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ABSTRACT

Gonadotropin-releasing hormone (GnRH) is a small peptide hormone that is
essential for reproduction in vertebrates and some invertebrates. GnRH is synthesized in
the brain and acts on the pituitary gland stimulating the synthesis and r-elease of
gonadotropins into the blood. These gonadotropins circulate to the gonads where they
stimulate gametogenesis and the synthesis and release of reproductive steroid hormones
such as estrogen and testosteroné. Seventeen GnRH forms have been isolated and named
after the species in which they were first identified. The structure of this ten-amino-acid
hormone is highly conserved among vertebrates, except for the four amino acids located
in positions five to eight. To date, species contain either two or three GnRH forms.

Lake whitefish was chosen as the study animal because it is a representative of the
earliest subfamily of salmonids (Coregoninae). All salmonids studied so far express only
two GnRH forms: salmon (s)GnRH and chicken (c)GnRH-II. However, our previous
protein work done on lake whitefish identified three GnRH forms: sGnRH, cGnRH-II,
and the third form called whitefish (wf)GnRH.lThere are three objectives in this study:
(1) to obtain the cDNA sequences of each form of GnRH in lake whitefish, (2) to
determing the releasing potential of wfGnRH on pituitary cells, and (3) to determine the
location of each GnRH form in the whitefish brain using in situ hybridization. An
examination of the structure (both protein and DNA), specific brain function, and
location of each GnRH form within a species provides clues to the evolution of the

hormone.
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The cDNA sequence of each form of GnRH in lake whitefish was isolated using
5’ and 3’ rapid amplification of cDNA ends (RACE) and reverse transcription
polymerase chain reaction (RT- PCR). Each sequence consists of a 5’ untranslated
region (UTR), signal peptide, GnRH-encoding region, cut site, GnRH-associated peptide
(GAP), and 3°’UTR. The lake whitefish cGnRH-II precursor has 88% nucleotide and
79% amino acid identity with rainbow trout cGnRH-II. The lake whitefish sGnRH
precursor shows 93% nucleotide and 79% amino acid identity when compared to Atlantic
salmon sGnRH. As seen in other vertebrate GnRH sequences, the regions that are most
conserved encode the GnRH peptide and the cut site. The novel wfGnRH cDNA reveals
little nucleotide sequence identity to any known GnRH sequences but shows 60% amino
acid identity with Haplochromis burtoni seabream (sb)GnRH. This suggests the
ancestral forms of wfGnRH and sbGnRH were closely related.

Whitefish GnRH is biologically active, as it stimulated cultured pituitary cells to
increase the expression of the a-subunit of gonadotropin mRNA. This suggests that
wf{GnRH has a role in gonadotropin-release from the pituitary in lake whitefish. Also,
cGnRH-II had some biological activity, but is unlikely to cause gonadotropin-release in
vivo due to its location in the midbrain.

Localization of brain GnRH by in situ hybridization revealed an overlap of
regions expressing sGnRH or wfGnRH in the anterior brain from olfactory bulb to
preoptic area (POA). The only form located in the hypothalamus was wfGnRH and in
the midbrain was cGnRH-II. It is concluded that wanRH plays the main role in
gonadotropin release in lake whitefish and that sGnRH may have a minor role. Also,

both sGnRH and ¢cGnRH-II probably have neuromodulatory roles as well.
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Chapter 1

Introduction



Gonadotropin releasing hormone (GnRH) is a small peptide hormone that is
essential for reproduction in vertebrates and some invertebrates. It is synthesized in the
hypothalamus and acts on the anterior pituitary causing the synthesis and release of
gonadotropins into the blood. These gonadotropins (follicle stimulating hormone, FSH,
and luteinizing hormone, LH, in mammals and gonadotropin-I and —II in fish) circulate to
the gonads where they stimulate gametogenesis and the synthesis and release of

reproductive steroid hormones such as estrogen and testosterone.

GnRH Structure

GnRH was first discovered three decades ago in ovine (Burgus ef al., 1972) and
porcine (Matsuo et al., 1971) hypothalami. It was first named luteinizing hormone-
releasing hormone (LHRH) and was later called mammalian GnRH (mGnRH). Since
then 16 other GnRH forms have been identified and named after the species from which
they were first isolated (Table 1.1). The GnRH forms include chicken (¢)GnRH-I
(Miyamoto et al., 1983) and cGnRH-II (Miyamoto et al., 1984), salmon (s)GnRH
(Sherwood et al., 1983), lamprey (1)GnRH-I (Sherwood et al., 1986) and 1GnRH-I1I
(Sower et al., 1993), catfish (cf)GnRH (Ngamvongchon ef al., 1992a; Bogerd et al.,
1992), dogfish (df)GnRH (Lovejoy et al., 1992b), sea bream (sb)GnRH (Powell et al.,
1994), tunicate (t)GnRH-I and tGnRH-II (Powell ez al., 1996), guinea-pig (gp)GnRH
(Jimenez-Linan et al., 1997), herring (hr)GnRH (Carolsfeld et al., 2000), frog (f)\GnRH
(Yoo et al., 2000), pejerrey (pj)GnRH (Montaner et al., 2001) also named medaka

(md)GnRH (Okubo et al., 2000), and whitefish (wf)GnRH (Adams et al., 2002). An



Table 1.1. Amino acid structure of GnRH.

The amino acid sequences of all 17 GnRH forms known to date are
presented. Only amino acids that differ from whitefish GnRH are shown.



FORM* (abbreviation) 1 2 3 4 5 6 7 8 9 10 Reference
WHITEFISH (wf) pGlu His Trp Ser Tyr Gly Met Asn Pro Gly-NH, Adams etal, 2002
MAMMAL (m) - < s 5 - - Leu Arg - = Matsuo et al., 1971; Burgus et al., 1972
GUINEA PIG (gp) A - Tyr - - - - Val Arg - - Jimenz-Linan et al., 1997
CHICKEN-I (c-I) - - - - - - Leu GIn - - Miyamoto et al., 1983
FROG (f) - - - - - - Tyr Arg - - Yoo et al.,, 2000
SEABREAM (sb) - - - - - - Leu Ser - - Powell et al., 1994
PEJERREY (pj)/MEDAKA (md) - - - - Phe - Leu Ser - - Okubo et al., 2000; Montaner et al., 2001
HERRING (hr) . - - - His - Leu Ser - - Carolsfeld et al., 2000
CATFISH (cf) - - - - His - Leu - - - Ngamvongchon et al., 1992;
Bogerd et al., 1992
SALMON (s) - - - - - - Tmp Leu - - Sherwood et al., 1983
DOGFISH (df) - - - - His -  Tmp Leu - - Lovejoy et al., 1992
CHICKEN-II (c-II) - - - - His - Trp Tyr - - Miyamoto et al., 1984
LAMPREY-I (I-I) - - - - His Asp Trp Lys - - Sherwood et al., 1986
LAMPREY-III (1-III) - - Tyr - Leu Glu Trp Lys - - Sower et al., 1993
TUNICATE-I (t-I) - - - - Asp Tyr Phe Lys - - Powell et al., 1996
TUNICATE-II (t-II) - - - - Leu Cys His Ala - - Powell et al., 1996
OCTOPUS (oct) - Asn-Tyr - Phe - Asn - Trp His - - Iwakoshi et al., 2002

*Only amino acids that differ from whitefish are indicated.



additional GnRH is found in octopus, although it is 12 amino acids in length (Iwakoshi et
al., 2002).

GnRH is ten amino acids long with the overall structure conserved in the end
groups. That is, amino acids in positions 1-4 and 9-10 are conserved, whereas amino
acids in positions 5-8 tend to vary among forms. GnRH is usually recognized by its
pyroglutamic acid N-terminus, followed by histidine, tryptophan, and serine, and ending
with a proline and glycine C-terminus. The four varying amino acids that are not
conserved, and the C-terminal end are part of the hormone that is important for receptor
binding. Amino acids 1-3 are important for the functional release of gonadotropins from
the pituitary gland (see review by Sherwood, 1986). The overall conservation of GnRH
is not surprising as it is essential for reproduction to occur. If the GnRH gene is altered
genetically or if GnRH is blocked by immunoneutralization, then reproduction does not
occur (see review by Sherwood, 1986).

GnRH Structure in Fish

One of the major GnRH forms found in fish is similar in structure to that of
mammalian GnRH except for 2 amino acid substitutions in positions 7 and 8. This form
was characterized and named salmon (s)GnRH by Sherwood et al. (1983). Shortly after
the discovery of sGnRH a second form was found in cartilaginous fish (Lovejoy et al.,
1991; 1992b). This GnRH form had the same primary structure as chicken (¢)GnRH-II.
Subsequently, cGnRH-II was found as a second form in all jawed vertebrate species (see
Sherwood et al., 1993), from cartilaginous fish to humans (White ef al., 1998). Salmon

GnRH and ¢cGnRH-II are not the only GnRH forms found in fish; lamprey, dogfish,



catfish, pejerrey, herring, sea bream and lake whitefish all have distinct GnRH molecules

that are found in specific groups of fish (see Figure 1.1, pg 12).

GnRH Function

GnRH is secreted in the median eminence of mammals and acts on the anterior
pituitary where it stimulates the synthesis and release of LH and FSH (Schally et al.,
1973). In many vertebrates GnRH is released from the brain into the brain-pituitary
portal vessels shortly before goﬁadotropins are released (Fink and Jamieson, 1976).
However, there are two exceptions. The first is apparent in more primitive species, like
the lamprey, where there is no portal system between the brain and the pituitary gland.
Here the two organs are apposed and neurosecretions diffuse between them (Gorbman,
1980) or GnRH reaches the pituitary via the general circulation (see Muske, 1993). The
second exception is evident in teleosts, where neurons containing GnRH have axons that
extend from the brain into the pituitary gland and GnRH is released directly into the
pituitary without use of a portal link (see Sherwood et al., 1991).

In the pituitary of all \'/ertebrates, GnRH interacts with membrane-associated high
affinity receptors on gonadotropin secreting cells. The binding of GnRH to its receptor
triggers downstream events (see section marked GnRH receptor).

Research done with the pituitary supports the evidence that GnRH is released in
pulses to act on the pituitary. For example, Duan ef al. (2002) found that GnRH pulses
maintain LH and FSH gene expression: LHp by high-frequency pulses and FSHf by

lower frequency pulses. Also, they determined that GnRH specifically stimulates early



growth response protein-1 (Egr-1) expression, which is an essential transcription factor
for LHPB gene expression in the pituitary.

GnRH has other proposed functions that include acting as a stimulator of sexual
behaviour, as a neuromodulator and/or neurotransmitter in the central and sympathetic
nervous systems, and as a paracrine/autocrine regulator in the pituitary, gonads, placenta,
and in tumour cells (see Millar and King, 1988; Sherwood et al., 1993; Rastogi and Iela,
1994). It is also known that GnRH can stimulate the release of other pituitary hormones
in fish including growth hormone (Marchant et al., 1989), prolactin (Weber et al., 1997),
and possibly somatolactin (Parhar, 19975.

Within the CNS

Contrasting with the septo-preoptico-infundibular GnRH system, where neurons
extend fibers to the pituitary for gonadotropin release, GnRH neurons in the terminal
nerve send fibers throughout the brain but not near the pituitary (Yamamoto et al., 1995).
Abe and Oka (2000) suggest that GnRH found in the terminal nerve acts as a
neuromodulator with endogenous pacemaker activity and is involved in the regulation of
many long lasting changes in animal behaviour, such as motivational and arousal states.
Salmon (s)GnRH made in the terminal nerve acts on its own or neighboring neurons to
change the discharge patterns of terminal nerve neurons in dwarf gourami (Abe and Oka,
2000).

GnRH found in the olfactory tract (olfactory epithelium, nerve and bulb) could
mediate responses to sex pheromones (see reviews by Sherwood et al., 1993, and Muske,
1993). In concordance, Wirsig-Wiechmann (2001) found that GnRH altered responses of

chemosensory neurons and speculated that the purpose of altered olfactory sense is to



increase detectability of pheromones. Okubo and coworkers (1999) concluded that
GnRH in the olfactory epithelium of the eel is involved in the pathway through which
environmental and behavioral inputs influence the neuroendocrine systems. They
suggest that the presence of GnRH here has an important role for the reproductive
migration of the eel.

Although specific function is unknown, GnRH has been located in the amygdala
and neighboring areas of mammals (Silverman et al., 1987; Stopa et al., 1991; Quanbeck
et al., 1997), retina of fish (Stell ez al., 1984), sympathetic ganglia of bullfrog (Jan et al.,
1979; Jan et al., 1983), and GnRH binding sites have been located in the limbic region
(Millan et al., 1986). Fora more detailed review see Muske (1993).

GnRH in the midbrain, hindbrain and spinal cord suggests GnRH may regulate
sexual behavior as it has a role in increasing rat sexual receptivity (Moss and McCann,
1973), and a role in mating behavior in the musk shrew (Rissman et a/., 1997) and in
newts (Muske ef al., 1993). Other speculative functions of GnRH include: gonadal duct
contractility in fish (GnRH terminals on neurosecretory cells located in the caudal part of
the spinal cord in fish) (Miller and Kriebel, 1986), sperm release in fish (Demski et al.,
1975), and clasper control in cartilaginous fish (GnRH terminals in the spinal cord

overlap areas for clasper control) (see Wright and Demski, 1991).

Outside the CNS

Other locations for GnRH secretion include: (1) human placenta, where GnRH
causes the release of chorionic gonadotropin (CG); (2) mammary gland tumors; (3) tumor
cell lines; (4) pancreas, although the function remains unknown, and (5) pancreatic tumor

cells (for review see Sherwood et al., 1993). GnRH has also been reported to act in the



immune system (both hormone and receptor) where it stimulates LH production in
lymphocytes (Blalock and Costa, 1989).

Gonadal GnRH function

GnRH has functions within the gonads of mammals, fish, and tunicates. It is
reported to affect gonadal steroids, act as a meiosis-stimulating factor and help in the
regulation of ovarian function. GnRH mRNA was isolated locally from gonads in fish
(von Schalburg and Sherwood, 1999; Gray et al., 2002), although only rarely is the
protein found (von Schalburg and Sherwood, 1999). GnRH induces an increase in
tunicate gonadal estradiol (Craig et al., 1997, Di Fiore et al., 2000). GnRH has been
suggested to play a role in the regulation of ovarian function in both the goldfish (Pati
and Habibi, 1998) and in the seabream (Nabissi et al., 1997). Hillensjo and LeMaire
(1980) found GnRH stimulated oocyte meiosis in rat and the same effect was found in
goldfish (Pati and Habibi, 2000). Pazos and Mathieu (1999) found that mGnRH, sGnRH,
c¢GnRH-I and I, and 1IGnRH-I significantly increased DNA synthesis in gonial cells of a
marine bivalve and suggest that GnRH might promote the G1-S phase transition in the
gonial cell cycle. Parhar (1997) speculates that preoptic sea bream (sb)GnRH has an
indirect role (via the pituitary) in gonadal sex differentiation in the sea bream because the
development of both GnRH and gonads are synchronized, although serum concentration
of pituitary gonadotropins has not been measured. Also, GnRH can affect sex steroids.
Van der Kraak ef al. (1984) found that injected LHRH (mGnRH) caused an increase in
17 alpha, 20 beta dihydroxy-4-pregnen-3-one plasma levels in ovulating coho salmon
(Oncorhynchus kisutch). Similarly, Joss and coworkers (1994) reported that injected,

synthetic mGnRH caused male and female lungfish to elevate their circulating steroid
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hormones at the beginning of spawning. Testosterone increased in males; estradiol and
testosterone increased in females. However, steroid levels at the end of spawning were

lower than at the beginning of spawning and were abolished in early autumn.

GnRH Evolution

The phylogenetic pattern of GnRH in different species is determined in part by
structural changes in the peptide, cDNA or gene. The presence of GnRH in a jawless
vertebrate, the lamprey, whose ancestors arose about 500 million years ago, suggests the
early appearance of the peptide in vertebrate evolution (Sherwood e al., 1986).
However, the exact time GnRH arose still remains to be determined. The peptide is now
widely studied to determine if different forms common to different vertebrates will
establish the evolutionary thread of GnRH in vertebrates (Sherwood et al., 1997). GnRH
1s not only found in vertebrates; more recently the peptide was detected by
immunoreactivity in neurons of invertebrates such as the gastropod mollusc Helisoma
(Goldberg et al., 1993), the acorn worm Saccoglossus (Cameron et al., 1999) and the
ancestral chordate Ciona intestinalis (Tsutsui et al., 1998). In addition, the primary
structure of two distinct GnRH forms was determined for the tunicate Chelyosoma
productum (Powell et al., 1996) and one form of 12 amino acids for octopus, Octopus
vulgaris (Iwakoshi et al., 2002).

There are some GnRH structural patterns among species studied to date. Chicken
GnRH-II is first detected in cartilaginous fish, such as ratfish and dogfish, and is
conserved in all vertebrates thereafter including bony fish, amphibians, reptiles, birds and

mammals (see Sherwood et al., 1997). Salmon GnRH is confined to teleosts whereas
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c¢GnRH-I is present in reptiles and birds only (Sherwood et al., 1991). A few forms, such
as cGnRH-I, pjGnRH, and sbGnRH are confined to closely related orders (Sherwood et
al., 1993). So far, the remaining forms of cfGnRH, dfGnRH, tGnRH-I, tGnRH-II,
1GnRH-I, IGnRH-III, hrGnRH, and wfGnRH are located only in their respective species
or in closely related species. However, future work may find the above forms in other
related species as well. The pattern of mammalian (m)GnRH is interesting as it first
appears in older bony fish and their descendants (early-teleosts), then disappears in
teleosts that evolve thereafter. Also, mGnRH is present in amphibians and mammals
(Sherwood et al., 1991; Sherwood et al., 1993). Because mGnRH appeared in ancient
ancestral bony fish, but not in cartilaginous fish, it is thought to have evolved before the
actinopterygian and sarcopterygian split leading to bony fish and tetrapods, respectively
(Sherwood et al., 1991).

The peptide structures, determined by peptide or DNA sequencing, of all 17
GnRHs published to date can be used to provide clues on the evolution of the peptide.
One proposed scheme of GnRH evolution is shown in Figure 1.1. So far, studies show
the pattern that most tetrapods have two forms of GnRH, whereas most teleosts have
three forms. In humans, for example, only two forms of GnRH are shown to be encoded
(mGnRH and ¢cGnRH-II) in e;n analysis of the genome (Neill, 2002). Chicken GnRH-II is
found in all other tetrapods along with mGnRH or an alternate form (guinea pig, frog, or
chicken-I) that arose from mutations of mGnRH. Chicken GnRH-II is an apparent GnRH
lineage beginning in cartilaginous fish; and mGnRH represents another lineage first seen

in ancient bony fish. However, O’Neill ez al. (1998) found that mGnRH disappears in
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Figure 1.1. General GnRH evolution.

v

A hypothetical scheme for the evolution of the 17 known GnRHs from an
ancestral GnRH (A) is shown. Numbers indicate the amino acid
differences between GnRH forms. Forms shown are: A, ancestral; T-I,
tunicate GnRH-I; T-II, tunicate GnRH-II; OCT, octopus GnRH; L-I,
lamprey GnRH-I; L-III, lamprey GnRH-III; C-II, chicken GnRH-II; DF,
dogfish GnRH; M, mammalian GnRH; S, salmon GnRH; H, herring
GnRH; CF, catfish GnRH; SB, seabream GnRH; WF, whitefish GnRH;
PJ, pejerrey GnRH; F, frog GnRH; C-I, chicken GnRH-I (adapted from
Sherwood et al., 1997; and Montaner et al., 2001).
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bony tongue fish and sGnRH appears. Also, a third from of GnRH appears for the first
time in teleost species in herring (Carolsfeld et al., 2000). Okubo and Aida (2001) have
suggested that the three GnRH lineages in teleosts began in bony tongue fish, but they
have only been able to identify two forms of GnRH in any bony tongue species. The rest
of the GnRH forms do not fall into lineages so easily, although sGnRH could represent
another lineage starting in herring and appearing in all other teleosts except catfish. Also,
the origin of the third form of GnRH found in teleosts still needs to be explained, and the
relationship (orthologous or paralogous) among the teleost GnRH forms remains to be
identified. It is clear that a different kind of analysis is required to find the orthologs for
sGnRH and the others.

Another problem that the evolutionary scheme in Fig 1.1 does not account for is
that it has not been possible to identify the orthologs for cGnRH-II and mGnRH in jawed
fish. The short 10 amino acid peptide does not reveal the ancestral relationship of
octopus (oct)GnRH, tGnRH-I, tGnRH-III, IGnRH-I, and 1IGnRH-II, with mGnRH and
c¢GnRH-II or whether mGnRH is a result of a cGnRH-II duplication. The line of descent
for orthologous or paralogous forms of GnRH would not necessarily become clear even if
all forms between octopus to jawless fish were known. The primary structure of GnRH
peptides in ancient, but living animals may be far removed from the ancestral form at its
stem. For example, lamprey GnRH-I and -III are not found in other vertebrates to date
and these forms have been evolving for 500 million years from the ancestral lamprey
stem form. The same is true for the octopus and tunicate GnRHs. The GnRH form in

living animals may be distinct from the ancestral animals.
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An alternate approach to determine GnRH evolution is phylogenetic tree analysis
based on the GnRH preprohormones. This method uses the nucleotide sequence of not
only the GnRH encoding region, but also the nucleotide sequence of the signal peptide,
the cut site, and the GAP region. It is a valuable method for grouping related GnRH
peptides among all the different forms found in teleosts; however, it does not show the
ortholog for any of the forms and does not connect these forms in jawed vertebrates to
lamprey, protochordate or octopus forms. Other problems are that alternative splicing
could produce altered forms and expression is not constant so a form could be missed.

The form of analysis I would suggest for further GnRH phylogeny information is
linkage analysis. In this method, GnRH genes would be identified with other genes on
the same chromosome. These linked genes could then be compared. It is likely in
evolution that genes on the same chromosome will remain on that chromosome, although
not necessarily in the same order. The next step would be to establish GnRH in relation
to marker genes on specific chromosomes. This would help to account for the GnRH
lineage during genomic duplications that are proposed: (1) between protochordates and

vertebrates, (2) leading up to cartilaginous fish, and (3) in early teleosts.

GnRH Origin, Precursor and Expression
GnRH origin

GnRH neurons in the terminal nerve ganglion (TN) and septo-preoptic areas
originate embryonically in the olfactory placode of vertebrates and migrate to adult
destinations (TN and preoptic area) in the forebrain (Muske and Moore, 1987). In

addition, Quanbeck and coworkers (1997) found two different GnRH cell types migrate
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from the olfactory placode in the rhesus macaque. They identified them as early neurons
and late neurons. Early neurons appear first, are smaller than late neurons, and migrate to
the preoptic region before settling in the extrahypothalamic regions. In contrast, late
neurons, which contain mGnRH, migrate to the basal hypothalamus and regulate the
pituitary-gonadal axis (Quanbeck et al., 1997).

GnRH neurons in the midbrain were later found to originate from neuroblasts in
the midbrain region; they send fibers that extend throughout the ventral brainstem and
into the spinal cord (Muske and Moore, 1990; Witkin, 1990). To further this observation,
Parhar (1997) reported midbrain-GnRH neurons originated from the ventricular
ependyma, and Lescheid et al. (1997) suggested cGnRH-II neurons originate in the
ventricular wall of the posterior hypothalamus and the midbrain.

GnRH precursor

The general prepro-GnRH precursor structure is similar among vertebrates
(Figure 1.2). The cDNA of GnRH contains a 5” untranslated region (UTR), signal
peptide, GnRH, a cut site (containing an amide-donating glycine and a lysine, arginine
processing site), a GnRH associated-peptide (GAP), and a 3> UTR (see Sherwood et al.,
1993). For example, Coe and coworkers (1995) sequenced the gene for sGnRH in
sockeye salmon. They identified the cDNA to be 475 base pairs (bp) in length with a
40bp 5’UTR, an open reading frame (or coding region) of 240bp (including the stop
signal), and a 195bp 3’UTR. Similarly, the cDNA for cGnRH-II in rainbow trout has
also been identified (Penlington et al., 1998). It was found to be 544bp in length with a

27bp 5’UTR, a 258bp open reading frame, and a 256bp 3’UTR.
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Figure 1.2. GnRH precursor.

A diagram showing the general GnRH precursor molecule including the
signal peptide, 23 amino acids in length, the GnRH region, 10 amino acids
in length, the cut site (GKR), 3 amino acids in length, and the GAP region,
approximately 56 amino acids in length.
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The GnRH portion of the precursor is highly conserved among species, whereas
the signal and GAP portions are not (see Coe et al., 1995). The GAP region was initially
thought to inhibit secretion of PRL but now is thought to be involved in the correct
processing and packaging of GnRH as in other associated peptides (see Sherwood et al.,
1993).

Even though many species express more that one form of GnRH, to date each
form is encoded by separate genes in vertebrates (see Sherwood et al., 1997; Chow et al.,
1998). Generally, the GnRH gene contains four exons (Figure 1.3). The first encodes the
5’ UTR; the second encodes the signal peptide, GnRH, the cut site, and the first 11 amino
acids of the GAP region; the third exon encodes GAP amino acids 12-43; and the last
exon codes for the rest of the GAP region and the 3> UTR (Sherwood et al., 1993).

GnRH Expression

In general, GnRH expression patterns are similar among fish, with sGnRH being
expressed in the forebrain, cGnRH-II in the midbrain, and the third form in the preoptic
area (Figure 1.4). Table 1.2 summarizes all expression studies done on fish and the brain
location of different GnRH forms. Localization of GnRH can be done using the
following techniques: high-pressure liquid chromatography (HPLC) in combination with
radioimmunoassay (RIA), N&them blot and reverse-transcription PCR (RT-PCR), in situ
hybridization, and immunocytochemistry (similar to immunohistochemistry). The most
precise localization studies use a combination of in situ hybridization, which is very
specific to each GnRH form, and immunocytochemistry, which locates both cells and
fibers containing GnRH. For example, in the European sea bass Zmora et al. (2002)

used both in situ hybridization and immunocytochemistry techniques. In situ



Figure 1.3. GnRH gene structure.

The general structure of the GnRH gene has four exons (numbered 1-4).
5’ and 3° UTRs are shown by diagonal marks (/), the signal peptide is
shown by dots (), GnRH is shown by circles (=), the cut site is shown
by chevrons (<), and the GAP region has been left white.

20



—
v v

21



22

Figure 1.4. GnRH brain location.

This drawing of a saggital section from a salmonid brain shows the three
brain locations for GnRH. Triangles ( A) represent salmon GnRH,

diamonds (#) represent chicken GnRH-II, and circles (®) represent third
GnRH form.
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Table 1.2. GnRH expression in fish.

A comparison of all GnRH expression studies done to date states the
species used, the method of detection, the specific brain location of each
GnRH, whether or not cross-reactivity of GnRH forms was considered,
and references. Method abbreviations: IL — immunolabeling, which
includes immunocytochemistry, immunohistochemistry,
radioimmunoassay, and double antibody immunofluoresence; ISH — in
situ hybridization. Brain abbreviations: NOR — nucleus olfactoretinalis,
NPP — nucleus preopticus periventricularis, NLT — nucleus lateralis
tuberis, NP — nucleus preopticus, NPBL — nucleus preopticus basalis
lateralis, POA — preoptic area, NMLF — nucleus of medial longitudinal
fasciculus (in midbrain), NT — nervus terminalis, TN — terminal nerve, PM
— pars magnocellularis, and PP — pars parvicellularis. GnRH
abbreviations: mGnRH — mammalian GnRH, sGnRH — salmon GnRH,
cGnRH-II — chicken-II GnRH, cfGnRH - catfish GnRH, mdGnRH —
medaka GnRH, and 1IGnRH - lamprey GnRH.



telencephalon, hypothalamus

— fibers - from olfactory bulb into pituitary,
in optic tectum, cerebellum, vagal
lobe, medulla oblongata, spinal
cord

1.2% with mGnRH

Species Method GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
. barfin ISH sbGnRH - POA Probes specific for each GnRH Amano et al.,
flounder sGnRH - olfactory bulb, NT form. 2002
cGnRH-II — midbrain
. sole IL sGnRH — cells - in olfactory nerve and bulb, POA  Cross-reactivity is referenced in ~~ Nunez-
— fibers - in retina, telencephalon, the paper. Rodriguez et
hypothalamus, pituitary, optic al., 1985
tectum
. Atlantic IL GnRH - cells - in olfactory bulb, POA, Not tested. Khan and
croaker hypothalamus Thomas, 1993
— fibers - in pituitary
. dwarf IL sGnRH - cells - in olfactory nerve and bulb, POA, sGnRH antibody — cross-reacts Yamamoto et
gourami pituitary, and few in midbrain 1.58% with cGnRH-1I. al.,
cGnRH-II — cells - few in telencephalon, in c¢GnRH-II antibody — cross-reacts 1995
midbrain 16% with sGnRH.
. sea bass 1L sGnRH — cells - olfactory bulb, POA, sGnRH antibody - 2.5% cross- Kah et al.,
reactivity with cGnRH-II, and 1991

L4



Species Method GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
6. European sea ISH sbGnRH - cells - olfactory bulb, POA, Probes specific to each GnRH Gonzalez-
bass telencephalon form. Martinez et
sGnRH — cells - same as above, and hypothalamus al., 2001
cGnRH-II — cells - NMLF
7. European sea ISH sbGnRH — cells - in POA ISH — Probes specific to the GAP  Zmora et al.,
bass and — fibers - in POA, hypothalamus, pituitary region of each GnRH form. 2002
1L sGnRH — cells - in olfactory bulb
— fibers - in forebrain, some into pituitary  IL — Not tested. Antibodies made
cGnRH-II — cells - in midbrain against the GAP region of the
— fibers - in forebrain different GnRH forms.
8. Gilthead ISH sGnRH — olfactory bulb, NT Probes specific to each GnRH Gothilf er al.,
seabream sbGnRH — POA, thalamus form. 1996
cGnRH-II — midbrain
9.red seabream ISH sGnRH — both ISH and IL — cells - NT ISH — Probes specific to sGnRH  Okuzawa et
and sbGnRH — both ISH and IL — cells - POA, and sbGnRH. al.,
IL — fibers - into pituitary IL — Cross-reactivity tested but no 1997
results discussed.
10. tilapia ISH sGnRH — NOR Probes specific to sGnRH and Parhar et al.,
c¢GnRH-II — midbrain cGnRH-IIL 1996a

9¢



Species Method GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
11.tilapia L. —sGnRH — cells - in NOR, telencephalon, POA, Referenced in paper. Parhar et al.,
midbrain 1996b
— mGnRH - cells - as above minus midbrain
— fibers (both forms) - olfactory bulb,
telencephalon, hypothalamus,
pituitary, optic tectum, spinal cord
ISH —sbGnRH — NOR Probes specific to sbGnRH and
— c¢GnRH-II — midbrain cGnRH-II.

12. H. burtoni ISH sGnRH — NT Probes specific to each GnRH White et al.,
sbGnRH - POA form. 1994; 1995;
c¢GnRH-II — midbrain ’ White and

Fernald, 1998

13. labrid fish IL GnRH (LHRH) — cells - in POA, midbrain Not tested. Grober and

— fibers - in olfactory nerve and bulb, Antibody made against either Bass,
POA, hypothalamus, midbrain mGnRH or sGnRH. 1991
14. guppy IL GnRH (LHRH) — telencephalon, POA, midbrain Not tested. Zentel et al.,
1987
15. platyfish IL GnRH (LHRH) — cells - in telencephalon, NLT Not tested. Schreibman et

— fibers - into pituitary

al., 1979

LT



Species Method GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
16. platyfish 1L GnRH (LHRH) — cells - in telencephalon, POA, Not tested. Munz et al.,
midbrain 1981
17. platyfish IL. GnRH (LHRH) — cells - in NOR, NPP, NLT Not tested. Halpern-
Antibody made against nGnRH.  Sebold and
Schreibman,
1983
18. greenmolly IL GnRH — cells - in NOR, telencephalon, POA, Table with cross-reactivity is Batten et al.,
midbrain included in the paper. 1990
— fibers - in NT
19. medaka ISH sGnRH — NOR Probes specific to each GnRH. Okubo et al.,
mdGnRH — POA 2000
cGnRH-II — midbrain
20. pejerrey IL GnRH - cells - in NT, POA, midbrain Table with cross-reactivity is Stefano et al.,
— fibers - in olfactory nerve and bulb, included in the paper. 2000
hypothalamus, pituitary
21. rainbow 1L GnRH - cells - in telencephalon Not tested. Goos and
trout — fibers - toward pituitary Antibody made against mGnRH.  Murathanoglu,
1971

8¢C



Species Method  GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
22. rainbow IL GnRH — cells - in POA, PP, PM, and pituitary Not tested. Schafer et al.,
trout — fibers - in PP, PM, into hypothalamus Antibody made against mGnRH. 1989
and pituitary
23. rainbow ISH sGnRH - olfactory bulb, telencephalon, and POA  Probe specific to sGnRH. Bailhache et
trout al., 1994
24. masu IL sGnRH - cells - in olfactory bulb, te]encephaloﬁ, sGnRH antibody — cross-reacts Amano et al.,
salmon and POA 1.58% with cGnRH-II and 0.63% 1991
— fibers - in olfactory bulb, POA, with IGnRH.
hypothalamus, and pituitary 5
cGnRH-II — cells - in midbrain cGnRH-II antibody — cross-reacts
— fibers - in olfactory bulb, POA, 16% with sGnRH.
and hypothalamus
25. masu ISH sGnRH - olfactory nerve and bulb, telencephalon, Probe specific to sGnRH. Suzuki et al.,
salmon POA 1992
26. Atlantic ISH sGnRH - olfactory bulb, telencephalon, and POA  Probe specific to sGnRH. Bailhache et
salmon al., 1994
27. Atlantic IL GnRH - cells - in olfactory nerve and bulb, POA  Not tested. Nevitt et al.,
salmon 1995

6¢



Species Method  GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
28. sockeye IL — sGnRH - cells - in NT, telencephalon, Referenced in paper. Parhar et al.,
salmon midbrain 1996b
—cGnRH-II — cells - in NT
— fibers (all forms) — in olfactory bulb,
telencephalon, hypothalamus,
pituitary, optic tectum, spinal cord
ISH —sGnRH — NT Probe specific to sGnRH.
29. chum ISH — GnRH - nasal epithilium, olfactory bulb, NT Probe specific to sGnRH. Parhar et al.,
salmon 1994
IL — GnRH - same as above and midbrain Not tested. Antibody made
against sGnRH.
30. African IL GnRH (LHRH) — cells - in POA Not tested. Goos et al.,
catfish — fibers - in pituitary Antibody made against mGnRH 1985
31. catfish IL GnRH (LHRH) — cells - in NPBL, NPP, NP, Not tested. Subheader and
NLT Antibody made against mGnRH.  Krishna,
— fibers - in retina, cerebellum, 1988

medulla oblongata
— cells and fibers - in olfactory
nerve and bulb, pituitary,
midbrain

0¢



Species Method  GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
32. catfish ISH cfGnRH — ventral forebrain Probes were specific to each Zandbergen et
c¢GnRH-II — midbrain GnRH form. al., 1995
33. goldfish [ GnRH (LHRH) — cells - NPP, NLT Not tested. Kah et al.,
— fibers - from hypothalamus into ~ Antibody made against mGnRH 1984
pituitary, in olfactory bulb and
optic tectum
34. goldfish IL LHRH - cells - olfactory nerve Not tested. Stell et al.,
— fibers - olfactory bulb, telencephalon, Antibody made against mGnRH. 1984
optic tectum, retina, optic nerve
35. goldfish IL, GnRH - cells - olfactory nerve and bulb, Not tésted. Kah et al.,
telencephalon, POA, midbrain, Antibody made against sGnRH. 1986
hypothalamus, pituitary, medulla
oblongata, spinal cord
36. goldfish 1L sGnRH — cells - olfactory nerve and bulb, POA sGnRH antibody - 0.8% cross- Kim et al.,
(telencephalon), hypothalamus reactivity with cGnRH-II, 69.7% 1995

cGnRH-II — cells - same as above and midbrain
— fibers (both) — olfactory bulb to
spinal cord, hypothalamus into

pituitary

with mGnRH, 82.1% with

c¢GnRH-I, and 1.0% with IGnRH.

cGnRH-II antibody - 0.3% cross-
reactivity with sGnRH, and 0.5%
with IGnRH.

it



Species Method  GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
37. goldfish IL sGnRH — cells - telencephalon, POA, and Same antisera as above. Rosenblum et
diencephalon al., 1994
cGnRH-II — cells - cerebellum and brain stem
38. goldfish IL sGnRH and cGnRH-II - olfactory bulb, Table with cross-reactivity is Yuet al,
telencephalon, hypothalamus, pituitary, included in the paper. 1988
optic tectum, cerebellum, medulla, and
spinal cord
39. white sucker IL 1GnRH-like and sGnRH — cells - in POA, Tables with cross-reactivity is Robinson et
hypothalamus included in the paper. al., 2000
— fibers - in telencephalon, diencephalon, ¢
pituitary
cGnRH-II — fibers - in telencephalon,
diencephalon
40. American IL GnRH (LHRH) — cells - in junction of olfactory Not tested. Grober et al.,
eel bulb and telencephalon 1987
— fibers - in olfactory epithelium, retina
41. European 1L mGnRH — cells - in olfactory bulb, NOR, mGnRH antibody - no cross- Montero et
silver eel telencephalon, POA, hypothalamus reactivity with cGnRH-II. al., 1994

— fibers - as above, mesencephalon,
pituitary
cGnRH-II — cells - in NMLF (midbrain)
— fibers - throughout brain, in pituitary

cGnRH-II antibody - cross reacts
90% with mGnRH.

ct



Species Method ~ GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
42. Japanese IL GnRH (LHRH) - cells - in olfactory bulb, NT, Not tested. Nozaki et al.,
eel telencephalon Antibody made against mGnRH. 1984
— fibers - in pituitary
43. Siberian IL mGnRH — cells - in olfactory nerve and bulb, Tested for cross-reactivity but no  Lepretre et al.,
sturgeon POA, hypothalamus results discussed. 1993
— fibers - in olfactory nerve and bulb,
hypothalamus, pituitary
44. black skate IL GnRH - fibers - in telencephalon, hypothalamus, = Table with cross-reactivity is Lovejoy et al.,
midbrain, cerebellum, brain stem  referénced in paper. 1992a
45. leopard IL GnRH - fibers - in NT, POA Not tested. Nozaki et al.,
shark Antibody made against mGnRH. 1984
46. leopard IL GnRH - cells - in midbrain Not tested. Wright and
shark — fibers - throughout the mesencephalon, in  Antibodies made against sGnRH  Demski,
optic tectum, medulla, spinal cord and mGnRH. 1991
47. spiny IL GnRH - fibers - in NT, telencephalon, midbrain, Table with cross-reactivity is Lovejoy et al.,
dogfish cerebellum, brain stem referenced in paper. 1992a
48. sea lamprey IL GnRH (LHRH) — cells - in POA Not tested. Nozaki et al.,
Antibody made against mGnRH. 1984

— fibers - in pituitary
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Species Method  GnRH Brain Location Antibody Cross Reactivity or Reference
Used Probe Specificity
48. hagfish IL GnRH - not found Not tested. Nozaki et al.,
Antibody made against mGnRH. 1984
49. Pacific IL GnRH-like — fibers - in POA, hypothalamus Table with cross-reactivity is Braun et al.,
hagfish included in the paper. 1995

143
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hybridization located sGnRH mRNA in the olfactory bulb, sbGnRH in the preoptic area
and ¢cGnRH-II in the syencephalon (transition area between diencephalon and
mesencephalon); and immunocytochemistry detected sGnRH fibers throughout the
forebrain (with a few into the pituitary), sbGnRH fibers in the preoptic area, mediobasal
hypothalamus and pars distalis of the pituitary, and cGnRH-II fibers widely in the
posterior brain.

For those fish species that only express two forms of GnRH, the gonadotropin-
releasing form is present in both the forebrain and the POA and ¢cGnRH-II remains in the
midbrain. For example, catfish express only cGnRH-II and catfish (cf)GnRH.
Zandbergen and coworkers (1995) used both in situ hybridization and
immunohistochemical techniques to locate brain GnRH in the catfish. In situ
hybridization detected c¢fGnRH in the ventral forebrain and cGnRH-II in the midbrain,
and immunohistochemistry located cfGnRH also in the medial olfactory tract, and the
ventral forebrain with fibers extending into the pituitary, and cGnRH-II cells and fibers in
the midbrain (Zandbergen et al., 1995).

There is one fish model that does not seem to fit the usual pattern. In goldfish,
which has two forms of GnRH, Kim and coworkers (1995) used immunocytochemical
techniques to visualize GnRH neurons in the brain. They found sGnRH cell bodies in the
olfactory nerve and bulb, the ventral telencephalon, the preoptic area and in the
hypothalamus. However, instead of finding cGnRH-II in the midbrain only, they also
found ¢cGnRH-II in all the same areas as sGnRH. They found both sGnRH and cGnRH-II
fibers innervated the pituitary and suggested both GnRH forms have a gonadotropin-

releasing role. Unfortunately, they did not use in situ hybridization.
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GnRH is expressed at different times depending on its location. In catfish, it was
found that cfGnRH GAP mRNA expression increased in the pituitary during puberty
(Dubois et al., 2000); and in salmon, GnRH is expressed at smoltification and not earlier
(Parhar et al., 1994). GnRH mRNA is expressed in the brain continuously from before
hatching through adult life in rainbow trout (von Schalburg ef al., 1999). However,
GnRH mRNA expressed in the gonads appears during the first year, in an intermittent
pattern during the juvenile stage, and up to the first spawning at 3 years of age (von
Schalburg and Sherwood, 1999; Gray et al., 2002). It was shown that the gonads and
brain used downstream promoters; but gonadal mRNA only used an upstream promoter
until the year before spawning when upstream and downstream promoters were used.
The 5S’UTR in the upstream (gonadal) precursor was longer than the downstream (brain)
precursor (von Schalburg and Sherwood, 1999). In frogs, Yuanyou and Haoran (2000)
used RIA to determine GnRH peptide expression in Rana rugulosa tadpoles and found
that cGnRH-II was expressed in the brain before metamorphosis, whereas mGnRH was
not detected until the stage of metamorphosis. However, both forms were present in the
pituitary at each stage of maturity.

GnRH Regulation

In fish, a number of studies report consensus sites for transcription factors binding
to the GnRH gene (Klungland et al., 1992; Chow et al., 1998; von Schalburg and
Sherwood, 1999; Dubois et al., 2000). In striped bass, Chow and coworkers (1998)
analyzed the sbGnRH gene sequence and found a glucocorticoid receptor element
present. Chow and coworkers (1998) found other potential GnRH regulators in both

sbGnRH and ¢cGnRH-II in the striped bass. They suggest that the glucocorticoid receptor
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(GR) influences GnRH synthesis as GRs were localized to GnRH neurons in the rainbow
trout brain. This study also found AP-1 binding sites in both sbGnRH and cGnRH-II,
and SF-1 DNA binding domain in sbGnRH. AP-1 binding sites have previously been
found in sGnRH gene sequence in Atlantic salmon (Klungland ef al., 1992) and Oct-1,
Brn-2 and AP-1 sites are reported for Pacific salmon (von Schalburg and Sherwood,
1999). In Atlantic salmon (Sg/mo salar) human estrogen receptor was shown to bind to
two estrogen receptor element (ERE)-like motifs in the 5 flanking region of the GnRH
gene (Klungland et al., 1993). In rainbow trout, a potential ERE in the sGnRH gene
sequence was reported (von Schalburg and Sherwood, 1999). Also, an ERE was found
within the sbGnRH promoter (Chow et al., 1998) and testosterone and estradiol both
increased pituitary GnRH levels (Dubois ef al., 2000). However, more detailed studies in
mammals found no estrogen receptors in GnRH-producing neurons so it is unlikely that
estrogen has a direct effect on GnRH expression in the hypothalamus (Shivers et al.,

1983; Herbison et al., 1993; Sullivan et al., 1995).

GnRH Receptor

The GnRH receptor was first identified and characterized from mammalian
species in the early 1990’s, and it was found to trigger G-protein-modulated release of
hormones, cytokines or growth factors (Alok et al., 2000). The GnRH receptor is the
smallest member of the G-protein-coupled receptor (GPCR) superfamily (Cornea et al.,
2001). In most vertebrates, two forms of the GnRH receptor are known, although a third
type has been found in frogs, Rana rana (Neill, 2002). The first GnRH receptor is

referred to as type I or mammalian receptor; the second is type II, which is both a
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mammalian and non-mammalian receptor. Mammals studied thus far have both type I
and II receptors (Millar et al., 2001; Neill ez al., 2001; Neill, 2002), whereas other
vertebrates usually only express type Il receptors (Alok et al., 2000; Madigou ef al.,
2000). Both type I and II receptors are 7 transmembrane with an extracellular N-terminal
region (Figure 1.5). The two common receptors differ in C-terminal tail length and
ligand binding. Type I receptors have virtually no C-terminal tail (Cornea et al., 2001)
and preferentially bind mGnRH (Neill et al., 2001) whereas, type II receptors are
functional with cGnRH-II (and some other GnRH forms, such as sGnRH) and have a
cytoplasmic tail (Neill, 2002). The tail appears to be phosphorylated when GnRH binds,
which results in receptor desensitization and internalization (Neill ef al., 2001). It is
thought that the intracellular tail (C-terminal) is important for receptor functioning as
truncation of this portion results in loss of ligand binding and GnRH-stimulated cAMP
production (Blomenrorh et al., 1997).

When GnRH binds to the receptor, it activates multiple signal transduction
pathways such as protein kinase C (PKC), protein kinase A (PKA), arachidonic acid, and
calmodulin (Alok et al,, 2000). It has been suggested that in mammals and goldfish the
PKC pathway is used to cause synthesis and release of LH (in mammals) and
gonadotropin II (in goldfish) from the pituitary (Alok et al., 2000). In perciform fish,
such as striped bass, cross talk between cAMP-PKA and PKC pathways are probably
used (Alok ef al., 2000). Primates have both type I and Il receptors; it is thought that the
function of type Il receptor is synergistic with type I as both are coupled to Gqa protein,
which stimulates inositol phosphate production (Neill et al.,, 2001). The binding of

different GnRH forms to the receptor causes different receptor potencies. Weber and
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Figure 1.5. GnRH receptor.

A drawing that shows both Type 1 and Type 2 GnRH receptors. Both are
7 transmembrane G-protein-coupled receptors with an extracellular N-
terminal tail. Type 1 binds only mammalian GnRH (M) and has no
intracellular C-terminal tail. Type 2 binds chicken-II GnRH (C-II) and
other GnRH forms and has an intracellular C-terminal tail (adapted from a
drawing by Erica Fradinger).
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coworkers (1997) suggested that the reasons for different releasing potential of prolactin
by GnRH include: receptor affinity, signal transduction pathway and enzymatic
degradation rates of GnRH at the pituitary. Also, the binding of different GnRH forms to
the receptor may lead to distinct receptor conformational changes and alternative G-
protein linkages (Chang et al., 1993). Possible roles for type II receptor include induction
of mating behaviour, suppression of cell growth in tumor cell lines (Neill et al., 2001),
and a regulatory role in hCG secretion (Cheng et al., 2001).

Expression of the GnRH receptor is known in only a few species. Northern blot
experiments in rainbow trout found GnRH type II receptors in the brain, pituitary and
liver, whereas RT-PCR techniques revealed the receptor in ovary and retina also
(Madigou et al., 2000). In striped bass, the GnRH type II receptor is expressed in
pituitary and in extrapituitary tissues (Alok et al., 2000), but in humans type Il receptor
mRNA is expressed ubiquitously (Neill ez al., 2001). Cheng and coworkers (2001)
mapped the promoters for GnRH receptor expression from human placenta and found
that placental receptor expression is controlled by a distal promoter and pituitary receptor
expression is controlled by a proximal promoter. They also identified a cAMP response
element and AP-1 binding motif in the placental promoter that means receptor gene

expression could be regulated by either the PKC or PKA pathway.

Lake Whitefish
Lake whitefish belong to the order Salmoniformes, family Salmonidae
(Salmonids), subfamily Coregoninae, genus Coregonus, species clupeaformis (Nelson,

1994). The fossil record and morphological characteristics place lake whitefish as an
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ancient (early-evolving) salmonid. It has an overall silver colour with darker dorsal
scales and light brown fins (Figure 1.6).

Lake whitefish are widely distributed throughout North American fresh waters.
Within Canada, lake whitefish are found in Newfoundland, New Brunswick, Quebec,
Ontario, Manitoba, Saskatchewan, Alberta, and British Columbia, and throughout the
territories in most large lakes and larger rivers (Scott and Crossman, 1973). Lake
whitefish were introduced into British Columbia, Newfoundland, and Alberta as a forage
fish and as an attempt to establish commercial fisheries (Scott and Crossman, 1973).

Lake whitefish spawn in the fall, around November, or earlier the farther north the
fish are located. Eggs are randomly deposited, usually in shallow water over a stony
bottom. Males usually mature faster but die sooner that females (Scott and Crossman,
1973). They are a cool water species and so move to deeper, cooler waters in the summer
in southern lakes.

Coregonus clupeaformis can grow up to 80 cm (Page and Burr, 1991) but average
around 40 to 50 cm (Scott and Crossman, 1973). They weigh anywhere from 908g to
3.63kg but the commercial size for lake whitefish around 1kg; this weight is usually
reached at age 3 or 4 years in eastern lakes and at age 9 or 10 in the west. It has been
documented that lake whitefish from the Great Lakes can be either normal or dwarf. A
normal lake whitefish at age 5 would be around 24 to 30 cm, whereas the dwarf lake
whitefish measures 13-19 cm at the same age (Scott and Crossman, 1973).

Lake whitefish feed at the bottom of lakes during the summer and on plankton
around spawning (Nelson, 1994). When at the bottom of lakes, they will eat mainly

invertebrates such as insect larvae, molluscs and amphipods. When top feeding their diet
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Figure 1.6. Lake whitefish.

A photograph of lake whitefish, Coregonus clupeaformis, that was caught
at Exeter Lake in 100 Mile House, B.C. November, 2001.
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consists of copepods, cladocerans, and terrestrial insects. Lake whitefish occasionally eat
small fish like ninespine stickleback, Johnny darters and alewives (Scott and Crossman,
1973).

Also belonging to the genus Coregonus are ciscoes, which differ from lake
whitefish by gill raker numbers (Nelson, 1994). Whitefish share the subfamily
Coregoninae with Stenodus (Inconnu) and Prosopium (Round whitefishes). Salmonids
include three related subfamilies: Coregoninae, Thymallinae, and Salmoninae (Figure
1.7).

Our previous protein work determined the GnRH forms found in lake whitefish
based on high-pressure liquid chromatography (HPLC) and radioimmunoassay (RIA)
techniques (Adams et al., 2002). It was surprising to find that HPLC and RIA detected
three forms of GnRH (sGnRH, cGnRH-II, and a new form of GnRH) as all other
salmonids studied only show two (sGnRH and cGnRH-II). This lead to the isolation and
sequencing of the novel peptide we labeled whitefish (wf)GnRH. This was the first
salmonid reported to have three GnRH forms and we concluded that because lake
whitefish is a basal salmonid and shows three forms, it is likely the tetraploid salmonid
ancestor had at least three GnRH forms.

Salmonid tetraploidy event

Lake whitefish are part of the family Salmonidae whose ancestor underwent
genome duplication causing a tetraploidy event. All salmonid subfamilies (Coregoninae,
Thymallinae and Salmoninae) were affected by this event. This genomic duplication
allowed the salmonids to be phenotypically plastic as duplicate genes would be free to

assume new functions. The evidence supporting the tetraploid salmonid ancestor comes
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Figure 1.7. Cladogram of Salmoniformes.

A cladogram that shows the order Salmoniformes (family Salmonidae),
including the salmonid ancestor. The genus for lake whitefish, Coregonus
(bold), appears early in the evolution of salmonids (drawn by Gresham
Smith).
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from Allendorf and Thorgaard (1984). For example, the salmonid genome size is
approximately twice that of closely related fish with respect to both the amount of DNA
per cell and chromosome arm number. Lake whitefish have a chromosome number of
2n=80 and chromosome arm number of 100 (Phillips and Rab, 2001). Phillips and Rab
(2001) think that the tetraploid salmonid ancestor had a chromosome number of 2n=96
and chromosome arm number of 96. They concluded that lake whitefish chromosomes
evolved by Robertsonian type centric fusions decreasing chromosome number while
retaining chromosome arm number close to the hypothesized tetraploid ancestor. It
appears that salmonids are undergoing karyotype orthoselection where Robertsonian
fusions are causing lower chromosome numbers. These chromosome rearrangements are
either occurring by random drift and population bottlenecks without selective advantage
or by selective advantage where rearrangements are adapting the species to its
environment (Phillips and Rab, 2001). With respect to the GnRH gene, if the diploid
ancestor had two forms of GnRH then the tetraploid fish would express four (as each
GnRH form is encoded on a separate gene). So far, the closest to this number is found in
lake whitefish, the only salmonid to express three GnRH forms. The fourth form may be
expressed but identical to its duplicate, or not yet detected, or mutated so that the gene is
neither expressed nor functional. However, if the diploid ancestor had three GnRH forms
as in the herring, then the tetraploid ancestor should have had six forms of GnRH, which

leaves some of these genes undetected.
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Hypotheses and Objectives

I formulated two hypotheses for this research based on literature available for
GnRH. The first is that cDNA sequences obtained from lake whitefish will have similar
structure to other known GnRH cDNAs. The second is that wfGnRH is the form
responsible for gonadotropin release in lake whitefish.

There are three objectives in this study: (1) to obtain the cDNA sequences of each
form of GnRH in lake whitefish, (2) to determine the releasing potential of wfGnRH on
pituitary cells, and (3) to determine the location of each GnRH form in the whitefish
brain using in situ hybridization.

In the first objective, I continued the characterization of GnRH in lake whitefish
by sequencing the cDNA of each GnRH form found in this fish. The nucleotide sequence
of each cDNA reveals how GnRH is encoded within the precursor and shows whether the
gene is transcribed as mRNA in the brain. The cDNA sequences are needed to show that
the gene is transcribed, and to make specific probes for localization of each GnRH form
by in situ hybridization. The in situ method is better than immunocytochemistry in
distinguishing the three GnRH forms. Furthermore, the cDNA sequences can be used for
phylogenetic analysis (such as trees).

In the second objective I determined the biological activity of wfGnRH by
measuring its releasing effect on pituitary cells. This is preliminary work to determine
whether wfGnRH causes gonadotropin release in vitro. It examines whether wfGnRH is
bioactive within salmonids and potentially could be used in fish aquaculture.

In the third objective, I determined the brain location of neurons that are

expressing each of the different GnRH forms. With more than one GnRH form being
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expressed in the brain, it is of interest to determine the location of these forms to see if
there is any overlap. Also, the location within the brain may provide some insight into
the function of each GnRH form.

All of the above data provide valuable information for GnRH characterization,
especially in fresh water teleosts, and may shed some light onto the evolution of this

peptide, and the tetraploidy event in salmonids.
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Chapter 2

c¢DNA structure of three GnRH forms from a basal salmonid,
lake whitefish (Coregonus clupeaformis)
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Introduction

GnRH has been well characterized among salmonids with salmon (s)GnRH and
chicken (c)GnRH-II as the two forms found to date. These forms are also common to
other species. For example, cGnRH-II is found in cartilaginous fish, bony fish,
amphibians, reptiles, birds and mammals, including humans. Salmon GnRH is more
specific appearing in most teleosts such as bony tongue fish, herring, goldfish, carp,
salmonids, pacu, rockfish, sea bream, cichlid and winter flounder. The amino acid
sequence of the cGnRH-II region and cut site is the same in every species that expresses
cGnRH-II. The signal peptide and GAP regions are slightly different across species due
to differences in nucleotide sequences. Salmon GnRH follows the same pattern. It is
also interesting to note that the same GnRH forms show more nucleotide similarities in
different species than different GnRH forms found within a species. That is, the
similarity of the nucleotide sequence of rainbow trout sGnRH ¢cDNA compared to sea
bream sGnRH cDNA is greater than that of than rainbow trout sGnRH compare to
rainbow trout cGnRH-II. This is useful knowledge when designing primers for GnRH
forms not yet known. I used rainbow trout sGnRH and cGnRH-II cDNA sequences to
design primers to isolate lake whitefish sGnRH and cGnRH-II, respectively. Two sets of
primers, one for sGnRH and different ones for cGnRH-II, were needed because |
expected each GnRH form to be encoded on a different gene. This assumption was based
on the knowledge that multiple GnRH forms expressed in vertebrate species are encoded

on different genes (Chow et al., 1998).



53

To completely characterize GnRH, the amino acid sequence of the peptide, cDNA
precursor nucleotide sequence, and the complete gene sequence should be identified. The
protein (i.e. amino acid sequence) is the biologically active form of GnRH and is needed
for physiological studies. The cDNA sequence, which is essentially the mRNA, can be
used to make probes (either DNA or RNA) that would show tissue location and when
(i.e. different seasons or during development) the GnRH transcript is expressed. The
gene sequence would be present in every cell, but is needed to study GnRH regulation.

In this study, cDNA sequences were obtained, as we previously identified the amino acid
(protein) structures. It is important to determine the exact mRNA (cDNA) sequence for
each form of GnRH in lake whitefish, as it allows primers and probes that exactly match
the endogenous GnRH forms to be designed. These are needed to study tissue expression
and localization of GnRH. Fgr example, von Schalburg and Sherwood (1999) found two
different mRNA sequences in rainbow trout that both encoded sGnRH on duplicated
genes. In addition, alternative splicing of one of the primary transcripts of sGnRH
resulted in different mRNA transcripts in the brain and gonad.

Also, mRNA sequences have provided us with some information on the evolution
of GnRH. Messenger RNA sequence similarity can be compared between species to
reveal conserved portions of the gene with survival importance. Less conserved areas are
able to change (mutate) over time without harming the species. For example, exon 2 of
the GnRH gene encodes the GnRH hormone, cut site and beginning of the GAP. It is this
exon that shows the most sequence similarity among different GnRH forms and also
among genes coding the same forms found in different species. This shows the

importance of this area for species survival. In contrast, changes are often seen within
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both the 5> and 3’ UTR regions, the signal peptide and GAP regions indicating that
among species, strict conservation of these areas are less important for function.

Our previous protein work revealed for the first time three GnRH forms in a
salmonid (Adams ef al., 2002). We used high-pressure liquid chromatography (HPLC)
and radioimmunoassay (RIA) techniques to characterize the three GnRH forms in lake
whitefish: sGnRH, cGnRH-II and a novel form we labeled whitefish (wf)GnRH. Lake
whitefish is a basal salmonid as it branches early from the common ancestor (see Figure
1.7). The objective of this part of my project was to determine the cDNA structure of
each GnRH form found in lake whitefish as this is the first salmonid found to have three
forms of GnRH instead of two. This information not only further characterizes GnRH in
lake whitefish but is also necessary for making probes for future work such as Northern
blot and in situ hybridization analysis. Furthermore, it allows for phylogenetic analysis
(such as trees) to study the relationship of the novel wfGnRH to the other two salmonid

forms and to other GnRHs.

Materials and Methods

Tissue Collection and RNA Isolation

For sGnRH and cGnRH-II isolation, twelve lake whitefish (Coregonus
clupeaformis) brains (six male, six female) from the Freshwater Research Institute in
Winnipeg were used. Brain tissue was ground to a powder using a cold mortar and pestle
in liquid nitrogen. Total RNA was isolated using TRIzol RNA isolation reagent (Life

Technologies, Burlington, ON), based on the acid guanidinium thiocyanate-phenol-
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chloroform extraction method (Chomczynski and Sacchi, 1987). Messenger RNA was
extracted from total RNA using Ambion’s Micro Poly(A)" Pure kit (Ambion Inc., Austin,
TX) as per manufacturer’s di;ections. The concentration of mRNA was quantified by a
spot test on an ethidium bromide agar plate. Messenger RNA was stored at -80°C.

For wfGnRH isolation, several collections of whitefish brains were required. No
wfGnRH cDNA was found in tissue used for the sGnRH and ¢cGnRH-II isolation from
the Winnipeg hatchery (these fish were not kept under a normal photoperiod and would
never spawn), or from a collection done at Exeter Lake in 100 Mile House, BC in
November 2001 (n=2, both females). Rather, wfGnRH cDNA was isolated from RNA
obtained from two (one male, one female) of the four lake whitefish brains (one male,
three female) that were gill netted in June 2002 at Exeter Lake. Brain tissue was
powdered as above and mRNA was extracted directly from ground tissue, quantified, and
stored as above.

General cDNA synthesis and amplification protocol

For sGnRH and ¢cGnRH-II isolation, both 5’ and 3’ rapid amplification of cDNA
ends (RACE) products were done using SMART RACE ¢cDNA Amplification kit
(Clontech, Palo Alto, CA) by following the manufacturer’s instructions. For wfGnRH
isolation, 5” and 3’ RACE products were made using Ambion’s FirstChoice RNA Ligase
Mediated (RLM)-RACE (Ambion Inc.) as per the manufacturer’s directions. The 3’
RACE procedure used a gene-specific forward primer and a universal anchor primer to
obtain the 3” end of all three GnRH ¢cDNAs. Similarly, the 5 RACE procedure used a
reverse gene-specific primer and a universal anchor primer to obtain the 5’ end of all

three GnRH cDNAs. Generally, PCR mixtures contained 8l of 10mM dNTP, 5ul of
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10x PCR buffer (200 mM Tris-HCI pH 8.4, S00mM KCI and no Mg), 2ul of 50 mM
MgCl,, 0.5u1 TAQ DNA Polymerase (Gibco, Burlington, ON), 1ul of each primer, 1ul of
template DNA, topped to 50ul with sterile water. One drop of mineral oil was added to
each tube to prevent evaporation of the mixture during amplification.
sGnRH ¢cDNA

For 3° RACE first round PCR, a degenerate gene-specific primer was designed
against the cDNA sequence of other known salmonid sGnRH regions. One pl (20pM) of
this primer, salmon forward 1 better (sf1B), was used with Sul of Clontech’s 10x
universal primer mix (see Table 2.1 for f;rimer sequence, and Figure 2.1 for primer
binding sites) following the protocol above except that the water volume was adjusted
due to increased volume of primer. This product was used as DNA template for nested
PCR with a second, gene-specific primer also made against sGnRH including the cut site
from other salmonid cDNA sequences. One pl of 20uM salmon forward 2 better (sf2B)
primer and 1l of 10uM Clontech’s nested universal primer (Table 2.1, Figure 2.1) were
used for nested PCR. First round consisted of one 3 minute period at 94°C, followed by
35 rounds of a three step cycle including, denaturation at 94°C, annealing at 45°C, and
extension at 72°C, 30s each, and finished with one 7 minute extension at 72°C. The
nested round was similar except with an annealing temperature of 50°C. Nested products
were separated on an electrophoresis gel and the bands between 200-400bp in length
were ligated into the pGEM T-Vector plasmid (Promega, Madison, WI). Next, plasmid
DNA was incorporated into E. coli XL-1 blue competent cells (Stratagene, Cedar Creek,

TX) by electrotransformation. Colonies were grown on antibiotic treated plates (100
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Table 2.1. 5’ and 3’ PCR primer sequences.

A list that shows the primers used in 5’ and 3> RACE for amplifying and isolating
sGnRH, wfGnRH, and cGnRH-II from lake whitefish. Exact nucleotide sequence
of each primer is included wherer=a+ g, y=c+t,v=a+c+g,andn=a+c+
g+t
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Primer Name

Primer Sequence

sf1B - salmon forward 1 better
sf2B - salmon forward 2 better
srl - salmon reverse 1
sr2 - salmon reverse 2

uni - Clontech’s 10x universal
primer mix

nested - Clontech’s universal nested

c2f1 - chicken II forward 1
c2f2 - chicken II forward 2
c2rl - chicken II reverse 1
c2r2 - chicken Il reverse 2

3’ outer - Ambion’s 3’RACE outer
primer
3’ inner - Ambion’s 3’RACE inner
primer
5’ outer - Ambion’s 5’RACE outer
primer
5” inner - Ambion’s 5’RACE inner
primer

wffl - whitefish forward 1
wif2 - whitefish forward 2
wr2 - whitefish reverse 2
wr3 - whitefish reverse 3

5’-cagcactggtcgtatggvtgg-3’
5’-ggctacctggaggraagagaa-3’
5’-cttcacctcctgtgtecatcate-3’
5’-atcctgatggtggcctecagete-3’

long (0.2uM) :
5’-ctaatacgactcactatagggcaagcagtggtaacaacgcagagt-3’
short (1uM):

S’-ctaatacgactcactataggge-3’
5’-aagcagtggtaacaacgcagagt-3’

5’-cagcactggtencayggntggta-3’
5’-tggtencayggntggtaycengg-3’
5’-cttegetgtggtctcaggtaget-3°
5’-ctgcattetectgecteacaga-3’
5’-gcgagcacagecttaatacgact-3’
5’-cgcggatccgaattcatacgactcactatagg-3’
5’-gctgatggegatgaatgaacactg-3’
5’-cgeggatccgaacactgegtttgetggetttgatg-3’
5’-cagcactggtcgtatggvatg-3’
5’-atgaaycctggaggvaagagr-3’

5’-gcaagtaatgcctcagect-3’
5’-gcctgtacattttggcatgag-3’
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Figure 2.1. ¢cDNA gene-specific primers.

A diagram that shows where gene-specific primers bind to GnRH mRNA.
Clontech’s anchor sections were added to mRNA during rapid
amplification of cDNA ends (RACE) preparation. A) sGnRH mRNA with
3> RACE primers are indicated by top arrows, and 5> RACE primers are
indicated by bottom arrows. B) cGnRH-II mRNA with 3’ RACE primers
are indicated by top arrows, and 5’ RACE primers are indicated by bottom
arrows. C) wfGnRH mRNA with 3> RACE primers indicated by top
arrows, and 5 RACE primers indicated by bottom arrows. Where s =
salmon, ¢ = chicken, wf = whitefish; salmon forward primers are sfl and
sf2, salmon reverse primers are srl and sr2; chicken-II forward primers are
c2fl and c2f2, chicken-II reverse primers are c2rl and c2r2; Clontech’s
primers are universal mix (uni) and universal nested (nested); whitefish
forward primers are wffl and wff2, whitefish reverse primers are wr2 and
wr3; and Ambion’s primers are 3° RACE outer (3’outer) and inner
(3’inner) primers and 5’ RACE outer (5’outer) and inner (5’inner) RACE.
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mg/ml Ampicillin, 0.1M [-PTG, 20 mg/ml X-Gal), then recombinant colonies were
picked and grown overnight in LB broth (with 100 mg/ml Ampicillin). All DNA was
isolated using Qiagen’s QIAprep Spin Miniprep kit (Qiagen, Chatsworth, CA) as per
manufacturer’s instructions. A small amount of the DNA was digested using the
restriction enzymes Pst-1 and Sph-1 at 37°C for two hours, and the digest was

separated on a 1.5% agarose gel. Cut DNA was stained in ethidium bromide and inserts
of desired size were sent for ‘sequencing (Glickman lab at the Centre for Biomedical
Research, University of Victofia). Sequencing was done in both forward and reverse
directions.

The 5 RACE PCR protocol was very similar to above except different gene-
specific primers and annealing temperatures were used. For first round amplification,
salmon reverse 1 (srl) primer, made against the GAP region of lake whitefish sGnRH
sequenced above, was used with the universal primer mix. For nested PCR, salmon
reverse 2 (sr2) primer, again made against the GAP region of whitefish sGnRH slightly
upstream of reverse 1, was used with the universal nested primer (Table 2.1, Figure 2.1).
A first round annealing temperature of 50°C and nested round annealing temperature of
56°C were used. Nested round PCR products were sequenced as above.
cGnRH-II cDNA

3’ and 5" RACE PCR used the same protocol as above but with different gene-
specific primers and annealing temperatures. In first round 3> PCR, primer chicken 2
forward 1 (c2f1), made against cGnRH-II regions of other salmonid cDNA sequences
was used with an annealing temperature of 50°C. For the nested round, primer chicken 2

forward 2 (c2f2), made against the GnRH and cut site regions of salmonid cGnRH cDNA
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sequences was used with an annealing temperature of 55°C (Table 2.1, Figure 2.1).
Nested round PCR products were cloned and sequenced as described above. To amplify
the 5” end of cGnRH-II, primer chicken 2 reverse 1 (c2rl), made against the GAP region
of lake whitefish cGnRH-II sequenced above was used at an annealing temperature of
52°C for first round amplification. Chicken 2 reverse 2 (c2r2), made slightly upstream
from reverse 1, was used with an annealing temperature of 58°C for nested PCR (Table
2.1, Figure 2.1). Nested PCR products were cloned and sequenced.
wfGnRH ¢DNA

3’ and 5° RACE were also perfoffned to isolate the wfGnRH sequence, but a
slightly different protocol was used. For 3’ RACE first round PCR, a degenerate gene-
specific primer was designed against the first 7 amino acids of wfGnRH (Table 2.1,
Figure 2.1). One pl (20uM) of this primer, whitefish forward 1 better (wff1B), was used
with 2pl of Ambion’s 10pM 3’ RACE outer primer (Table 2.1, Figure 2.1) following the
protocol above except the water volume was adjusted due to increased volume of primer.
This product was used as DNA template for nested PCR with a second, gene-specific
primer also made against the amino acid seciuence of wfGnRH (amino acids 6-10) and
the first two amino acids of the cut site from other sa!monid cDNA sequences. One pul of
20pM whitefish forward 2 better (wff2B) primer and 2l of Ambion’s 10uM 3” RACE
inner primer (Table 2.1, Figure 2.1) were used for nested PCR. First round consisted of
one 3 minute period at 94°C, followed by 35 rounds of a three step cycle including,
denaturation at 94°C, annealing at 50°C, and extension at 72°C, 30s each, and finished
with one 7 minute extension at 72°C. The nested round was similar except with an

annealing temperature of 55°C. Nested products were separated on an electrophoresis gel
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and the band of desired size was ligated into pPGEM T-Vector, amplified and sequenced
as described above with the sGnRH ¢cDNA methods.

The 5 RACE PCR protocol was very similar to above except that different gene-
specific primers and annealing temperatures were used. For first round amplification,
whitefish reverse 2 (wr2) primer, made against the GAP region of lake whitefish
wfGnRH sequenced above, was used with the 5° RACE outer primer. And for nested
PCR, whitefish reverse 3 (wr3) primer, again made against the GAP region of whitefish
wfGnRH slightly upstream offeverse 2, was used with the 5> RACE inner primer (Table
2.1, Figure 2.1). A first round annealing temperature of 55°C and nested round annealing
temperature of 57°C were used. Once again the PCR product was ligated into pGEM T-

Vector, amplified, and sequenced in both directions as above.

Results

I have isolated three cDNA sequences that encode sGnRH, wfGnRH, and
cGnRH-II separately from lake whitefish using 5" and 3" RACE and nested PCR with
gene-specific oligonucleotide primers and universal anchor primers.

The cGnRH-II cDNA was discovered by separately sequencing both the 3’ and 5’
ends. The 3’ end product was 428bp and spanned the last 8 amino acids of cGnRH-II,
the cut site, GAP, and the 3’UTR. The 5’ end product was 441bp and spanned the
5’UTR , signal peptide, cGnRH-II, cut site and into the GAP. The whole cGnRH-II
cDNA was formed by overlapping the 3’ and 5’ sequences. It is 673bp long, containing a
239bp S’UTR, a 258bp open reading frame (encoding the signal peptide, cGnRH-II, cut

site, and GAP), a stop codon (TAA), and a 193bp 3’UTR (Figure 2.2). The open reading
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Figure 2.2. Lake whitefish derived cGnRH-II cDNA

Nucleotide and amino acid sequence encoding the cGnRH-II precursor of
lake whitefish is shown. Nucleotides are numbered 5’ to 3’ and amino
acids N-terminal to C-terminal. Signal peptide, cut site and GnRH-
associated peptide are all underlined. Chicken GnRH-II and the
nucleotides corresponding to the polyadenylation signal (aataa) are in
bold. The dash (-) indicates the stop codon.
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frame (ORF) starts at the first ATG codon, finishes at the stop codon, and contains a
polyadenylation signal (aataa) that is 57bp upstream from the poly A tail.

The sGnRH was also identified by sequencing separately 3’ and 5’ ends. The 3’
end product was 382bp and encoded the last 4 amino acids of sGnRH, the cut site, GAP
and 3’UTR. The 5’ end was 207bp and encoded the 5’UTR, signal peptide, sGnRH, cut
site, and 3 amino acids of the GAP region. The whole sGnRH cDNA was formed by
overlapping regions of the 5° and 3’ sequences to give a 491bp cDNA that consists of a
44bp S’UTR, a 249bp OREF, a stop codon (TAA), and a 195bp 3’UTR (Figure 2.3).
Similar to above, the ORF starts at the first ATG codon, finishes at the stop codon and
contains a polyadenylation signal that is only 9bp upstream from the poly A tail.

The full-length wfGnRH cDNA was obtained by overlapping the separately
sequenced 3’ and 5” ends. The 3’ end product was 402bp and spanned the last 3 amino
acids of wfGnRH, the cut site, the GAP region, and the 3’UTR. The 5’ end product was
293bp and spanned the S’UTR , signal peptide, wfGnRH, cut site, and into the GAP.
The full-length wfGnRH ¢DNA is 511bp long, containing a 67bp S’UTR, a 279bp ORF
(encoding the signal peptide, wfGnRH, cut site, and GAP), a stop codon (TAA), and a
162bp 3’UTR (Figure 2.4). The OREF starts at the first ATG codon, finishes at the stop
codon, and contains a polyadenylation signal (aataaa) that is 20bp upstream from the poly
A tail.

At the DNA level, the ORF of lake whitefish cGnRH-II showed the greatest
nucleotide identity (88%) with rainbow trout cGnRH-II, as indicated by a BLAST search

(www.ncbi.nlm.nih.gov/blast/); the ORF of lake whitefish sGnRH is most like Atlantic



Figure 2.3. Lake whitefish derived sGnRH cDNA.

The nucleotide and amino acid sequence that encodes the sGnRH
precursor of lake whitefish is shown. Nucleotides are numbered 5’ to 3’
and amino acids N-terminal to C-terminal. Signal peptide, cut site and
GnRH-associated peptide are all underlined. Salmon GnRH and the
nucleotides corresponding to the polyadenylation signal (aataaa) are in
bold. The dash (-) indicates the stop codon.
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Signal Peptide

ACG GTC GTG CAG GTG GTG GTG CTG GTA TTG GTA GCT CAG GTC ACT CTC TCT
T \Y \Y Q v \Y% \Y L v L \Y A Q \Y T L S

CAG CAT TGG TCA TAT GGG TGG CTA CCT GGA GGG AAG AGA AGT GTT GGG
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salmon GnRH cut site

GAG CTG GAG GCC ACC ATC AGG ATG ATG GAC ACA GGA GGT GAA GTG GCT CTT

E L E A i I R M M D T G G E \% A L
GnRH-associated peptide

CCC GAG GAG ACA AGC GCC CAT GTC TCA GAA AGA CTG AGA CCA TAT GAT GTA
P E E T S A H v S E R L R P ¥ D \Y

ATA TCG AAG AAA TGG ATG CCC CAT AAA TAA agaactgagaccattattcacaaaag
I S K K W M P H K 2

aagcaagaagacaacatcaagcagacattcagcatcactatcaacatcaatgatggagcattcaac

tacagttctgtccatttacaactaacatcacatttagatttatgttatttacttgaagtatgaaac

tttaacctcctgtcaaattgtaataaagagtgattg
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Figure 2.4. Whitefish GnRH cDNA.

The nucleotide and amino acid sequence that encodes the wfGnRH cDNA
of lake whitefish is shown. Nucleotides are numbered 5’ to 3’ and amino
acids N-terminal to C-terminal. Signal peptide, cut site and GnRH-
associated peptide are all underlined. Whitefish GnRH and the
nucleotides corresponding to the polyadenylation signal (aataaa) are in
bold. The dash (-) indicates the stop codon.



cgcggatccgaacactgegtttgetggetttgatgaaaagectagagtaataaggctgactttgecaga

ATG GAA GAG AAA AAG GTC CTG TTG TTG CTG CTG CTT TTG GTG GTG GCT CTA

M E E K K \Y L L L L L L L \Y% \Y A L
Signal Peptide

GTG TCA CAG GGT TGC TGT CAA CAT TGG TCC TAT GGC ATG AAC CCA GGG

\Y% S Q G C c Q H w S Y G M N P G
whitefish GnRH

GGG AAA AGA GCG ACT GGC AGC CTG TCT GAC ACC CAG GAC AAT ATG GCT GAA
G K R A g G S L S D T Q D N M A E
cut site GnRH-associated peptide

GAC CTT CTG AAG ATA GAC CCT TCT TGC AGT TTG TTT GGC TGT GCT GAT GTC
D L L K I D P S & S L F G C A D \'

TCA CCT CAT GCC AAA ATG TAC AGG CTG AGG GCA TTA CTT GCA AGC CTC GCT
S P H A K M Y R L R A L L A S L A

GAC AGA CAA AGT GGA CTC AAT AAT ATA TAG caaatgtatgctagctaactcaatgaaa
D R Q S G L N N I -

cattgcagtgccatcattgtgttttatggtggtctttgttgggggtcccatttttgttggtttgcata

ttacatagtatggctttaaaacagtggaacacgatgtcaaaataaaagtgccaacacatgattgat
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salmon sGnRH (93% nucleotide identity), and the ORF of the novel wfGnRH had less
than 10% nucleotide sequence identity when compared to sbGnRH (Haplochromis
burtoni). However, when the nucleotide sequence is translated into amino acid sequence,
wfGnRH shows 60% amino acid identity (76% similarity) with Haplochromis burtoni
sbGnRH; lake whitefish sGnRH has 79% amino acid identity (81% similarity) with
Atlantic salmon sGnRH; and lake whitefish cGnRH-II has 79% amino acid identity (82%

similarity) with rainbow trout cGnRH-IL.
Discussion

I determined the full-length cDNA sequences for sGnRH, wfGnRH, and cGnRH-
II from the brains and pituitaries in lake whitefish by RT-PCR using overlapping 5’ and
3> RACE sequences. The GnRH ¢DNA sequences for both the sGnRH and cGnRH-II
forms in lake whitefish are sfmilar to those found in other teleosts, especially salmonids,
which is not surprising considering that lake whitefish is a basal salmonid. One of the
most interesting results was that wfGnRH tested with the BLAST database did not show
significant nucleotide sequence identity with any other known GnRH sequences.
However, the translated amino acid sequence confirmed its identity as a GnRH. It was
also unexpected that wfGnRH was similar to sbGnRH (evolutionary implications are
discussed later). Structurally, all three cDNAs have similar organization to all other
GnRH cDNA sequences. Each sequence consists of S’UTR, signal peptide, GnRH,

GnRH-associated peptide (GAP), and 3’UTR, as seen in other vertebrate GnRH
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sequences. The regions that are most conserved encode the GnRH peptide and the cut
site.

Among the GnRH c¢DNA sequences from lake whitefish, cGnRH-II is the longest
at 673bp, then wfGnRH at 511bp, and sGnRH at 491bp. The major length differences
are found within the S’UTR. For example, the S’UTR in whitefish cGnRH-II is 239bp,
whereas the same region is only 44bp in sGnRH, and 67bp in wfGnRH. This difference
could be a result of mutations/deletions over evolution in the 5’UTR regions. The
difference may also be explained if the isolation of the sGnRH 5’UTR region were
incomplete, or if there were some intron sequence included in the cGnRH-II 5’UTR. The
latter seems most likely when the salmon and chicken-II 5’UTR regions are compared to
other species. The S’UTR region for sGnRH is similar in length in Atlantic salmon
(49bp) and in lake whitefish (44bp), whereas the S’UTR of rainbow trout cGnRH-II is
reported to be only 27bp (Penlington et al., 1998) which is much shorter than whitefish
cGnRH-IT 5’UTR of 239bp. The short S’UTR of rainbow trout cGnRH-II may be due to
the method used for cDNA isolation, which was reverse transcription from mRNA only.
The complete lake whitefish cGnRH-II gene needs to be sequenced to determine whether
some of the cGnRH-II 5’UTR is intron or not. Differences in 5’UTR regions have been
described before. For example, Torgersen and coworkers (2002) reported a sGnRH
5’UTR from zebrafish of only 9 nucleotides. The fact that there are variations in the
5’UTR region indicates that ihis region is more difficult to isolate. This may be due to
the fact that there is not always selection for amplification of fragments corresponding to

the actual 5° ends.
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When the precursors are compared, the length of the signal peptide region is
similar among all three lake whitefish GnRH cDNAs; the length of the GnRH is the
same; and the length of the GAP region is between 47 and 57 amino acids. The lake
whitefish cGnRH-II precursor has 88% nucleotide and 79% amino acid identity with
rainbow trout cGnRH-II; the differences are only one amino acid within the signal
peptide, no amino acids within GnRH, and 6 amino acids within the GAP region. The
lake whitefish sGnRH precursor shows 93% nucleotide and 79% amino acid identity
when compared to Atlantic salmon sGnRH with only 3 amino acid differences in the
signal peptide, none in the GnRH region, and a 3 amino acid variation within the GAP
region. These similarities suggest two things. One, the functions of the signal peptide
and GAP are important. The signal peptide directs the hormone to the endoplasmic
reticulum so it can be secreted from the cell. The GAP is thought to have some function
in correct processing and packaging of GnRH (see Sherwood et al., 1993). Both the
above functions are essential for GnRH to be secreted properly. Two, the signal peptide
and GAP regions, along with the GnRH peptide and cut site regions, may be used to
determine how closely related two species are. Although sequence identity of the ORF is
now being used to determine relatedness between species, the full genomic sequences in
all organisms is known for only a few species. In such a case where the organism
genome 1s not known, evolutionary clues can be obtained from comparing only one gene
sequence between species. The GnRH gene is excellent for such a comparison as it is
essential for species reproduction and ultimately species survival. We know that GnRH

1s present in every vertebrate species tested from the seven classes of vertebrates.
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Sequencing and comparing GnRH ¢cDNA sequences among species may provide clues to
species relatedness.

The novel wfGnRH precursor reveals little nucleotide sequence identity to any
known GnRH sequences within the database but shows 60% amino acid identity with
Haplochromis burtoni sbGnRH. Within the GnRH coding region there 1s 80% amino
acid sequence identity between wfGnRH and sbGnRH. This suggests that sbGnRH may
have evolved from wfGnRH or vice versa. For this to occur the methionine and
asparagine in positions 7 and 8 of wfGnRH would be substituted for leucine and serine in
sbGnRH, respectively. The frequency of exchange from Leu<>Met based on a
substitution frequency at an evolutionary distance of 2 accepted point mutations per 100
residues is 1.4% from Leu—Met and is 9.9% from Met—Leu (Schulz and Schirmer,
1979). The substitution would only require a single nucleotide change (TTG or

CTG<>ATG). The second substitution of Ser<>Asn would also involve only one

nucleotide (AGT<«>AAT or AGC«<>AAC) and has a forward exchange frequency of 5.1%
and a backward exchange frequency of 6.7% (Schulz and Schirmer, 1979). This suggests
a higher probability that sbGnRH evolved from wfGnRH and not vice versa. Of course
there is always the possibility that both wfGnRH and sbGnRH evolved separately from a
common ancestral GnRH form, such as salmon, mammalian, or herring.

Finding the different cDNA sequences in lake whitefish that encode different
GnRH forms, supports the idea that multiple GnRH forms are encoded on different genes
in vertebrates. Both lake whitefish sGnRH and cGnRH-II sequences are sufficiently
similar to the corresponding GnRH sequences from rainbow trout (a closely related

species) to conclude that I did isolate and sequence the GnRH ¢cDNAs successfully. This
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adds information to the evolution of GnRH by suggesting that the salmonid ancestor had
both sGnRH and ¢cGnRH-II, and that the cDNA sequences changed slightly as other
salmonids evolved. The fact that wfGnRH could not be isolated from wild fish (taken in
November from Exeter Lake) and hatchery fish (from Winnipeg) that could not spawn
suggests the expression of wfGnRH may depend on season and/or sexual maturity. This
does not seem to be the case for sGnRH and cGnRH-II expression as both were obtained
from the above fish. The discovery of the novel wfGnRH ¢DNA suggests that the
salmonid ancestor had at least three GnRH forms encoded on three separate genes with
the potential of up to six forms, depending on the tetraploidy event. This is the first
report of a salmonid expressing three GnRH forms and future work should be done to
determine if other species closely related to lake whitefish express the wfGnRH form. It
may be that other salmonids have encoded wfGnRH, but it is no longer expressed due to
rearrangements within the chromosome or deletions/mutations within the gene or its

promoter.
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Chapter 3

Biological activity of wfGnRH and ¢GnRH-II from
lake whitefish

A version of this chapter has been published as:
Adams B.A., Vickers E.D., Warby C., Park M., Fischer W.H., Craig A.G., Rivier
J.E., and Sherwood N.M. 2002. Three forms of gonadotropin-releasing hormone,

including a novel form, in a basal salmonid, Coregonus clupeaformis. Biology of
Reproduction 67: 232-239.
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Introduction

The amino acid sequences for the GnRH forms in lake whitefish provide the
information needed to make synthetic peptides to test for biological activity. This step
will help to answer questions, such as, what is the function of each GnRH form in the
brain? Do all three contribute to the release of gonadotropins from the pituitary or is just
one form required? Various studies can be performed to obtain clues. The pituitary
levels of each GnRH form, the binding affinity of each form to the pituitary GnRH
receptor, and the ability of each form to stimulate the release of pituitary gonadotropins
(GtH) can be measured. A combination of these types of experiments has revealed that
both sGnRH and cGnRH-II potentially have equal releasing roles in goldfish. Chang and
coworkers (1990) found both are equally effective at causing the release of GtH in vitro
and Yu et al. (1988) reported similar pituitary levels for both in goldfish. However, in
salmonids even though both sGnRH and ¢cGnRH-II cause GtH pituitary release in vitro,
cGnRH-II is not detected in the pituitary by immunocytochemistry (Amano et al., 1991)
suggesting only sGnRH has a physiological role. In the eel, mGnRH and cGnRH-II have
the same GtH release activity in vitro (Montero, 1994) but pituitary levels of mGnRH are
more abundant (Dufour et al., 1993). Mammalian GnRH is concluded to have a major
role in GtH control in the eel, whereas cGnRH-II may have a minor one. Catfish is
completely different as cGnRH-II is more effective at releasing GtH in vivo than the
cfGnRH form (Ngamvongchon ef al., 1992b). This is explained by the observations that
cGnRH-II had a higher binding affinity for the GnRH receptor than ¢cfGnRH (Schulz et

al., 1993). It is interesting to note that the same study revealed equal binding affinity of
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¢GnRH-1I, sGnRH and mGnRH even though the last two forms are not found in catfish.
Because ¢fGnRH is more abundant than cGnRH-II in the pituitary but cGnRH-II has a
greater releasing potential it is suggested that both forms have a physiological role in
catfish (Schulz et al., 1993). From all the above studies, the general pattern that emerges
is the form in the preoptic area is responsible for most of the GtH control with cGnRH-II
playing a minor role. This pattern appears in species with only two GnRH forms. To
answer the same questions for species with three forms, physiological studies are
combined with brain location studies.

The objective of this project is to provide preliminary information on the
physiological role of whitefish (wf)GnRH in lake whitefish. We tested the ability of
wfGnRH and ¢cGnRH-II to cause GtH release from pituitary cells in vitro. This shows
whether wfGnRH is biologically active and provides a comparison with cGnRH-II.
Remaining studies need to be done to test sGnRH releasing ability, pituitary levels and

binding affinity of all three forms.

Materials and Methods

Usually biological activity is determined by injecting synthetic peptide into the
fish and measuring the release of gonadotropins from the pituitary. However, we decided
to measure the amount of GtH mRNA present in pituitary cells instead of measuring
proteins because neither lake whitefish nor rainbow trout gonadotropins have been
isolated as proteins, which are needed to prepare a radioimmunoassay. We used rainbow

trout pituitary cells instead of lake whitefish because trout were more available. This was
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a viable substitution as both species are closely related. We developed an assay for
rainbow trout pituitary cell dispersion based on the procedures in Chang and Jobin (1994)
with slight modifications. The University of Victoria Animal Care Committee approved
all procedures. Trout were anesthetized in 50mg/L Eugenol and killed by decapitation.
Pituitaries were removed, washed and treated using a combination of physical
fragmentation and a trypsin/DNase treatment. Cells were washed three times in
dispersion media (Medium 199 with Hanks’ salts, 25mM HEPES, 2.2g/L, sodium
bicarbonate, 0.3% bovine serurﬁ albumin, 100 000 U/L penicillin, and 100 mg/L
streptomycin, pH 7.2) for 5 minutes in a 18°C shaking water bath, cells were pelleted by
a brief centrifugation at 2000xg and supernatant was removed. Cells were dispersed by
three similar washes in trypsin type II (25mg in 10ml dispersion media), trypsin inhibitor
(25mg in 10ml dispersion media) and DNAse II (0.1mg in 10ml dispersion media).
Fragments were further dispersed in calcium-free media (Dubelco’s PBS, 25mM HEPES,
2.2g/L sodium bicarbonate, 0.3% bovine serum albumin, 100 000 U/L penicillin, and 100
mg/L streptomycin, pH 7.2) by washing with ImM EGTA in calcium-free media. This
was followed by three washes of DNAse 11 in calcium free media (0.1mg in 10ml
calcium-free media) with slow trituration, cells were allowed to settle before supernatant
was removed. Cell yield and viability were determined at the time cells were harvested.
They were then resuspended in culturing media, that contained Medium 199 with Earle’s
salts (Life Technologies, Burlington, ON), 25mM HEPES, 2.2 g/, NaHCOs3, 100 000
U/L penicillin and 100 mg/L streptomycin, pH 7.2. Cells were added to a culture plate
(140 000 to 180 000 cells/well) and incubated at 18°C, 5% CO,, and saturated humidity.

After 2 hours, 1% horse serum (Life Technologies) was added to each well and cells were
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incubated overnight under the same conditions as above. There were only enough cells
to perform 4 treatments. Five wells of cells received no treatment (control), five wells
were treated with synthetic wfGnRH 10°M, six wells with wfGnRH 107 M, and five
wells (although one well was lost) with synthetic cGnRH-II 107 M for comparison. The
synthetic peptides were prepared by Dr. J. Rivier at the Salk Institute (La Jolla, CA). All
treatments lasted 12 hours, after which cells from each well were harvested separately for
total RNA extraction as in the methods of Chapter 2. RNA concentration was quantitated
by measuring absorbance at A,g on the spectrophotometer.

Total RNA (5ug) was run on a 1.5% agarose/formaldehyde gel at 30 volts for 4-5
hours. RNA from the gel was transferred to a GeneScreen plus nylon membrane (New
England Nuclear, Boston, MA) using the capillary method with 0.1N NaOH. The
membrane containing RNA was rinsed and then fixed by baking for 1 hour. Probes were
made for the rainbow trout o.-subunit that is shared by both gonadotropin (GtH) and
thyroid stimulating hormone (TSH). Probes were purified cDNA fragments labeled with
Random Primers DNA Labeling System (Life Technologies) with [o->2P]-deoxycytidine
5’-triphosphate (dCTP) (3000 Ci/mmol) (New England Nuclear). For comparison, an
18S rRNA probe was made using an end-labeling kit (Amersham Pharmacia Biotech,
Baie d’Urfé, QC) with [y-3 ?P]-deoxyadenosine 5’triphosphate (dATP) (3000 Ci/mmol)
(New England Nuclear). Next, the membrane was prehybridized at 55°C for 1.5-2 hours
in 30ml of ULTRAhyb (Ambion, Austin, TX). Probes were added to the membrane in
solution and hybridized overnight at 55°C. The following day the membrane was washed
twice in 2% SSC and 0.2% SDS for 15 minutes each, followed by a 60 minute wash in

0.2% SSC and 0.2% SDS at 55°C. The membrane was exposed for 24-48 hours in a
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PhosphorImager screen (Molecular Dynamics, Sunnyvale, CA) and signals were
analyzed with ImageQuant software. Messenger RNA levels were compared to the 18S
rRNA signal obtained for each lane and reported as a percentage with respect to the
control. ANOVA and Student’s t-test were performed to detect significant differences

between groups (p<0.05).

Results

Figure 3.1 shows the bands from the Northern blot analysis. 18S rRNA bands
were present in all three treatments and control, showing RNA isolation and transfer
worked. Bands for 10°M wfGnRH and those for 10”M c¢GnRH-II appear similar to
those in the control group, showing no significant increase of GtH/TSH-o subunit mRNA
expression. However, bands for 10’M wfGnRH appear darker than control bands in the
GtH/TSH-o subunit treatment revealing an increase in mRNA expression.

Results for the ANOVA and Student’s t-test are reported as percent change
compared to control. 10”M wfGnRH had the greatest effect on GtH/TSH-o subunit
mRNA expression where it significantly increased expression by 90%. Although
cGnRH-II (10"M) caused a 30% increase compared to the control, it was not statistically
significant. Similarly, 10°M wfGnRH did not increase mRNA expression (Figure 3.2).
When comparing the three treatments it appears that 10”’M wfGnRH had the greatest

effect followed by 10’M ¢GnRH-II, then 10°M wfGnRH.
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Figure 3.1. GnRH northern blot analysis.

Messenger RNA bands for GtH/TSHa from northern blot analysis are
shown after treatment of anterior pituitary cells with whitefish (wf)GnRH
at 10° M, and 10”7 M, and chicken (¢)GnRH-II at 107 M. Twenty
separate wells were used with pituitary cells and the treatments shown.
The mRNA from each well was isolated and individually loaded in one of
the lanes. Lines and n number indicate number of individual experiments
(bands) per treatment and control. 18S rRNA is shown as a positive
control. The darkest bands within GtH/TSHa subunit mRNA appear from
wfGnRH (10”7 M) treatment compared to control.
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Figure 3.2. Pituitary GtH mRNA expression.

Bar graph showing the expression of GtH/TSH a subunit mRNA from
dispersed rainbow trout pituitary cells as percent change (SEM) with
res?ect to controls when treated with whitefish (wf)GnRH at 10° M and
10”7 M, and with chicken (c)GnRH-II at 10”7 M. The asterisk indicates a
significant increase compared to control where p>0.05.
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Discussion

We found that wfGnRH (107M) was more effective at increasing GtH mRNA
expression from rainbow trout (a closely related species to whitefish) pituitary cells in
vitro than cGnRH-II (10”M). This assay examines the first step in pituitary activation,
which is an increase in GtH mRNA. It will be important to confirm these results by
measuring the level of GtH protein synthesis and release from lake whitefish pituitaries
when this assay becomes available.

Other studies done on species with three GnRH forms expressed in the brain
found slightly different results. One of the major problems in assessing the effect of
GnRH in fish on the synthesis or release of GtHs is that purified GtH and an antibody are
available for only a few fish. The most common assay system is the goldfish, which only
biologically express sGnRH and cGnRH-II. This leads to problems detecting accurate
releasing effects for any other GnRH form. For example, in pejerrey which express
sGnRH, cGnRH-II and pejerrey (pj)GnRH, Montaner et al. (2001) found that sGnRH
caused the greatest GtH release from goldfish pituitary cells in vitro, followed by
pjGnRH, then cGnRH-II. However, an assay developed for pejerrey pituitary cells
instead éf goldfish may give results that would be slightly different and the species-
specific pattern would emerge. It is unlikely that GnRH receptors in goldfish have a high
binding affinity for pjGnRH because they do not express it. The pituitary levels of each
form have been measured and only pjGnRH is present (Stefano et al., 1997). This

suggests that only pjGnRH plays a role in pituitary GtH release in pejerrey. Specific
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brain locations have not been identified for each form yet. In herring the biological
activity of the three GnRH forms, sGnRH, ¢cGnRH-II and herring (hr)GnRH, have been
reported (Carolsfeld ef al., 2000). Again these GnRH forms were tested with GtH release
from goldfish pituitary cells in vitro. Carolsfeld and coworkers (2000) found cGnRH-II
was most effective at releasing GtH followed by hrGnRH, then sGnRH. The same study
also found that the non-native sea bream (sb)GnRH caused GtH release but was the least
effective of the four GnRH forms. However, when herring pituitary content was
measured, hrGnRH was the most abundant followed by sGnRH and cGnRH-II,
suggesting hrGnRH plays the major role in herring and sGnRH and ¢GnRH-II play minor
ones.

We suggest that because wfGnRH caused the greatest GtH mRNA synthesis in
pituitary cells from rainbow trout, that it plays a major role in GtH release in lake
whitefish. This preliminary study follows the general pattern observed in species with
only two GnRH forms. The next step is to determine how effectively sGnRH activates
GtH mRNA synthesis. Brain location studies would also provide clues as to specific
GnRH function of each form found in lake whitefish. The combination of biological
activity of wfGnRH in the pituitary and location of cell bodies in the preoptic area of the
brain near to the pituitary for wfGnRH would help to establish wfGnRH as the main
neuropeptide in the control of reproduction in lake whitefish. Also, extracting GnRH
peptide from pituitaries would determine the form responsible for gonadotropin-release.
Another interesting study would be to test the binding affinity for each GnRH form to

any GnRH receptors found in the pituitary of lake whitefish. This would also provide

information on GnRH function.



Chapter 4

Localization of brain GnRH in lake whitefish
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Introduction

Localizing GnRH forms in the brain of lake whitefish should provide more insight
into the function of each GnRH form found in the brains. However, it is critical that each
form is detected by in situ hybridization for specificity of mRNA in cell bodies and by
immunocytochemistry for peptide detection in cell bodies and neurites. In general,
expression patterns for species expressing three GnRH forms are similar in fish, with
sGnRH being expressed in the forebrain, cGnRH-II in the midbrain, and the third form in
the preoptic area. Within this pattern the neurons expressing the third GnRH form
usually have axons that extend into the pituitary gland. For example, in the sea bass
sGnRH mRNA was localized in the olfactory bulb, sbGnRH in the preoptic area, and
c¢GnRH-II in the midbrain by in situ hybridization (Zmora et al., 2002). The same study
revealed that immunocytochemistry detected sGnRH peptide in the forebrain, sbGnRH in
the preoptic area, mediobasal hypothalamus and pars distalis of the pituitary, and
cGnRH-II fibers distributed widely in the posterior brain (Zmora et al., 2002). The
authors then suggested that the third form is responsible for gonadotropin (GtH) release,
whereas the other two forms have neurotransmitter roles or other roles related to
reproduction.

for those species with only two GnRH forms, like masu salmon, sGnRH (which
doubles as the third form) is found from the olfactory nerve and bulb to the preoptic area
and into the hypothalamus. For salmonids, the sGnRH location has been confirmed by in
situ hybridization, but cGnRH-II has not been studied using in situ hybridization

techniques (see Table 1.2). Chicken GnRH-II follows the general pattern and is found in
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the midbrain tegmentum (Amano ef al., 1991). Immunocytochemistry techniques located
only axons containing sGnRH extending into the pituitary in masu salmon (Amano ez al.,
1991). Similar patterns have been observed in both Atlantic salmon and rainbow trout
where sGnRH is located in the olfactory bulb, telencephalon, and preoptic area and
c¢GnRH-II is located in the midbrain tegmentum (Bailhache ez al., 1994, Penlington et al.,
1998). These studies suggest again that the preoptic form (sGnRH) is responsible for
GtH release, whereas cGnRH-II may function as a neuromodulator. There is one species
known that does not follow the pattern. Goldfish express both sGnRH and cGnRH-II
throughout the brain and both forms have axons that extend into the pituitary (Kim et al.,
1995), although only immunocytochemistry was used for detection in this study. It
should be noted that in situ hybridization techniques have not been done for goldfish
GnRH localization (see Table 1.2).

The objective of this section is to determine the brain location of neurons that are
expressing each of the different GnRH forms in lake whitefish. Although sGnRH has
been localized by in situ hybridization in salmonids, cGnRH-II and wfGnRH have not. It
is of interest to determine the location of these forms to see if there is any overlap. Also,
the location within the brain may provide some insight into the function of each GnRH
form. Even though in situ hybridization is highly dependent on gene expression and
regulation, I chose to perform in situ hybridization to localize GnRH forms in the brain
because each probe can be prepared to detect only one form. In immunohistochemistry
the cross reactivity of antibodies to different GnRH forms, makes it difficult to determine

which GnRH form a neuron contains.
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Methods and Materials

Probes

Forward and reverse primers were made to amplify 250 bp within the 5’UTR
region of the cGnRH-II cDNA for the probe, 270 bp within the GAP/3’UTR of wfGnRH
for the probe, and 250 bp within the GAP/3’UTR region of sGnRH for the probe (see
Table 4.1 for primer sequences and Figure 4.1 for primer location). Both the 5S’UTR and
the GAP/3’UTR regions have enough sequence variation that only the target GnRH form
is detected. All PCR protocols for amplification were the same with a 3 minute
denaturation at 94°C followed by 35 cycles of 30 seconds each at 94°C, 55°C and 72°C,
and an extension round of 7minutes at 72°C. Amplified DNA was then separated by an
electrophoresis gel and PCR products were cloned into pGEM-T vector (Promega,
Madison, WI) with T7 and SP6 RNA polymerase promoter sites. Plasmid DNA was
incorporated into cells; colonies were grown and picked; and DNA was isolated as per
methods in chapter 2.

For both the cGnRH-II and sGnRH probes, DNA (20pg) was linearized
separately with two different digests. Pst-1 was used to create the antisense strand for
both ¢cGnRH-II and sGnRH probes, whereas Sph-1 was used to create the sense strand for
both probes. DNA (66pul1) was added to 10pl of either Pst-1 or Sph-1 and 10pul of the
enzyme’s buffer, along with 14l of double sterilized water. DNA was digested at 37°C
for three hours, then heated to denature at 65°C for 15 minutes. An 8pul aliquot was
removed and run on a 1.5% agarose electrophoresis gel to check that the DNA was

linearized. DNA was then digested with proteinase K (20mg/ml) at 50°C for 40 minutes.
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Table 4.1. GnRH probe primer sequences.

A list is provided of the different primer sequences used to obtain
whitefish GnRH, salmon GnRH, and chicken GnRH-II probes for in situ
hybridization of lake whitefish brains.
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Probe Forward Primer Sequence Reverse Primer Sequence
chicken-II GnRH 5’-acgcgggaagcactggtatca-3’ 5’-ctagcccactgaccatcact-3’
whitefish GnRH 5’-atgaaycctggaggvaagagr-3’ 5’-gacccccaacaaagaccacc-3’

where y=c+t, v=atct+g, r=at+g
salmon GnRH 5’-gtctcagaaagactgagacca-3’ 5’-aatcactctttattacaattt-3’
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Figure 4.1. GnRH probe primer location.

A diagram showing the general GnRH cDNA structure with probe primer
locations indicated by half arrows, where arrows pointing right represent
forward primers, arrows pointing left are reverse primers, ¢ = chicken
GnRH, w = whitefish GnRH, and s = salmon GnRH.
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DNA was then extracted by two phenol:chloroform:isoamylalcohol (25:24:1) extractions
and precipitated in 100% ethanol (2.5 times volume) and SM ammonium acetate (one
tenth volume) at -80°C overnight. DNA was then resuspended in 20pl of double
sterilized water; 1l was removed, diluted in 99ul of water and the concentration was
determined by the absorbance readings from a spectrophotometer. DIG labeled probes
(Roche, Laval, Quebec) were made by transcribing 1pg of template DNA to make the
cRNA probes by adding 2ul each of NTP labeling and transcription buffer, 1pl of either
T7 polymerase (antisense probe), or SP6 (sense probe), and 1pl of RNAse inhibitor.
Probes were then incubated at 37°C for ;hree hours before 2l of DNAse 1 (RNAse free)
was added and probes underwent another incubation for 15 minutes at 37°C. The
transcription reaction was stopped by adding 2pl of 0.2M EDTA, pH8.0 (in DEPC-
treated water). The RNA probes were precipitated by adding 2.5ul 4M LiCl, 75ul 100%
cold EtOH and incubating for 30 minutes at -80°C. The RNA was pelleted by spinning at
12,000g for 30 minutes. After which, most of the ethanol was removed (pellet was left
covered) and 70% EtOH was added. The tubes were vortexed to resuspend the pellets,
recentrifuged, and excess ethanol was removed. The RNA probes were resuspended in
50ul of DEPC-treated water with 1l of RNase inhibitor and incubated at 65°C until the
pellets dissolved.

A spot assay was done to estimate the concentration of the probes before the in
situ hybridization took place. I spotted 1pl of a serial dilution (1ng/ul, 100pg/pl,
10pg/ul, Ipg/ul, 0.1pg/ul and 0.01pg/pl) of stock RNA that was DIG (Roche) labeled,
and 1pl of a serial dilution of the RNA probes (undiluted, 1/50, 1/500, 1/5000, 1/50,000

and 1/500,000) on nylon membrane. Spots were baked on the membrane at 120°C for 40
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minutes, and washed briefly in 10 ml wash buffer (TBS, 0.2% Tween-20). The
membrane was incubated in 10ml of blocking buffer (TBS, 0.2% Tween-20, 10% serum)
for 30 minutes at room temperature while gently shaking. Next, antibody (anti-
digoxigenin-alkaline phosphatase) (Roche) was added to fresh blocking buffer (1:5000)
and the membrane was incubated for 30 minutes at room temperature while shaking. The
membrane was washed twice in washing buffer for 15 minutes each at room temperature
and then incubated in detection buffer (100mM Tris-HCI pH 9.5, 100mM NaCl) for 2
minutes. Colour substrate solution was made fresh by mixing 45ul of nitro blue
tetrazolium (NBT) (75mg/ml in 70% dirﬁethylformamide) (Roche) and 35 pl of X-
phosphate (BCIP) (50mg/ml in 100% dimethylformamide) (Roche) in 10mls of detection
buffer. The membrane was incubated in colour substrate overnight at room temperature
in the dark without shaking. The colour reaction was stopped the following day by
washing the membrane in sterile water for 5 minutes. Spots were compared and 100ng of
probe was used per 200ul hybridization buffer.
Tissue Preparation

For sGnRH and cGnRH-II, lake whitefish from the Freshwater Research Institute
in Winnipeg (n=7, 3 male, 4 female) were anesthetized and perfused through the heart
with a saline solution followed by 4% buffered paraformaldehyde. Brains and pituitaries
were removed and shipped to Victoria in 30% sucrose solution. The brains were then cut
once 2mm to the side of the midline so they could be frozen in O. C. T. Tissue Tek
(Sakura, Torrance, CA), and then cryosectioned sagittally into 20pum sections. The
sections were transferred onto clean, charged, Fisherbrand Superfrost/Plus slides (Fisher),

and stored at -80°C.
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For studies to localize wfGnRH, lake whitefish were gill netted in August, 2002 at
Exeter Lake in 100 Mile House (n=4, 3 female, 1 male), because wfGnRH could not be
isolated in fish from the Fresh Water Institute. Fish were anesthetized in 50mg/L MS-
222 (Syndel, Vancouver, BC), and perfused intracardially with 10 ml of 0.85% NaCl
solution followed by 10ml of buffered 4% paraformaldehyde. The heads were detached
and cut sagitally to expose the brain, which was transferred into a 2ml tube and fixed in
4% paraformaldehyde. The fixative was replaced with clean solution 12 hours, and 24
hours after collection. Brains were then incubated in 30% sucrose solution until they
sank (72 hours). Tissue was frozen, sectioned, and stored as above.
In situ hybridization

Slides were removed from the -80°C freezer and air dried completely (20
minutes). They were placed in a staining rack and post-fixed in 4% buffered
paraformaldehyde at room temperature for 1 hour. Slides were then washed twice in 1X
PBS, 5 minutes per wash. Sections were treated with 0.1pg/ml proteinase K in TE buffer
(100mM Tris-HCI, 50mM EDTA) pHS8.0 for 10 minutes at 37°C, then washed in DEPC
water for 5 minutes at room temperature. Next, slides were washed in 0.1M TEA buffer,
pHB.0, for 5 minutes and again in fresh TEA with acetic anhydride (2.5pl/ml buffer) for
10 minutes. Sections were then washed twice in 2XSCC for 5 minutes and dehydrated in
graded ethanol (50%, 60%, 70%, 80% and 90%) made with DEPC water for 3 seconds
each and air dried. Sections were prehybridized for 10 minutes by adding hybridization
buffer (50% formamide, 5X SSC, 50pug/ml heparin, 500pg/ml tRNA, 0.1% Tween-20,
0.1M citric acid brought up to 50ml in sterile water) directly on sections and incubating at

37°C. Excess buffer was poured off slides and sections were hybridized overnight by
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adding hybridization buffer and probe (100ng probe/200 pl buffer) directly to sections
that were cover slipped (VWR, West Chester, PA) and incubated at 42°C in a container
that was kept moist to prevent slides drying. Control slides with sense probe and no
probe were included in the hybridization.

Slides were soaked in 2X SSC for 5 minutes to remove cover slips and washed in
2X SSC for 15 minutes at room temperature. Sections were treated with RNase A
(40pg/ml in TBS) for 45 minutes at 37°C. Slides then underwent a series of washes: 2X
SSC for 10 minutes at room temperature, 1X SSC for 10 minutes, 0.5X SSC for 10
minutes, 0.1X SSC for 45 minutes at 60°é, and twice in TBS for 10 minutes at room
temperature. Sections were blocked by adding blocking buffer (TBS, 0.1% Tween-20,
10% serum) to slides and incubating for 30 minutes at room temperature. Antibody to
the phosphatase was added to fresh blocking buffer (1:5000), placed over sections that
were cover slipped and incubated at room temperature for 2 hours. Slides were washed
twice in TBS 10 minutes each before incubating in coloration buffer (100mM Tris-HCI,
pH9.5, SOmM MgCl,, 100mM NacCl, 0.1% Tween-20, brought up to S50ml in sterile
water) for 10 minutes at room temperature. Fresh colour solution was made by adding
nitro blue tetrazolium (NBT) and X-phosphate (BCIP) (Roche) in concentrations

identical to the spot assay above and slides were incubated in colour solution overnight at
room temperature in the dark.

The colour reaction was stopped by washing slides in TE buffer (10mM Tris-HCI,
ImM EDTA) for 20 minutes at room temperature. Graded ethanol was made with sterile

water for dehydration of the sections. Slides were air dried before aqueous mounting
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media (60% water, 8g gelatin, 40% glycerin, and 0.1g phenol as a preservative) was

added. Sections were cover slipped, and left until mounting media was dry.

Results

In situ hybridization with three different probes, each recognizing a different
GnRH form in lake whitefish, revealed that sGnRH was mainly located in the olfactory
bulb/forebrain area; cGnRH-II was in the midbrain; and wfGnRH was in the
forebrain/preoptic area/hypothalamic regions.

Antisense riboprobes made against the GAP/3’UTR region of lake whitefish
sGnRH were used to locate cells within the forebrain and the olfactory bulb (Figure 4.2).
Also, there appeared to be some staining in the preoptic area (POA) and in the
hypothalamus. Cells that were stained were often clustered and appeared large and
roundish. There was no staining in the midbrain, optic tectum or hindbrain. There was
faint staining with the sGnRH sense probe and no staining with the negative control (no
probe).

Antisense riboprobes made against the 5S’UTR region of lake whitefish cGnRH-II
were used to detect cells in the midbrain, optic tectum and hindbrain (Figure 4.2). There
was no cGnRH-II staining in the forebrain or hypothalamus. Again clusters of cells were
observed but cGnRH-II individual cells in the midbrain appeared smaller than those
expressing sGnRH in the forebrain. There was no staining with either the cGnRH-II

sense probe, or the negative control.
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Figure 4.2. In situ hybridization showing GnRH location.

The brain location is shown for each GnRH form found in lake whitefish.
A) Salmon GnRH labeled cells found in the ventral telencephalon. B)
Salmon GnRH labeled cells located in the preoptic area. C) Whitefish
GnRH stained cells in the hypothalamus. D) Chicken GnRH-II stained
neurons in the midbrain. E) Chicken GnRH-II stained cells in the
hindbrain. Scale bar is 10pum in each picture.
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Antisense riboprobes made against the GAP/3’UTR region of wfGnRH stained
cells in the forebrain and POA (Figure 4.2). There were also a few cells stained in the
olfactory bulb but none in the midbrain or hindbrain. Clusters of cells appeared quite
small and staining was very dark. There was some background staining in all brain

regions with the sense probe, but no staining with the negative control.

Discussion

The three different riboprobes were specific to each GnRH form found in lake
whitefish as they were made from different regions of the different cDNAs and showed
no sequence similarity to any other GnRH form.

The distribution of GnRH in lake whitefish brains agrees with other studies, as
sGnRH was located in the forebrain, cGnRH-II was detected in the midbrain, and the
third form (wfGnRH) was expressed in the POA (see Table 1.2 for comparison). We
found that only cells in the midbrain expressed cGnRH-II. This is in agreement with the
literature as the cGnRH-II form is restricted to the posterior brain in all vertebrates
gnathostomes studied to date (Muske, 1993; Lescheid et al., 1997; Parhar, 1997, Stefano
et al., 2000; Dubois ef al., 2001). The only exception is goldfish where the cGnRH-II is
also expressed in some neurons in the forebrain (Kim et al., 1995); however, in situ
hybridization studies have not been done on goldfish. Immunocytochemistry performed
on lake whitefish also detected cGnRH-II in midbrain neurons only (Laberge, personal
communication). We found lake whitefish cGnRH-II peptide caused an increase in

gonadotropin mRNA expression in dispersed pituitary cells of rainbow trout (Adams et
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al. 2002). However, cGnRH-II probably does not have a gonadotropin-releasing role but
rather a neuromodulatory role, as it was found only in the midbrain of lake whitefish.

Cells expressing anRi{ were mainly visualized in the olfactory bulb, and ventral
telencephalon, although a few cells were found in the POA. Salmon GnRH located in the
olfactory bulb would have a neuromodulatory role as these cells are most likely involved
in responding to pheromones and other gonadal steroid hormones (see Laberge and Hara,
2001). It was interesting to find sGnRH in the ventral telencephalon and POA, which
was confirmed by immunocytochemistry work that located sGnRH neurons in the same
regions (Laberge, personal communication). The presence of sGnRH in the ventral
telencephalon suggests it plays a role in gonadotropin-release in lake whitefish.

Neurons expressing wfGnRH were visualized in the ventral telencephalon, POA
and hypothalamus and suggest that wfGnRH has a gonadotropin-releasing role in lake
whitefish. This observation is supported by our observation that wfGnRH caused a
significant increase in gonadotropin mRNA expression in dispersed rainbow trout
pituitary cells (Adams et al., 2002).

It is of interest to note that regions expressing sGnRH or wfGnRH overlapped.
This overlapping has not been observed frequently, but was confirmed by
immunocytochemistry, which also detected sGnRH overlap with wfGnRH in lake
whitefish brains (Laberge, personal communication). Recent studies of the European sea
bass (Dicentrarchus labrax) suggest that the distribution of cells expressing salmon or
seabream GnRH overlap in the olfactory bulb, ventral telencephalon, and POA
(Gonzalez-Martinez, 2001; 2002). The situation could be similar in lake whitefish where

both salmon and whitefish GnRH-containing neurons could be present around the
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olfactory bulb, in the ventral telencephalon and in the POA. It is possible that both
sGnRH and wfGnRH have gonadotropin-releasing roles in lake whitefish. This would be
advantageous to the more recently evolved salmonids that have lost or no longer express
the third GnRH form (wfGnRH). In these salmonids (e.g. sockeye, Atlantic, trout) only 2
forms of GnRH are detected and sGnRH appears to be the releaser of gonadotropins from

the pituitary.
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