species were quickly frozen, shipped on dry 

ice to the University of Victoria, Victoria, B.C., Canada and stored at -80C.

Green Swordtail

Male and female green swordtail fish (n= 1000) were grown at the Tropical 

Gardens Fish Farm, Florida and shipped to the University of Victoria. The original fish 

came from a pure wild stock collected in Princess Margaret Creek in Costa Rica. The 

fish were kept in ponds in Florida with no other Xiphophorus spp., ensuring that there 

was no interbreeding and that the swordtail stock remained pure. After anesthesia, the 

fish were decapitated and the brains including pitui tari es were removed, quickly frozen 

on dry ice and stored at -80C.

Brain and!or pituitary extraction

The total frozen mass of the tissues extracted in this study are shown in Table 3- 

1A and 3- IB. Each tissue extract was processed separately using similar extraction 

techniques as reported previously (Ngamvongchon et a i ,  1992) and described in Chapter
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Partial purification ofGnRH-like substances

The extracts of skate brain and pituitary, whitefish pituitary and platyfish brain 

and pituitary were filtered through a low protein absorbing filter (45 pm, pCoStar LB ,

Keenebunk, ME) and then adjusted to pH 2.5 using 5N NaOH prior to their application 

onto the C- IS HPLC column.

For the brain extracts of whitefish, green swordtail and sablefish, an additional 

purification step was done prior to injection onto the C-18 HPLC column. These brain 

extracts were brought to pH 2.5 with 5N NaOH, pumped onto 10 SepPak C 18 cartridges, 

and then eluted, collected and assayed by RIA as described previously in this thesis for 

the purification of sturgeon GnRH.

A blank sample of 600pl of Milli-Q water was applied to the HPLC column 

between consecutive applications of the different tissue extracts. The blank was eluted 

and aliquots were assayed by RIA to ensure that there was no contaminating 

immunoreactive material from the previous HPLC runs. Aliquots of the tissue extracts 

were injected sequentially in a volume not more than 600 p\ at 2  minute intervals for 

multiple injections onto the C-18 HPLC column. The HPLC programs used for the 

purification of each tissue extract are listed in Table 3-1 and described in detail in Table 

3-2. It should be noted that the details of the HPLC programs used for purification of 

skate and teleost tissue extracts are reported in detail in this chapter because they are 

different than those used for the purification of sturgeon GnRH in Chapter 2.

Standards

After the HPLC and RIA analyses of skate and teleost brain extracts were 

complete, 150 ngs each of 11 synthetic GnRH forms: mammalian (m)GnRH, hydroxy-

proline® mammalian (hydroxy-Pro^)GnRH, seabream (sb)GnRH, chicken(c)GnRH-I, 

salmon (s)GnRH, chicken (c)GnRH-II, dogfish (dIjGnRH, catfish (cfjGnRH, lamprey 

(l)GnRH-I, tunicate (t)GnRH-I and tGnRH-II were loaded onto the same HPLC column.



Table 3-2: HPLC programs used for elution of fish extracts

83

HPLC program ^Mobile Phase Elution profile

‘ SepPak TFA A= 0.05% TFA/ H2 O T= 0 min 5%B
B= 0.05% TFA/ 80% CH3 CN T= 55 min 80%B

T= 60 min 80%B

^ E A F  17-24% A= 0.25M TEAF/ H ,0 T= 0 min 17%B
B= CH3 CN T= 10 min 17%B

T= 17 min 24%B
T= 60 min 24%B

h E A P A=0.12M TEAP/HjO T= 0 mm 5%B
B= CH3 CN T= 5 mm 5%B

T= 15 min 20%B
T= 55 min 40%B
T= 60 min 70%B

h ¥ A A= 0.05% TFA/ HiO T= 0 min 5%B
B= 0.05% TFA/ 80% CH3 CN T= 5 min 5%B

T= 55 min 80%B
T= 60 min 80%B

 ̂Vydac TFA A= 0.05% TFA/ H2 O T= 0 min 5%B
T= 5 min 5%B
T= 15 min 20%B
T= 55 min 60%B
T= 60 min 80%B

Column = 10 SepPak C-18 cartridges (Waters, Milford, MA) in which plastic 
connections were trimmed to remove dead space and remaining cartridges were held 
together in series by shrink wrap tubing.
 ̂ Column = Supelcosil LC-18 (25 cm x 4.6 mm x 5 ptm particle size, Supelco, Bellefonte, 

PA)
 ̂ Column = Vydac diphenvl (25 cm x 4.6 mm x 5 ;<m particle size, Vvdac, Hesperia, 

CA)
trifluoroacetic acid
Milli-Q water (Millipore, Bedford, MA) 
triethylammonium formate (brought to pH 6.5 by triethylamine) 
triethylammonium phosphate (brought to pH 6.5 by triethylamine)

TFA =
H^) = 
TEAF = 
TEAP =
CH3CN = acetonitrile
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The standards were eluted using TEAF 17-24%, an HPLC program identical to the one 

described in Table 3-2 and assayed using antiserum GF-4. The elution positions of the 

standards on the chromatograph were confirmed by absorbance peaks (A= 280 nm) and 

by GnRH-specific RIA. It should be noted that salmon GnRH elutes in two positions 

even though the primary structure does not change. It also should be noted that the 

elution positions of the standards in this chapter are different than those shown in Chapter 

2 because a different HPLC program was compared to the one used in the purification of 

sturgeon GnRH.

Cross-reactivity

The cross-reactivity of antisera GF-4, B-6 , Bla-5, 7CR-10 and Adams-100 with

11 synthetic GnRH peptides (mGnRH, hydroxy-Pro’-mGnRH, sbGnRH, cGnRH-I, 

sGnRH, cGnRH-11, dfGnRH, cfGnRH, IGnRH-IIl, IGnRH-I and hGnRH) is shown in 

Fig. 3-1. Antisera GF-4, B-6 , Bla-5 and 7CR-10 were raised in rabbits in our laboratory 

against salmon GnRH (GF-4), mammalian GnRH (B-6 ), lamprey GnRH-1 (Bla-5) and 

dogfish GnRH (7CR-10) (Table 3-3). Antiserum Adams-100 (a gift from Dr. T. Adams, 

University of California, Davis) was raised in rabbits against cGnRH-II (Table 5-1). 

Adams-100 antiserum was not used until later in this thesis study but was included here 

for completeness.

Briefly, RIAs with GF-4, B- 6  and Bla-5 (which cross-react with mGnRH) were 

homologous, using -labelled mGnRH tracer and mGnRH standard. Although 

antisera GF-4 and Bla-5 were raised in rabbits against sGnRH and lamprey (1) GnRH-1 

respectively, they both cross-react with a broad spectrum of GnRH forms as shown in

Fig. 3-1 A. The 7CR-10 RIA was heterologous using a ^-^I-labelled 1-GnRH-I trace and 

a cGnRH-II standard. The IGnRH was used as a tracer because is was considerably more 

stable and easier to iodinate than cGnRH-II. However, the Adams-100 RIA was 

homologous, using l-^I-labelled cGnRH-II tracer and cGnRH-lI standard.
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Fig. 3-1. Percent cross-reactivity between (A) antisera GF-4, B- 6  or Bla -5 and 

(B) antisera 7CR-I0 or Adams-100 with 11 different synthetic GnRH peptides. 

Mammalian GnRH was used as the reference peptide for antisera GF-4, B - 6  and Bla-5, 

whereas cGnRH-Il was used as the reference peptide for antisera 7CR-10 and Adams-100 

in the calculation of percent cross-reactivity. Relative cross reactivity (%) is expressed as

the number of picomoles of reference peptide at 50% B/Bq divided by the number of

125picomoles of the other peptide at 50% B/Bq. I-mGnRH was the tracer for the assays

125using antisera GF-4, B - 6  and Bla-5. I-lGnRH-1 was the tracer for assays with 7CR -10,

125whereas 1-cGnRH-II was the tracer for assays with Adams-100. Final concentrations

of GF-4, B-6 , Bla-5, 7CR-10 and Adams-100 were 1: 25,000, 1: 5,000, 1; 5,000,

1: 37,500 and 1:25000, respectively.
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Five concentrations of each synthetic peptide (100, 500, lOOO, 5000 and 10000 pg) were 

tested in triplicate for their ability to displace the tracer from the respective antiserum. 

Relative cross-reactivity is expressed as picomoles of the reference peptide at 50% B/Bo 

divided by picomoles of the test peptide at 50% B/Bo multiplied by 100.

RIA

The HPLC fractions were assayed for GnRH immunoreactivity as reported 

previously (Sherwood et al. , 1986) and described in Chapter 2. Essentially, 25-100 pi\ 

aliquots of each semi-pure fraction from the HPLC run were assayed for GnRH 

immunoreactivity. Antisera characteristics are described in Table 3-3. In HPLC 

fractions where tracer binding exceeded detection limits, aliquots were diluted serially 

and the value closest to 50% B/Bo, the most sensitive portion of the curve was used to 

estimate the quantity of irGnRH present.

Results

Cross-reactivity o f  antisera

Characteristics of the five antisera used in this chapter are shown in Table 3-3.

The cross reactivity with 1 1 different GnRH peptides is shown for antisera GF-4, B- 6  and 

Bla-5 in Fig. 3-lA  and for antisera 7CR-10 and Adams-100 in Fig. 3 - IB. It is clear that 

antiserum B - 6  is specific for mGnRH (Fig 3-lA); antisera Adams-100 and 7CR-10 are 

nearly specific for cGnRH-lI (Fig. 3 -IB); and antiserum GF-4 cross-reacts with many 

forms of GnRH such as mGnRH, hydroxy-Pro®-mGnRH , sbGnRH, cGnRH-I, sGnRH, 

cGnRH-lI, dfGnRH, cfGnRH and IGnRH-III. Antiserum Bla-5 also cross-reacts in 

varying degrees with different GnRHs but is most useful in detecting IGnRH-I because 

none of the other antisera cross-react significantly with this form of GnRH. These five 

antisera detect, in varying degrees, a wide range (n =9) of GnRH molecules that have 

previously been reported for fish.
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1
A ntisera

R a ised
a ga in st

Final
concentration

P ercen t
binding

D etection  
(B /B o= 80 %)

G F -4 sG nR H 1 :25,000 2 1 .9 3 .2 0  pg

B la-5 IGnRH-I 1: 5 ,0 0 0 1 9 .7 2 .3 0  pg

B-6 m GnRH 1: 5 ,0 0 0 5 5 .2 7.81 pg

7C R -10 dfGnRH 1 :37,500 1 2 .5 2 1 .3 7  pg

A d a m s-100 cG nR H -ll 1 :25,000 7 .2 1 .1 0  pg

In th e  RIAs for an tisera  GF-4, Bla-5 and B-6, l-labelled  mGnRH tracer 
with a  mGnRH standard  w a s  u sed . In th e RIA for antiserum  7C R -10, "'^ l̂- 
labelled  IGnRH-I tracer and cGnRH-ll standard w e r e  u sed , w h e rea s  in the  
RIA with A dam s-100, ^^^l-labelled cGnRH-ll tracer and a  cG nRH-ll 
standard w ere u sed .
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Standards

The elution position from HPLC of the synthetic p>eptide standards was detected 

first by an absorbance peak (280 nm) and then by RIA. For the standard peptides used 

for fish studies, an absorbance peak occurred at 21 min for mGnRH, 26 min for cGnRH- 

II, 33 min for dfGnRH and at 42-48 min for sGnRH. These absorbance peaks paralleled 

the immunoreactive peaks of synthetic peptides in fractions 19-20, 26, 33-34, and 41-42 

as detected by antiserum GF-4 (Fig. 3-2 and 3-3; shown by the darkened arrows above 

the HPLC elution profile) and by antiserum Bla-5 (Fig. 3-5, 3-6B, 3-7B). This isocratic 

HPLC program has been used often in our laboratory with many different fish brain 

extracts and has proven useful in definitively separating both native and synthetic forms 

of teleost GnRHs: hGnRH ( 17min), cfGnRH (ISmin), mGnRH (21 min), IGnRH-I 

(21. Imin), sbGnRH (23min), cGnRH-11 (26min) dfGnRH (34min), and sGnRH (42 and 

47-49min) (Fig. 3-3). These elution times are very consistent, within Imin, as long as the 

same type of column and HPLC system are used. Only one synthetic peptide, sGnRH, 

has a variable time of elution using this method, but it always elutes at least eight min 

later than dfGnRH, the closest eluting synthetic GnRH.

Skxite brain regions

Antiserum GF-4 detected GnRH immunoreactivity in the 7 brain regions of the 

skate (Fig. 3-2A). The highest overall concentration of GnRH immunoreactivity was 

present in the inferior lobe, whereas the highest peak of irGnRH, 5.1 ng, was present in 

the pituitary (Fig. 3-2A). There were 3 irGnRH peaks detected by this anti serum; these 

peaks eluted at similar positons with cgnRH-Il and dfGnRH or in the novel position of 

29-30 min. In contrast, antiserum 7CR-10 detected two separate peaks of irGnRH in 5 

skate regions and one peak in the pi tui taries, olfactory bulbs/ terminal nerve. One peak 

was in HPLC fractions 25-26 and the other was in HPLC fractions 32-33 (Fig. 3-2).
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Fig. 3-2. Immunoreactive GnRH in different regions of skate brain and pituitary after 

HPLC elution. The GnRH in each fraction (min) was detected by (A) antiserum GF-4 

and (B) antiserum 7CR-10 following elution of the tissue extracts from the C-18 column 

using the TEAF 17-24% HPLC program. Small arrows above the HPLC elution profile 

represent the elution position of synthetic peptides under similar HPLC conditions. 

Dashed line indicates the percent acetonitrile used in elution.
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There was a difference in the concentration of GnRH depending on the brain region 

analyzed (Fig. 3-2B), with the highest concentration of irGnRH in both peaks in the 

midbrain (31.3ng) and the least in early peak in the olfactory bulb/ terminal nerve (3.4ng) 

and in the late peak in the cerebellum (2.7ng). Also, there was variability in the amount 

of each peak detected by antiserum 7CR-10. The pituitary and olfactory bulb/ terminal 

nerve regions were distinct from other tissue parts in that there was little or no irGnRH in 

the early peak (fractions 25-26) but detectable amounts in the late peak of 5.7 ng for the 

pituitary and 3.1 ng for the olfactory bulb/ terminal nerve (Fig. 3-2B). There was a 

pattern to the relative abundance of each irGnRH peak detected by antiserum 7CR-10, 

with more immunoreactivity in the late peak than in the early peak in the olfactory bulb/ 

terminal nerve, telencephalon and midbrain, but the opposite ratio in the cerebellum and 

medulla (Fig. 3-2B). Using antiserum B -7,1 did not detect irGnRH in or near the HPLC 

elution position expected for mGnRH, except for a small peak, 0.08 ng/ g brain/ fraction 

in medulla (data not shown).

Whitefish pituitary

Using both antisera GF-4 and Bla-5,1 detected three immunoreactive peaks in 

whitefish pituitary extracts: peak 1, fractions 10-14; peak 11, fractions 20-21 and peak 111, 

fractions 48-49. The quantity of irGnRH detected in these three peaks was 65.7 ng, 8.2 

ng, 13.2 ng by antiserum GF-4 and 78.0, 6 . 6  and 21.5 ng by antiserum Bla-5 (Fig. 3-3A). 

Peak 1 was purified further and irGnRH was detected with GF-4 in fractions 22, 30 and 

19-20 after elution using the HPLC programs TEAP, TFA and VydacTFA, respectively 

(Fig. 3-3B to 3-3D); irGnRH was detected with antiserum Bla-5 in fractions 22,30, and 

14/ 17, respectively.
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Fig. 3-3. Immunoreactive GnRH in whitefish pituitary extracts after HPLC elution. The 

amount of irGnRH is shown on the left and the fraction number below. The results with 

anti serum GF-4 are shown in the left figures and with antiserum Bla-5 in the right 

figures. Small arrows above the HPLC elution profile represent where synthetic peptides 

elute under similar HPLC conditions. The dashed line represents the percent acetonitrile 

used in elution. The pattern of irGnRH is shown after elution with (A) TEAF 17-24% 

HPLC program, (B) TEAP HPLC program, (C) TFA HPLC program and (D) Vydac TFA 

HPLC program from a Vydac diphenyl column.
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The chromatographic and immunological properties of peak III suggest that it 

represents a sGnRH-like peptide. This suggestion is based on the evidence that both 

antisera cross-react with sGnRH and also that antiserum Bla-5 detects more irGnRH in 

peak III than antiserum GF-4 (Fig. 3-3A), as can be expected by their relative cross­

reactivity with sGnRH, 123.7% and 6 8 .8 % for Bla-5 and GF-4, respectively. Also, over 

a period of ten years we have found that sGnRH, the most hydrophobic of the 12 known 

forms of GnRH, is detected in fractions 42-55 after elution from the same type of column 

and HPLC system. There are no other known GnRH forms that elute this late under 

these HPLC conditions.

The identity of peak II is more difficult to establish because lGnRH-1, sbGnRH 

and mGnRH elute close together under similar HPLC conditions. Nevertheless, GF-4 

does not cross-react with IGnRH-I and, therefore, detection of irGnRH in fractions 20-21 

by antiserum GF-4 (Fig. 3-3A) suggests that IGnRH-I is not present. Furthermore, there 

have been no previous reports of IGnRH-I in teleost fish, except in one HPLC and RIA 

study in the pituitary of platyfish (Magliulo-Cepriano et al., 1994) where proper controls 

were not done. If peak II were sbGnRH, relatively more irGnRH would be detected by 

antiserum Bla-5 than by antiserum GF-4 because of the relative differences in their cross­

reactivity with synthetic sbGnRH; 100% and 40.7%, respectively. However, antiserum 

GF-4 detects more irGnRH, 8.2 ng, than anti serum Bla-5, 6 . 6  ng, in the HPLC elution 

position expected for sbGnRH (Fig. 3-3A) suggesting that sbGnRH is not present. Peak 

II also is not mGnRH because no immunoreactivity was detected using B-7, our mGnRH 

specific antiserum (data not shown). Therefore, it is possible that peak II is a novel form 

of GnRH.

The identity of peak 1 also is difficult to determine without first characterizing the 

primary structure. The immunoreactive peaks detected after elution using HPLC 

programs TEAF 17-24% and TEAP are in similar positions as peak I in the purification 

of GnRH from the pituitary of Pacific herring (Carolsfeld et a i ,  1997) but they are
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chromatographically distinct in the next two purification steps. This suggests that 

although peak I in the whitefish pituitary has hGnRH-like projjerties, it represents a 

different form of GnRH. Also, it is noted that the final Vydac TFA program resulted in 

decreased yield to approximately 4% as detected by antiserum GF-4 (Fig. 3-3D).

Whitefish Brains

Using antiserum GF-4,1 detected 523.6 ng of GnRH-like immunoreactivity in 

fractions 8-12 and 471.7ng of irGnRH in fractions 25-35 after elution of whitefish brain 

extracts from a SepPak column (Fig. 3-4A). Each of these irGnRH peaks was combined 

and purified further by HPLC using a C-18 column and elution with the TEAF 17-24% 

program. Four peaks of irGnRH then were detected using antiserum GF-4 after fractions 

7-18 were eluted and a number of peaks after fractions 19-39 were eluted (Ftg. 3-4B).

The irGnRH peaks were combined as shown and treated separately in further purification 

steps (Fig. 3-4B to 3-4E). In the final Vydac TFA purification step (Fig. 3-4E), four 

distinct peaks of irGnRH were present: whitefish (wf) I at 24 min, wf II at 27 mtn, wf III 

at 34 min and wf IV at 36 min (Fig. 3-4E). The largest amount of irGnRH was in peak 

IV in the final elution: wf I (12.6 ng), wf II (121.9 ng), wf III (17.6ng) and wf IV (240.6 

ng). The HPLC elution characteristics of the immunoreactive peaks in each step of 

purification suggest that wf I is sbGnRH-like, wf II is cGnRH-II-like, and wf III is 

sGnRH-Iike. However, wf IV elutes at a distinct positon compared to other GnRHs 

purified in our laboratory and may be a novel form.

Platyfish

For platyfish brain extracts, there were three irGnRH peaks detected by antiserum 

Bla-5 after elution from the HPLC column: Peak I, fractions 25-27; Peak II, fractions 30- 

32 and Peak III, fractions 45-48 (Fig. 3-4).
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Fig. 3-4. Immunoreactive GnRH in whitefish brain extracts after HPLC elution. 

Antsierum GF-4 was used for detection of irGnRH. The dashed line represents the 

percent acetonitrile used in elution The pattern of irGnRH after elution from (A) SepPak 

column, (B) C-18 column using the TEAF 17-24% HPLC program, (C) the TEAP HPLC 

program, (D) the TFA HPLC program and (E) from the Vydac diphenyl column using the 

Vydac TFA HPLC program.
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Fig. 3-5. Immunoreactive GnRH in platyfish brain extracts after HPLC elution. Small 

darkened arrows above the HPLC elution profile represent the elution position for 

synthetic GnRH standards. Small, two-toned arrows above the HPLC elution profile 

represent the elution position of other synthetic GnRH standards tested previously under 

the same HPLC conditions. Note that salmon GnRH can elute in two positions even 

though the primary structure does not change. Dashed line represents the percent 

acetonitrile used for elution.
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Green Swordtail

For green swordtail brain extracts, there was 228.5 ng of irGnRH-Iike material 

detected by antiserum GF-4 in fractions 30-44 following elution from the SepPak column 

(Fig. 3-6A). Four distinct peaks of immunoreactivity were detected by antiserum Bla-5 

after elution using the TEAF 17-24% HPLC program: Peak I, fraction 26; Peak II, 

fractions 31-34; Peak III, fractions 43 and 44 and Peak IV, fractions 48-51 (Fig. 3-6B). 

The immunoreactive fractions from Peak II were further purified because of their novel 

position; TEAP, TFA , and Vydac TFA HPLC programs were used (Fig. 3-6C to 3-6E).

In the final step of HPLC purification, irGnRH peaks were detected by antiserum Bla-5 

in HPLC fraction 5 (9.7ng) and in fraction 33 (3.6ng), (Fig. 3-6E).

Platyfish and Green Swordtail

The elution position of irPeak I in both platyfish and green swordtail brain 

extracts is the same as the elution position of synthetic cGnRH-II under identical HPLC 

conditions, (Fig. 3-5 and Fig. 3-6B), suggesting that cGnRH-II is present. Detection of 

cGnRH-II-like immunoreactivity in the present study in small amounts, 0.35 ng total in 

the platyfish brains and 4.15 ng total in green swordtail brains, is valid in that the level of 

detection was 0.003 ng for antiserum GF-4 and 0.(X)2ng for antiserum Bla-5. The low 

levels reflect that the antisera had low cross-reactivity with cGnRH-II, 3.90% with GF-4 

and 1.80% with Bla-5, respectively (Fig. 3 -1 A).

GnRH immunoreactivity in HPLC fractions 45-48 and 48-51 in platyfish brain 

and swordfish brain extracts, respectively (Fig. 3-5 and Fig. 3-6B), suggests the presence 

of sGnRH. This evidence is based on the cross-reactivity of antisera Bla-5 and GF-4 with 

sGnRH, 123.7% and 6 8 .8 %, respectively. Also, sGnRH is the only known GnRH form 

to have this late of an elution time, greater than 42 min, under these HPLC conditions.
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Fig. 3-6. Immunoreactive GnRH in green swordtail brain extracts after HPLC elution. 

The antisera were GF-4 and Bla-5. Small darkened arrows above the HPLC elution 

profile show where synthetic GnRH standards used in this study eluted. Small, two- 

toned arrows show where other GnRH standards eluted under the same HPLC conditions 

in our earlier studies. The dashed line represents the percent acetonitnle used for elution, 

abbreviations: m = mammalian GnRH, c-II = cGnRH-II, df= dogfish GnRH, s= sGnRH, 

h= herring GnRH, cf= catfish GnRH, 1-1= lamprey GnRH-I, sb= seabream GnRH.

The pattern of iiGnRH detected by (A) antiserum GF-4 after elution from the SepPak 

column, (B) antiserum Bla-5 after elution from the C-18 column using using the TEA F 

17-24% HPLC program, (C) antiserum Bla-5 after elution using the TEAP HPLC 

program, (D) antiserum Bla-5 after elution using the TFA HPLC program and 

(E) antiserum Bla-5 after elution from the Vydac diphenyl column using the Vydac TFA 

HPLC program.
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Immunoreactive GnRH in Peak III, fractions 43 and 44, of green swordtail brain extracts 

(Fig. 3-6B) most likely represents a shift in sGnRH even though the primary’ structure 

does not change, as has been demonstrated previously in our laboratory using the 

chemical sequence and mass spectrometry of extracts from various salmon (Powell, 

unpublished observations). The relatively wide peaks of sGnRH-Iike immunoreactivity 

are commonly observed in material that elutes late from the HPLC column.

The immunoreactive GnRH-like material detected by antisera Bla-5 and GF-4, in 

Peak II, HPLC fractions 30-32, in platyfish brain extracts and 31-34 in green swordtail 

brain extracts (Fig. 3-5 and Fig. 3-6B), is likely to be a novel form of GnRH and will be 

referred to as swordtail GnRH in the remainder of this chapter. However, it is noted that 

unknown irGnRH also elutes in this position in skate and whitefish. This 

immunoreactivity is unlike the other forms of GnRH isolated from teleost brain because 

of the elution position on the TEAF 17-24% HPLC program. This isocratic HPLC 

program has been used often in our laboratory with many different fish brain extracts and 

has proven useful in separating many native and synthetic forms of teleost GnRHs at 

times between 17 and 49 min (see page 90) (Fig. 3-3). These elution times are very 

consistent, within 1 min, as long as the same type of column and HPLC system is used. 

Only one synthetic peptide, sGnRH, has had a variable time of elution using this method, 

but it always elutes at least eight min later than dfCnRH, the closest eluting synthetic 

GnRH.

The amount of GnRH in the brain of all species in this chapter is not an absolute 

amount because of the differing cross-reactivities of the antisera. From platyfish brains, 

the amounts of irGnRH per gram of brain detected by anti serum GF-4 were 14.00 ng 

(sGnRH), 6.00 ng (swordtail GnRH) and 1.71 ng (cGnRH-11) per gram brain, (Fig. 3-5).

In swordtail brain extracts the amounts of irGnRH detected per gram of brain by 

antiserum Bla-5 were 5.83 ng (sGnRH), 2.08 ng (swordtail GnRH), and 0.35 ng (cGnRH- 

11) (Fig. 3-6B). Therefore, there was a higher concentration of each of the respective
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forms of GnRH in the brain of platyfish than of green swordtail. Clearly there is more 

cGnRH-II present than is detected by antisera Bla-5 or GF-4. Also, the accurate 

quantitation of the novel form of GnRH can not be determined until the structure is 

identified.

Sablefish Brains

Antiserum GF-4 detected 1622.4 ng and 10.2 ng of irGnRH in fractions 1-6 and 

fractions 32-36 respectively, following elution of sablefish brain extracts from SepPak 

(Fig. 3-7A). These irGnRH peaks were combined, vacuum concentrated, injected onto 

the C-18 HPLC column and eluted using the TEAF 17-24% HPLC program. The 

immunoreactive GnRH fractions used for additional steps of purification were chosen 

according to the predicted forms of GnRH present and were treated separately in HPLC. 

These irGnRH fractions were further purified using the TEAP, TFA, and Vydac TFA 

HPLC programs (Fig. 3-7B, C, D, E). In the final purification step (Fig. 3-7E), four 

distinct peaks of irGnRH were present in sablefish: sf I, 28 min (57.9ng); sf II, 28 min 

( 125.7ng), sf 111, 37min (35.2 ng) and sf IV, 39- 40 min ( 1.2ng). The chromatographic 

and immunological characteristics of these irGnRH peaks during purification suggest that 

sf 1 and sf 11 are sbGnRH, sf III is cGnRH-11, and sf IV is sGnRH.



109

Fig. 3-7. Immunoreactive GnRH from sablefish brain extracts after HPLC elution. 

Dashed line represents the percent acetonitrile used in elution. Elution from an HPLC 

column using a specific program is shown in (A) SepPak column with the SepPak TFA 

HPLC program, (B) C-18 column with the TEAF 17-24% HPLC program, (C) C-18 

column with the TEAP HPLC program, (D) C-18 column with the TFA HPLC program 

and (E) Vydac diphenyl column with the Vydac TFA HPLC program.
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Discussion

In this study I have demonstrated that multiple forms of GnRH are present in the 

brain o f skate, whitefish, platyfish, swordtail and sablefish using HPLC and RIA with 

GnRH antisera. Comparison of the elution positions of synthetic GnRH standards under 

identical HPLC conditions, the cross-reactivity with different GnRH antisera and 

previous reports from the literature has led me to conclude that cGnRH-ll and dfGnRH 

are present in the brain of skate, but the skate pituitary only contains dfGnRH. By the 

same criteria, cGnRH-ll and sGnRH are conserved in the brain of all of the teleosts 

studied here. The identity' of the third (or fourth) form of GnRH in the brain of these 

species was not clear. In platyfish and swordtail brains the additional form appeared to 

be novel, whereas in sablefish brain the third form had sbGnRH-like chromatographic 

and immunological properties. In whitefish, detection of at least three forms of GnRH in 

the brain is unlike other salmonid HPLC and RIA studies. 

dfGnRH and cGnRH-II are expressed early in development o f  skate brain

My HPLC and RIA study on skate was done using a small number of brains 

dissected into 7 regions from sexually immature skates. I have demonstrated that GnRH- 

like immunoreactivity is widespread throughout the brain o f skate, as has been shown 

previously in adult black skate using immunocytochemistry with the same antiserum, GF- 

4  (Lovejoy et al., 1992). I also have shown using both antisera GF-4 and 7CR-10 that 

irGnRH is present in the telencephalon and olfactory bulbs/ terminal nerve area of skate 

brain. This evidence of irGnRH in the terminal nerve and forebrain is similar to that 

reported for other cartilaginous fish (D'Antonio et al., 1995 ; Sherwood and Lovejoy,

1993).

There have been only three previous HPLC and RIA studies on skates and rays.

In the two skate studies, cGnRH-lI-like, mGnRH-like, and IGnRH-l-like peptides were 

reported (Bolduc etal., 1988; Calvin etal., 1993) whereas in the ray study, cGnRH-lI



113

and two novel forms of GnRH (one with sGnRH-like properties) were identified (King et 

ai, 1992). In the study by Calvin etal., 1993, a sGnRH-like molecule and a novel form 

of GnRH also were reported. Although my results also show that multiple forms of 

GnRH are present in the brain of skate, the most clearly distinguishable forms were 

cGnRH-lI and dfGnRH; 1 did not find any evidence of mGnRH or sGnRH using either 

antiserum GF-4 or B-7. The explanation may be that the dogfish form of GnRH was not 

isolated and sequenced until after the initial two reports in 1988 and 1993. 1 also did not 

find any evidence of lGnRH-1, but the antisera used have very limited cross-reactivity 

with it. It is unlikely that lGnRH-1 exists in this species because our antisera did not 

detect it in large samples of other cartilaginous fish (ratfish and dogfish). 1 did not detect 

mGnRH in the brain of skate but because immature skates were used in this study it is 

possible that this form of GnRH is only expressed later in the development of this 

species. Alternatively, the mGnRH-like peaks previously reported in the brain of dogfish 

and skate might represent cross-reactivity with GnRH-like molecules that are not 

mGnRH but are closely related immunologically. The cGnRH-11 and dfGnRH structures 

have already been isolated from the brain of dogfish and sequenced (Lovejoy et al. ,

1992). Therefore, the detection of cGnRH-II and dfGnRH in the brain of skate suggests 

that these two forms of GnRH are present in species from groups of cartilaginous fish.

The presence of dfGnRH, but not cGnRH-11, in the pituitary of skate suggests that 

dfGnRH is the gonadotropin releaser in these fish. However, if GnRH is carried in the 

blood to the pituitary of cartilaginous fish, as has been previously suggested (D’Antonio 

etal., 1995; Lovejoy and Sherwood, 1993), then the presence of GnRH in the pituitary 

suggests a second route for GnRH to reach the pituitary.

Three forms o f GnRH may be the ancestral condition in salmonids

An important question in GnRH research is the number and function of GnRH 

forms in one brain. Originally only one form was thought to be present but later, two 

forms were detected in fish and chicken, and now it is evident that three forms are present
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in a number of teleost species. In this thesis research I also have shown by indirect 

chromatographic and immunological methods that there are at least three different 

immunoreactive variants of GnRH in the brain and pituitary of the whitefish, Prosopium 

williamsoni, a species belonging to the Coregoninae subfamily of salmonids. In a 

previous report by Young (1991) three irGnRH peaks were detected in the brain of Arctic 

grayling, Thymallus arcticus, a member of the Thymallinae subfamily. In contrast, other 

HPLC/ RIA studies detected only two GnRH-like peaks in the brain of species from the 

Salmoninae subfamily like Arctic char, Salvelinus alpinus, chinook salmon,

Oncorhynchus tshawytscha , rainbow trout, Oncorhyncus mykiss and chiun salmon, 

Oncorhynchus keta (Sherwood et al., 1984; Young, 1991). Whitefish and Arctic char are 

difficult to obtain in large numbers, but further studies to isolate and characterize the 

primary structure of the forms of GnRH in whitefish and Arctic char are needed to 

determine whether three forms of GnRH in the brain is ancestral to the Salmonidae 

family and retained in the early-evolving subfamilies but lost in the later-evolving 

subfamily.

sGnRH and cGnRH-II are highly conserved in teleosts

Two of the most likely forms of GnRH to be present in the brain of the fish that I 

examined in this study are sGnRH and cOnRH-lI. In salmonids, the sGnRH peptide has 

been confirmed by primary structure in chum salmon, O. keta (Sherwood et a i ,  1983; 

Powell, 1995), by cDNA in masou salmon, O. masou (Suzuki etal., 1992) and by cDNA 

and gene in Pacific salmon, O. nerka (Coe etal., 1992), rainbow trout, O. mykiss 

(Ashihara et al., 1993; Bailhache et al., 1994; Klungland et a l., 1992) and Atlantic 

salmon, Salmo salar (Klungland et al., 1992). The structures of sGnRH peptides also 

have been isolated and sequenced from the brain of herring, pacu, and tilapia (Carolsfeld 

etal., 1997; Powell etal., 1997; Weber era/., 1997); cDNA structures encoding sGnRH 

have been isolated from the brain of cichlid, seabass and sea bream (Bond et a l., 1991 ; 

Gothilf et al., 1993; Gothilf et al., 1993; White et al., 1995) as well as from the ovary of
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goldfish (Lin and Peter, 1996). cGnRH-II is probably also present in the brain of 

salmonids because all of the antisera used in previous RIAs detected an irGnRH peak in 

the HPLC elution position expected for cGnRH-II (see Sherwood et al., 1997). 

Furthermore, cGnRH-II is the most conserved form of GnRH in vertebrates and has been 

confirmed by primary structure in the brain of seabream, tilapia, herring, pacu and catfish 

(Bogerd era/., 1994; Carolsfeld era/., 1997; Powell era/., 1995; Powell era /., 1997; 

Ngamvongchon era/., 1994; Weber era/., 1997) and by cDNA in the brain o f catfish 

(Bogerd et a/., 1992; Bogerd et al., 1994; ) and the ovary of goldfish (Lin and Peter,

1996). Also, recently the gene encoding cGnRH-II as well as the genes encoding sGnRH 

and sbGnRH were isolated from the brain of striped bass (Chow et al., 1997).

Evidence that novel third forms o f  GnRH are present in teleost brains

I also have demonstrated in this study that three forms of GnRH in the brain of a 

single species are present in the brain of other teleosts like platyfish, green swordtail and 

sablefish. To date, two different third forms of GnRH are identified in fish: one is termed 

seabream GnRH and sequenced from seabream, cichlid, pacu, striped bass and tilapia; the 

other is termed herring GnRH and sequenced only from herring. In addition, teleosts that 

contain at least three variants of GnRH that have not been sequenced include: milkfish, 

Chanos chanos (Sherwood etal., 1984); sabalo, Prochilodus lineatus (Somoza etal.,

1994); whitefish, Prosopium williamsoni (this thesis); grayling, Thymallus articus, arctic 

char, Salvelinus alpinus and chinook salmon, Oncorhynchus tschawytsha (Young, 1991); 

plainfin midshipman, Porichthys nonatus (Young, 1991); green molly, Poecilia latipinna 

(Coe et al., 1990); platyfish, Xiphophorus maculatus and green swordtail, Xiphophorus 

hellerei (this thesis) and grass rockfish, Sebastes rastrelliger (Powell etal., 1996). 

Although, none of the three irGnRH variants from the brain of these fish has been 

confirmed by primary structure, my report combined with the evidence from these other 

reports, provides further evidence that three forms of GnRH in the brain of a single 

species might be the ancestral condition in teleosts.
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A. A novel GnRH in cyprinodonts

The identity of the third form of GnRH present in the brain of the teleosts studied 

in this thesis is more speculative. In platyfish and green swordtail, I detected GnRH- 

specific immunoreactivity in an HPLC elution position (fractions 30-31) unlike that of 

other known GnRHs, suggesting that a novel form of GnRH is present in the brain of 

these species. The only form of GnRH that elutes close to where swordtail GnRH elutes 

is synthetic dogfish (df)GnRH, which elutes at 34 min under the same HPLC conditions.

It is unlikely that dfGnRH is present in green swordtail brain because this form has been 

isolated previously only from the brain of dogfish, a cartilaginous fish (Lovejoy et al. , 

1991). Furthermore, 1 attempted to isolate the peptide of swordtail GnRH using 

additional HPLC programs. In each o f these further purification steps, swordtail GnRH 

eluted in unique positions compared to other GnRH peptides detected in our laboratory 

using different teleost brain extracts and similar antisera and HPLC/ RIA protocols. It is 

interesting to note that the brain of a closely related species of fish, the molly 

(P. latipinna), was shown previously in our laboratory to contain irGnRH in HPLC 

fractions 29 and 30 using an identical HPLC program and antiserum GF-4 (Coe et al. , 

1990). This study, as well as the evidence presented by the current study, suggests that a 

novel form of GnRH may be common to several members of this order of fish. It should 

be noted that the brain of another cyprinodont fish, the mummichog, Fundulus 

heteroclitus, has been shown by HPLC and RIA to have only sGnRH-like and mGnRH- 

like peptides in its brain (Knox and Sower, 1991) but it is not clear whether the antisera 

used in their study could detect cGnRH-11. Furthermore, the brain of another closely 

related species of fish, the Japanese medaka, was shown to contain only two forms of 

GnRH (cGnRH-11 and sGnRH) by the same methodology (Powell et al., 1996); irGnRH 

in the novel GnRH elution position shown in this thesis study and in the Coe et al. study 

was not detected in medaka.
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B. sbGnRH in sablefish

The third form of GnRH most likely present in the brain of sablefish is sea bream 

(sb)GnRH. The sbGnRH peptide is one of the latest forms of GnRH to be isolated. To 

date, sbGnRH has been characterized by primary structure in the brain of perciform fish 

like gilthead sea bream (Powell etal., 1994) and tilapia (Weber et al., 1997) and in the 

brain and pituitary of cichlid (Powell et al., 1995) as well as in the brain of pacu (Powell 

et al., 1997), a fish from an order that evolved before Perciformes. The cDNA structure 

encoding sbGnRH also has been isolated from the brain of gilthead seabream (Gothilf et 

al., 1995, 1996), sea bass (Chow etal., 1995) and African cichlid (White etal., 1995) and 

the gene encoding sbGnRH from the striped bass (Chow et al., 1997). Chromatographic 

and immunological evidence for a sbGnRH-like molecule is demonstrated also in the 

brain of perciform fish like pumpkinseed (Powell etal., 1995), grass rockfish (Powell et 

al., 1997), snook (Sherwood etal., 1993a), mullet (Sherwood etal., 1993b), red-spotted 

grouper, blue-fin tuna, black sea bream, and red seabream (Okuzawa etal., 1993). Other 

more evolutionarily advanced fish than Perciformes like winter flounder (Andersson et 

al., 1992; Idler et al., 1987) and Japanese flounder (Okuzawa et al., 1993) also have a 

third form of GnRH that is more hydrophilic than cGnRH-II and sGnRH and therefore, 

may be sbGnRH. The presence of sbGnRH in the brain of fish more evolutionarily 

ancient than the Perciformes, like pacu, suggests that it might represent one of the 

ancestral forms of GnRH from which other GnRHs have been derived. Alternatively, 

because sbGnRH is absent from the brain of herring, an order of fish that evolved earlier 

than that containing pacu, it is possible that sbGnRH is a derived form of GnRH. The 

two most likely forms of GnRH that sbGnRH could have evolved from are sGnRH and 

cGnRH-II, two of the most conserved GnRHs in teleosts. There are fewer amino acid 

and nucleotide differences between sbGnRH and sGnRH than between sbGnRH and 

cGnRH-II; therefore, it has been suggested that sbGnRH is more likely to be a  derivative 

of sGnRH than of cGnRH-II (Powell et al., 1994). The evidence presented in this thesis
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as well as that ref>orted previously by Standen, 1995 and Powell et al. , 1997 demonstrate 

that sbGnRH is conserved in the order Scorpaeniformes (sablefish, rockfish), a recently 

evolved order of teleost fish. The presence of sbGnRH in the order Characiformes (pacu) 

(Powell etal., 1997b) also suggests that sbGnRH is not restricted to perciform fish but is 

present in fish that are more phylogenetically ancient.

Teleosts are important fo r  tracing GnRH ancestry

The evidence presented in this study supports the suggestion that the ancestral 

condition in early teleosts was to have three forms of GnRH in the brain of a single 

species. Teleosts which have been shown to contain only two forms of GnRH may 

represent a derived condition where one form of GnRH is either lost in evolution or is 

altered into a novel form that can not be isolated and characterized by current methods. 

Alternatively, the third form of GnRH in some teleosts may have only a short period of 

expression during development and therefore, might be undetectable at the time of the 

tissue collection in studies that reported only two forms of GnRH in the brain. Another 

possibility is that tetraploid fish have lost the third form of GnRH as a result of 

chromosome loss that occurs after genome duplication.

Future structural studies are needed to confirm that cGnRH-Il and dfGnRH are 

present in the brain of skate and that sGnRH and cGnRH-II are present in the brain of 

whitefish, platyfish, green swordtail and sablefish. Also, the third form of GnRH in the 

brain of these species should be isolated and characterized to determine whether it is a 

novel form of GnRH, as shown in platyfish and green swordtail and suggested in 

whitefish, or a previously described form of GnRH, as shown in sablefish. Once this 

third, most variable form, of GnRH has been isolated from the brain and/or pituitary of 

these fish, it can be determined which form of GnRH Is the most important gonadotropin 

releaser.
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Chapter 4

Identification of cGnRH-II but not cGnRH-I or other forms of GnRH in the brain of a

lizard, Anolis carolinensis.

A m odified version of this chapter has been subm itted for publication  as:

Lescheid, D.W., Rosen, G.J., Bridge, A.E., Jones, R.E, Warby, C.M and Sherwood, 

N.M. Immunoreactive gonadotropin-releasing hormone (GnRH) is detected in the 

form of chicken (c) cGnRH-II but not cGnRH-I within the brain of the green anole, 

Anolis carolinensis . Gen. Comp. Endocrinol, (submitted)
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Introduction

My next objective was to determine which form(s) of GnRH foimd in sturgeon 

were retained in the evolution of the line leading to mammals. My hypothesis was that the 

species chosen for study would have at least two forms of GnRH in their brain; cGnRH-II, 

which is foimd in most vertebrates, and either mGnRH or a derivative of i t  The first 

species chosen for my study using HPLC and RIA with GnRH antisera was the green 

anole lizard, A. carolinensis. This species was chosen partly because a previous 

inummocvtochemical report had shown only one form of GnRH in the brain of A. 

carolinensis and partly because the evolution of GnRH in the brain of reptiles, especially 

squamate reptiles, is poorly understood.

There have been several reports that reptiles like other vertebrates have multiple 

forms of GnRH within the brain. In one report, two forms of GnRH were isolated and 

sequenced; this provided definitive proof that both cGnRH-I and cGnRH-II were present in 

at least one reptile, the American alligator, Alligator mississippiensis (Lovejoy etal.,

1991). In other studies using HPLC and RIA, cGnRH-1 and cGnRH-lI were shown to 

exist in the brain of slider turtle, Pseudemys scripta (Sherwood and Whittier, 1988), 

freshwater turtle, Trachemys scripta (Tsai and Licht, 1993a) and crocodile, Crocodylus 

niloticus (see Millar and King, 1994). Chicken GnRH-I I and sGnRH have been reported 

for girdle-tailed lizard, Cordylis nigra, and ruin lizard, Podarcis sicula (Powell et al.,

1985, 1986). Several unidentified GnRH-like forms were noted also in P. sicula (Powell 

etal., 1985, 1986) as well as in striped skink, Mabuya capensis (King and Millar, 1979; 

King and Millar, 1980; ) and tortoise, Chersine angulata (King and Millar, 1979). In 

addition, cGnRH-I-like peptide and other small immunoreactive GnRH-like peaks were 

detected in the brain of the Canadian red-sided garter snake, Thamnophilis sirtalis 

(Sherwood and Whittier, 1988).

Immunocytochemical studies also support the idea that GnRH exists within the 

brain of snakes {T. sirtalis'. Smith et al., 1997 and Elaphe climacophora, E. quadrivirgaia ,
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E.conspicillata, Rhabdophis tigrinus ; Nozaki et a i, 1984); lizards such as chameleon 

{Chameleon chameleo ; Bennis et al., 1989), s kinks {Chalcides ocellatus; Powell et a i, 

1986, Eumeces okadae ; Nozaki et al., 1984); and turtle, {Geoclemys reevesii ; Nozaki et 

al., 1984). All of the above studies, except the alligator study, have used indirect means 

(immunology, chromatography or a combination of methods such as HPLC/ RIA) to 

identify GnRH and therefore, other forms may be present and not detected by the antisera 

that were used. Nonetheless, it is evident that there are species-specific differences in the 

type of GnRH present in the brain of a reptile, and that cGnRH-I and cGnRH-II are the 

most clearly established forms.

It is puzzling to note that sGnRH has been reported in the brain of 2 lizard species, 

C. nigra and P. sicula (Powell et a i, 1985, 1986) using HPLC/ RIA. The presence of 

sGnRH has been only clearly established by structural studies for teleosts and not for any 

other vertebrate taxa. Therefore, if sGnRH is present in the brain of reptiles it would have 

evolved twice, which is unlikely. Other evidence for the presence of sGnRH in lizards is 

not very strong; that is, three immunocytochemical studies used antiserum raised against 

sGnRH to identify GnRH-like molecules in the brain of lizards. However, in each of these 

studies, the cross-reactivity reported was non-specific, with a similar staining pattern seen 

by another antiserum raised against mGnRH (Bennis et al., 1989). Also, in one report 

preabsorption of tissues with another GnRH antigen (cGnRH-lI) eliminated staining 

suggesting that the antiserum was not specific to sGnRH. (D'Aniello et al., 1994). The 

same anti serum that was used in the DAniello study was used to report the presence of 

sGnRH in another lizard (Masucci et al., 1992) but preabsorption controls were not done.

In light of the above evidence it is more likely that the sGnRH-like immunoreactivity 

reported in the above studies represents non-specific crossreactivity with cGnRH-1, 

cGnRH-II or an as yet unidentified GnRH.

A previous immunocytochemical study in A. carolinensis found GnRH-staining 

cells only in the midbrain and hindbrain (Rosen et al., 1997) an area of the brain where
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cGnRH-II has been previously reported for most vertebrates. This immunocytochemical 

study was striking in that GnRH was not detected in the forebrain or olfactory region of A . 

carolinensis . All vertebrates studied to date have GnRH in the forebrain and all species, 

except for a few exceptions, have been shown to have at least two forms of GnRH in their 

brain (Sherwood et al., 1997). Therefore, the lack of GnRH in the forebrain of A . 

carolinensis and the suggestion that only one form of GnRH existed within the brain was 

unexpected and necessitated further study. I used a sensitive HPLC/ WA method with 

specific antisera to determine whether there was only a single form of GnRH within the 

brain of A. carolinensis and whether this form was cGnRH-II. If cGnRH-II is the sole 

form of GnRH in the brain of one or more lizards, then A. caroliensis would be a useful 

model for studying the function of this nearly ubiquitous, but poorly understood 

neuropeptide. The A. carolinensis brains used in this study were collected by Greta Rosen 

at the University of Colorado and the study was done in collaboration with Amanda Bridge 

at the University of Victoria.

Materials and M ethods

Tissue collection

The brains (including pituitaries, N= 21) of A. carolinensis were collected in 

Lousiana and quickly frozen. Brains were shipped on dry ice to the University of Victoria, 

Canada and stored at -80 C. The brains of males undergoing gonadal recrudescence and 

females about to undergo their first ovulation were used because we predicted that GnRH 

synthesis in the forebrain would be maximal in the period leading up to the release of 

gonadotropins.

Extraction

The brains (total frozen mass of 0.83 g), were extracted as reported previously 

(Ngamvongchon et a/., 1992) and as outlined in Chapter 2. The brain extract was vacuum 

dried to 2 ml, filtered through a low protein binding filter (45 {4m, {tCoStax LB ™,
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Keenebunk, ME) and brought to pH 2.5 with 5N NaOH immediately prior to loading onto 

the HPLC column.

HPLC

A similar HPLC column and HPLC system was used as described in Chapter 2 of 

this thesis. Initially, a blank sample of 600 lÂ of Milli-Q water (Millipore, Bedford, MA) 

was injected through a 1 ml injection loop onto the column and eluted using the TEAF 

HPLC program described in Table 3-2. Sixty fractions of 1 ml each were collected and 

5 0 0 was removed and assayed for immunoreactive GnRH using RIA as described in 

Chapter 2. GnRH immunoreactivity was not detected in this blank run and therefore, 

samples of A. caroHnensis biain extract were Injected sequentially in 600 fA volumes at 2 

minute intervals for three injections. The same HPLC program (TEAF 17-24%) was used 

for elution. Sixty fractions of I ml each were collected and treated as described previously, 

except only 80-100 /<1 fractions were assayed for immunoreactivity in the RIAs.

Standards

Synthetic cGnRH-I and cGnRH-II, 150ngs each, were loaded onto the same HPLC 

column and eluted using an identical 17 -24% TEAF HPLC elution program as the one 

described above. Sixty fractions of I ml each were collected and aliquots assayed using 

either Adams-100 or Adams-81 antiserum.

RIA

The HPLC fractions were assayed for GnRH immunoreactivity as reported 

previously (Sherwood et a i,  1986) and as described in Chapter 2. Essentially, 80-100 fA 

aliquots of each semi-pure fraction from the HPLC run were assayed for GnRH

immunoreactivity using various antisera and ^-^I-labelled synthetic GnRH tracers in a 

competitive RIA. In fractions where tracer binding exceeded detection limits (B/Bo= 80%; 

Table 4-1), 50 pi\ aliquots were diluted serially and the value closest to 50% B/Bo was used 

to estimate the quantity of irGnRH present. RIA and antisera characteristics are described 

in Table 4-1.
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Antiserum

Limits of
R a ised  Final Percent D etection
aga in st concentration  binding (B /B o=80 %)

 ̂ G F-4 sG nR H 1 :2 5 ,0 0 0 18 .80 2 .1 5  pg

 ̂ Bla-5 IGnRH-l 1; 5 ,0 0 0 16 .90 1 .92  pg

-7 C R -1 0 dfGnRH 1 :3 7 .5 0 0 12.51 2 1 .3 7  pg

^A dam s-100 cG nRH -ll 1 ;2 5 ,0 0 0 6 .9 2 7 6 .2 0  pg

^ A dam s-81 cG nRH -l 1 :2 5 ,0 0 0 7 3 .7 0 2 2 .9 2  pg

1 125
For RIAs using G F -4 and Bla-5, l-labelled mGnRH w a s  u sed  a s  a  
tracer with a  syn thetic mGnRH standard.

“ T h e RIA for 7C R -10  u sed  a i2 S  i-iabelled  IGnRH-l tracer and a  cG nR H - 
standard.

^ Both A d am s-100  and Adam s-81 RIAs w ere h om ologou s with an  
125 i-iabelled cG nR H -ll tracer and  a  cGnRH-ll standard for A d am s-100  
and an i25 |-iab elled  cGnRH-l tracer and cGnRH-l standard u sed  
for A dam s -81.
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Cross-reactivity

Antisera GF-4,7CR-10 and Bla-5 were raised in rabbits in our laboratory against 

salmon GnRH (GF-4), lamprey (l)GnRH-I (Bla-5) and dogfish GnRH (7CR-10).

Antisera Adams-100 and Adams-81 (gifts from Dr. T. Adams, University of California, 

Davis) were raised in rabbits against cGnRH-II and cGnRH-I, respectively. Antisera GF-4 

and Bla-5 cross-react in varying degrees with all of the 12 known forms of GnRH (Chapter 

3) and therefore, are useful in determining which forms of GnRH are present. Anti sera 

7CR-10 and Adams-100 are specific for cGnRH-lI, although they both have limited cross­

reactivity with one other GnRH form. Adams-81 is specific for cGnRH-1.

The RIAs for antisera Adams-100, 7CR-10, GF-4 and Bla-5 have been previously-

described in Chapter 3. A homologous RIA was used for Adams-81, with l-labelled 

cGnRH-1 tracer and cGnRH-1 standard. Five concentrations of each synthetic peptide 

( 100,500, 1000, 5000 and 10,000 pg) were tested in triplicate for their ability to displace 

the tracer from the respective antisera. Relative cross-reactivity is expressed as picomoles 

of the reference peptide at 50% B/Bo divided by picomoles of the test peptide at 50% B/Bo 

multiplied by 1 0 0 .

R esults

The cross-reactivity of antisera GF-4, Bla-5, 7CR-10, Adams-100 and Adams-81 

with 4 synthetic GnRH peptides, mGnRH, cGnRH-I, cGnRH-II and sGnRH is shown in 

Table 4-2. It is clear that 7CR-10 is the most specific antiserum for cGnRH-II, whereas 

Adams-81 is the most specific for cGnRH-I (Table 4-2).

For HPLC, the elution position of the synthetic standards was detected first by an 

absorbance peak (280 nm) and then by RIA. For the synthetic standards, an absorbance 

peak occurred at 26 min for cGnRH-lI and at 22 min for cGnRH-I. These absorbance 

peaks paralleled the immunoreactive peaks of synthetic standards detected in fractions 26 

and 27 by Adams-100 and in fraction 22 by Adams-81. The elution p>ositions of all 8  

standards is shown in Fig. 4-1A and in Chapter 3.
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Standard

1
Antiserum crossreactivity  

(percent)

G F-4 Bla-5 7C R -10 A d am s-100  A dam s-81

mGnRH 100 .00 100 .00 < 0 .0 3 < 0 .0 4 < 0 .1 5

cGnRH-l 4 4 .0 0 7 7 .00 < 0 .0 3 < 0 .0 4 1 0 0 .0 0

cGnRH-ll 3 .9 0 1.80 100 .00 1 0 0 .0 0 < 0 .1 5

sGnRH 6 8 .8 0 123 .70 < 0 .0 3 14 .40 < 0 .0 9

R elative cross-reactivity (%) is p icom oles of th e  re feren ce  peptide at 5 0  % binding (0.5  
B/Bo) divided by p icom oles of the other peptide at 50%  binding (0 .5B /B o) multiplied by 
100. mGnRH w a s  u sed  a s  the reference peptide for an tisera  G F-4 and  Bla-5 in the  
calculation of percent cross-reactivity. cGnRH-ll w a s  u sed  for an tisera  A d am s-100  and 
7C R -10 and cGnRH-1 w a s u sed  for A d am s-81 .
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For the brain extracts, both antisera GF-4 and Bla-5 detected immunoreactivity in 

fractions 26 and 27, corresponding to the elution position of synthetic cGnRH-lI 

(Fig.4-1A, B). The presence of immunoreactive peaks in the same HPLC fractions using 

cGnRH-II-specific antisera, Adams-100 and 7CR-10, confirmed that cGnRH-ll-like 

molecules exist (Fig. 4-2). Quantitatively, GF-4 detected 2 .1 ng of ir-cGnRH-lI in these 

peaks whereas Bla-5 detected 0.5 ng (Fig. 4-1). Antiserum Adams- IOC detected about 5.0 

ng and anti serum 7CR-10 detected 11.5 ng (Fig. 4-2).

Although both GF-4 and Bla-5 can cross-react with cGnRH-I (44.0% and 77.0%, 

respectively. Table 4-2 and Fig. 3-1), there was no detectable immunoreactivity in position 

22 where synthetic cGnRH-1 elutes under identical HPLC conditions (Fig. 4-1). 

Furthermore, a cGnRH-I-specific antiserum, Adams-81, did not detect any 

immunoreactivity (Fig. 4-1), suggesting that cGnRH-1 was not present Also, using these 

5 GnRH-specific antisera (GF-4, Bla-5,7CR-10, Adams-1(X), and Adams-81) in RIA, 1 

did not find anv evidence of sGnRH or other novel GnRH forms.
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Fig. 4-1. Immunoreactive GnRH after HPLC elution of A. carolinesis brain extracts. 

GnRH was detected by antisera (A) GF-4, (B) Bla-5 and (C) Adams-81, respectively in 

HPLC fractions (each collected for 1 min). Small, darkened arrows above the HPLC 

elution profiles represent the elution positions of synthetic standards used in this study 

whereas, the small, two-toned arrows indicate the elution positions of other standards used 

in earlier studies in our laboratory with the same HPLC conditions. The dotted line 

represents the percentage of acetonitrile in the mobile phase during elution.
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Fig. 4-2. Immunoreactive GnRH in HPLC fractions of A. carolinensis brain extracts. 

GnRH was detected by antisera (A) 7CR-10 and (B) Adams-100. Small darkened arrows 

above the HPLC elution profile represent the elution position of synthetic standards using 

similar HPLC conditions. The dotted line represents the percentage of acetonitrile in the 

mobile phase during elution.
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D iscussion

I have demonstrated that a cGnRH-II-like peptide, but not a cGnRH-I-like peptide 

is present in the brain of A. carolinensis using HPLC and RIA with five different GnRH 

antisera. The combination of my data with that in the literature supports the hypothesis that 

some lizards do not express the cGnRH-I peptide within the brain making them quite 

distinct from the other major groups of reptiles including snakes, turtles and alligators.

The strongest evidence to date that cGnRH-I is not present in the brain of certain 

lizards is based on studies in which HPLC elution position of the peptides is coupled with 

cross-reactivity results using well-characterized antisera. In addition to the present study of 

A. carolinensis, there are two other HPLC/ RIA studies supporting the conclusion that 

cGnRH-I is not present in the skink (C. ocellatus), the ruin lizard {P. sicula) and the girdle­

tailed lizard (C. nigra) (Powell etal., 1985; 1986). Hence, the absence of cGnRH-I is 

documented for four species of lizards that represent four different families.

Evidence to date suggests that some lizards such as A. carolinensis lack a detectable 

form of GnRH in the forebrain, but other lizards have an unknown form of GnRH in the 

forebrain. However, there are no reports of GnRH in the olfactory bulbs or terminal nerve; 

this distinguishes the lizards from most other vertebrates. GnRH cells in most vertebrates 

can be separated into two categories: GnRH cells in the septo-preoptic area that are 

olfactory-derived, and GnRH cells in the midbrain that are probably ependymally derived 

(Muske, 1993). In lizards, a variety of antisera have been used, but evidence to date 

shows that GnRH is predominately in the midbrain, although studies on some species also 

report GnRH-containing cells in the hypothalamus or in the preoptic-septal region (Bennis 

et al., 1989; D'Aniello et al., 1994; Demski and Wright, 1992; Doerr-Schott and Dubois, 

1978; Miinz et a i ,  1981 ; Masucci et a i ,  1992; Nozaki and Kobayashi, 1979; Nozaki et a i, 

1984; Rosen et al., 1997). None of the studies report GnRH cell bodies in the terminal 

nerve or olfactory bulbs, a situation that might be unique to lizards because an extensive 

GnRH system in this region of the brain has been reported for most tetrapods. The
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importance of this observation is that the form of GnRH in the anterior brain is associated 

with neurons that originate in the olfactory placode and migrate before birth or hatching into 

the anterior brain coming to rest in the terminal nerve ganglion, anterior telencephalon and 

in the preoptic-septal-hypothalamic region in all vertebrates tested to date from fish to 

humans (see Muske, 1993). In adult snakes (Smith et al., 1997) and turtles (Tsai and 

Licht, 1993a) and in developing and adult birds (Norgren and Lehman, 1991), the anterior 

form of GnRH is known to be cGnRH-I. The only developmental study of GnRH in 

reptiles is that of the ruin lizard {P. sicula) in which embryos were collected from day 21 of 

incubation until adulthood. GnRH was never detected in the olfactory bulbs or terminal 

nerve cells at any stage of development Rather, cells staining with a cGnRH-II anti serum 

appeared in the mesencephalon on day 45 of incubation and in the infundibulum on day 52 

of incubation (D'Aniello et al., 1994). These immunocytochemical studies are useful in 

localizing GnRH-containing cell bodies or fibers, but rarely identify the form of GnRH that 

is present in the cells, because the antisera cross-react in varying degrees with the other 

members of the GnRH family. In the present study, our battery' of antisera detect the 12 

known forms of GnRH (see Chapter 3, Fig. 3-1) and hence, it is clear that cGnRH-1, 

sGnRH and related family members are not present.

If cGnRH-I does not exist in the lizard forebrain, then there are three possibile 

ways that gonadotropin release can be maintained. The first is that cGnRH-I is replaced by 

an unknown form of GnRH. In this case, nucleotide base substitution in the cGnRH-I 

gene is assumed to occur, resulting in a novel form of GnRH that is undetectable by current 

antisera and hence can not be identified. The second possibility is that cGnRH-II fibers 

terminate on the hvpophysial portal vessels for the control of gonadotropin release from the 

pituitary gland, a role that has been previously assigned to cGnRH-I in reptiles and birds. 

The third possibility is that another neuropeptide acts as a gonadotropin-releaser, although 

there is currently no proof that reproduction continues if all forms of GnRH are knocked 

out.
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Support for the idea that cGnRH-II may terminate on hypophysial p»rtal vessels 

and control gonadotropin release in lizards is indirect. To date, irGnRH has been found in 

nerve cells or fibers of the infundibulum or median eminence in six species of lizard:

A. sagrei (Demski and Wright, 1992), P. siculus (Doerr-Schott and Dubois, 1978; 

D'Aniello et al., 1994; Masucci et al., 1992), E. okadae (Nozaki et al., 1984), G. gecko 

(Nozaki et a i,  1984; Nozaki and Kobayashi, 1979), E. laticepes and S. undulatus (Rosen 

et a i, 1997). The only exceptions in which irGnRH fibers were not present in the 

infundibulum, were A. carolinensis (Miinz e/a/., 1981; Rosen et a i, 1997) and 

C. chanieleo (Bennis et al., 1989), suggesting that there might be species sfjecificity in the 

location of GnRH in the brain. Four lizard species (P. sicula, C. nigra, C. ocellatus and 

A. carolinensis ) have been shown to lack cGnRH-I by HPLC studies and hence, I suggest 

that the immunoreactive median eminence fibers in some lizards contain cGnRH-II, the 

only other form known to be present. Also, two studies on the ruin lizard (P. sicula) report 

the usual cluster of GnRH neurons in the midbrain plus a cluster in the infundibulum 

(D'Aniello et al., 1994, Masucci et al., 1992). These results are the best indication that 

cGnRH-II may innervate the portal system.

In contrast to A. carolinensis, additional irGnRH cells are detected anterior to the 

median eminence, in the preoptic-septal region in brown anole, A. sagrei (Demski and 

Wright, 1992), the eastern fence lizard, Sceloporous undulatus (Rosen et al., 1997) and 

two skinks, Eioneces laticeps (Rosen et al., 1997) and £.. okada (Nozaki et al., 1984). 

HPLC studies have not been done on these latter four species and hence we can not be 

sure of the GnRH identity in these cells that are just anterior to the hypothalamus, but not in 

the most anterior portion of the brain. Also, GnRH-positive cells, thought to contain 

cGnRH-II, appeared transiently in the telencephalon in juvenile lizards, but disappeared in 

the adults (D'Aniello et a/., 1994).

It is possible only to speculate on the reason for the absence of a second form of 

GnRH in A. carolinesis. Some possibilities are that 1) the neuroblasts containing GnRH
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are blocked from migrating into the brain, or 2 ) a change occurs in the nucleotides in the 

regulatory or peptide-encoding region of the cGnRH-I gene, or 3) cGnRH-I is expressed 

only during a particular season or developmental stage.

For the first option, a similar situation has been described in humans where 

mGnRH cells did not migrate from the olfactory placode into the brain (Schwanzel-Fukuda 

et al., 1989) due to deletions or point mutations in a specific gene, kalig-1 (Ballabio et al., 

1989; Franco et al., 1991; Hardelin and Petit, 1995). This resulted in anosmia, 

hypogonadism and sterility, which are characteristic of Kallman's Syndrome. If cGnRH-I 

did not migrate in A carolinensis, one might expect reproduction to cease unless some 

cGnRH-II or other novel GnRH-like fibers innervated the median eminence to stimulate 

gonadotropin release. In A. carolinensis, reproduction obviously continues but studies are 

needed to determine if there are cGnRH-I cells in the olfactory epithelium that have not 

migrated.

The second option is that cGnRH-I is not expressed in the brain due to a change in 

the regulatory region of the gene or in the region encoding cGnRH-I. This is the case in 

the hypogonadal mouse (Mason et al., 1986) where a deletion in the gene results in a 

prohormone precursor that can not be processed; sexual development fails. In my study I 

used a variety of polyclonal antisera in RIA and therefore, there should be some cross­

reactivity unless GnRH was not cleaved from the precursor or there was a mutation in a 

critical nucleotide in the region of 30 nucleotides encoding cGnRH-I. Also, a change in the 

regulatory or promoter-enhancer region of the gene might prevent transcription of the gene 

and hence lack of expression.

The third option is that cGnRH-I is expressed only at specific stages. This seems 

unlikely as cGnRH-I was not detected in the HPLC studies done on four different species 

that lack cGnRH-I at different stages. It also appears that once GnRH is expressed in the 

brain during development, expression continues. In the only developmental study on 

lizards, P. sicula, it was concluded that "the number of GnRH neurons and fibers, and the
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intensity of immunostaining, increased during the period prior to hatching to the juvenile 

stage. Juveniles were similar to adults" (D'Aniello etal., 1994). The same laboratory 

detected similar GnRH cells in adults at two different reproductive seasons (April and 

November) (Masucci et al., 1992). The one exception to the pattern described above is that 

a cluster of GnRH cells appeared in the central telencephalon in juvenile lizards and 

disappeared in adults (D'Aniello et al., 1994). Hence, in theory there could be a window 

during development when cGnRH-1 is expressed, but this has not been proven.

There is not yet sufficient evidence to correlate the absence of cGnRH-I in the 

forebrain of A. carolinesis with its reduced vomeronasal and olfactory systems (Halpern, 

1992; Young, 1981). In this lizard, vision and proprioception might be more important 

than olfaction for reproductive success as shown by arboreal mating preceded by vivid, 

colorful displays and elaborate head bobbing in the trees. Lack of evolutionary pressure to 

maintain a forebrain GnRH system might have resulted in the loss of cGnRH-1 in this 

species, but cGnRH-I is reported also absent in several species, C. ocellatus, P. sicula,

C. nigra , that are terrestrial and have well-developed vomeronasal and olfactory systems. 

Specifically, a combination of HPLC and immunocytochemical studies are needed for 

species that have either well-developed or poorly developed vomeronasal systems to 

determine if forebrain GnRH correlates with a vomeronasal system. It is interesting to note 

that unlike most lizards, the snake, T. sirtalis, has GnRH immunoreactivity predominately 

in the forebrain, and cGnRH-I as the only identified form of GnRH in its brain. Smith et 

al. ( 1997) used immunocytochemistry with a specific antiserum to show that cGnRH-1 

cells occurred in the anterior brain including the terminal nerve ganglion, telencephalon, 

preoptic area and hypothalamus. A cGnRH-lI-specific antiserum used in the same study 

did not detect any immunoreactive cells or fibers. Likewise, Sherwood and Whittier 

( 1988) did not detect cGnRH-lI in the brain of the same species by HPLC/ RIA but did 

detect cGnRH-1 and two small unknown GnRH peaks.

In conclusion, my results and those of Rosen et al. (1997) confirm that, in the
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lizard A. carolinesis, only midbrain cGnRH-II is present in the brain. That is, cGnRH-I 

(or any other GnRH) is absent from the terminal nerve, septo-preoptic region, 

hypothalamus, and median eminence. Therefore, this species of lizard is similar to 

sturgeon in that it contains cGnRH-II in its brain, but unlike sturgeon because mGnRH or 

any other form of GnRH is not present in its brain.

It is interesting to note that A. carolinensis has been shown to contain only cGnRH- 

II in its brain by HPLC/ RIA and no detectable GnRH-like fibers in the hypothalamus or 

median eminence by immunocytochemistry. The major question that arises is how this 

lizard species continues to reproduce with only cGnRH-II in its brain, in a location that 

apparently is separated from any potential contact with gonadotropin-synthesizing cells in 

the pituitary. Further immunocytochemical studies at different times of the year are needed 

to determine if axon terminals with cGnRH-lI are present in the median eminence.
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Chapter 5

Identification of two forms of GnRH in the brain of adult and fetal monkeys and 

examination of a human placenta for GnRH immunoreactivity.

Parts of this chapter have been modified and accepted for publication as:

Lescheid, D.W., Terasawa, E., Abler, L.A., Urbanski, H.F., Warby, C.M., Millar, R.P. 

and Sherwood, N.M. (1997). A second form of gonadotropin-releasing 

hormone with characteristics of chicken GnRH-11 is present in the primate brain. 

Endocrinology (accepted).
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Introduction

In Chapter 2 of this thesis, I demonstrated that the sturgeon brain contains both 

mGnRH and cGnRH-II. Primates also have mGnRH in their brains but it is not clear 

whether a second form of GnRH exists within the brain of these recently-evolved placental 

mammals. The most likely second form of GnRH present in the brain of primates is 

cGnRH-11 because it is highly conserved in vertebrates and also because there have been 

previous reports of immunoreactive cGnRH-ll-like molecules in the brain of early-evolved 

placental mammals like the musk shrew and tree shrew; a  cDNA encoding cGnRH-11 also 

had been isolated from the brain of tree shrew. During my thesis research, I developed two 

cGnRH-11 specific RIAs (Chapter 4) which allowed me to use HPLC and these cGnRH-11 

specific RIAs to determine if 1 could detect cGnRH-II in the brain of adult stumptail 

monkeys (Macaca speciosa) as well as in adult and fetal rhesus monkey {Macaca mulatta) 

brains. Also, other RIAs and immunocytochemistry with different anti-GnRH antisera 

were used to characterize cGnRH-lI-like as well as mGnRH-like immunoreactivity in the 

brains of these primates. In addition, the in vivo effect of the synthetic cGnRH-Il-like 

peptide on the release of luteinizing hormone at different times in the reproductive cycle is 

reported.

Over the past 26 years since the discovery of mGnRH, there have been mne other 

GnRH peptides isolated from the brain of different vertebrates and two from the neural 

ganglia of an invertebrate, the tunicate (see thesis Chapter I and Sherwood et a i,  1997). 

The brain of a vertebrate usually has two or three forms of GnRH; these different GnRHs 

usually are present in separate locations in the brain and therefore, might have different 

fimctions. Until recently, it was thought that multiple forms and functions of GnRH 

within the brain of a single species did not exist in mammals (King et a i,  1988).

However, in 1989 it was shown that primitive metatherian mammals, like marsupials 

(tammar wallaby. Macropus eugenii ; short-nosed bandicoot, Isoodon macrourus and 

eastern quoll, Daspyurus viverrinus ) and a monotreme (echidna, Tacyglossus aculeatus ),
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have both immunoreactive mGnRH and cGnRH-II forms within their brain 

(King et al., 1989; King et al., 1990). In a later paper, the same group (King et al., 1994) 

presented chromatographical and immunological data suggesting that mGnRH-like and 

cGnRH-II-Iike immimoreactive molecules were present within the brains of the adult and 

joey brushtail possums, Trichosurus vulpecula , as well as in eutherian mammals like the 

musk shrew, Suncus murinus and golden mole, Chrysochloris asiatica. Surprisingly, 

they could not find the cGnRH-II form in the bat, Miniopterus shreibersii, which is a 

eutherian mammal that has retained primitive characteristics. Dellovade et al. (1993) used 

HPLC and RIA and Rissman et al. ( 1995) used immunocytochemistry to confirm that 

musk shrew brains contain both mGnRH and cGnRH-II-like molecules. Definitive proof 

that placental mammals had more than one form of GnRH in their brain was not available 

until 1996 when two separate cDNAs, one encoding mGnRH and the other encoding 

cGnRH-II, were isolated from the brain of the tree shrew and shown to be in the forebrain 

and midbrain neurons, respectively (Kasten et al., 1996). However, the tree shrew is one 

of the most early-evolved placental mammals, separated in evolution from the primates by 

at least 40 million years. Recently, evidence for a form of GnRH other than mGnRH (but 

not cGnRH-lI) in the primate forebrain also has been presented (Quanbeck et a i, 1997). 

Despite these reports showing two forms of GnRH within the brain of some placental 

mammals, there was no clear evidence that more recently-evolved mammals like primates 

had an additional form of GnRH such as cGnRH-II within their brains.

Because of the previous reports of mGnRH and cGnRH-II-like immunoreactivity in 

the brain of early-evolved placental mammals it can be predicted that a similar combination 

of GnRHs exists within the brain of humans, which are also placental mammals.

However, it is difficult to obtain human brain tissue for HPLC/ RIA studies. Nonetheless, 

human placental tissue has been shown to contain mGnRH with similar immunological 

properties (Gibbons et a i, 1975; Khodr and Siler-Khodr, 1980) and the same primary 

structure (Tan and Rousseau, 1982) as hypothalamic mGnRH. Therefore, I chose the
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human placenta as a more readily available alternative than human brain. The placental 

GnRH molecule previously has been shown using in situ hybridization studies to be 

synthesized by cells in the placenta (Duello et al., 1993; Kelly et a i, 1991); the peptide also 

is made in the brain of the mother but not carried across the placenta. The cDNA encoding 

mGnRH has been isolated from the placenta of human (Kelly et a!., 1991 ; Seeburg and 

Adelman, 1984) and rat (Adelman et al., 1986) and has been shown to encode a GnRH 

identical to that of other mammals despite differences in the 5’ UTR region (Radovick et 

al., 1990) and the transcriptional start site (Dong et al., 1993). It also was recently 

demonstrated that a cDNA encoding cGnRH-11, as well as a cDNA encoding sGnRH, were 

both present in the goldfish ovary (Lin and Peter, 1996). This was the first report of 

cGnRH-11 outside the vertebrate brain, and provides further evidence that other vertebrate 

reproductive tissues, like human placenta, might also contain cGnRH-lI-like molecules. 

Therefore, to establish that my assays could detect mGnRH in human placenta tissue and to 

investigate whether a cGnRH-ll-like molecule was present outside the brain of recently- 

evolved placental mammals, 1 used HPLC and RIA with mGnRH-specific and cGnRH-11- 

specific antisera to search for GnRH(s) in a human placenta.

The primate study was done in collaboration with Dr. E  Terasawa and L.A. Abler 

at the University of Wisconsin and Dr. Urbanski at the University of Oregon. The primate 

brains used in this study were collected at the University of Wisconsin and sent to the 

University of Victoria.

M aterials and Methods

Animals and tissue preparation

Stumptail {Macaca speciosa ) and rhesus monkeys {Macaca mulatta ), were bom 

and raised at the University of Wisconsin Regional Primate Research Center (for 

immunocytochemical or chromatographic studies) or at the University of Oregon Regional 

Primate Center (for physiological studies). The animal protocols of these studies were
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reviewed and approved by the institutional Animal Care Committee at the University of 

Wisconsin or at the University of Oregon. All experiments in this study were conducted 

under the guidelines established by the NIH and USDA.

Adult whole brains

For chromatographic studies, whole brains (one male at 19, two females at 16 and 

14 years of age) were removed by necropsy from three adult stumptail monkeys. The 

brains (total mass= 297g) were quickly frozen and stored at -80 C. Later, the brains were 

treated and the proteins extracted as described in Chapter 2. The brain extract was reduced 

in volume in a vacuum centrifuge to approximately 3 ml and filtered through a 45 pim filter. 

Fetal brains

Fetal brains were removed from five rhesus monkey fetuses on 72-125 embryonic 

days (two females at E75, E125, three males at E72, E76, and E77). Fetuses were 

delivered by cesarian section. The brains were removed, quickly frozen and stored at -80 

C. Four of the brains (total mass=18.7g), were pooled (E72, E75, E76 and E77) and 

treated as above for the adult whole brains. At a later date, the brain, 35.0g, from the EI25 

fetus was prepared and treated in the same way as above.

Dissected adult brain

A dissected brain was prepared from one adult stumptail monkey (male, 19 years of 

age). The brain was collected, quickly frozen and later partially thawed to allow sectioning 

into three pieces using a razor knife. First, the brainstem region, 14.0 g, was removed 

with a single cu t Second, the diencephalic region, 7.7 g, (including the thalamus, 

hypothalamus and pituitary stalk) was cut from the telencephalon. Third, the remaining 

brain tissues, 6 8 . 0  g, including the telencephalon with frontal cortex, parietal lobes, 

temporal lobes, occipital lobes and cerebellum were combined. Each region was treated as 

above, with the same extraction, HPLC and RIA procedures as for the whole brain studies.
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Placenta

One human placenta was collected from the U.B.C. hospital, Vancouver, B.C., 

after patient consent was obtained. The tissue was quickly frozen, and brought on dry ice 

to the University of Victoria and treated as described above for adult monkey brains. The 

placenta was collected after a live birth, following a full-term pregnancy.

Adult monkey brains: immunocytochemistry

For immunocytochemistry, two adult female rhesus monkeys kept under the 

housing conditions described previously (Saitoh etal., 1995) and four rhesus monkey 

fetuses at E34, E50, E70, and E85 from time-mated pregnancies (Terasawa et al., 1993) 

were used in this study. Adult monkeys were anesthetized with ketamine and pentobarbital 

sodium (SOmg/kg), perfused with 4% paraformaldehyde in phosphate buffered saline 

(PBS, pH 7.6) and then the brain was immersed in the same solution for several hours. 

The brainstem was removed and placed in 30% sucrose in PBS for 2-3 days (Saitoh et al., 

1995). Meninges were carefully removed under a  stereomicroscope, and frozen serial 

sections were cut at 50 pim in the frontal plane.

Fetal monkey brains: immunocytochemistry

Fetuses were delivered by cesarian section under halothane anesthesia. The whole 

body (fetuses at E34) or brain (fetuses at E50 and E70) were immersed in 4% 

paraformaldehyde in PBS (pH 7.6) for 1-5 hours, time varying with tissue size. The oldest 

fetus (E85) was perfused with 4% paraformaldehyde and the brain was then immersed in 

the same solution for 4h. None of these monkeys was alive after delivery. After fixation, 

tissue was placed in 30% sucrose in PBS (pH 7.6) until fully saturated as evidenced by 

sinking. Tissue was then frozen and sectioned by cryostat at 15 pim either in the sagittal 

plane (E34) or in the frontal plane (E50, E70 and E85), and thaw-mounted onto gelatin- 

coated slides. Slides were stored at -20°C until immunostaining.
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Adult monkeys: physiology

Six adult female rhesus macaques (6-9 years of age) were used for the in vivo

study.

High performance liquid chromatography (HPLO 

Monkey brain extracts

An HPLC column and HPLC system similar to the one described in Chapter 2 was 

used in this study. For a blank run, two consecutive 600 volumes of Milli-Q water were 

loaded at 2 min intervals onto the C-18 column and assayed for irGnRH in RIA as 

described in Chapter 2. A blank run was repeated between each application of brain extract 

to ensure that the column was free of any contaminating residual GnRH from previous 

HPLC analyses. GnRH standards had never been previously injected onto this column, 

also ensuring that results were not affected by any residual synthetic GnRH peptides.

The injection volumes were 3 ml or less and were applied as multiple injections of 

up to 700 pi[ each. These repeated injections were at 2 min interv als onto a 1 ml loop; the 

material in the loop was loaded onto the column using the TEAF HPLC program described 

in Chapter 3, Table 3-3. A 100 p\ aliquot was removed from each of the sixty collected 

consecutive fractions and assayed for GnRH immunoreactivity as decsribed in Chapter 2. 

Placental extracts

The human placental extracts were treated exactly as decribed above except they 

were semi-purified by SepPak (as described in Chapter 1) prior to their application onto the 

HPLC column. The HPLC column was washed extensively between successive 

applications of tissue: also, blank samples of Milli-Q water were applied betweeen each 

sample, eluted and assayed as described previously, to ensure that there was no 

contaminating GnRH-like material from the previous HPLC.

Standards

Synthetic standards were applied to the column after brain extracts were completed 

as described in Chapter 3. The elution positions of the standards on the chromatograph
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were confirmed by absorbance peaks (A= 280 nm) and by GnRH-specific RIA. 

Radioimmunoassay

The details of the RIA are reported elsewhere (Sherwood et a i,  1986) and 

described in chapter 2. Essentially, 100 f4l aliquots of each semi-pure fraction from the 

different HPLC runs were assayed for GnRH immunoreactivity using various antisera and

^-^I-labelled synthetic GnRH tracers in a competitive RIA. In fractions where tracer 

binding exceeded detection limits (B/Bo= 80%; Table 3-3), 50 f4l aliquots were diluted 

serially and the value closest to 50% B/Bo was used to estimate the quantity of irGnRH 

present.

Immimocvtochemistrv

Adult brain sections were immunostained with a free-float method (Saitoh et al., 

1995) whereas fetal brain sections were stained on the slide, as described previously 

(Quanbeck etal., 1997). Endogenous peroxidase was deactivated in sections by washing 

with PBS (pH 7.6) for 1 hour (4X15min) and treating with a 0.03% hydrogen peroxide in 

methanol solution. To further remove non-specific background staining, sections were 

washed with PBS for 1 hour (4XI5min) and then blocked with a 0.5% normal goat serum 

in PBS for two hours (2X 60min). The sections were then exposed to antisera specific to 

chicken GnRH-II, antiserum 675 at 1: 2,500-5,000 dilution (J.A. King and R. Millar) or 

Adams-100 at 1: 5,000-10,000 dilution. A small number of sections were also exposed to 

antiserum GF- 6  at 1; 6,000 dilution (our laboratory) or antiserum LR-1 at 1: 10,000 

dilution (a gift from R. Benoit, University of Montreal). The sections were then incubated 

at 0-40°C for 40h. Sections were washed with PBS for one hour (4XI5min) and exposed 

to the second antibody (biotinylated goat anti-rabbit IgG, Vector Labs, Burlingame, CA) 

for 1.5 hours at room temperature. This was followed by a PBS wash (2X15min) and 

exposure to avidin-biotin peroxidase complex solution (ABC, Vector Labs, Burlingame, 

CA) for 1.5 hours. After a final wash with a 0.05M Tris-buffered saline solution (TBS, 

pH 7.6, 2X 15min), the final reaction product was visualized with a 3 3 ’-diaminobenzidine
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(DAB) solution (0.5% DAB with 0.06% hydrogen peroxide in 0.1 M TBS at pH 7.6). 

Adult brain sections were mounted on gelatin-coated slides. All sections were coverslipped 

with glycerol jelly.

For specificity testing, each antiserum was preabsorbed with mammalian or chicken 

GnRH-II at concentrations ranging from 1-200 /<g/ml for 24 hours prior to application. In 

addition, to eliminate the possibility of non-specific reactions with the second antibody, the 

primary antibody was omitted in a few cases.

Physiology

Effects of cGnRH-II on LH release were examined in six adult female rhesus 

monkeys. The synthetic peptide (Peninsula Laboratories, Belmont, CA) was infused 

intrayenously, either during the mid-follicular phase of the menstrual cycle (Day 6  on 

ayerage) or during the luteal phase (i.e. after the mid-cycle pre-oyulatory surge). Blood 

samples ( 1 ml) were collected from conscious, unrestrained animals using a remote blood 

sampling system as described (Urbanski et al., 1997). The assay procedure has been 

reported (Ellinwood and Resko, 1980). The same animals had been used to determine the 

effect of mGnRH (50 ng/kg BW, i.v.) on plasma LH concentrations during the mid- 

follicular and luteal phase of the menstrual cycle; these findings haye been reported 

(Urbanski et al., 1997). Plasma LH levels were measured using a mouse Leydig cell 

bioassay and the results were expressed in terms of the cynomolgus LH RP-I standard.

The assay detection limit was 3 ng/ml; intra-assay coeffecient of variation was 12%; and 

inter-assay coeffecient of variation was 20%. Effects of synthetic mGnRH, 50 ng/kg, on 

LH release were similarly examined in the same monkeys for compjarative purposes. At a 

later date, the in vivo chicken GnRH-II experiments were repeated exactly as above but 

using a 2,000 ng/kg dose. Mean plasma LH concentrations were analysed by ANOVA, 

followed by the Student-Newman-Keuls test.
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Results

Cross-reactivity o f antisera

The cross-reactivity and characteristics of the antiseia used in this chapter, GF-4, 

B-6 , 7CR-10 and Adams-100, are shown in Chapter 3, Table 3-3, Fig. 3-1 A, IB). The 

cross reactivity with 11 different GnRH peptides is shown for GF-4 and B- 6  in Fig 3 -lA  

and for 7CR-10 and Adams-100 in Fig. 3 -IB. It is clear that B- 6  is specific for mGnRH 

(Fig. 3-IA); Adams-100and 7CR-10 are nearly specific for cGnRH-II (Fig. 3-IB); and 

GF-4 cross-reacts with many forms of GnRH such as mGnRH, hydroxy-Pro’-mGnRH , 

sbGnRH, cGnRH-I, sGnRH, cGnRH-lI, dfGnRH, cfGnRH and IGnRH-III.

Adult whole brain

With antisera that detect mGnRH, GF-4 detected 22.2 ng and B- 6  detected 21.7 ng 

of immunoreactive GnRH in fraction 22 (Fig. 5-1, Table 3-3). With cGnRH-II specific 

antisera, 7CR-10 detected 7.9 ng and Adams-100 detected 2.6 ng of irGnRH (Table 5-1). 

Both antisera detected this immunoreactivity in HPLC elution positions 26 and 27 (Fig. 5- 

2). Synthetic cGnRH-lI eluted in fraction 26 under the same conditions. The specific 

antisera, B- 6  (for mGnRH) and Adams-100 (for cGnRH-II), detected 73.1 and 8 . 8  pg 

irGnRH per gram of whole brain tissue, respectively. Thus, there was 8  times more 

mGnRH than cGnRH-11 at the time of brain collection as measured by these antisera. The 

immunoreactivity’ detected by 7CR-10 in early eluting fractions was significantly reduced as 

shown after buffering of HPLC fractions to pH 6  with 5 M NaOH before assaying (Fig. 5- 

2 ).

Our mammalian-specific antiserum, B-6 , also showed GnRH immunoreactivity in 

fractions 16-21 (Fig. 5-1). This immunoreactivity does not appear to be hydro.\y-Pro’- 

mGnRH because B-7 (the next bleed from the same rabbit and an antibody with identical 

characteristics as B-6 ), has only 1% cross-reactivity with synthetic hydroxy-Pro’-mGnRH, 

compared to mGnRH.
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Table 5 -1 : Amount (ng) of immunoreactive GnRH in primate brain

mGnRH cG nR H -l
Whole Brain I

GF-4 B-6 or B-7 7CR-10 Adams-100

Adult 2
(^ 14 .16yr (fl9yr)

Fetal

22.2 ng 21.7 ng
(73.1 pg/g)

7.9 ng 2.6 ng 
(8.8 pg/§)

( f  E75 (fE 72 , E76. E77 )

Fetal
( ?  El 25)

Dissected Brain

4.3 ng 

9.2 ng

3.0 ng 
(160.0 pg/t|)

23.0 ng
(657.1 pg/g)

ND 

0.4 ng

ND

0.5 ng 
(12.9 pg/g)

(Adult d* 19yr)

Diencephalon 19.1 ng 4.7 ng 
(610.4 pg/g)

0.9 ng 2.2 ng
(285 7 pg/g)

Forebrain-cortex
-cerebellum

0.8 ng 0.9 ng
(13.2 pg/g)

0.5 ng 0.3 ng
(4.4 pg/g)

Brainstem 1.4 ng 2.2 ng
(157 1 pg/g)

0.7 ng 0.7 ng 
(50.0 pg/g)

1 Antisera are GF-4, B-6, 7CR-10 and Adams-100.
2 Values in parentheses (pg/g) represent the irGnRH concentration detected by 

the most specific antiserum (B-6 or B-7 and Adams-100) in those particular brain 
extracts.

 ̂ ND= not done.
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Fig. 5-1. irGnRH in adult stumptail monkey brain extracts showing HPLC elution 

positions. Antisera are (A) GF-4 and (B) B-6 . Small arrows above HPLC elution profiles 

represent the different forms of GnRH detected by that specific anti serum as well as where 

those synthetic forms would elute under the same HPLC conditions. m-Hyp® = 

hydroxyproline-’-mammalian GnRH, m= mammalian GnRH, c-l= chicken GnRH-I, sb= 

sea bream GnRH, c-II= chicken GnRH-II, and s= salmon GnRH.
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Fig. 5 -2. irGnRH in adult stumptail monkey brain extracts showing HPLC elution 

positions. Antisera were (A) 7CR-10 and (B) Adams-100. In the assay with 7CR-10, 

open bars represent immunoreactivity in RIA tubes in which the final pH was changed to 6  

with 5M NaOH. Changing the pH did not affect the assay with Adams-100 antiserum. 

Small arrows above HPLC elution profiles represent the different forms of GnRH detected 

by that specific anti serum as well as where those synthetic forms elute under the same 

HPLC conditions. 1 - 1 = lamprey GnRH-I, c-II= chicken GnRH-II, df= dogfish GnRH, s= 

salmon GnRH
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Fetal whole brain

IrGnRH, 4.3 ng, was detected in fractions 20 and 21 using antiserum GF-4 (Fig. 

5-3). The antiserum (B-7) that is more specific for mGnRH than GF-4 detected 3 ng of 

mGnRH, 160 pg/g whole brain tissue (pooled samples of E72, E75, E76, E77), in the 

same fractions. There was 160 pg irGnRH per gram of fetal brain tissue compared to 73.1 

pg/g adult brain tissue as detected by B-7 or B-6 . Analysis of another fetal brain (E125) 

also showed immunoreactivity in elution positions 20 and 21 as detected by GF-4 and B-7 

confirming the presence of mGnRH (data not shown). There was much more irGnRH 

detected in this fetal brain extract, 657.1 pg/g, than in the previous pooled fetal brain 

extracts, 160.0 pg/g, or adult brain extracts, 73.1 pg/g. Also the cGnRH-11 specific 

antisera, 7CR-10 and Adams-1(X), detected immunoreactivity in positions 25 and 26 (Fig. 

5-4). Adams-100 detected 0.45 ng cGnRH-ll-like immunoreactivity ,whereas 7CR-10 

detected 0.37 ng. Therefore, there was 12.9 pg cGnRH-11 per gram of fetal (E125) brain 

tissue as detected by Adams-100 anti serum. If compared to adult rhesus brains (8 . 8  pg 

cGnRH-11 per gram tissue) there was a 1.5 fold increase in concentration of cGnRH-ll-like 

immunoreactivitv in fetal rhesus monkeys.
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Fig. 5-3. mGnRH in fetal (E72-E77) rhesus monkey after HPLC elution. The antisera 

were (A) GF-4 and (B) B-7. Small arrows above the HPLC elution profles represent the 

elution positions of synthetic peptides under the same HPLC conditions. The dashed line 

indicates the pecentage acetontrile used for elution.
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Fig. 5-4. cGnRH-II in fetal (E125) rhesus monkey brain extracts after HPLC elution. 

Antisera were (A) 7CR-10 and (B) Adams-100. Small arrows above the HPLC elution 

profles represent the elution positions of s>athetic peptides under the same HPLC 

conditions. The dashed line indicates the pecentage acetontrile used for elution.
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Dissected adult brain

All three dissected parts of the brain (diencephalon, forebrain-cortex-cerebellum, 

and brainstem) contained GnRH-like immunoreactivity primarily in fractions 20-21 (Fig. 5- 

5) and 26 (7CR-10) or 26 and 27 (Adams-100) (Fig. 5-6) corresponding to the elution 

positions of synthetic mGnRH and cGnRH-lI, respectively. EUA analysis with antisera 

GF-4 detected 19.1 ng irGnRH in the diencephalon, 0.8 ng immunoreactivity in the cortex 

region, and 1.4 ng irGnRH in the brainstem (Fig. 5-5A). The more specific mammalian 

antiserum, B-6 , detected 4.7, 0.9, and 2.2 ng immunoreactive GnRH per fraction in the 

same three brain regions, respectively (Fig. 5-5B). Fraction 26 contained 0.9,0.5 and 0.7 

ng irGnRH as detected by the 7CR-10 antiserum (Fig. 5-6A) and 2.2, 0.3 and 0.7 

ng/fraction immunoreactivity as detected by anti serum Adams-100 (Fig. 5-6B). 

Quantitatively, B- 6  detected more irGnRH /gram brain tissue, 610.4 pg/g, in the 

diencephalon, 13.2 pg/g in the cortex, and 157.1 pg/g in the brainstem. These results 

suggest a relative abundance of mGnRH in the diencephalon. Antisemm Adams-100 

detected 285.7 pg/g, 4.4 pg/g, and 50.0 pg/g immunoreactivity in the diencephalon, cortex, 

and brainstem, respectively. Hence, immunoreactive mGnRH and ir-cGnRH-II are more 

concentrated in the diencephalon than in the brainstem or the cortical regions.
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Fig. 5-5. HPLC elution of mGnRH from adult stumptail monkey brain extracts from the 

diencephalon, cortex and brainstem regions. Antisera were (A) GF-4 and (B) B-6 . The pH 

of each fraction was adjusted to 6  with 5M NaOH before assaying for irGnRH. Small 

arrows above the HPLC elution profles represent the elution positions of synthetic 

peptides under the same HPLC conditions. The dashed line indicates the percentage 

acetonitrile used for elution.
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Fig. 5-6. HPLC elution of cGnRH-II in adult stumptail monkey brain extracts from the 

diencephalon, cortex and brainstem regions. Antisera were (A) 7CR-10 and (B) Adams- 

100. In all fractions, the pH was adjusted to 6  with 5M NaOH before assaying for 

irGnRH. Small arrows above the HPLC elution profles represent the elution positions of 

synthetic peptides under the same HPLC conditions. The dashed line indicates the 

pecentage acetonitrile used for elution.
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Placenta

Only a small amount, 0.27 ng, of irGnRH was detected from the SepPak column in 

fractions 13 and 14 using antiserum GF-4 following elution of the human placental extracts 

(Fig. 5-7A). These two fractions were combined, vacuum-concentrated, injected onto the 

C-18 HPLC column, and eluted using the TEAF 17-24% HPLC program. Antiserum 

GF-4 only detected 0.06 ngs of irGnRH in fraction 24, and scattered amounts throughout 

the remaining sixty HPLC fractions (Fig. 5-7B). Further RIAs using antisera B-7 (Fig. 5- 

7Ci) and 7CR-10 (Fig. 5-7D^) did not detect either mGnRH-like or cGnRH-ll-Iike

immimoreactivity. RIAs using antisera GF-4, B-7 and Adams-100 also did not detect 

irGnRH in the elution positions where the expected forms, mGnRH and cGnRH-II, would 

elute after SepPak fractions 15-33 were combined and eluted from the C-18 column using 

TEAF 17-24% (Fig. 5-7B2, C2 , D2 , respectively). The quantities of irGnRH detected by 

GF-4 after elution from the C -18 HPLC column were too small (Fig. 5-7B 1 , B2 ) to 

suggest that additional forms of GnRH were present in the placental extracts.
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Fig. 5-7. Immunoreactive GnRH in human placental extracts after HPLC elution. Small 

arrows above the HPLC elution profiles represent the elution position of synthetic peptides

under similar HPLC conditions. Abbreviations are: m-Hyp9, hydroxyproline-^- 

mammalian GnRH; m, mammalian GnRH; c-1, chicken GnRH-1; sb, sea bream GnRH; c- 

11, chicken GnRH-11 and s, salmon GnRH. Dashed line represents the percent acetonitrile 

used in elution. irGnRH was detected by (A) antiserum GF-4 after elution from a SepPak 

column, (B i )  antiserum GF-4 after elution of SepPak fractions 13-15 from a C-18 

column, (Bo) antiserum GF-4 after elution of SepPak fractions 16-33 from a C-18 

column, (C l )  anti serum B-7 after elution of SepPak fractions 13-15 from a C-18 

column, (Co) antiserum B-7 after elution of SepPak fractions 16-33 from a C-18 

column, (D i)  anti serum 7CR-10 after elution of SepPak fractions 13-15 from a C-18

column, (Do) anti serum Adams-100 after elution of SepPak fractions 16-33 from a C-18 

column.
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Immunocytochemistry

In the fetuses at stages E50, E70 and E85, chicken GnRH-II positive cells were 

seen in the basal region of the posterior hypothalamus, median eminence, pituitary stalk, 

and periaqueductal regions in the midbrain (Fig.5-8A, C, D, F, G, H) and chicken GnRH- 

II positive fibers were observed in the basal hypothalamus and pituitary stalk (Fig. 5-8A, 

C). In the adult brainstem, chicken GnRH-II positive cells were distributed in the 

periaqueductal regions (Fig. 5-81, J). Chicken GnRH-II positive cells were found in the 

periventricular region of the posterior hypothalamus in the E34 fetus (not shown). 

Generally, chicken GnRH-II positive cells (~I7 /<m x 10 jiva) were round in shape and 

smaller in size (Fig. 5-8A, C, F, G and H) than mammalian GnRH positive cells (22 \

10 ;<m), which had a fusiform shape (Fig. 5-8B). However, in the adult midbrain there 

were some large chicken GnRH-II cells (Fig. 5-81 and J). Although thick neurites were 

commonly observed for mammalian GnRH positive cells (Fig. 5-8B), generally chicken 

GnRH-II positive cells possessed fine short neurites (Fig. 5-8A, C and I).

Absorption tests indicated that tissues exposed to antiserum 675, which had been 

pretreated with chicken GnRH-II peptide (2/<g/ml for 24h ), did not have any 

immunostained cells (Fig. 5-8E). However, if the tissues were exposed to antiserum 

Adams-100, which had been pretreated with the chicken GnRH-II peptide (5-200 pi§Jm\ for 

24h), chicken GnRH-II positive cells were still present (not shown). Preabsorption with 

mGnRH did not alter immunoreactivitv.
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Fig. 5-8 Examples of immunostained cells for chicken GnRH-II, indicated by arrowheads 

(A, C, D, F, G, H, I, and J) or mammalian GnRH, indicated by arrows (B). In the 

medial basal hypothalamus (A) and the pituitary stalk (C) of the monkey fetus at E85, 

chicken GnRH-II immunopositive cells stained with anti serum 675 are seen. In the medial 

basal hypothalamus (B) of the adjacent section in the same monkey fetus, mammalian 

GnRH positive cells stained with antiserum GF - 6  are also seen. The shape of mammalian 

GnRH positive cells is different from that of chicken GnRH-II positive cells. Chicken 

GnRH-II positive cells stained with anti serum 675 (D) or with antiserum Adams-100 (F, 

G, and H ) are seen in the midbrain periaqueductal region of fetuses at E85 (D) at E50 (F 

and G). and at E70 (H). In the adjacent section of the fetus at E85 (E), there are no 

immimopositive cells with antiserum 675 when preabsorbed with chicken GnRH-II 

peptide. Chicken GnRH-II positive cells are seen in the adult midbrain of 2 monkeys (I 

and J). Two immunopositive cells shown in I were magnified in J. Chicken GnRH-II 

immunopositive fibers indicated by long double arrows are also seen in the pituitary stalk 

(C) and periaqueductal region (I). Abbreviations: AQ=aqueduct, STK=pituitary stalk. 

Scale bars: A, B, C, D, E, F, G and J = 20;<m; 1= 40//m; J= 10/<m.
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Physiology

The intravenous administration of cGnRH-II (50 ng/kg BW) to rhesus macaques 

during the luteal phase of the menstrual cycle resulted in a marked increase (PcO.OI) in 

plasma LH concentrations, which was sustained (P<0.05) for at least 40 min (Fig. 5-9). 

In contrast, the same dose of cGnRH-II failed to induce a significant increase (P>0.05) 

during the mid-follicular phase of the cycle. This finding is similar to that previously 

reported for differential effects of mGnRH on LH during the macaque’s menstrual cycle 

(Urbanski etal., 1997). A higher dose of cGnRH-lI (2/<g/kg BW) during the mid- 

follicular phase produced a higher plasma LH concentration (P<0.05) than that produced 

by 50 ng/kg BW, although the LH levels were still significantly lower than those induced 

by the 50ng/kg BW of cGnRH-11 during the luteal phase (P<0.01).
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Fig. 5-9. Effect of intravenous administration of cGnRH-II (at Time 0) on plasma LH 

concentrations in adult female rhesus macaques. Serial blood samples were collected from 

each animal either during the mid-follicular (lower panel) or luteal phase (upper panel) of 

the menstrual cycle. A significant LH increase was detected 10 min after administration of 

cGnRH-II (50ng/kg BW, solid symbols) during the luteal phase (P<0.01) but not during 

the mid-follicular phase (P>0.05); in the latter case, however, a higher dose of cGnRH-11 

(2/^g/kg BW, open symbols) resulted in a significantly greater increase (P<0.05). Each 

point represents the mean LH concentration from six animals and the SEM are shown as 

vertical lines.
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D iscu ssion

This is the first report that a  second form of GnRH, with characteristics like 

cGnRH-II, is present within primate brains. HPLC elution position, as well as cross­

reactivity with specific cGnRH-II antiserum in RIA and immunocytochemistry, suggest 

that the primate brain contains both mGnRH and a cGnRH-II-like molecule. In contrast, 

by the same criteria a full-term human placenta contained neither mGnRH nor cGnRH-II- 

like molecules.

cGnRH-II is conserved from jawed fish to primates

The chicken-II form of GnRH has been conserved in a variety of vertebrates, from 

the first jawed fish to primitive placental mammals. The primary structure for cGnRH-II 

has been obtained from chicken, alligator, frog, sea bream, tilapia, pacu, catfish, herring, 

dogfish, and ratfish (Powell et al., 1996; Sherwood et al., 1997). In addition, the 

sequence of the cDNA that encodes cGnRH-II is reported for several fish (Bogerd et a i, 

1994; Gothilf et al., 1996; White et al., 1994) and the tree shrew (Rissman etal., 1995). 

These data confirm the presence of cGnRH-II in representative members of each vertebrate 

class, except for jawless fish (Sherwood etal., 1986; Sower etal., 1996), and firmly 

establish it as the most conserved of the GnRH forms.

The combination of cGnRH-II and mGnRH in the brain of one species is not 

unique to primates, but has been detected for a variety of vertebrates. For example, 

mGnRH-like and cGnRH-II-like immunoreactivity in the brain has been shown in primitive 

bony fish like sturgeon (Lepretre etal., 1993; this thesis. Chapter 2), reedfish and alligator 

gar (Sherwood et al., 1991); teleosts like eels (King et al., 1990 ); tetrapod ancestors like 

lungfish (Joss etal., 1994 ) ,  amphibians likeXenopus (Conlon etal., 1993 ) and Ranid 

frogs (Conlon, et a i, 1993; Licht et al., 1994) and primitive placental mammals like musk 

shrew (Dellovade e/a/., 1993).
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cGnRH-II neurons in primates are conserved in location

I have shown using a combination of HPLC and RIA with specific antiserum that 

cGnRH-II-Iike and mGnRH-like immunoreactivity exist throughout the brain of stumptail 

and rhesus monkeys. Thus, primates are like other vertebrates in that cGnRH-II is 

distributed throughout the brain due to the wide distribution of axons. 

Immunocytochemistry also has shown that there are some cGnRH-II-like immunopositive 

cells and fibers in the basal hypothalamus, in close proximity to the hypophysial portal 

system. However, the relative scarcity of cGnRH-II-like immunopositive cells and fibers 

in the basal hypothalamus compared to mGnRH suggests that mGnRH functions as the 

primary gonadotropin releaser.

It is surprising that cGnRH-II has not been detected before in vertebrates such as 

sheep, rats and humans (King etal., 1988). Differences in methodology, like specificity 

and sensitivity of cGnRH-II antisera or use of primate whole brain rather than just 

diencephalon, may have contributed to detection of this form. Alternatively, cGnRH-II 

may have a relatively small window of maximal expression and therefore, the timing of 

tissue collection may be crucial in its detection. Another technical problem is that our two 

cGnRH-II-specific antisera stained cells in the midbrain but one (Adams-100) was not 

blocked by the cGnRH-lI peptide, whereas the other (675) was blocked. However, the 

specificity of cGnRH-II staining is established by antiserum 675 for the hypothalamus, 

pituitary stalk and midbrain as shown by Fig BA, C, D, E, 1 and J.

The present study suggests that the GnRH systems in primates are not dissimilar 

from other vertebrates: i.e., there is I) an anterior system of neurons that express one 

GnRH form (eg. mGnRH, sGnRH, cfGnRH, sbGnRH or cGnRH-I) with fibers 

projecting to the pituitary or median eminence for LH and FSH release, and 2) a posterior 

system of neurons that express cGnRH-II, with fibers projecting throughout the brain, 

including the hind-brain, posterior pituitary and spinal cord. In the musk shrew, cGnRH- 

II neurons are localized in a discrete cluster within the midbiain. Most of the fibers appear
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to end in the medial habenula region, but some are widely scattered in the forebrain as well 

as in the median eminence, arcuate nucleus and infundibular stem (Rissman ei al., 1995).

In contrast, mGnRH is foimd primarily in the forebrain (Dellovade et a/., 1993). 

cGnRH-II is expressed early in development in primates

In the present study, cGnRH-lI was detected as early as E125 (there was an 

insufficient quantity of the E72 -E77 brains for testing with Adams-100 or 7CR-10 

antisera) by specific antisera with HPLC, and as early as E34 by immunocytochemistry . 

This timing of the origin of cGnRH-II-like cells is as early as that of the two populations 

of anterior mGnRH cells that migrate from the olfactory placode into the telencephalon and 

diencephalon in rhesus monkeys (Quanbeck et al., 1997). The earliest migrating cells 

containing GnRH were detected in the telencephalon of the rhesus monkey as early as E30; 

the form of GnRH in the cells is detected only by GF-6 . A recent prelimionayr study 

indicates that these cells contain fragments of GnRH (Teresawa ei a i, 1997) but the 

molecular form is yet to be determined. These neurons ultimately settled in the lateral 

septum and amygdala, but not in the hypothalamus. The second type of cells containing 

mGnRH were detected by several anti sera including GF-6 ; these cells originated at E32 - 

E36 and migrated into the forebrain at E38 -E42, about 1-2 weeks after the first type of 

cells. These late-migrating mGnRH neurons settle in the medial septum, preoptic area and 

anterior hypothalamus. Therefore, cGnRH-II positive cells do not originate in the olfactory 

placode. At present, the origin of cGnRH-II cells is unknown. One possibility is that the 

cGnRH-II neurons originate in the ventricular wall of the posterior hypothalamus and the 

mid-hindbrain area, and migrate only a short distance.

The function o f cGnRH-II in all vertebrates remains an enigma

The fact that cGnRH-II has been conserved in species separated by such wide 

evolutionary time suggests that it may have important functional significance. In this study 

a low dose of synthetic cGnRH-II stimulated LH release in adult rhesus monkeys when 

administered during the mid-luteal phase. There was no significant increase in plasma LH
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if the injection took place during the mid-follicular phase, unless a high dose (40x) of 

cGnRH-II was used. In fact, administration of mGnRH at the same dose to the same 

monkeys showed a similar differential pattern of LH release between the luteal phase and 

mid-follicular phase of the menstrual cycle (Urbanski etal., 1997).

These data accord with high binding affinity of cGnRH-II for the GnRH receptor in 

humans (Davidson et a i,  1988) as well as in non-primate mammals. Other studies also 

show that cGnRH-II is effective in releasing LH, FSH or gonadotropins (Millar and King, 

1995; Miyamoto et a i,  1990; Sharp et a i, 1990; Sherwood et a i ,  1997; Zohar et a i,

1995) but it is not clear that the fibers containing cGnRH-Il are present or reach the portal 

vessels or pituitary in all vertebrates. Hence, cGnRH-11 may play a different physiological 

function. Indeed, cGnRH-Il administered to chickens was effective in releasing LH and 

FSH, but blockage of the peptide with antisera in vivo did not alter the reproductive cycle 

(Sharp et al., 1990). The location of cGnRH-Il in the mid-hindbrain is one of the few 

clues about its possible functions. Despite these studies showing that more than one form 

of GnRH can stimulate gonadotropin release from the pituitary, mGnRH is usually more 

effective (Gautron et al., 1992; Millar and King, 1995; Miyamoto et al., 1990; Sherwood et 

a i, 1997). A unique chicken GnRH-lI receptor has not been isolated and sequenced in any 

vertebrate to date and hence, the possibility remains that a single receptor type may exist 

that binds both mGnRH and cGnRH-11. King and Millar ( 1988) have presented evidence 

that a single receptor type binds both cGnRH-I and cGnRH-II in chicken pituitaries (King 

etal., 1988).

The presence of a few cGnRH-11 neurons in the basal hypothalamus of the rhesus 

monkey suggests that the cGnRH-Il form may play a minor hypophysiotropic role, aiding 

in the stimulus of LH synthesis and/ or release during certain developmental periods or 

reproductive states. Alternatively, the presence of cGnRH-11 in this brain area may not 

affect LH or FSH release, but function in the control of reproductive behavior (Millar and 

King, 1995). Other vertebrate studies suggest cGnRH-II is a neuromodulator that affects
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reproductive behavior. This hypothesis is strengthened by evidence that cGnRH-II binds 

to high affinity sites in bullfrog sympathetic ganglia membranes resulting in altered 

potassium currents (Jones, 1987) or in late, slow post-synaptic excitatory potentials 

(Hseuh etal., 1985; Jan etal., 1979). Behavioral studies show that injection of GnRH 

into the midbrain, resulted in enhanced lordosis and female receptivity in rats (Ogawa, et 

al., 1992; Sakuma etal., 1980; Silver etal., 1993; Pfaff etal., 1994) and turtle doves. 

Intraperitoneal injection of cGnRH-Il into a reptile. Iguana iguana, altered plasma steroid 

levels and female sexual receptivity (Phillips et a i, 1987). Furthermore, immunoreactive 

GnRH cells in the midbrain of the sting ray, Urolophus halleri, project to motor neurons 

associated with the clasper appendage that is involved in mating behavior (Demski, 1984).

The question of the presence of multiple forms of GnRH within the vertebrate brain 

is important for our understanding of the control of reproductive physiology and behavior. 

The discovery of cGnRH-II-like substance in the brain of adult and fetal monkeys suggests 

that an anterior and posterior GnRH system exists within the brains of evolutionarily 

advanced vertebrates, possibly even in humans. Each of the multiple forms of GnRH 

might be involved in the control of reproductive physiology and behavior or some of the 

GnRH forms might have a function unrelated to reproduction.

GnRH is not detectable in human placenta at term

After my discovery of a cGnRH-II-like molecule in primate brain, I predicted a 

similar combination of mGnRH and cGnRH-II-like immunoreactivity in the human 

placenta. However, I did not detect any iiGnRH using antiserum GF-4 or any of our 

GnRH-specific antisera, B-7, 7CR-10 and Adams 100, in the placenta in this study. The 

absence of detectable mGnRH in the placenta in this study compared to other studies may 

not be surprising when the function of GnRH in the placenta is considered. In the 

placenta, GnRH functions as a  paracrine hormone binding mGnRH-specific receptor sites 

(Bramley et a i,  1993; Currie etal., 1981) to stimulate the synthesis and release of human 

chorionic gonadotropin, hCG, from cells in the same tissue (Belisle etal., 1984; Kelly et
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al., 1991; Petragiia etal., 1989; Siler-Khodr and Khodr, 1981). hCG also functions in a 

paracrine fashion in the placenta by maintaining the endometrial wall during pregnancy. 

Therefore, hCG levels are highest in the first trimester and decline as pregnancy 

progresses. If GnRH exists in the placenta primarily to regulate hCG, it can be expected 

that the increase and decrease of GnRH levels would occur in parallel with the levels of 

hCG. Consequently, it might be predicted that GnRH levels in the placenta would be low 

at the time of birth, the time that the tissue for this study was collected. The importance of 

the timing of tissue collection to the detection of GnRH in the placenta is shown in a 

previous report by Seppala et al., 1980 who demonstrated that GnRH-specific 

immunostaining was present in first and second trimester placentas but not in placentas 

collected after full-term pregnancies. The high sensitivity of some of our antisera made me 

hopeful that different forms of GnRH might still be detected at term, but this is not the 

case.
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Chapter 6

Identification of mGnRH but not cGnRH-II or other forms of GnRH in the brains

of guinea pig, hamster and rat.
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Introduction

I have shown in Chapter 5 of this thesis that the brain of adult stumptail monkeys 

as well as adult and fetal rhesus monkey contains a cGnRH-ll-like molecule in addition 

to mGnRH. However, although a combination of HPLC elution position and cross- 

reactivity with specific antisera provides strong evidence as to which forms of GnRH are 

present in the brain, more definitive proof would be to characterize GnRH by primary 

structure or by molecular biology methods. It is difficult to obtain enough primate tissue 

to determine the protein structure of GnRH and therefore, I decided to examine the brain 

of mammals that are more readily available than primates, such as guinea pigs ( Cavia 

porcellus), hamsters {Mesocritus auratus) and adult and fetal rats (Rattus rattus). 1 

hypothesized that mGnRH and/or cGnRH-II immunoreactivity would be present in the 

brain of these species with sufficient quantity to determine the protein sequence of both 

GnRHs detected and therefore, 1 would be able to clearly identify cGnRH-II in recently- 

evolved placental mammals. 1 also examined rat tissue at different times of development 

to determine if the form(s) of GnRH present is ontogenetically expressed and if cGnRH- 

II is present in fetal rodent brains as was shown in fetal primate brains in the previous 

chapter.

Previous HPLC and RIA studies have shown that mGnRH-like immunoreactivity 

exists within the brain of rodents like rats (Gautron etal., 1991; Kelsall etal., 1990; King 

et al., 1990) and guinea pigs (Kelsall et al., 1990). In addition, the cDNA encoding the 

mGnRH peptide has been isolated from the brain of rat (Adelman eta l., 1986) and 

hamster (Jansen et al., 1996) and the mGnRH gene has been isolated from the brain of rat 

(Adelman et al., 1986; Bond et al., 1989; Kepa et al., 1992) and mouse (Mason et al., 

1986). The cDNA encoding mGnRH also has been isolated from the placenta (Adelman 

et al., 1986) and ovary (Oikawa et al., 1990) of rat suggesting that mGnRH also might 

function outside the brain of this species. An additional form of GnRH that might be

present in rodents is hydroxy-pro^-mGnRH, a post-translational derivative of mGnRH
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with hydroxylated proline in position 9, because this form has also been found in the 

brain of rats in addition to the brain of frogs (Gautron et al., 1991 ; Sherwood et al.,

1997). The HPLC/ RIA evidence as well as reports that synthetic mGnRH stimulates the 

release of LH and FSH from the pituitary in rat, mouse, and human (Sherwood et al., 

1997) suggests that the gene is expressed and the mature peptide is present and functional 

in the brain of some rodent species.

There have been no previous reports of a cGnRH-11 peptide cDNA or gene in the 

brain of rodents. However, lack of a specific antiserum or probe might account for the 

negative results. In our laboratory, I had three different cGnRH-ll-specific antisera, 

7CR-10, Adams-100, Millam and one mGnRH-specific antiserum, B - 6  (or B-7) to use.

In addition, I also had antiserum GF-4, which is capable of cross-reacting with eight of 

the twelve known forms of GnRH and therefore, is useful in searching for additional 

types of GnRH. In this chapter of my thesis, 1 used HPLC and sensitive RlAs with the 

battery of antisera available to me to search for mGnRH, cGnRH-11 and other forms of 

GnRH in the brain of guinea pigs, hamsters and rats.

The rat study was done in collaboration with Elizabeth Logan at the Universtiy of 

Victoria, whereas the hamster brains used in this study were collected by Dr. David 

Lovejoy at the University of Manchester.

M aterials and Methods

The details of the tissue, extraction technique, HPLC purification steps and 

antisera are summarized in Table 6-1. The details of the HPLC programs used are 

summarized in Chapter 3, Table 3-2.
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Table 6-1: Rodent HPLC and RIA summary

Species Tissue
(grams)

Extraction HPLC Antisera Forms of
technique purification used in RIA irGnRH

G u in e a  pig

{Cavia 
porcellus)

adult brains
(male/female)
(85.0g)

acid: acetone TEAF 17-24% GF-4
B-7
Adams-100

mGnRH

H a m ste r

(Mesocriteus
auratus)

adult brains
(male/female)
(25.0g)

acid: acetone TEAF 17-24% GF-4
B-7
7CR-10
Millam

mGnRH

adult brains
(male/female)
(252.0g)

TEA: ACN SepPak TFA 
TEAF 17-24%

GF-4
B-7
Adams-100

mGnRH

R at

(Rattus rattus)

adult brains 
(female)
(6 .8 g)

acid: acetone TEAF 17-24% GF-4
B - 6

7CR-10
Gertie

mGnRH

E l9.5 heads
(male/female)
(13.8g)

acid: acetone TEAF 17-24% GF-4
B- 6

7CR-10

?mGnRH

E18.5 heads
(male/female)
( l l . l g )

acid: acetone TEAF 17-24% GF-4
B - 6

7CR-10

?mGnRH

E l4.5 fetuses 
(3.0g)

acid: acetone TEAF 17-24% GF-4
B- 6

7CR-I0

?

E l2.5 fetuses 
(7.0g)

acid: acteone TEAF 17-24% GF-4
B - 6

7CR-10

7
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Tissue Collection 

Guinea Pig and Hamsters

Twenty-five adult male and female guinea pigs,Cav/a porcellus, (Hartley 1986 

strain) were purchased from Hilltop Lab Animals Inc. (Scottsdale, PA) and Pel Freeze 

(Rogers, AR). The brains were from animals that ranged from 200g weanlings to 300- 

400g mature adults to lOOOg retired breeders. In the hamster, Mesocriteus auratus , 

studies, 25 and 100 adults of both sexes were used in the initial and second study, 

respectively. All hamsters were collected in Dr. David Lovejoy’s laboratory at the 

University of Manchester, England. In all three studies, animals were anesthetized using 

carbon dioxide; the brains were removed and quickly frozen in liquid nitrogen. Frozen 

brains were then shipped on dry ice to University of Victoria and stored at -80°C.

Rats

Six adult female rats, Rattus rattus, (Wistar strain) were time mated at Charles 

River (Montreal, QC) and shipped to University of Victoria where they were housed in 

our Animal Care Facility. At specific time intervals, embryonic days (E)12.5, E 14.5, E 

16.5, E 18.5, and E 19.5, individual female rats were anesthetized using halothane gas 

and fetuses were removed by cesarian section. The whole fetus, including the placenta, 

was collected at E12.5; the whole fetus, excluding the placenta, was collected at E14.5; 

whereas, the head only was collected for E16.5, E18.5 and E19.5. The maternal rat brain 

also was collected after removal of the fetuses . All tissues were quick frozen in liquid 

nitrogen and stored at -80“C.
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Tissue Extraction

Rat fetuses, guinea pig brains, rat brains, and a portion of the hamster brains were 

treated as reported previously (Ngamvongchon etal., 1992) and described in Chapter 2. 

For extraction, tissue was pooled as follows: 1) rat fetuses from different days of 

development (5 pools), 2) adult brains pooled from each species (rat, guinea pig, hamster) 

and 3) additional hamster brains ( 1 pool).

In the second hamster study, an alternative method (Lovejoy et al. , 1992) was 

used to determine if the extraction procedure might affect the type and quantity of GnRH 

eluted in HPLC and detected by RIA. Briefly, the brains were crushed and powdered as 

described previously but then were added to a 0.05% TFA/80% ACN (1:5 v/v) mixture, 

which was stirred continuously for three hours. Then the extracts were centrifuged (JA-

14 rotor, Beckman JA-21 preparative centrifuge, 20 OOOg, 5°C) for 15 minutes. The

supernatant was removed and stored on dry ice, while the solids were re-extracted in 

0.05% TFA /80% ACN (40% of the original volume) for a further 20 minutes with 

continuous stirring. Following centrifugation for another 15 minute, the supernatants 

were combined and extracted five consecutive times with petroleum ether (5:1, v/v) to 

remove lipids and large proteins.

Each tissue extract was vacuum concentrated (Savant Speed-Vac concentrator) to 

1 0 % of its original volumes following extraction to remove petroleum ether and then 

brought to pH 3 using 5N NaOH.

SepPak and HPLC

The details of the solvents used in the HPLC procedures are outlined in Table 6-1, 

whereas the details of the HPLC programs used are described in Chapter 3, Table 3-2.

For the tissue extracts from the guinea pig, rat and the initial hamster study, 

residual debris from the extraction procedure was removed by filtration through a low 

protein binding filter (45 itm, piCOSvit LB ™, Keenebunk, ME) prior to their injection 

onto a similar C-18 HPLC column as described in Chapter 2. Brain extracts from the
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second hamster study were semipurified initially by SepPak as described in Chapter 2 of 

this thesis.

Before every tissue sample, a blank sample of 600 /<1 of Milli-Q water (Millipore, 

Bedford, MA) was injected onto the C -18 HPLC column, then eluted and assayed by RIA 

as described previously in chapter two. If GnRH immunoreactivity was not detected after 

this blank sample was assayed, aliquots of not more than 800//1 of tissue extract were 

injected at 2 minute intervals onto the same column, eluted using the same TEAF 17-24% 

HPLC program and collected in sixty consecutive fractions of 1 ml each. For each tissue 

extract, 50-100 aliquots were removed from each HPLC fraction and assayed for 

GnRH-like immunoreactivity with two or more antisera: GF-4, B-7, Adams-100,

7CR-10, or Millam as described in Chapter 2. The HPLC column was washed 

extensively between successive applications of different tissue and blank samples of 

Milli-Q water were applied as noted above to ensure that there was no contaminating 

GnRH-like material from the previous HPLC.

RIA

RIA and antisera characteristics are described in the Chapter 3 of this thesis. 

Cross-reactivitx

Characteristics of the RIAs using antisera GF-4, B - 6  (or B-7), 7CR-10, and 

Adams-100 have been described in Chapter 3 (Fig. 3-1). Antiserum Gertie was raised in 

rabbits against lamprey (l)GnRH-III and was a gift of Dr. Stacia Sower (University of 

New Hampshire), whereas antiserum Millam was raised in rabbits against cGnRH-II and 

was a gift from Dr. Jim Millam (University of California, Davis). The Millam antiserum 

was added to this study because antisera 7CR-10 and Adams-100 are specific for 

cGnRH-Il, but they both have limited cross-reactivity with one or two other GnRH 

forms. Also, antiserum Gertie is specific for IGnRH-III whereas, antiserum B- 6  (or B-7) 

is specific for mammalian GnRH. Finally, anti serum GF-4 cross-reacts in varying
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degrees with 10 of the 12 known forms of GnRH (see Chapter 3) and therefore, is useful 

in determining which forms of GnRH are present

Homologous WAs were used for antisera Millam and Gertie with I-labeiled

cGnRH-II tracer and cGnRH-II standard used with Millam and 1-labelled lGnRH-111 

tracer and a IGnRH-lIl standard was used for antiserum Gertie.

Results

Guinea Pig

For guinea pig brain extracts, the highest concentration of irGnRH was detected 

by antiserum GF-4 in HPLC fractions 18-25. These fractions were labelled as Peak I 

following elution from SepPak (Fig. 6-1 A). There were also minor amounts of irGnRH 

in fractions 26-30, Peak II (Fig. 6 - 1 A). Peak I and Peak II were treated separately in 

HPLC but both peaks were further purified by injection onto a C-18 HPLC column and 

by elution using the TEAF 17-24% HPLC program described in Table 3-2. Antiserum 

GF-4 detected 134.8 ng of irGnRH in fractions 22 and 23 after elution of Peak 1, but only 

1.04 ng of irGnRH in fraction 21 for Peak II (Fig. 6 -lB  i. Bo). Using antiserum B-7 , 1 

detected 127.6 ng in fraction 22 after the elution of Peak I and 1.56 ng of irGnRH for 

Peak II (Fig. 6 - lCi ,  Co). Although anti serum 7CR-10 detected some immunoreactivity 

in fractions 4-15 following elution of guinea pig brain extracts from SepPak (Fig. 6 - ID), 

the amount of immunoreactivity was so small that the same SepPak fractions that were 

immunopositive to antiserum GF-4 were collected and used for further purification. RIA 

with the cGnRH-II specific antiserum, Adams-100, did not detect irGnRH peaks in any 

eluted HPLC fractions after either Peak I (Fig. 6 - l E i )  or Peak II (Fig. 6 - lEo)  were 

applied to the C-18.
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Fig. 6-1. Immunoreactive GnRH following HPLC elution of guinea pig brain extracts. 

The antiserum were (A) GF-4 for fractions obtained from a SepPak column., (B i) GF-4 

for fractions 18-25, and (B2 ) 26-33 from the HPLC C-18 column, (C 1 ) B-7 for fractions 

fractions 18-25 and (C2 ) 26-33 from the HPLC C-18 column, (D) 7CR-10 for brain 

extracts from SepPak, (Ej)  Adams-100 for fractions 18-25 and (E 2 ) 26-33 from the C-18 

column. Small arrows above the HPLC elution profiles represent where synthetic 

peptides elute under similar HPLC conditions. Abbreviations are: m-Hyp9, 

hydro.xyproIine-^-GnRH) mammalian GnRH; m, mammalian GnRH; c-1, chicken GnRH-

I; sb, sea bream GnRH; c-II, chicken GnRH-11 and s, salmon GnRH. Dashed line 

represents the percent acetonitrile used in elution.



204

GF-4

O I 
ri

C

i

S

Peak I Peak II

c
Si

Si

C:
S i

m
u  9 9  m - H v p  c -1

* V'jc-Il

GF-4 m G F -4

m -H y p

c-II

c
ri

a
Xa:c
o

I
i

C

Si m

9
B-7

O

s8  «  so

B-7

fraction num ber (min)



205

7CR-10

§

ri

ri

c

X
a:c Peak I Peak II

O

Ë

o
Adams-LOG Adams-100

C-II C-II

fraction number (min)



206

Hamster

In the initial hamster study, fraction 21 contained the highest quantity of irGnRH,

31.4 ng, as detected by antiserum GF-4 and 27.0 ng by antiserum B-7 (Fig. 6-2A, B). 

However, RIA with the cGnRH-11 specific antisera, 7CR-10 and Millam, did not detect 

GnRH-like immunoreactivity in the fractions expected for cGnRH-11 (Fig. 6-2C, D). The 

immunoreactive peak detected by antiserum 7CR-10 in fraction 50 (Fig. 6-2C) is 

probably an anomaly since this anti serum does not normally detect immunoreactivity in 

this fraction and also, because only synthetic sGnRH (unlikely to be present in hamsters) 

elutes this late using these HPLC conditions.

In the second hamster study, using the alternate TFA: ACN extraction method, 

irGnRH was detected in fractions 20-33 by antiserum GF-4 following elution from 

SepPak (Fig. 6-2E). Antiserum GF-4 detected 230.4 ng and antiserum B-7 detected 

275.2 ng of irGnRH in HPLC fraction 22 after the immunoreactive SepPak fractions were 

combined and eluted from the C-18 HPLC column using the TEAF 17-24% HPLC 

program (Fig. 6-2F, G). In contrast, antiserum Adams-100 did not detect cGnRH-ll-like 

immunoreactivity in the HPLC fractions expected for cGnRH-11 (Fig. 6-2H). These are 

the same fractions shown in Fig. 6-2F and G. If the values are recalculated as irGnRH per 

gram of brain tissue, then antiserum B-7 detected 1.13 ng irGnRH per gram of hamster 

brain when the acid-acetone extraction method was used (Fig. 6-2B) and 1.09 ng irGnRH 

when the TFA-acetonitrile extraction method was used (Fig. 6-2G). The detection of 

similar amounts of mGnRH by antiserum B-7 regardless of the extraction method does 

not necessarily mean that the cGnRH-11 molecule is similarily unaffected by extraction 

methods. However, cGnRH-11 was not detected in the brain of hamster brain extract 

regardless of the extraction method or antisera used (Fig. 6-2C, D, H).
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Fig. 6-2. Immunoreactive GnRH in hamster brain extracts after elution from HPLC 

columns. Antisera and HPLC columns were (A) that cross-reacts with many different 

forms of GnRH for fractions from a C-18 column, (B) B-7 that is specific for mGnRH 

was used for fractions that elute from a C-18 column, (C) 7CR-I0 that is specific for 

cGnRH-lI for fractions that elute from a C-18 column, (D) Millam that is specific for 

cGnRH-11 for fractions that elute from a C-18 column, (E) GF-4 for fractions that elute 

from a SepPak column after a TFA: acetontitrile extraction, (F) GF-4 for fractions that 

elute from a C-18 column, (G) B-7 that is specific for mGnRH for fractions that elute 

from a C-18 column and (H) Adams-100 that is specific for cGnRH-11 for fractions that 

elute from a C-18 column. Small arrows above the HPLC elution profile represent where 

synthetic peptides elute under similar HPLC conditions. Abbreviations are: m-Hyp9, 

hydroxyproline-^-mammalian GnRH; m, mammalian GnRH; c-1, chicken GnRH-1; sb, 

sea bream GnRH; c-11, chicken GnRH-11 and s, salmon GnRH. Dashed line represents 

the percent acetonitrile used in elution.
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Rat (Adult)

In the adult female rat, GnRH-like immunoreactivity was detected in fraction 20 

by both antisera GF-4 and B- 6  (Fig. 6-3A, B). With antiserum GF-4,1 detected 5 ng of 

irGnRH in fraction 20 (Fig. 6-3A) whereas I detected 9.2 ng of irGnRH in the same 

fraction using anti serum B- 6  (Fig. 6-3B). Although there was some immunoreactivity 

detected by antisera GF-4 and B- 6  in fractions 13-15 (Fig. 6-3A, B) the quantity was too 

small to suggest that it may be an additional GnRH-like form. There were no irGnRH- 

like peaks detected by either antisera 7CR-10 or Gertie (Fig. 6-3C, D).

Rat (Fetal)

Using antiserum GF-4,1 detected 0.3 ng of GnRH-like immunoreactivity in 

fractions 19- 21 of E l9.5 fetal rat heads (Fig. 6 -4 A4 ); 1.0 ng of irGnRH in fractions 21 

and 22 of E l8.5 fetal heads (Fig. 6-4Ag); but no irGnRH in these HPLC fractions al ter 

elution of tissue extracts from E14.5 or E12.5 rat fetuses (Fig. 6-4A2, A i). Antiserum 

7CR-10 did not detect cGnRH-Il in HPLC fractions 25-26 in fetal extracts from E12.5, 

E14.5, E18.5 or E19.5 (Fig. 6-4B i, B], B3 , B4 ). All fractions also were assayed with 

antiserum B- 6  but the background levels were too high for the RIAs to be useful.
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Fig. 6-3. Immunoreactive GnRH of maternal rat brain extracts after HPLC elution. 

Antisera were (A) GF-4, (B) B-6 , (C) 7CR-10 and (D) Gertie. Small arrows above the 

HPLC elution profile represent the elution position of synthetic peptides under similar 

HPLC conditions. Abbreviations are: m-Hyp9, hydroxyproline-^-mammalian GnRH; m, 

mammalian GnRH; c-l, chicken GnRH-l; sb, sea bream GnRH; c-ll, chicken GnRH-ll 

and s, salmon GnRH. Dashed line represents the percent acetonitrile used in elution.
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Fig. 6-4. Immunoreactive GnRH following elution of fetal rat brain extracts from a C -18 

HPLC column. The tissue and antisera were (A j) 12.5 day fetal brain extract, antiserum 

GF-4, (A 2 ) 14.5 day fetal brain extract, antiserum GF-4, (A3 ) 18.5 day fetal brain extract, 

antiserum GF-4, (A4 ) 19.5 day fetal brain extract, anti serum GF-4, (B j) 12.5 day fetal 

brain extract, antisenun 7CR-10, (B 2 ) 14.5 day fetal brain extract, antiserum 7CR-10, 

(B3 ) 18.5 day fetal brain extract, antiserum 7CR-10 and (B4 ) 19.5 day fetal brain extract, 

antiserum 7CR-10. Small arrows above the HPLC elution profile represent the elution 

position of synthetic peptides under similar HPLC conditions. Abbreviations are: m- 

Hyp9, hydroxyproline-^-mammalian GnRH; m, mammalian GnRH; c-l, chicken GnRH- 

1; sb, sea bream GnRH; c-11, chicken GnRH-ll and s, salmon GnRH. The dashed line 

indicates the percent acetonitrile used in elution.
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Discussion

By the criteria of HPLC elution position and cross-reactivity with specific GnRH 

antisera, I detected mGnRH but not cGnRH-II in the brain of guinea pig, hamster and 

adult rat. In the fetal rat study, detection of an immunoreactive peak by antiserum GF-4 

in the HPLC elution position expected for mGnRH, suggests that mGnRH is present as a 

mature peptide in the brain of E 18.5 and E l9.5 fetuses but not in tissues from E l2.5 or 

E14.5 fetuses. There was no evidence of cGnRH-ll-like immunoreactivity in any of 

these developmental stages. Detection of only mGnRH in the brain of these rodents was 

unlike the previous study in primate where 1 detected both mGnRH and a cGnRH-ll-like 

peptide in fetal and adult stages of development.

The guinea pig, Cavia porcellus, is a good species to investigate whether 

structural variants of GnRH exist within the brain of mammals because in guinea pigs the 

structures of other peptides like insulin (Chan et al. , 1984), glucagon (Seino et a i , 1986) 

and vasoactive intestinal polypeptide (Du etal., 1985) differ from other mammals The 

data from this thesis concurs with that of a previous study that demonstrated that the 

dominant form of GnRH within the brain of guinea pigs was mGnRH using both 

antiserum R-42 (another GnRH antiserum, like GF-4, that is capable of cross-reacting 

with many different GnRH forms) and antiserum B- 6  (Kelsall et al., 1990). Although 

both antisera R-42 and GF-4 cross-react with cGnRH-11; 58.1% with R-42 (Kelsall et al„ 

1990) and 3.9% for GF-4 (see Chapter 3, Fig. 3-1 A) neither of these two antisera detected 

cGnRH-ll-like immunoreactivity in the two studies on guinea pig. Furthermore, in the 

present study 1 could not detect cGnRH-ll-like immunoreactivity even with two cGnRH- 

11-specific antisera, also suggesting that cGnRH-11 is absent from the brain o f guinea pig.

The golden hamster, Mesocriteus auratus, was chosen to search for cGnRH-11 in 

the brain of a mammal because 1 had access to a relatively large number of brains and 

therefore, 1 potentially could obtain primary structure if the initial HPLC/ RIA results 

were promising. There have been only a few reports of GnRH in the brain of hamster.
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Because the hamster is a seasonal breeder, with reproductive receptiveness influenced by 

environmental cues, the changes in GnRH and GAP content in the brain of hamster 

following an alteration in photoperiod have been studied (Ronchi et al. , 1992). The most 

recent report was by Jansen et al. ( 1996) who isolated from the brain of hamster a partial 

cDNA that had 93-98% nucleotide sequence identity with the GnRH region for human, 

rat and mouse GnRH and 100% amino acid identity to mGnRH. My present HPLC and 

RIA study, using two separate studies and two different extraction techniques, also 

provides evidence that mGnRH is present in the brain of hamster. In addition, I have 

shown that cGnRH-Il is not detected in the brain of hamster using three cGnRH-Il- 

specific antisera in my RIA/ HPLC study.

In 1988, Judy King’s group demonstrated that although there were several 

different bioactive GnRH-like immunoreactive peaks in the hypothalamus of adult rats, 

sheep and humans, the predominant form of GnRH present was mGnRH. The minor 

immunoreactive peaks reported in their study were thought to be modified forms of 

mGnRH, possibly altered during extraction procedures or HPLC. 1 also have shown 

using a mGnRH-specific antiserum, B-6 , that the major form of GnRH in the brain of 

adult rats is mGnRH. Moreover, because I could not detect cGnRH-lI-like 

immunoreactivity using both antisera GF-4 and 7CR-10,1 suggest that cGnRH-Il is 

absent or below detectable levels from the brain of adult rat and only mGnRH is present.

There have been several previous studies of the ontogeny of GnRH-containing 

neurons in the rat brain. However, my study is the first to look for a cGnRH-ll-like 

peptide at early stages of rat development. It was demonstrated previously, using a 

mGnRH specific antiserum in immunocytochemistry, that irGnRH was present in the 

fetal rat brain at day 15, but not at day 13 or day 14 of development (Schwanzel-Fukuda 

et al., 1981). Radioimmunoassay of extracts of rat hypothalami also detected small 

amounts of irGnRH in tissue extracts from day 15 (Chiappa and Fink, 1977). My data, 

which showed mGnRH-Iike immunoreactivity in tissue extracts from embryonic days



218

18.5 and 19.5 of development but not in those from days 12.5 or 14.5, is in agreement 

with these earlier reports. I also could not detect cGnRH-II-like immunoreactivity at any 

stage of development using both antisera GF-4 and 7CR-10, suggesting that if there were 

an additional form of GnRH in the rat brain during development, it is not like cGnRH-II.

It is interesting to note that I detected a cGnRH-II-like molecule in the brain of 

adult and fetal monkey but not in the brain of guinea pig, hamster or adult and fetal rat 

even though they are all placental mammals and even though similar methodology and 

antisera were used in the studies. It is possible that cGnRH-II is expressed in the rodent 

brain at different times of development than in the brain of monkey and therefore, I could 

not detect cGnRH-II in the present rodent studies. However, because I used a relatively 

large number of guinea pig, rat and hamster brains, and because I collected rat brains at 

different times in their development, I should have been able to detect cGnRH-II if it 

were present in the brain of at least one of the species studied. Additional explanations 

for the lack of detection for cGnRH-II in rodents are that the cGnRH-II gene has been 

altered or lost from the rodent genome in evolution.

Although the evidence from this chapter of my thesis suggests that only one of the 

GnRH peptides found in sturgeon, mGnRH, is retained in the evolution of rodents, it is 

important to note that my HPLC and RIA studies are at best a “snap-shot” of the forms of 

GnRH present within the brain of that species at the time of collection. The expression of 

GnRH within the brain is temporal, with maximal levels of one form or another achieved 

in different sexes at different times of development or reproductive states. Therefore, the 

likelihood of detecting specific GnRH forms using these methods is largely dependent on 

when the brains are collected. Detection of cGnRH-II, which is at best expressed in 

minute quantities in the brain, might be influenced by this methodological problem. The 

most definitive proof of multiple forms of GnRH within the brain of different mammals 

is the characterization of cDNAs or genes encoding different GnRH peptides using more 

sensitive molecular biology techniques like PGR or genomic and cDNA library
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screening. However, a combination of HPLC elution position and cross-reactivity with 

GnRH specific antisera is an important step in establishing which forms of GnRH are 

present as mature peptides in the brain and which tissue should be collected for cDNA 

library preparation.
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Chapter 7

Isolation and characterization of the cDNA(s) encoding GRF/ PACAP from the 

brain of white sturgeon, Acipenser transmontanus.
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Introduction

In the final study of this thesis, I shifted my focus from studying GnRH to 

studying growth hormone-releasing factor, GRF, one of the central neuropeptide regulators 

of somatic growth in vertebrates. GRF also is useful as a molecular tool to help establish 

the phylogeny of species because the DNA and protein structures o f GRF have been 

established in several species and can be used for comparative purposes.

Although there have been many reports of GnRH in non-mammalian vertebrates, 

there is much less known about GRF in species other than mammals. In teleosts, the only 

peptide with GRF sequence identity isolated to date is from carp (Vaughan et a i, 1991) but 

there are reports of cDNAs encoding a GRF-like peptide in salmon (Parker et al., 1993), 

catfish (McRory etal., 1995) and zebrafish (Delgado e tal., 1996) suggesting that the 

hormone is likely to be present in other fish species. An interesting discovery in teleosts 

was that the mRNA precursor encoding the GRF-like peptide also encoded another peptide 

in tandem; this peptide was pituitary adenylate cyclase-activating polypeptide, PACAP.

This discovery was surprising because PACAP is encoded by a separate gene in mammals. 

In mammals the PACAP mRNA precursor also encodes PACAP-related peptide, PRP; 

which despite being found in the median eminence and despite having some sequence 

identity to GRF, has no known function (Mikkelsen et a i, 1995; Sherwood et a i, 1994). 

The organization of the mRNA makes the GRF-like/ PACAP presursor more similar to the 

mammalian PRP/ PACAP precursor than to the mammalian GRF precursor. Furthermore, 

the GRF-like peptide in teleosts has sequence identity to both PRP in mammals and 

mammalian GRF. The question is whether the GRF-like/ PACAP precursor in teleosts is 

ancestral to both PACAP and GRF in mammals or whether there is a  separate gene 

encoding GRF in non-mammalian vertebrates that has not been discovered. A GRF- 

like/PACAP molecule recently has been isolated from the neural ganglion of tunicate 

(McRory and Sherwood, 1997), suggesting that GRF and PACAP encoded together on a 

single mRNA precursor is indeed the ancestral condition, predating the emergence of
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vertebrates. Also, a GRF-like / PACAP precursor has been isolated from the brain of 

chicken (McRory etal., 1997) further suggesting that having GRF and PACAP encoded on 

separate genes is a relatively recent event in evolution, occurring after the emergence of 

reptilian and avian ancestors. However, it is still possible that the GRF-like/ PACAP 

precursor in teleosts is ancestral to only the mammalian PACAP precursor and that there is 

another precursor ancestral to GRF in the more ancient species. Additional proof would be 

to determine if the GRF-like peptides predicted from the mRNA precursors in fish and 

chicken effectively function as true growth hormone releasers in these species. To date, 

only one functional study in salmon has been done and shows that both GRF and PACAP 

release GH in vitro (Parker et al., 1997)

Sturgeon is an evolutionarily ancient fish that has ancestors that emerged at a branch 

point between the mammalian lineage and the teleostean lineage. Therefore, because of the 

importance of sturgeon as a species representing a transition point in evolution, 

characterization of the precursor encoding GRF and/or PACAP from the brain would be 

useful in determining the phylogeny of these important neuropeptides. The sturgeon also 

makes an interesting species from which to isolate these putative growth regulators because 

they have an unusual growth process for fish, with highly variable growth among juveniles 

and a continuous growth in adults until they reach an enormous size for fish, up to six 

meters in length. It would be interesting to determine whether the uniqueness in their 

growth process is reflected in a difference in their GRF/ PACAP structures relative to other 

species. My approach was to use the polymerase chain reaction (PCR) with 

oligonucleotide primers based on conserved sequences from other species to isolate the 

cDNA(s) encoding GRF/ PACAP from the brain of white sturgeon, Acipenser 

transrtwntanus. The tissue and cDNA used for part of this study was collected and 

prepared by Dr. P. Danielson at the University of Denver.
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M aterials and M ethods

This project was completed in two separate stages. In stage I, two separate cDNAs 

were isolated; one encoded a region from the middle of the signal peptide to the beginning 

of PACAP and one encoded the remainder of PACAP and part of the 3' untranslated 

region, 3' UTR (Fig. 7-1 A). In stage 2, the sequences from stage 1 were confinned and 

the sequences encoding all of the 3'UTR, the remainder of the signal peptide and some of 

the 5' UTR were determined (Fig. 7-IB). 

mRNA purification and cDNA synthesis 

Stage 1

White sturgeon, A. transmontanus, were anesthetized in MS-222 and the brains 

removed and immediately frozen in liquid nitrogen. The brains were then shipped on dry 

ice to the University of Victoria, B.C. and stored at -80®C. RNA was isolated from the 

brains using the single step acidic-guanidium-isothiocyanate method of Chomczynski and

Sacchi (1987) and then polyadenylated (poly A+) mRNA was piuified using oligo 

deoxythymidine (dT) cellulose pellets and the Fast Track mRNA isolation kit (Invitrogen, 

San Diego, CA). First strand cDNA was synthesized in a total volume of 20 p\ using 400

ng of poly A+ mRNA, 4 p\ of 5x reverse transcriptase buffer (BRL H* buffer), 4 p\ of 10 

mM deoxynucleotide triphosphates (dNTPs), 2p\ of 100 mM dithiothreitol (DTT), 200

enzvTne units (U) of Superscript ribonuclease H" reverse transcriptase (Life Technologies, 

Rockville, MD) and 0.5 of either 20 pM  NMS-3 or 0.5 p\ o f 20 pM. 3' PA as anchor 

primers. The reaction conditions were 25°C for 10 min, 42°C for 50 min, 90°C for 5 min 

and 4°C for 10 min; then 2U of RNAse H were added and the reaction was incubated for 

20 min at 37°C.
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Fig. 7. The regions of the sturgeon GRF-like/ PACAP precursor that were amplified by 

PCR. (A) In stage I, oligonucleotide primers SP-I and NMS-3 were used in combination 

in one PCR, whereas primers PA-1 and 3' PA were used in combination in another PCR. 

(B) In stage 2, oligonucleotide primers Stur-F and Stur-R were used in combination in the 

initial PCR, whereas primers Stur-F and 3' RACE, primers 5'RACE and NMS-4, and 

primers 5'RACE and St-rev were used in combination in other PCRs. The abbreviations 

are: S' UTR, S' untranslated region; signal, signal peptide; ciyptic, cryptic peptide; GRF- 

like, growth hormone-releasing factor-like peptide; PACAP, pituitary adenylate cyclase 

activating polypeptide; 3' UTR, 3' untranslated region; AAAA, poly-adenylated tail.
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Single stranded cDNA, 100 ng, was used as a  template in PCR. The nucleotide 

primers Sp-1 (5'-GGAATCATAATGCACTACAGTGTC-3') and NMS-3 

(5'-TCGGTAGCGGCTGTAGCTATCTG-3') were synthesized to match the signal 

peptide region and PACAP regions of the sockeye salmon GRF-like/ PACAP cDNA 

sequence, respectively (Parker etal., 1993). The degenerate nucleotide primers PA-1 

(5'-CA[TC]TCGGA[TC]GGGATCTTCACGGA[TC]AG-3') and 3' PA 

(5'-CATG T r I'GGAIAGAAACACAIGAGCG-3') were based on conserved regions in the 

the salmon PACAP cDNA sequence (Fig. 7- lA) and were used at a later date in PCR.

DNA was amplified in a PCR cocktail containing 1.x Promega buffer (50 mM KCl, 

10 mM Tris-HCL, 0. \%  Triton X-100), 50 pmols of the primers Sp-1 and NMS-3 (or PA- 

1  and 3' PA, at a later date), 8.0 pi\ of 1.25 mM dNTPs, 3.0 /<1 of 25 mM MgCl2  and 2.5 

U of Taq DNA polymerase (Promega, Madison, WI) in a 50 ;/l volume. PCR was 

performed in an automated thermocycler (Perkin-Elmer/ Cetus, Norwalk, CT) using a step 

program of one cycle at 94°C for 1.5 min, 55“C for 2.5 min, 72®C for 8  min; 29 cycles at 

94°C for 1.5 min, 52®C for 2.5 min, 72"C for 3 min and a final cycle at 94"C for 1.5 min, 

51"C for 2.5 min and 72"C for 5.5 min.

PCR products were separated by electrophoresis in 1.5% agarose gels, the bands 

excised, and DNA recovered by electroelution in dialysis tubing (Spectra For 6 , Spectrum 

Medical Inc.) with 1 .x buffer (40 mM Tris-acetate, pH 8.0; 2 mM ethylenediamine 

tetraacetic acid, EDTA). The eluted DNA was phenol: chloroform extracted, ethanol 

precipitated and then blunt-end ligated into pBluescript II KS+ plasmids (Stratagene, La 

Jolla, CA). Plasmids then were electroporated into Escherichia coli XL-1 Blue cells 

(Stratagene) using a Bio-Rad Gene Puiser following the manufacturer’s instructions. 

Recombinant colonies were selected by blue and white selection and the bacteria were 

grown overnight at 37"C. Plasmid DNA was recovered using alkaline hydrolysis 

(Bimboin, 1983) and digested with Pvu II (Pharmacia, Bail d ’Urfé, Québec) to identify 

recombinants. Recombinant plasmids with inserts of the predicted size were then
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sequenced using the Sanger dideoxy chain termination method (Sanger et a i, 1977), [^^S]

dATP (Dupont, NEN Life Science, Boston, MA) and the Sequenase Version 2.0 kit 

according to the manufacturer’s instructions (U.S. Biochemical Corp., Cleveland, Ohio). 

Stage 2

Tissue extraction and cDNA synthesis was performed in the laboratory of Dr. 

Dores, University of Denver, U.S.A. White sturgeon brains were excised, flash frozen

and then crushed to a powder on dry ice. Poly A'*’ was isolated by direct capture of mRNA 

onto oligo dT-25 coated paramagnetic beads (see Danielson and Fogleman, 1997). First 

strand cDNA was primed from the poly A tail using the primer 

5'-GACTCGAGTCGTCGGATCCATCGAT 1 7 -3 ',  and the Superscript II first strand 

cDNA synthesis kit according to the manufacturer’s instructions (Gibco BRL, Grand 

Island, NY). The cDNA was then shipped on dry ice to the University of Victoria.

Amplification of cDNA, 60 ng, was done with the primers Stur-F 

(5'-GACTTGGCTTTTGACAGTG-3') and Stur-R (5'-TACAAATAGGTCAGTCGGC3) 

which are identical to part of the cryptic region and part of the 3' end respectively, of the 

sturgeon GRF-like/ PACAP cDNA clones isolated in stage 1. PCR was performed using a 

similar reaction buffer as described previously, but with an initial cycle of 94°C for 2 min, 

58°C for 1 min, 56®C for 1 min, 72"C for 3 min; 35 cycles of 94®C for 1 min, 55®C for 1 

min, 72°C for 1.5 min and a final cycle of 94®C for 1 min, 55“C for 1 min and 72®C for 7 

min. PCR products were separated and excised as described previously, but DNA was 

recovered by centrifugation through ProSpin columns (Millipore Corp., Bedford, MA). 

The eluted DNA was phenol chloroform extracted, ethanol precipitated with 1 /<1 glycogen 

(10-20 mg/ml) and then ligated into pGEM Vector-T plasmid (Promega). Plasmids were 

electroporated as described previously, but XL-2-Blue M RP cells (Stratagene) were used. 

Recombinant plasmids were selected, miniprepped and Pvu II digested as described
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previously but inserts were sequenced using the Circumvent Thermocycle Sequencing kit 

(New England Biolabs, Boston, MA) according to the manufacturer's instructions.

For 3' rapid amplification of cDNA ends (3' RACE, Frohman et al., 1988) 60 ng 

of cDNA was amplified in PCR using the same reaction buffer as described previously but 

using the primer Stur-F and a 3' RACE primer (5'-GACTCGAGTCGGATCCATCGAT- 

3') designed to bind to the anchor primer used in the synthesis of first strand cDNA. PCR 

cycling conditions were one cycle of 94°C for 5 min, 58®C for 5 min and 72°C for 5 min,

31 cycles of 94°C for 1 min, 58°C for 1 min, 72°C for 2.5 min and one cycle of 94°C for I 

min, 58°C for I min and 72°C for 10 min. PCR products were treated and sequenced 

exactly as outlined previously.

For 5' RACE (Frohman et a i, 1988) a poly-guanine, poly G, tail was first added to 

500 ng cDNA using 8.0 /<l 5x terminal deoxynucleotidyl transferase, TdT, buffer (500 mM 

sodium cacodylate pH 7.2, 1 mM 2-mercaptoethanol, 20 mM MgCh), 0.2 ptl of 100 mM 

deoxyguanine triphosphate, dGTP, and 15 U of TdT (Gibco BRL) in a total volume of 40 

f t l . The reaction mixture was incubated at 87°C for 2 hours and then the poly G-tailed 

cDNA was ethanol-precipitated. cDNA was also sham-tailed for a negative control using 

the same reaction conditions as above but with TdT omitted. cDNA was diluted 1:10 and 1 

fdl used with similar PCR reaction buffers and cycling conditions as described for 3'

RACE. The primers used in PCR were 5' RACE

(5'-GAATTCGCGGCCGCTTCAGTCio-3') and either NMS-4

(5'-CTACACGCTTTGCCATCAGAGA-3') or St-Rev

(5'-CCAT CT GT A ATT GACGAT GT G-3') ; the latter two primers were designed according 

to the cDNA sequences of the salmon GRF-like domain or the sturgeon cryptic region, 

respectively. PCR products were treated and sequenced as described previously.
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R esults

I have isolated a white sturgeon GRF /PACAP cDNA that encodes a GRF-like 

peptide and PACAP molecule in tandem by using PCR with a variety of oligonucleotide 

primer combinations. In the initial PCR, two nondegenerate primers, Sp-1 and NMS-3, 

were used to amplify a 372 bp fragment (Fig. 7-lA ; Fig. 7-2, nucleotides, nt, 40- 412) that 

had sequence similarity to the signal peptide, cryptic, GRF-like and PACAP regions of the 

salmon GRF-like/ PACAP cDNA. An additional PCR, using two degenerate primers, PA- 

I and 3' PA, amplified a 233 bp fragment which encoded most of the PACAP region and 

some of the 3' UTR (Fig. 7-1 A, Fig. 7-2, nt 382- 615). At a later date, two other primers, 

Stur-F and Stur-R, were used in PCR to amplify a 380 bp fragment (Fig. 7 -IB, Fig. 7-2, 

nt 141- 521) which confirmed the sequence data obtained from the two initial positive PCR 

clones. A 3' RACE reaction using the primers Stur-F and 3' RACE was then used to 

amplify a 424 bp cDNA fragment which included sequences from the cryptic peptide to the 

poly A tail (Fig. 7 -IB; Fig. 7-2, nt 141-665). Finally, in 5' RACE reactions, the primers 

5' RACE and NMS-4 or ST-rev were used to confirm the signal and cryptic peptide 

sequences and amplify 104 bps of the 5' UTR (Fig. 7 -IB; Fig. 7-2). In 5' RACE, two 

separate clones with nucleotide differences in the 5' UTR were isolated and sequenced 

(Fig. 7-2). The full length cDNA encoding sturgeon GRF-like/ PACAP was confirmed by 

the overlapping sequence data obtained from the various PCR fragments.
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Fig.7-2. Nucleotide sequence and the corresponding amino acid sequence of the white 

sturgeon GRF-like/ PACAP precursor. Dashed line above amino acids 1-22 represents the 

predicted signal peptide; the double underlined region is the predicted GRF-like region and 

the single underlined region is the predicted PACAP peptide. Lower case letters represent 

the 5' untranslated region and 3' untranslated region. Amino acids in bold, A TG  and 

T AG, are the start and stop codons, respectively. The sequence s îîa s s  , nucleotides 645- 

650, is the putative polyadenylation signal. The starred amino acids, 79-113, are omitted 

from the truncated sturgeon GRF-like/ PACAP precursor due to alternative splicing.
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D iscu ssion

Once I had isolated the full-length cDNA encoding sturgeon GRF-like/ PACAP, 1 

compared the predicted protein domains to those previously reported for GRF/ PACAP in 

fish and chicken as well as made comparisons to the peptides encoded by the mammalian 

GRF and PACAP precursors. The sturgeon precursor encodes a 173 amino acid peptide 

that contains four separate domains: a 22 amino acid signal peptide, a 59 amino acid cryptic 

peptide, a 45 amino acid GRF-like region and a 38 amino acid PACAP region (Fig. 7-2).

The sturgeon signal peptide, like the salmon signal peptide, is 22 amino acids, AA, 

which is smaller in siœ than the zebrafish and catfish signal peptides of 23 AA, and also 

than the human, ovine and rat signal peptides of 24 AA. The salmon signal peptide has 

73% amino acid identity with the sturgeon signal peptide, whereas there is only 48% to 

64% sequence identity if the signal peptides of zebrafish, catfish, chicken and human are 

compared to sturgeon (Fig. 7-3A). However, despite having low sequence identity in this 

region, the signal peptide of sturgeon maintains the core of hydrophobic amino acids that is 

common to the fish, bird and mammalian signal peptides.

The cryptic peptide region has no clearly defined function but has been postulated to 

maintain the precursor structure in a form that is necessary for proper enzymatic 

processing. The cryptic regions of human, chicken, and catfish are similar in size, but 

there is only 35% -39% sequence identity with the sturgeon region (Fig. 7-3A) suggesting 

that there are few functional constraints except for folding on this part of the precursor, 

allowing rapid mutation and change in evolution. It is interesting to note that, in contrast to 

the other cryptic peptides, there is 81% sequence identity between sturgeon and salmon 

cryptic regions and 59% identity between sturgeon and zebrafish cryptic regions. (Fig. 7- 

3A).

The sturgeon GRF-like peptide is flanked by a single arginine processing site (Fig. 

7-2, AA 81) and a dibasic Lys-Arg enzymatic processing site (Fig. 7-2, AA 127- 128) 

predicting a 45 amino acid sturgeon GRF with a free acid hydroxylated carboxy-terminus.
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Fig.7-3. Comparison of domains in the precursors of GRF-like/ PACAP or PRP/

PACAP. (A) The percent sequence identity between the domains of the white sturgeon 

GRF-like/ PACAP precursor to those of the human PRP/ PACAP precursor or the chicken, 

zebrafish, catfish, salmon and tunicate GRF-like/ PACAP precursors. (B) The percent 

sequence identity between the domains of human PRP/ PACAP precursor to those of 

chicken, sturgeon, zebrafish, catfish, salmon or tunicate GRF-like/ PACAPs.

Abbreviations are: signal, signal peptide; cryptic, cryptic peptide; GRF-like, growth 

hormone-releasing factor-like peptide; PACAP, pituitary adenylate cyclase-activating 

polypeptide; 3' UTR, 3' untranslated region.
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Sturgeon
GRF-like/PACAP

sig n a l c r y p tic  . GRF-like PACAP 1
2 9 4 5

1
2 7 38

human 64 3 5 62 59 9 7 9 2

chicken 48 3 7 83  76  or 81 9 0 90

zebrafish 52 59 79 76 97 92

catfish 57 3 9 59 62 9 7 9 2

salm on 73 81 86 82 97 9 5

tunicate--1 62 63 9 6 -------------

tunicate-ll 15 ————— 59 85

3'UTR
142

74

30

25

22

79

B.

Human
PRP/PACAP

s ig n a l cr y p tic  . PR P - PACAP

29 48 2 7  38
chicken 4 8 35 55 5 8 96 9 7

sturgeon 64 39 59 54 96 92

zebrafish 39 25 4 8 50 93 84

catfish 5 2 2 6 4 5 4 6 100 90

salm on 68 35 59 5 2 100 92

tunicate-l 6 7 41 96 -----

tunicate-ll 20 4 5 8 5
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The length of sturgeon GRF, 45 AA, is similar to that of salmon, catfish, zebrafish and 

carp GRFs but unlike chicken GRF of 43 or 46 AA, human, pig, cow, goat, sheep and 

hamster GRFs of 44 AA, rat GRF of 43 AA, and mouse GRF of 42 AA. The presence of 

histidine in position I and a free acid carboxy -terminus in sturgeon GRF is like the fish 

GRFs, chicken GRF and rat and mouse GRF but unlike other mammalian GRFs that have 

tyrosine in position 1 and an amidated carboxy terminus (Fig. 7-4). Sturgeon G R Fi - 4 5  

not only has an aromatic amino acid in the first position, shown to be critical in receptor 

binding, but also contains phenylalanine in position 6  which is found in all other GRFs 

except for catfish (Fig. 7-4) and is essential for full biological activity (Coy et a i,  1986; 

Ling et a i, 1984a). If the first 44 amino acids of GRF-like peptides are aligned among 

species, the sturgeon GRF-like peptide has 48% sequence identity to human G R Fi - 4 4  

compared to 32% - 45% sequence identity between human GRFi . 4 4  and the GRF-like 

peptides of chicken, carp, salmon, zebrafish and catfish (Fig. 7-4).

There is another Lys-Arg enzymatic processing site present within the sturgeon 

GRF peptide (Fig. 7-2, AA 110-111) and therefore, a 29 amino acid peptide might also be 

produced. A 29 amino acid peptide potentially can be cleaved from all other known GRF 

peptides and might be more useful than the full length peptide in determining the 

relatedness of GRF between species because it is the biologically active core of the 

molecule (Ling et aL, 1984b) and also is encoded on one exon; the most variable region of 

GRF, AA 33-44 in human (Mayo et al., 1985), AA 33-45 in salmon (Parker et aL, 1997) 

or AA 33-46 in chicken (Parker et aL, 1997), is encoded by a separate exon. A 

comparison of the GRF-like peptides of fish shows that sturgeon GRF 1 -29 has 8 6 % amino 

acid identity with salmon GRFi-29, 79% with zebrafish GRFi-29 and 59% with catfish 

GRFi-29, respectively (Fig. 7-3A).



239

Fig.7-4. A comparison of the known GRF and GRF-like peptides to human GRF. The 

complete amino acid sequences are shown in the top portion of the figure whereas, the 

percent amino acid sequence identity is shown in the lower portion.
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GRF peptides compared to human GRF

I 29 -44

human YADAIFTNSYRKVLGQLSARKLLQDIM S-RQQGESNQERGARARL-NH2
pig ****************************_*** * * * *Q* * *v* *—NH2

cow, goat * * * * * * * * * * * * * * * * * * * * * * * * * *  * U —* * * * *R *  *  *Q * *~N H 2

hamster —* * *  * * R *  * * Q * p * v *  * —NH2

sheep * * * * * * * * * * * * 1 * * * * * * * * * * * * *  * } j_ *  * *  * * R *  * *Q * *K V* * —NH2 

rat h * * * * * * S * * * R I * * * * Y * * * * * N E * * N - * * * * * R * * * Q — * S * F N -O H  

mouse h V * * * * * T N * * * L * S * * Y * * * V I * * * * N - K * - * * R I * * Q — * * * * S -O H

sturgeon H* *G* *NKT* * * * * * * * * * *  * Y*HSV*AK*VG*V*SM *EDSEPLS-OH
chicken H * * G * * S K A * * * L * * * * * * * N Y * H S L * A K * V G * A * S G L G D E A E P L S -O H  

carp H * * G M * N K A ***A ********Y *H T L *A K *V G *G *M I*D D N E P L S -O H  

salmon H* *GM*NKA* * * A * * * * * *  * *  Y *H SL  * AK *VG *G *TM *D DTEPLS-O H  

zebrafish H **G M *N K A ***A F *******Y *H T L *A K *V G *G *T T *D D N E P L S -O H  

catfish H * * G L L D R A L *D I*V ******Y *H S L T A V *V G E *E E D *E D S E P L S -O H  

tunicate-I H S * G * * * K D * * * Y * * * * R * Q * F * * W L * K R -O H

B. Human GRF

p -
Qi
O

r
u

PLÛi
O

L

29 44

p i g 1 00 93

c o w /g o a t 97 89

h a m s t e r 97 89

s h e e p 93 86

r a t 72 72
m o u se 62 69

s t u r g e o n M
c h i c k e n 59 43

c a r p 59 45

s a lm o n 59 45

z e b r a f i s h 55 43

c a t f i s h 41 32

t u n i c a t e - I / - I I 59
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Surprisingly, the first 29 amino acids of sturgeon GRF have higher sequence identity with 

human GRFi-29, 62%, and chicken GRF i-29, 83%, than with catfish GRFi-29, 59%, 

(Fig. 7-3A) even though sturgeon are closer in evolutionary' origin to catfish than to 

humans or chickens.

The GRF/ PACAP precursors of sturgeon, salmon, catfish, zebrafish and chicken 

are more similar in organization to mammalian PRP/ PACAP than they are to mammalian 

GRF. Also, the full length GRFs are closer in identity to PRP than to GRF (Fig. 7-3B and 

Fig. 7-40). Contrarily, PRP lacks the Tyr or His as the essential first A A in the molecule 

and was not functional when tested for activation of cAMP (Mikkelson et a i, 1995). 

Therefore, comparing the biologically active core of the first 29 amino acids of their GRF- 

like peptides with human PRPi-29 might also provide clues to the history of the 

mammalian GRF and/ or PACAP peptides. The sequence similarities of the GRF i_29 

peptides of sturgeon, salmon and chicken are a little closer to human PRP i-29 (55-59%), 

than those of zebrafish, catfish and tunicate (41%-48%) (Fig. 7-3B). The sequence 

identity of the sturgeon GRFi-29 is 62% with human GRF(-29 and only 59% with human 

PRP1-29, but this difference is not striking enough to make conclusions about the 

evolution of GRF or PACAP. Future studies comparing the functions of sturgeon GRFi- 

29 with the functions of human GRFi-29 and human PRPi-29 would be more useful in 

establishing the relatedness of these molecules. Meanwhile, the relative closeness in 

sequence identity between the first 29 amino acids of the sturgeon GRF-like, human GRF 

and human PRP peptides provides additional support for the hypothesis that the the three 

peptides share a common ancestry.

The sturgeon GRF-like/ PACAP precursor also encodes a 38 amino acid PACAP 

peptide that is amidated, if L y s^ ^  ' .\rg l-^  and Gly > .A.rgl^ / Arg^^^ (Fig. 7-2) are 

used as enzymatic cleavage (Lys-Arg) and amidation (Gly) sites. Also, a 27 amino acid 

PACAP peptide that is amidated could be processed from PACAP i_3 g if the cleavage site
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at Giy / L y s  ^57 / A rg ^ ^  is used (Fig. 7-2). The structure of sturgeon PACAP, with 

putative 38 or 27 amino acid peptides that have amidated carboxy-termini is identical to the 

PACAPs isolated from other vertebrate species. In addition, there is 90%-95% sequence 

identity of sturgeon PACAP to human, chicken, zebrafish, catfish or salmon PACAPs 

(Fig. 7-3A). PACAPi-27 is also highly conserved, 90%-97%, in non-mammalian 

vertebrates when compared to sturgeon PACAP i-27 (Fig. 7-3B). Even tunicate 

PACAPi_27 has over 85% sequence identity with vertebrate PACAPi_27 (Fig. 7-3A) 

suggesting that they share a common ancestry and that this peptide has been conserved for 

over 600 million years (McRoiy and Sherwood, 1997). It is interesting to note that even 

though the PACAP domain is the most highly conserved domain in the precursor (Fig. 7- 

3A) the major function of PACAP is not yet clear in any vertebrate.

Two GRF/ PACAP precursors were isolated from sturgeon brain in this study. 

One cDNA was 105 bp shorter than the other and the nucleotides encoding the last 3AA of 

the cryptic peptide and the first 32 AA of GRF were missing (Fig. 7-2). The putative 

protein products from this truncated cDNA would include the signal, cryptic, and PACAP 

peptides but not the active core of the GRF peptide. This phenomenon has been described 

previously in five species of salmon and the domestic chicken and has been attributed to 

exon skipping during processing of the RNA transcript. If exon IV of the GRF/ PACAP 

gene in chicken and salmon were excised during mRNA processing the last three amino 

acids of the cryptic peptide and the first 32 amino acids of the GRF-like molecule would 

not be present (McRory et al., 1997; Parker et ai., 1997). This alternative processing 

would result in the production of only PACAP peptides and therefore, might provide a 

means for increasing the relative amount of PACAP produced compared to the amount of 

GRF peptides produced. An increased amount of PACAP relative to GRF might have 

functional implications during development or in different tissues (McRory et a i,  1997; 

Parker et al., 1997). Tissue specificity in alternative processing of precursors also has 

been described for the PHI/ VIP gene of turkeys and chickens, resulting in a shorter
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mRNA transcript in the optic nerve and small intestine but not in the brain (Seugkivon et 

aL, 1995; Talbot et aL, 1995). The presence of a truncated GRF/ PACAP cDNA precursor 

in sturgeon suggests that exon skipping also occurs during mRNA processing and that this 

method of increasing the amount of one peptide relative to another might be an 

evolutionarily ancient mechanism.

Some interesting comparisons can be made if the nucleotide regions flanking the 

protein encoding domains of the GRF-like/ PACAP or PRP/ PACAP precursors of the 

different species are aligned. The 3' UTR of sturgeon GRF-like/ PACAP is 142 bp (Fig. 

7-2), which is similar in size to the 3' UTR of salmon GRF-like/ PACAP, but is 

considerably shorter than the 3' UTR of zebrafish, catfish and chicken GRF-like/ PACAPs 

(355 bp, 1581 bp, 556 bp, respectively) and the 3' UTR of human PRP/ PACAP ( 1400 

bp). One possibility for the relatively short 3 ’UTR in sturgeon GRF-like PACAP is that 

several polyadenylation signals exist in the gene, but the first one had been used for the 

cDNA isolated in this study. The short 3' UTR of sturgeon GRF-like/ PACAP appears to 

be complete because of the presence of a poly A tail and a putative polyadenylation site, 

A T T  AAA, 16 bp upstream (Fig. 7-2). A similar polyadenylation signal is found in the 

cDNAs encoding salmon and zebrafish GRF-like/ PACAP, but not in the catfish and 

chicken GRF-like/ PACAP cDNAs or in human and ovine PRP/ PACAP precursors which 

use AGTAAA  as polyadenylation signals (Delgado et aL, 1996; McRor>' et aL, 1997; see 

Parker et aL, 1997). If the first 142 bp of the 3' UTR of fish and chicken GRF-like/ 

PACAP and human PRP/ PACAP are aligned, the sturgeon 3' UTR has 79% nucleotide 

sequence identity with the 3' UTRs of salmon and 74% with human. In contrast, the first 

I42nts of the 3' UTRs of chicken, zebrafish and catfish have only 22%-30% sequence 

identity with the 3' UTR of sturgeon GRF/ PACAP (Fig. 7-3A).

The sturgeon signal, cr\ptic, GRF-like, PACAP and 3' UTRs have higher 

sequence identity to the same domains in the salmon precursor than those of zebrafish and 

catfish. The most striking difference among the fish precursors is in the 3' UTR which has
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79% sequence identity between salmon and sturgeon but only 25% between zebrafish and 

sturgeon and 22% between catfish and sturgeon (Fig. 7-3A). There is also 74% sequence 

similarity between the first 142bp of the 3' UTR of human PRP/ PACAP and the 3' UTR 

of sturgeon GRF-like/ PACAP (Fig. 7-3B) which is relatively high compared to the same 

region in other GRF-like precursors except for salmon. The 3' UTR has been implicated in 

the control of mRNA transcription and stability (Kozak, 1991) and therefore, relatively 

high sequence identity in this region among sturgeon, salmon and human precursors might 

suggest a conservation of function.

Two separate S' UTRs were characterized for sturgeon GRF/ PACAP. These S' 

UTRs were 104 bp and 98 bp and had only 43.3% sequence identity to each other (Fig. 

7-2). The length of these S' UTRs is short relative to the S' UTRs of zebrafish, catfish, 

chicken and salmon GRF-like/ PACAPs (211 bp, 327 bp, 250 bp and 473 bp, 

respectively). It is possible that the S' UTR of the sturgeon GRF-like/ PACAP precursor is 

incomplete as truncated S' UTRs also have been reported for salmon GRF-like/ PACAP 

(Parker et aL, 1993) and human PRP/ PACAP cDNAs (Okhubo et al., 1992; Kimura et ai.,

1990); these truncated S' UTRs may reflect limitations of S' RACE methodology. The 

presence of more than one potential S' UTR for a single preprohormone precursor as 

shown in this study has been described previously in salmon GRF-like /PACAP (Parker et 

ai, 1993), human GRF (Gubler et al., 1983), rat insulin-like growth factor I (Lowe et al., 

1987) and suggests differences in the regulation of the molecule.

Three structural features of the sturgeon GRF-like/ PACAP precursor show that it 

belongs in the glucagon superfamily of peptides. First, sturgeon GRF retains two cntical 

amino acids common to other glucagon superfamily members: a Histidine in position 1 

(Fig. 7-5), which is required for receptor binding (Ling et al., 1984; Coy et al., 1987) and 

a phenylalanine in position 6  (Rg. 7-5), which is important for biological activity (Coy et 

al., 1987). Second, the structure of the sturgeon GRF-like/ PACAP precursor, with two 

separate peptides encoded in tandem in a single mRNA, is similar to other glucagon
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superfamily members like PHM-27/ VIP {Bodnev et a i,  1985; Lamperti et al., 1991), PRP/ 

PACAP (Hosoya et aL, 1992; Kimura et aL, 1990; Ogi et aL, 1990; Ohkubo et aL, 1992), 

and glucagon/ GLP-1 / GLP-2 (Heinrich etal., 1984). Third, there is over 50% sequence 

identity between sturgeon GRF or PACAP and some of the glucagon superfamily 

members. For example, sturgeon GRFi-27 has 63% sequence identity with human PHM- 

27 (Fig. 7-5) whereas sturgeon PACAPi-27 has 57% and 64% sequence identity with 

dogfish VIP and human VIP (Fig. 7-6), respectively. The high sequence identity between 

these peptides relative to other superfamily members suggests that the sturgeon GRF-like/ 

PACAP precursor is most closely related to the PHM/ VIP precursor and that these two 

molecules diverged more recently than the other members of this superfamily.

The sturgeons are of particular interest in phylogenetic studies because of their 

ancient origin and possible relationship to the tetrapod line. Sturgeon-like fossils have been 

dated to the early Jurassic period, suggesting that ancestors to modem day sturgeons 

evolved at least 200 million years ago. In mammals, PACAP and GRF are encoded on 

separate genes, whereas in chicken, salmon, catfish, zebrafish and tunicate, the GRF-like 

and PACAP peptides appear to be encoded in tandem in the same precursor. In this chapter 

of my thesis, 1 have shown that GRF and PACAP are also encoded by a single mRNA in 

an evolutionarily ancient species like sturgeon, strengthening the idea that a precursor 

encoding both GRF and PACAP represents the ancestral condition.



246

Fig.7-5. White sturgeon GRF-like peptide compared to glucagon superfamily members. 

The complete amino acid sequences are shown in the top portion of the figure, whereas the 

percent amino acid sequence identity is shown in the lower portion. The calculated percent 

identity is based on the number of AA in the shorter molecule being compared.
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Sturgeon GRF-like peptide compared to glucagon superfamily members

1 29
GRF-like sturgeon HADGIFNKTYRKVLGQLSARKYLNSVMAKRVGGVSSMEE— D-SEPLS
PHM-27 human * * * * v *t s D FS*L******K ***E*L *

PRP human DV*H**L*EA*****D****G*H*Q*LV*RG***-*LGGGAG*DA****
PHI-27 rat ****V *T S D *S R L ***I**K ***E *L I
GRF human y **A**TNS************L*QDI*SRQQ*E-*NQ*RGARARL
VIP human *S*AV*TDN*TRLRK*MAMK*****ILN
VIP dogfish *S*AV*TDN*SRIRK*MAVK**IN*LL*

PACAP human *S****TDS*S*YRK*MAVK***AA*LGKRYKQPVKNK
GLP-1 paddlefish ****TYTSDASSF*-*EQ*ARDFI*WLK*GQ

glucagon human *SQ*T*TSD*S*Y*DSRR*QDFVQWL*NT
glucagon salmon *SE*T*SND*S*Y*ETRR*QDFVQWL*NS

secretin human *S**T*TSKLSR-*RE-G**LQRLYQGLV
GLP-2 human ****S*SDEMNTI*DN*AT*DFI*WLIQTKITDKK

GLP-1 human **E*T*-TSDVSSYLEGQ*A*EFIAWLVKGRG 
GIP human Y*E*T*ISD*SIAMDKIRQQDFV*WLL*QKGKKSDWKHNITQ

Sturgeon GRF-like peptide 
sequence identity with glucagon superfamilv members

(%)

PHM -27 hum an 63
P R P -48 hum an 58

P H I - 2 7  r a t 56
GRF hum an 48

V IP  hum an 36
V IP  d o g f i s h 32
PACAP hum an 32

G L P-1 p a d d l e f i s h 30
g l u c a g o n  hum an 28

g l u c a g o n  s a lm o n 28
s e c r e t i n  hum an 26

G L P -2  hum an 26

G L P -1  hum an 29
G IP  hum an 14
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Fig.7-6. White sturgeon PACAP peptide compared to glucagon superfamily members.

The complete amino acid sequences are shown in the top portion of the figure, whereas the 

percent amino acid sequence identity is shown in the lower portion. The calculated percent 

identity is based on number of AA in the shorter molecule being compared.
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Sturgeon PACAP CCM lPared to a l u c agr>n family m e m b e rs

1 27
PACAP Sturgeon HSDGIFTDSYSRYREQMAVKKYIiAAVLGKRYRQRVRNK

V IP  d o g f i s h  *** a v * * * N * * * I* K * * * * * * * IN S L * A  
V IP  hum an *** a v *t *N *T* i *k * * * m****N SL *a  

s e c r e t i n  hum an * * * * t **SKL**L**G-*RLQR*LQG*V 
PHM-27 hum an *A **V **SD F**LLG *LSA ****ESLI 

P H I-2 7  r a t  *A **V *SSD ***L LQ *ISA ****E SLI 
g l u c a g o n  hum an **QGT**SD*SK*LDSRRAQDFVQWLMNT

sturgeon PACAP sequence identity 
with glucagon family m*»inh*»rR

(%)

VIP d o g f i s h 64
V IP hum an 57

s e c r e t i n  hum an 48
PHM-27 hum an 44

P H I-2 7  r a t 44
g lu c a g o n  hum an 21
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Chapter 8

General conclusions:
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In this thesis, I have determined the primary structure of the GnRH peptide(s) from 

sturgeon and identified GnRHs from a variety of species of vertebrates using HPLC and 

RIA with specific anti sera. This research includes the first identification of a second form 

of GnRH with charcteristics of cGnRH-II in primates. I also have isolated the cDNA 

encoding a  GRF-Iike/ PA CAP precursor from sturgeon brain using PCR with various 

oligonucleotide primers. The isolation of both GnRH and GRF from the brain of sturgeon 

provides an opportunity to compare the structures of the peptidefs) controlling reproduction 

or growth with similar peptides in other species. The evolutionary position of sturgeon 

makes them a good species with which to compare these important neuropeptides in more 

evolutionarily-ancient or -recent species and speculate about their evolution. The evidence 

presented in this thesis, combined with earlier studies on GnRH, GRF and PACAP in 

vertebrates and invertebrates, has not only given us a more comprehensive knowledge of 

the evolution of these important peptides but also increased our understanding of the 

endocrine systems controlling reproduction and growth in various species.

Sturgeon mGnRH: past, present and future

Prior to this thesis, HPLC and RIA studies had shown that mGnRH-like molecules 

did exist in descendants of bony fish that evolved before teleosts; reedfish, sturgeon and 

alligator gar (Sherwood etal., 1991) and bowfin (Crim et a i, 1985). In this thesis, 

purification and sequencing of the mGnRH peptide from the brain of the Siberian sturgeon, 

Acipenser gueldenstadtii, demonstrated that this form of GnRH has been conserved in 

evolution for at least 250 million years and that the structure of GnRH is identical to that in 

the human brain. The presence of mGnRH in sturgeon but not in most bony fish suggests 

that nucleotide substitutions in the mGnRH gene have occurred in the evolution of teleosts. 

This may have resulted in the sGnRH form found in the brain of most teleosts (Sherwood 

et a i,  1993). The point in bony fish evolution where mGnRH disappears and sGnRH 

appears is not clear because there are also reports of immunoreactive mGnRH-like 

molecules in the brain of early-evolved teleosts, like butterfly fish (Powell, 1995; Standen,
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1995) and eels (King et al., 1990). Although sturgeon represent the most evolutionarily- 

ancient vertebrate where the presence of mGnRH has been confirmed by primary structure, 

there are several reports of small amounts of mGnRH-like molecules in the brain of three 

species of dogfish (D'Antonio et al., 1995; Lovejoy et al., 1991; 1992; 1993; Powell et a l., 

1986; Lovejoy, 1996) but this form of GnRH has not been isolated and sequenced from 

cartilaginous fish. This indirect evidence suggests that mGnRH may have arisen in 

cartilaginous fish prior to the emergence of the sturgeon. However, there is a family (order 

Polypteriformes) of bony fish that are thought to have evolved even before sturgeon: the 

order has only a few living species but mGnRH-like molecules have been shown to be 

present in the two species studied: reedfish, Calamoichtys calabaricus, (Sherwood et al.,

1991) and bichir, Polypterus palnias (Wright and Demski, 1996). It is clear from my 

thesis research that mGnRH is present in the brain of a species of Acipenseriformes, an 

order of fish that diverged soon after the polypterus fish and includes the sturgeons and 

paddlefish. Futhermore, in this thesis, various sections of the brain of skate, another 

cartilaginous fish, were examined by HPLC and RIA with a mGnRH specific anti serum, 

B-7. Mammalian GnRH-like immunoreactivity was not detected in this study, supporting 

the likelihood that bony fish like sturgeon and polypterus species are the earliest-evolved 

vertebrates to contain mGnRH in their brain. Nevertheless, it must be noted that only small 

amounts of juvenile skate brains were used in the study and therefore, it is plausible that 

mGnRH was not detected or alternatively, mGnRH might only be expressed later in the 

development of cartilaginous fish.

Confirmation of the mGnRH structure in sturgeon also might explain why mGnRH 

is effective in teleosts and other non-mammalian vertebrates that do not appear to have 

mGnRH in their brain. An endocrine peptide and its receptor must both be present for 

function and therefore, identifying mGnRH in sturgeon suggests that the mGnRH receptor 

also is evolutionarily ancient If the non-mammalian GnRH receptors continue to retain the 

binding site they would still recognize mGnRH in addition to the more recently evolved
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forms of GnRH. This promiscuity of non-mammalian receptors also might explain why 

application of non-endogeneous forms of GnRH stimulate gonadotropin release in some 

species. For example, sGnRH is a more effective stimulant of LH and FSH release than 

cGnRH-1 in birds despite the lack of sGnRH in the avian brain. Similarily, dfGnRH is 

more effective at inducing ovulation in the Thai catfish than cfOnRH, one of the 

endogenous forms of GnRH (Sherwood et al., 1993).

The recent cloning of GnRH receptors from mammals has made it possible to 

identify both the peptide and receptor in specific tissues, providing additional proof of the 

prospective function of GnRH within that tissue. Furthermore, receptor knock-out studies 

can now be done, which would aid in our understanding of the distinct functions of each of 

the multiple forms of GnRH within the brain or other tisssues. The sturgeon would make 

an interesting species to characterize the GnRH receptor(s) present because it is an 

evolutionarily- ancient species that contains both mGnRH and cGnRH-Il peptides. There 

has been only one type of GnRH receptor isolated from mammals to date; this receptor has 

been shown to be specific for mGnRH in the sense that it does not bind sGnRH, cGnRH-I 

or lGnRH-1. However, there also might be an additional GnRH receptor that is specific for 

cGnRH-11 because cGnRH-lI and dfGnRH will release LH and FSH in rats (Sherwood et 

al., 1997). In chapter five of this thesis I have shown using HPLC, RIA, 

immunoctyochemical and in vivo studies that a cGnRH-ll-like molecule with the potential 

to release LH is present in the brain of monkeys. This suggests that a cGnRH-lI specific 

receptor also is present in primates. In teleost fish, mGnRH, cGnRH-11 and sGnRH will 

cause the release of gonadotropins. The question is whether the structure and selectivity of 

the mGnRH and cGnRH-Il receptor(s) are retained in an evolutionarily-ancient species like 

sturgeon.

The gene and mRNA encoding mGnRH have been isolated from mammals. In this 

thesis, I have determined that the mature mGnRH peptide is present in the brain of
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sturgeon. Further studies to isolate the mGnRH cDNA and gene from sturgeon would give 

clues to the evolution of the structure, regulation and processing of this important gene. 

Anolis GnRH: loss or alteration of cGnRH-I. a mGnRH derivative

The presence of mGnRH in sturgeon, amphibians and mammals suggests that this 

form of GnRH has been retained in the evolution of vertebrates leading to tetrapods 

(Fig. 8-2). In reptiles and birds studied to date, cGnRH-I but not mGnRH is present 

within the brain. This evidence coupled with the fact that there is only a single amino acid 

difference between mGnRH and cGnRH-I suggests that cGnRH-I arose after the 

emergence of reptilian ancestors, following nucleotide substitutions in the mGnRH gene 

(Sherwood et al., 1997). Birds and non-squamate reptiles like turtles and alligators have 

retained cGnRH-I as well as cGnRH-II (Fig. 8-2). However, the evolutionary stoiy in 

squamate reptiles is not clear with some species containing only cGnRH-I, some species 

containing only cGnRH-Il and some species having an unidentified form of GnRH (but not 

mGnRH) in addition to either cGnRH-I or cGnRH-II.

In this thesis, it was demonstrated that only cGnRH-II but not cGnRH-1 was 

present in the brain of one species of lizard, Anolis carolinensis. Future studies in Anolis 

should now concentrate on the mechanisms controlling gonadotropin release, the function 

of the midbrain cGnRH-II neurons, as well as the ontogeny of the GnRH cells in this 

lizard. Several other reports also have provided evidence for a solitary form of GnRH in 

the brain of several lizard species. However, while it is evident that cGnRH-1 is not 

present in the brain of all lizard species examined to date, there have been some reports of 

more than just cGnRH-lI-like immimoreactivity in the brain of certain species of lizard. 

Therefore, it is possible that there are species-specific differences in the type and number of 

GnRH forms present in the brain of lizard. It is interesting to note that only cGnRH-I was 

reported in the brain of T. sirtalis, the only snake species where the identity of GnRH has 

been established by HPLC/ RIA and by immunocytochemistry. Furthermore,the 

predominant location of irGnRH cells and fibers in T. sirtalis was in the terminal nerve and
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olfactory bulb region (Smith et al., 1997), an area of the brain with no detectable GnRH- 

like immunoreactivity in lizards examined to date. Additional HPLC and RIA or in situ 

hybridization studies on more snake and lizard species are needed to determine whether this 

opposing pattern of GnRH form(s) and distribution is common among members of the 

Serpentes and Suarian orders of reptiles.

The evidence presented in this thesis suggests that in the evolution of some reptiles 

the cGnRH-1 gene either has been lost from the genome or has been altered to a form of 

GnRH that is not detectable by current antisera. Interestingly, the study by Smith et al.,

( 1997) suggests that the cGnRH-I gene is retained but the cGnRH-II gene is lost or 

modified in the evolution of garter snake. Therefore, the study in this thesis coupled with 

the study in snake and previous studies of reptiles, suggests that cGnRH-1 and cGnRH-II 

are retained in non-squamate reptiles like turtles and alligators while some species of 

squamate reptiles have lost one of the two forms of GnRH, resulting in a solitary form of 

GnRH within their brain. An important question is how these species continue to 

reproduce despite having only one form of GnRH in their brain. Future studies, examining 

the brain of different squamate reptiles at various stages of development for GnRH using 

more sensitive molecular biology techniques like in situ hybridization or PCR would be 

useful in determining whether other forms of GnRH are present but expressed only at 

specific times.

cGnRH-II: pre-sturgeon to mammals

During purification of mGnRH from sturgeon brain, it was clear that a cGnRH-lI- 

like molecule was also present. This confirms an earlier report in sturgeon (Sherwood et 

al., 1991) and helps establish cGnRH-II as the most conserved GnRH in vertebrate 

evolution, present in representative species of all vertebrate classes except for agnathans 

(see Sherwood etal., 1997). In this thesis study, two new cGnRH-II specific RIAs were 

established, one using antiserum 7CR-10 and one using anti serum Adams-100. These two 

antisera were used to search the brain of skate, a vertebrate more evolutionarily-ancient than
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sturgeon, as well as the brains of vertebrate species more evolutionarily-recent than 

sturgeon for the presence of cGnRH-II. Using these specific antisera, a cGnRH-II-like 

molecule was established in the brain of skate, providing further proof that cGnRH-11 has 

an origin at least as old as cartilaginous fish. The skate brain also contained a GnRH-like 

molecule with dfGnRH immunological properties, suggesting that dfGnRH might be 

present in cartilaginous fish other than sharks. This thesis also shows that cGnRH-II is 

present in the brain of more recently-evolved bony fish than sturgeon, like whitefish, 

platyfish, green swordtail and sablefish emphasizing that this form of GnRH has been 

retained in the evolution of most teleosts.

In my examination of the brain and other tissues of mammals, a cGnRH-lI-like 

molecule was absent from the brain of guinea pig, hamster and rat. 1 also did not detect 

cGnRH-lI in fetal rat tissue or in human placenta. However, 1 was able to demonstrate that 

cGnRH-lI was present in the brain of fetal and adult rhesus and stumptail monkeys. These 

thesis data represent the first time that the brain and tissues of these recently-evolved 

placental mammals have been examined for cGnRH-11 using a combination of HPLC and 

RIA with cGnRH-11-specific antisera. The presence of cGnRH-lI in monkey brain, but not 

human placenta might be due to the time of collection at term. However, the presence of 

cGnRH-II in monkey but not in rodents suggests that although this molecule has been 

retained in the evolutionary line leading to primates, it has been significantly altered or lost 

in species from the rodent lineages or is expressed at times not studied.

The discovery of a cGnRH-II-like molecule in the fetal and adult brain of monkey 

represents the most recently-evolved vertebrate to date that has been shown to have 

cGnRH-II in its brain. My evidence that both mGnRH and cGnRH-11 are present in the 

brain of monkey clearly establishes that the presence of multiple forms of GnRH in the 

brain of a single species is not restricted to vertebrates that diverged prior to early-evolved 

placental mammals, as was previously thought, but has been retained in the evolution of 

primates. I also have shown that the presence of two forms of GnRH in a recently-evolved
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placental mammal is not limited to the adult brain but is also found in the fetal brain.

Meanwhile, my results in Chapter 5 showing that cGnRH-II peptide blocked 

antiserum 675 but not Adams-100, both of which are specific for cGnRH-Il, suggests that 

it is important to determine the primary structiue or cDNA of the cGnRH-II-like molecule 

in primates to confirm its identity.

Teleosts: three forms of GnRH in the brain of a single species

The largest group of vertebrates are the teleosts, with over 27,000 species described 

(Young, 1981). With this vast number of species, each employing different reproductive 

strategies, perhaps it is not surprising that there have been four novel GnRH structures (cf, 

s, sb, hGnRH) in addition to cGnRH-II isolated from teleosts as well as reports of 

immunoreactive mGnRH-like and novel GnRH-like molecules. Representative species 

from this vertebrate taxon also have been useful in determining that at least two forms of 

GnRH are present in the brain of most vertebrates; usually each form has a distinct location 

and sometimes a unique function in the brain and pituitary of these species. In this thesis, 1  

used HPLC and RIA with the battery of antisera available to me in our laboratory to search 

for GnRH in the brain of whitefish, platyfish, green swordtail, and sablefish. These fish 

are members of three separate teleost orders: Salmoniformes (whitefish),

Cyprinodontiformes (platyfish and green swordtail), and Scorpaeniformes (sablefish). 

These fish were chosen partly because they represent teleost species whose ancestors are 

separated by a relatively large period of evolutionary time and therefore, the GnRH 

structures isolated from them would be helpful in determining how this peptide family 

evolved in teleosts.

There were three forms of GnRH, with immunological and chromatographic 

properties of cGnRH-II, sGnRH and a novel form, in the brain of whitefish, Prosopium 

williamsoni\ these three forms also were present in the pituitary. Whitefish belong to the 

Coregoninae subfamily of Salmoniformes fish. Representative species from the two other 

subfamilies of Salmoniformes are Salmoninae (sockeye salmon, Atlantic salmon, rainbow
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trout, masou salmon, chinook salmon) and Thymallinae (Arctic grayling); they have 

already been examined for the presence of GnRH within their brain. Therefore, if I 

combine the data gained from previous studies on Salmoniformes and this thesis study on 

whitefish, this represents the first time that all of the subfamilies within a single order of 

vertebrates has been examined for GnRH. It appears that at least three forms of GnRH 

present in the brain o f a single species is common to the early-evolved species of the 

Salmoniformes family, although the characterization of primary structures or cDNA 

sequences would provide more definitive proof. Other molecular biological studies have 

shown only cGnRH-II and sGnRH in the brain of species in Salmoninae. Therefore, at 

some time during evolution of salmonids, possibly after the tetraploid event, one form of 

GnRH might have been lost or altered to a form that is undetectable by current methods.

1 detected cGnRH-II, sGnRH and a novel form of GnRH within the brain of two 

other teleosts, platyfish and green swordtail. Two other species within the same order, 

C>prinodontiformes, have been examined for the presence of GnRH using HPLC and RIA 

with GnRH antisera. In the brain of green molly, the same three forms of GnRH that were 

present in the brains of platyfish and green swordtail were present (Coe et al., 1990); 

however, in Japanese medaka, only cGnRH-11 and sGnRH were detected (Powell etal., 

1996). There are three possibilities for the presence of three forms of GnRH in the brain of 

platyfish, green swordtail and mollies and only two forms of GnRH in the brain of 

medaka, a closely related fish. First, medaka, although closely related to cyprinodont fish, 

are sometimes placed in a separate order, Beloniformes. It is possible that the novel form of 

GnRH arose after the medaka lineage split from the Cyprinodontiformes lineage and 

therefore, might be order specific. Second, it has been shown previously in the platyfish, 

molly and guppy that there is a distinct developmental timing in the appearance of each of 

the GnRH-producing centers in the brain of these fish. Therefore, it is possible that there 

is a narrow window of expression of the novel form of GnRH and that the medaka brains 

were collected at a time when the novel (termed swordtail) GnRH was present in
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undetectable amounts. However, the platyfish, green swordtail and molly studies used 

brains that were collected at four different times of year and the novel form of GnRH still 

was detected by the methods used. Also, similar quantities of adult brains were used in all 

of the studies so the absence of swordtail GnRH in medaka was probably not due to 

inadequate amounts of tissue or the use of juvenile fish. The third possibility is that 

platyfish, green swordtail and mollies are live-bearers whereas medaka are egg layers 

(Parenti, 1994). Therefore, the difference in the number of GnRH forms present in their 

brain might reflect the differences in their reproductive strategies.

Three forms of GnRH with cGnRH-ll-like, sGnRH-like and sbGnRH-like 

chromatographic and immunological properties were present in the brain of sablefish, as 

shown by this thesis study. The detection of these three forms of GnRH in sablefish as 

well as previous reports in a closely related fish, the grass rockfish (Powell et al., 1996) 

and in an early-evolved telost, the pacu fish (Powell et a i, 1997) confirm that sbGnRH 

arose prior to the emergence of Perciform fish.

Sablefish belong to one order, whereas platy fish and green swordtails belong to a 

separate order but all three species are members of the Acanthopterygii superorder of 

euteleost fish. It is interesting to note that although all three fish species have cGnRH-Il 

and sGnRH in their brain, they have a different third form. In fish species where three 

forms of GnRH have been clearly established by primary structure or in situ hybridization, 

cGnRH-11 and sGnRH are present in different locations in the brain, whereas the third 

form is found predominately in the preoptic area with axons in the pituitary and therefore, 

is thought to be the primary gonadotropin releaser. In this thesis study, pituitaries were not 

analyzed separately from the brain tissue of these species in HPLC and RIA and in situ 

hybridization was not used so it is difficult to know which form of GnRH might be the 

gonadotropin releaser. However, if future studies show that sbGnRH or swordtail GnRH 

are concentrated in nerve terminals in the pituitary of sablefish and green swordtail, it might 

be hypothesized that these forms of GnRH are the true gonadotropin releasers.
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All of the four teleost species studies in this thesis have at least three different forms 

of GnRH detected within their brain. This evidence, coupled with previous reports of three 

forms of GnRH present in the brain of other teleosts more early-evolved and more recently- 

evolved than the fish studied here suggest that three forms of GnRH in the brain of a single 

species is an ancestral condition in bony fish. Teleosts that have been shown to have only 

two forms of GnRH in their brain might represent a derived condition where one form of 

GnRH is lost or altered to an extent that it is not detectable by current methods. The 

evidence from this thesis as well as other reports also suggests that although cGnRH-II and 

sGnRH are likely to be present in the brain of most teleosts, there are additional novel 

forms of GnRH present in teleosts but with a more restricted species-specific or order- 

specific distribution.

Identification of an immunoreactive GnRH molecule with novel chromatographic 

properties in the brain of platyfish, green swordtail and whitefish suggest that the GnRH 

family is not limited to twelve members. Also, there are reports of novel GnRH-like 

molecules in other teleosts as well as in lamprey, dogfish, lizard and primate. These 

predicted novel forms of GnRH could result from one of at least three separate events; I) a 

posttranslational modification of one of the existing GnRH peptides or 2) nucleotide base 

pair substitution in one of the known GnRH genes or 3) an additonal exon or gene 

duplication sometime in the evolution of GnRH. Future studies to determine the primary 

structure and cDNA or gene sequences of these novel forms of GnRH would help ascertain 

which of these three possibilities is most likely.

Identification of a sturgeon GRF-like/ PACAP precursor

In this thesis, two different cDNAs encoding GRF-like/ PACAP were isolated from 

the brain of sturgeon; one that encoded the full-length precursor and one that encoded a 

shortened precursor missing the first 32 amino acids of GRF, which are encoded by exon 4 

of the GRF-like /PACAP gene. This exon-skipping phenomenon has been previously 

described in the GRF-like /PACAP precursors of sockeye salmon (Parker et al., 1997) and
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chicken (McRory et al., 1997). The presence of exon-skipping in an early-evolved species 

like sturgeon suggests that this mechanism has been retained in vertebrate evolution and 

might provide an alternate means of increasing the expression of a functionally important 

molecule. For example, in sturgeon, salmon, and chicken, the PACAP peptide can be 

produced not only when the full-length precursor is transcribed but also if the shortened 

precursor is transcribed. However, the GRF-like peptide will only be expressed if the full- 

length precursor is transcribed. The importance of exon skipping is not yet known, but 

because the presence of full-length or shortened GRF-like /PACAP precursors varies 

depending on the tissue examined in salmon (Parker et a i, 1992) and chicken (McRoiy- et 

ai, 1997), it might be related to tissue-specific processing, providing a different balance of 

GRF and/or PACAP peptides depending on the functional demands of the tissue. Future 

studies using various sturgeon tissues and sensitive PCR methods with specific 

oligonucleotide primers could be done to determine if this tissue specific processing of the 

GRF-like/ PACAP precursor has been conserved in sturgeon.

Comparison of the sturgeon GRF-like /PACAP precursor with other GRF-like 

/PACAP or PRP /PACAP precursors demonstrates that specific regions of the molecules 

have a greater evolutionary plasticity than others (Fig. 8-1), possibly because of varying 

functional constraints placed upon them. A difference in the rate of evolution of various 

domains of preprohormone precursors has already been described for other neuropeptide 

families like corticotropin-releasing factor and somatostatin (see Sherwood and Parker, 

1990). Variability in the degree of conservation of various regions of neurohormone 

precursors, as shown here by the sturgeon GRF-like /PACAP precursor, may be common 

to neuropeptide families.
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Fig. 8-1: Comparison of the precursor structures of mammalian PRP/ PACAP and non- 

mammalian GRF-like/ PACAP precursors with the precursor to human PRP/ PACAP. 

Vertical lines indicate amino acid differences from the human PRP/ PACAP precursor. 

Abbreviations are: signal, signal peptide; cryptic, cryptic peptide; PRP, PA GAP-related 

peptide; PACAP, pituitary adenylate cyclase-activating polypeptide; GRF-like, growth 

hormone-releasing factor-like.
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Comparison of GnRH and vasotocin precursor structure among vertebrates show a 

similar pattern as sturgeon GRF-like /PACAP with the highest conservation in the domain 

with the greatest perceived functional importance, followed by the signal peptide and lastly 

by the cryptic peptide (Coe, 1995). If this were the case, it can be suggested that PACAP, 

which has the highest conservation of all the precursor domains (Fig. 8-1), has an 

important functional role. However, PACAP has diverse functions in vertebrates; most 

recently PACAP was shown to induce a shift from mitosis to differentiation in cultured rat 

neuroblasts from the cerebral cortex. This suggests that PACAP might have a critical role 

early in development (Lu and DiCicco-Bloom, 1997). The signal peptide sequence is 

important for ensuring that the preprohormone can dock with and enter the endoplasmic 

reticulum to be processed into its mature bioactive forms and therefore, its main functional 

constraint is to retain the hydrophobic core necessary for insertion into the endoplasmic 

reticulum membrane. There are some amino acid changes between the putative signal 

peptide of sturgeon and the signal peptides of other GRF-like /PACAP or PRP /PACAP 

precursors (Fig. 8-1). However, the changes are conservative and the required 

hydrophobicity is maintained. Another region of the sturgeon GRF-like /PACAP precursor 

with relatively high sequence identify to other known precursors is the 3' UTR. This 

region has been shown to be important in proper expression and stability of the mRNA 

transcript (Kozak, 1991); important functions that might have led to enhanced 

conservation.

The greatest amino acid differences between the GRF-like/ PACAP and PRP/ 

PACAP precursors is in the cryptic peptide region (Fig. 8-1), a domain with no well- 

established function except a recent report that the cryptic peptide encoded by the human 

GRF gene can stimulate Sertoli cell activity in the testes (Breyer et al., 1996). It is more 

likely that that the cryptic region of sturgeon GRF-like/ PACAP serves a conformational 

rather than a physiological function as has already been suggested for the C-peptide in 

insulin (Eipper et ai, 1986) and the cryptic peptide of GnRH, GAP. Although GAP and



269

GAP-related peptides have been shown to co-exist with GnRH in hypothalamic neurons 

and to inhibit prolactin release or promote gonadotropin release in some circumstances 

(Nikolics et al., 1985; Thomas et al., 1988; Yu er al., 1988) the inconsistency of these 

results as well as the low sequence identity of GAP among vertebrates suggest that it is 

unlikely to function as a  neuropeptide (see Sherwood et al., 1994). In addition, if the 

region encoding the cryptic region of GnRH (exons 3 and 4) is deleted from the GnRH 

gene, an endocrine disorder will develop in mice. These “hypogonadal mice” do not 

appear to release GnRH although their GnRH gene still contains the exon that encodes the 

functional protein. This results in abnormally low levels of gonadotropins and sexually 

immature animals (Seeburg et al., 1987) providing strong evidence that the cryptic region is 

important for effective precursor processing.

It is interesting to note that relative sequence identity among the GRF domain of the 

sturgeon precursor and the other vertebrate GRF or PRP precursors is not high compared 

to PACAP (Fig. 8 - 1). GRF’s importance as a key neuropeptide regulator of growth in 

mammals is well established. The question is therefore, why a domain with such important 

physiological functions is not more tightly conserved. However, although the overall 

amino acid sequence of GRF has had numerous substitutions amongst vertebrate 

precursors, the amino acids critical for receptor binding and optimal functionality are highly 

conserved even in tunicates.

Evolution: GnRH and GRF/ PACAP

Gene duplication is an important mechanism in the evolution of peptides with new 

functions. In this situation, one of the gene duplicates continues to encode a protein that 

performs the original function, whereas the additional copy undergoes more rapid 

evolutionary change because of lessened functional constraints, eventually resulting in 

peptides with a novel function (Ohno, et al., 1968; Ohta, 1994). This gene duplication 

mechanism has been described for a number of different neuropeptides including glucagon 

and insulin, in addition to GnRH and GRF. Another means of increasing the amoimt of
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genetic material available for the evolution of peptides with new functions is to duplicate the 

entire genome. This mechanism has been described in salmonids where a genome 

duplication event occurred after the emergence of salmonid ancestors, resulting in tetraploid 

extant species. If this evolutionary mechanism is employed, there are additional alleles 

available for mutations that could result in peptides with new functions. Sturgeons are 

highly polyploid with conditions of 4n to 8 n described for certain species (Birstein and 

Vaseliev, 1987). If only one copy of a gene were conserved to perform a critical function, 

the high redundancy of their genome would mean that there were many other gene copies 

available to mutate into genes encoding proteins with novel functions or alternatively, into 

pseudogenes with no particular function.

A current evolutionary scheme for the GnRH family is that the gene encoding the 

ancestral GnRH duplicated sometime prior to the emergence of tunicates, over 500 million 

years ago (Fig. 8-2). Subsequent nucleotide substitutions or further duplication of these 

ancestral genes gave rise to two of the most conserved forms of GnRH: 1) cGnRH-II, 

which arose during or before the emergence of cartilaginous fish and 2) mGnRH, which 

arose during or before the emergence of bony fish (Fig. 8-2). The other forms of GnRH 

originated after the ancestors for a vertebrate class had already diverged from the main 

evolutionary line. "Hence, lGnRH-1 and IGnRH-IlI are only in jawless fish; dfGnRH is 

only found in cartilaginous fish; sGnRH, cfGnRH, sbGnRH and hGnRH are only in 

teleost bony fish and cGnRH-I is only found in the reptile-bird branch" (Fig. 8-2; see 

Sherwood etal., 1997). These additional forms of GnRH are the result of nucleotide 

substitutions in one of the conserved forms of GnRH or are products of a further gene 

duplication. Because cGnRH-II is conserved in all vertebrates except for jawless fish and 

one species of snake, the mGnRH gene (which is not expressed in teleosts and reptiles) 

was most likely the template for the nucleotide substitutions that gave rise to the new forms 

of GnRH. Therefore, sGnRH, or derivatives of sGnRH, replaced mGnRH in most of the 

more evolutionarily-recent species of teleosts (Fig. 8-2).
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Fig. 8-2. Schematic diagram showing the phytogeny of GnRH. Solid lines in lower part of 

diagram indicate the form(s) of GnRH that were conserv ed in the ev olution of a particular 

vertebrate class, whereas dashed lines indicate that one or more of the ancestral forms of 

GnRH was altered to a new form after the vertebrate class diverged from the main 

evolutional"}' line. In bony fish, mGnRH is present in species that evolved early and then 

the gene was altered or not expressed in species that evolved after the origin of teleosts.
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Also, mGnRH was probably replaced by cGnRH-1 early in the phylogeny of reptiles 

because there is only a single amino acid difference between them and also because 

mGnRH is present in ancient fish, amphibians and mammals but not in reptiles and birds 

(Fig. 8-2).

The evolution of GRF and PACAP is not as well established as the evolution of 

GnRH. The GFR-like/ PACAP precursors are structurally more similar to the PRP/ 

PACAP precursors than to the GRF precursors and the PACAP domains are conserved 

among species. Therefore, PACAP, is most likely a more ancestral molecule than GRF. 

The recent isolation of two cDNAs encoding GRF-like/ PACAP precursors in tunicates 

suggest that a gene duplication event took place prior to the emergence o f veretebrates (Fig. 

8-3). The general precursor structure, encoding both a GRF-like and PACAP in tandem, 

was retained in the evolution of bony fish as well as in the evolution of reptiles and birds 

but some nucleotide substitutions also occurred during this time (Fig. 8-3). Alternative 

splicing, resulting in the shorter precursor with the first 32 amino acids of the GRF-like 

peptide skipped, arose prior to the emergence of bony fish and is retained in the evolution 

of birds (Fig. 8-3). An additional gene duplication and possibly an exon loss might have 

occurred prior to or during the emergence of mammals resulting in two separate genes 

encoding GRF and PACAP (Fig. 8-3).

It is possible that a separate gene encoding a GRF-like peptide was present prior to 

the fish- tetrapod split but has not been found (Fig. 8-3, All). Further proof of the ancestry 

of the GRF-like/ PACAP precursor in sturgeon, chicken and fish would be to synthesize 

the peptides predicted from the nucleotide sequence and use them in functional studies to 

determine their effects in growth or release of growth hormone. Initial studies have been 

done in vitro in chicken. In sturgeon, a functional study is currently in progress where 

synthetic forms of GRFi-29, G R Fi- 4 5 , PACAP i-27, PACAP i-38, and GnRH are 

being tested for their ability to release GH in vivo as well as stimulate growth and food 

conversion in juvenile sturgeon.
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Fig. 8-3: Schematic diagram showing the phylogeny of GRF and PACAP. Bold, thickened 

lines indicate where cDNAs encode GRF-like/ PACAP peptides in tandem in the precursors 

studied to date. Abbreviations are: P, pituitary adenylate cyclase-activating polypeptide; S, 

signal peptide; grf, GRF-like peptide; C, cryptic peptide; Al, ancestral GRF-like/ PACAP 

precursor; ?AII, ancestral GRF gene; mPACAP, mammalian pituitary adenylate cyclase- 

activating polvpeptide; mGRF, mammalian growth hormone-releasing factor; prp, PACAP- 

related peptide; 5', 5' untranslated region; 3', 3' untranslated region.
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It is interaction between environmental influences and the hereditary information 

contained within the genes of organisms that determines how an animal looks, functions, 

reproduces and grows. Some of the questions pertaining to the different reproductive 

strategies and growth rates between species can be at least partially answered by comparing 

both the presence and the activity of the various genes and factors involved in regulating 

reproduction and growth. In addition, this comparative approach, using the molecules 

integral to reproduction and growth from a variety of species, is helpful in interpreting 

evolutionary changes to endocrine systems as well as in giving some indication of the 

relatedness among members of peptide families and superfamilies.
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