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Abstract

Effects of insulin-like growth factor | (IGF-I) and salmon gonadotropin-releasing
hormone (sGnRH) on expression of gonadotropin (GTH) subunit genes were examined using
primary pituitary cell cultures of masu salmon (Oncorhynchus masou). Fishes were assessed at
three reproductive stages, i.e., in April (early maturation), in June (maturing), and in September
(spawning). Amounts of GTH subunit mRNAs in pituitary cells were determined using
real-time PCR after incubation with IGF-I and/or sGnRH. IGF-I alone had almost no effects on
three GTH subunit mRNAs in both sexes, except for decrease in follicle-stimulating hormone
(FSH) B mRNA in males in June. sGnRH alone was effective in stimulation of FSHp and
luteinizing hormone (LH) B gene expression in males in April. Thereafter it had no significant
effects on GTH subunit mRNAs, although in September it tended to increase FSHp and LHf
MRNAs in females. Co-administered IGF-I counteracted the sGnRH-induced expression of
FSHp and LHp genes in males in April, but not in females in September. These results suggest
that IGF-I is involved in direct regulation of GTH subunit genes during sexual maturation. In
particular, IGF-I differently modulates sGnRH-induced GTH subunit gene expression,

depending on reproductive stages.
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1. Introduction

Several lines of evidence showed that insulin-like growth factor-I (IGF-1) played a pivotal
role in interactions between somatotropic and gonadotropic axes. IGF-I has metabolic and
mitogenic activities, and acts as a mediator of somatotropic actions of growth hormone. In
addition, it activated directly the hypothalamic-pituitary-gonadal axis to promote onset of
puberty (Hiney et al., 1991, 1996; Huang et al., 1998). IGF-I stimulated the release of
gonadotropin-releasing hormone (GnRH) in rats at puberty, and GnRH in turn elevated plasma
levels of luteinizing hormone (LH) (Hiney et al., 1991, 1996). IGF-I also functioned directly at
the pituitary level. Addition of IGF-I to rat pituitary cell cultures increased basal secretions of
follicle-stimulating hormone (FSH) and LH, and GnRH-induced LH secretion (Kanematsu, et
al., 1991; Soldani et al., 1994, 1995; Xia et al., 2001; Pazos et al., 2004). Similarly, 1GF-I
enhanced GnRH-stimulated LH release from bovine pituitary cells (Hashizume et al., 2002).
Furthermore, Pazos et al. (2004) showed that in male rats, IGF-1 stimulated basal release of
FSH and LH with increased expression of glycoprotein (GP) o but not FSHp, nor LHpB subunit
genes.

There is also evidence for roles of IGF-I in stimulating the gonadotropic axis in teleosts.
IGF-I increased release and cell content of LH in pituitary cells of European eels in a time- and
dose-dependent manner (Huang et al., 1998, 1999). In salmonids, co-administration to rainbow
trout pituitary cells of IGF-I and salmon GnRH (sGnRH) elevated sensitivity to sGnRH as
measured by FSH and LH releases (Weil et al., 1999). IGF-I increased GnRH-stimulated FSH
release and cell content of FSH and LH in coho salmon pituitary cells (Baker et al., 2000). All
these observations support the idea that IGF-1 has an important role in controlling GTH
production through interactions with GnRH. Since peripheral levels of IGF-I highly correlate

with growth rate in salmonids (Beckham et al., 1998, 2001; Campbell et al., 2003), IGF-I is



thought to act as a signaling molecule that transmits growth and nutritional status to the
gonadotropic axis at the onset of puberty. However, little is known about its mechanisms of
action in functional interactions with GnRH to control GTH production. In particular, no
information is available on effects of IGF-1 on expression of GTH subunit genes in teleosts.

Expressions of GTH subunit genes vary during reproductive cycles in salmonids.
Amounts of their mMRNAs increased with sexual maturation, and considerably rose at spawning
(Gomez et al., 1999; Kitahashi et al., 2004). In masu salmon, FSHB mRNA started to
increase at early stages of gametogenesis in March, whereas LHB mRNA started to increase at
a later stage of gametogenesis in June (Kitahashi et al., 2004). GnRH has been shown to
influence GTH subunit gene expression in a subunit- and reproductive stage-dependent manner
(Kitahashi et al., 1998b; Dickey and Swanson, 2000; Ando et al., 2004; Ando and Urano,
2005). In masu salmon, GnRH analog (GnRHa) that was implanted into the dorsal muscle
increased GPa2 and LHB mRNAs in June onwards, while it had no effects on FSHB mRNA
during sexual maturation (Kitahashi et al., 2004). Therefore, sGnRH has a pivotal role in
increasing expressions of LH subunit genes during sexual maturation. However, mechanisms
underlying the earlier increase of FSHp gene expression remain unknown.

One of the candidates responsible for upregulation of FSHp gene expression is IGF-I as
described above. Therefore, we examined effects of IGF-1 alone and in combination with
sGnRH on expression of GTH subunit genes using masu salmon pituitary cell cultures. Since
responses to IGF-1 and sGnRH were expected to depend on reproductive stages, pituitary cell
cultures were prepared from fishes at three different reproductive stages, i.e., early maturation
in April, maturing stage in June, and spawning in September. Levels of plasma sex steroid
hormones were also determined using enzyme immunoassays to confirm levels of sexual

maturation in the experimental fishes.



2. Materials and methods
2. 1. Experimental design

On the basis of our previous studies in which the effects of sSGnRH on expression of GTH
subunit genes were clarified (Ando and Urano, 2005), we carried out three experiments to
examine effects of IGF-I, sGnRH, and E2 on GTH subunit gene expression. In experiment I,
effects of different doses of IGF-1 (1, 10, 100 nM) alone or in combination with sGnRH (100
nM) were examined in female fishes in April. Cells were incubated with these hormones for 1
day. In experiment I, the kinetics of effects of IGF-1 (100 nM) and sGnRH (100 nM) were
examined in male and female fishes in April. Cells were incubated with appropriate hormones
for 1, 2, and 3 days. In experiment Ill, seasonal changes in effects of IGF-1 (100 nM) and
sGnRH (100 nM) at three days after treatment were examined in males in June and in females
in June and September. Because of limited number of fish available, we could not examine the

effects in males in experiment I and in September in experiment I11.

2. 2. Fishes

Experiment |1 was conducted in April 2002 using masu salmon of the Shiribetsu strain,
reared at the Kumaishi branch of Hokkaido Fish Hatchery; and experiments Il and Il were
conducted in April, June, and September 2002, using the Mori hatchery strain reared at the
Mori branch of Hokkaido Fish Hatchery. Fishes of both strains retained the ability of homing
migration, nonetheless they could grow, mature, and spawn in a freshwater environment. In
our previous experiments in 2001, levels of GTH subunit mRNAs in pituitary cells from the
two strains showed similar changes during sexual maturation and also in response to sGnRH

and sex steroid hormones (Ando et al. 2004).



Fishes were maintained in outdoor tanks with a flow of spring water (8 °C in experiment I,
and 9-14 °C in experiments Il and Il1) under natural photoperiod. They were fed with dry
pellets equivalent to 1.7-2 % of body weight every two days until the end of July, after which
they did not eat any more. Under these conditions, gonadal development was initiated in spring,
and the Shiribetsu strain at the Kumaishi branch spawned in late September, and the Mori

hatchery strain at the Mori branch spawned in early September.

2. 3. Sample collection

Under anesthesia with 0.01 % tricaine methanesulfonate (MS222), fork length and body
weight of fishes were measured. Then, blood samples of ten fishes were collected from the
caudal vasculature, kept on ice, and were later centrifuged at 3,000 rpm for 15 min to obtain
plasma samples, which were stored at -30 °C until assayed. Whole pituitaries of 34-61 fishes
were removed immediately after decapitation, collected in ice-cold RPMI containing 20 mM
HEPES, 9 mM sodium bicarbonate, penicillin (100 U/ml), streptomycin (100 U/ml), and
fungizone (0.25 mg/ml). Finally, gonads were removed, and weighed to calculate the
gonadosomatic index (GSI = gonad weight/body weight x 100) as an estimate of gonadal
maturity. In addition to fishes used in the three experiments, ten males and ten females from
the same stock were removed in August 2002, and blood samples were collected to determine

plasma sex steroid levels. Changes in body weight, fork length, and GSI are shown in Table 1.

2. 4. Hormones
Human recombinant IGF-1 (Sigma-Aldrich, Tokyo, Japan) and [Trp’, Leu®]|GnRH
(sGnRH, Peptide Institute, Inc. Osaka, Japan) were solubilized in 0.1 M acetic acid at a

concentration of 0.5 g/l, and stored at -80 °C. Hormone solutions were further diluted with



culture medium to obtain appropriate final concentrations, and immediately used in

experiments.

2.5. Primary cell culture

Preparation of primary pituitary cultures was described previously (Ando et al., 2004).
Pooled pituitaries were minced with a surgical blade, and transferred to RPMI medium
containing 20 mM HEPES, 9 mM sodium bicarbonate, penicillin (100 U/ml), streptomycin
(100 U/ml), and fungizone (0.25 mg/ml), supplemented with 0.1 % collagenase (GIBCO
Invitrogen Corp., Carlsbad, CA) and 3 % bovine serum albumin (BSA, GIBCO Invitrogen
Corp.). After incubation at 12 °C for 20 h, cells were mechanically dissociated by aspiration for
several times through a pipette. Then, they were washed twice with RPMI medium
supplemented with Serum Replacement 2 (1x), which did not contain steroid hormones,
glucocorticoids, and growth factors (Sigma-Aldrich, Tokyo, Japan). We verified that Serum
Replacement 2 had no effects on the basal expression of GTH subunit mRNAs (data not
shown). Dispersed cells were immediately plated on 12-well polylysine-coated culture plates at
a density of 3 x 10° cells/1.3 ml medium/well (n = 3-6), and were incubated at 18 °C for 2 days.
Then, medium was changed, and hormones were included into the fresh medium. Cells were
successively incubated for 1-3 days as described above. After incubation, the medium was
removed, and cells were harvested by scraping in 0.7 ml of medium twice, then collected by
centrifugation at 5,000 rpm for 10 min, frozen at -80 °C until assayed by real-time PCR for

GTH subunit mRNAs.

2. 6. Quantitation of GTH subunit mRNAs by real-time PCR

RNA extraction, reverse transcription (RT), and real-time PCR were previously described



in details by Ando et al. (2004). Briefly, total RNAs (50, 100, or 200 ng) were used for
synthesis of first strand cDNAs by RT reaction using Multiscribe Reverse Transcriptase (PE
Applied Biosystems, California) according to the manufacturer’s instructions. Reactions were
performed at 25 °C for 10 min, at 48 °C for 30 min, and finally at 95 °C for 5 min.

To determine absolute amounts of GTH subunit mRNAs, standard sense RNAs were
synthesized in vitro by MAXIscript (Ambion Inc, Texas) using GPa2, FSHp, and LHB cDNAs
(Sekine et al. 1989), and they were used for RT reactions to prepare standard cDNAs.
Real-time PCR was carried out with an ABI Prism 7700 Sequence Detection System (PE
Applied Biosystems). GPa2 and FSHB mRNAs were determined by multiplex PCR. Each PCR
reaction mixture (10 ul) contained 1 x TagMan Buffer A (PE Applied Biosystems), 25 mM
MgCl,, 2.5 mM dNTPs, 72 nM each forward and reverse primers for GPa2 and FSHf, 130
nM fluorogenic probes, and 0.25 U AmpliTaq Gold DNA polymerase. Amplification was
carried out at 95 °C for 10 min, for 40 cycles at 95 °C for 15 s, and 59 °C for 1 min. For LHB
mRNA, conditions of PCR reactions were the same as those for GPa2 and FSHp, except for
100 nM primers, and annealing and extension temperatures at 57 °C.

In each assay, a standard sample (chum salmon pituitary cDNA) was subjected to
amplification in triplicates to estimate coefficients of variation (CV) within and between runs.

For GPa2 assay, intra-assay CV was 7.2 = 1.3 %, and inter-assay CV was 13 %; for FSHf3
assay, intra-assay CV was 5.5 = 1 %, and inter-assay CV was 11.8 %. Finally, for LHJ assay,

intra-assay CV was 6 * 1 %, and inter-assay CV was 8.8 %.

2. 7. Assays of plasma steroid hormones
Plasma levels of E2, testosterone (T), 11-ketotestosterone (11-KT), and

170,20B-dihydroxy-4-pregnen-3-one (DHP) were determined by enzyme immunoassays as



described in details by Onuma et al. (2003). In brief, ether-extracted samples were dissolved in
assay buffer containing 0.2 % bovine serum albumin, 0.01 % thimerosal in 0.05 M borate
buffer, pH 7.8. Standard hormones and samples were incubated with anti-steroid antiserum and
HRP-labeled steroid (Cosmo Bio, Tokyo) in wells of 96 well microtiter plates (Sumitomo
Bakelite, Tokyo), in which anti-rabbit IgGs (ICN Pharmaceuticals, Aurora) were immobilized
by physical adsorption. Following an overnight incubation at 4 °C, wells were washed with
0.9 % NaCl, and a substrate solution (0.5 g/l o-phenylenediamine, 0.01 % H,0, in 0.2 M
citrate buffer, pH 4.5) was added, and mixed solutions were incubated at room temperature for
30 min. Then, optical densities at 492 nm were measured using a microplate reader (MTP-300,
Corona Electric, Hitachinaka). Sensitivities of assays were: E2, 0.5 pg/tube; T, 1.5 pg/tube;

11-KT, 1.5 pg/tube; and DHP, 0.5 pg/tube. Intra-assay CVs were: E2,4.5 = 0.9%; T,6.6 =
2 %; 11-KT, 2.6 = 0.5 %; and DHP, 3.9 £ 1.3 %. Inter-assay CVs were: E2, 7 %; T,

13.3 %; 11-KT, 9.8 %; and DHP, 14.6 %.

2. 8. Statistical analysis

Data were presented as means = SEM. In experiment I, the Games-Howell’s multiple

comparisons test was applied to test for statistically significant differences of GTH subunit
MRNAs after incubation with IGF-1 and/or sGnRH. In experiment 11, statistical analysis of the
effect of time of incubation was performed by ANOVA. In experiment 11 and Ill, the effects of
IGF-1 and/or sGnRH were tested by the Dunnett's pairwise multiple comparison t-test. The
basal expression levels of GTH subunit genes in female control cells and plasma steroid levels
in both sexes were analyzed by ANOVA to test for differences among months; and when
appropriate, the Tukey’s post hoc test was applied. GTH mRNAs in males were analyzed by a

Student t-test for statistically significant differences between April and June. Statistical



analyses were performed using SPSS Version 12.0 for Windows (SPSS Inc., Chicago, IL).

3. Results
3. 1. Plasma steroid hormones during reproductive cycle

Adult female masu salmon at early sexual maturation were used in experiment I in April.
GSI and plasma levels of all steroid hormones examined were as low as those of females of the
Mori hatchery strain used in experiments Il and Il in April (Tables 1 and 2). In experiments 11
and 111, gonadal maturation of both sexes progressed in June, as assessed by changes in GSI
and plasma levels of steroid hormones. GSI of both sexes increased to about 30 % of that in
August, the pre-spawning period. T and 11-KT in males and E2 in females increased in June,
and thereafter reached their maximum in August. In the spawning period in September, plasma
E2 levels in females declined, and plasma DHP levels increased, although this increase was not
statistically significant due to high variations in the plasma DHP levels. These changes were
consistent with those determined in masu salmon from immature to spawning fishes (Munakata

et al., 2001; Ando et al., 2004).

3. 2. Experiment I: Dose-response relationship of effects of IGF-1 in April

Three doses of IGF-1 (1, 10, 100 nM) were added to cultures with or without sGnRH (100
nM) and were incubated for 1 day (Fig. 1). sGnRH alone did not alter amounts of the three
subunit mMRNAs. Furthermore, IGF-I of any concentration had no significant effects on these

GTH subunit mMRNAs, regardless of sSGnRH.

3. 3. Experiment I1: Kinetics of effects of IGF-1 in April

In experiment Il, kinetics of effects of IGF-1 was examined in April. Since no



dose-response relationship was observed in experiment I, IGF-I was used at a high
concentration (100 nM), and incubated for 1, 2, and 3 days. There were no significant changes
in GTH subunit mMRNAs during three days of incubation in any groups of treatment in both
sexes, whereas a trend to decrease in FSHB mRNA was noted in males. In males, IGF-1 alone
did not change levels of the three subunit mMRNAs during three days. In contrast, sGnRH (100
nM) alone significantly increased FSHP and LHB mRNAs at day 3 (Fig. 2). However,
co-administered IGF-1 completely counteracted the sGnRH-induced FSHP and LHB gene
expression at day 3. In females, IGF-I alone or sGnRH alone, and their combination had no

significant effects on the three subunit mMRNAs during three days (Fig. 3).

3. 4. Experiment I11: Seasonal changes in effects of IGF-I

Effects of IGF-I and sGnRH were examined at three stages of sexual maturation. Basal
amounts of GPa2 and FSHP mRNAs in males in June were significantly higher than levels in
April (Fig. 4). Similarly, GPa2 and FSHB mRNAs in females significantly increased from
April to June, and remained high in September. LHB mRNA showed a similar trend, although
changes were not statistically significant. These changes were consistent with those
determined in our previous study, in which fishes were sampled in May, July, and September
2001 (Ando et al., 2004).

In males, in contrast to the stimulatory effects in April, sGnRH alone did not affect the
three subunit mMRNAs in June (Fig. 5). IGF-I alone had little effects in April, but decreased
amounts of FSHB mRNA in June. Co-administration of IGF-I with sGnRH decreased FSHf3
MRNA to the same levels as in IGF-I-treated cells. In females, IGF-I and sGnRH by
themselves had little effects on the three subunit mRNAs in June and September (Fig. 6).

However, the combination of IGF-I and sGnRH significantly increased FSHB mRNA in



September.

4. Discussion

The present study examined in vitro effects of IGF-I in combination with sGnRH on
expression of GTH subunit genes in masu salmon pituitary cells at three stages of sexual
maturation. Our results suggested that IGF-I is directly involved in regulation of expression of
three GTH subunit genes at particular stages in both sexes. IGF-1 alone had no stimulatory
effects during sexual maturation, but had an inhibitory effect of IGF-I on FSHB mRNA in
males in June. Furthermore, IGF-1 differentially modulated sGnRH-induced expression of
GTH subunit genes. In particular, our results clearly showed that these effects were dependent
on reproductive stages.

These findings are the first evidence for the effects of IGF-I on expressions of FSHf and
LHpB subunit genes in any vertebrates, although there were many studies reporting stimulatory
effects of IGF-I1 on FSH and LH contents and release in mammals (Kanematsu, et al., 1991;
Soldani et al., 1994, 1995; Xia et al., 2001; Hashizume et al., 2002) and fishes (Huang et al.,
1998, 1999; Weil et al., 1999; Baker et al., 2000), and on expression of o subunit gene in rats
(Pazos et al., 2004).

A dose of IGF-I at 100 nM was used in experiments Il and I11. Although this dose seems
to be high, it was chosen because of the following reasons. Similar and even higher doses of
IGF-1 were previously demonstrated by other authors to stimulate FSH and LH release with
high efficiency based on dose-response experiments. In coho salmon pituitary cells, 10-day
pre-incubation with IGF-1 at 100 nM was most effective for intracellular accumulations of FSH
and LH, and for potentiation of GnRH-stimulated FSH release (Baker et al., 2000). IGF-1 at 1

uM was effective to sensitize rainbow trout pituitary cells to GnRH in terms of releases of FSH
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and LH (Weil et al., 1999). Similarly, European eel pituitary cells maximally responded to
IGF-I at the concentration of 100 nM in LH release and cell content (Huang et al., 1998, 1999).

In addition, the present dose of IGF-l1 was of similar order to circulating levels in
salmonids. Plasma levels of total IGF-I in coho salmon were 50-250 ng/ml, that is 6.5-32.5 nM
(Moriyama et al., 1994). Thus, the present dose of IGF-1 was 3 times the maximum circulating
level. In fact, at concentrations in the range of 4-250 ng/ml, salmon IGF-I significantly
stimulated sulfate uptake by cultured branchial cartilages of coho salmon (Moriyama et al.,
1993). Also it should be noted that human recombinant IGF-I, but not salmon IGF-I, was used
in the present study. Human IGF-1 and salmon IGF-I were equipotent in stimulating sulfate
uptake in salmon branchial cartilages (Moriyama et al., 1993). Receptor binding studies
indicated that 50 % of displacement of **I-IGF-1 was achieved by the same dose (1.3 nM) of
human IGF-I and salmon IGF-I in salmon embryo cells (CHSE-214) (Upton et al., 1998). Thus,
these results indicate that effects of human IGF-I at 100 nM observed in the present study were
most probably physiological and maximum responses of masu salmon pituitary cells.

IGF-1 did not increase amounts of GTH subunit mMRNAs at three reproductive stages. On
the contrary, it decreased FSHB mRNA in males in June, and had similar inhibitory effects in
females in April and September. Furthermore, co-administered IGF-I completely counteracted
sGnRH-induced FSHP and LHP gene expression in males in April. Therefore, the present
results suggested that IGF-I has moderate but circumstantially inhibitory effects on GTH
subunit gene expression. This is a striking contrast to stimulatory effects of IGF-1 on GTH
release. Weil et al. (1999) reported in rainbow trout that IGF-1 potentiated GnRH-induced
releases of FSH and LH in maturing and fully matured fishes. Although effects of IGF-I on
GTH release were not determined in the present study, stimulatory effects of IGF-1 on GTH

release might not parallel changes in their gene expression. In rat pituitary cells, IGF-I
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stimulated basal FSH and LH releases, while the amounts of their mRNAs remained
unchanged (Pazos et al., 2004). Since we determined steady-state mMRNA levels, we cannot
neglect the possibility that IGF-1 stimulated transcriptional activities of GTH subunit genes as
well as release of GTH. However, we currently conclude that IGF-1 had little or inhibitory
effects on GTH synthesis, at least in terms of amounts of mMRNA at the three stages of sexual
maturation.

IGF-I has been considered to play an important role in endocrine regulation during the
onset of puberty. Circulating levels of IGF-1 highly correlate with growth rates in salmonids
(Beckham et al., 1998; Campbell et al., 2003), and IGF-1 may therefore act as a signaling
molecule that transmits growth and nutritional status to the reproductive axis. Campbell et al.
(2003) demonstrated that in male chinook salmon, there was a critical period when growth
affected the onset of puberty, which occurred during premeiotic stages of spermatogenesis,
from July to December one year in advance of spawning. Correlations between plasma 11-KT
and plasma FSH, plasma IGF-I and GSI were observed. Therefore, IGF-1 in addition to 11-KT
may have a pivotal role in stimulation of FSH secretion, which in turn leads to activation of
spermatogenesis. Indeed, Baker et al. (2000) showed that pre-incubation with IGF-I for 10 days
increased FSH and LH cell contents in the pituitary cells of coho salmon at early maturational
stages (GSlIs of males and females were <0.10 % and 0.43 %, respectively), suggesting that
IGF-1 was effective in stimulation of GTH synthesis as well as GTH release in such early stage
of sexual maturation. In the present study in April, we used fish at early maturational but later
stages (GSI of female was 0.95 % in experiment I, and those of males and females were 0.16 %
and 0.73 %, respectively, in experiment I11). It is thus possible that IGF-I stimulates GTH gene
expression at an earlier stage of sexual maturation, and in the later stages it turns to lose this

effect, but still continues to stimulate GTH release.
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It is interesting to note that, in September, IGF-I in combination with sGnRH significantly
increased FSHP mRNA in females. Although we did not examine effects of IGF-I and sGnRH
in males in September due to the limited number of available fish, the modulatory effect of
IGF-1 on sGnRH-induced GTH gene expression may vary during sexual maturation. In
spawning in September, loss of suppressive action of IGF-I is highly likely to lead to activate
GTH subunit genes (Kitahashi et al., 1998a, b).

Based on the present results, we propose that the effect of IGF-1 on GTH gene expression
is variable during the postpubertal development and is different from that on GTH release. In
addition, cooperative interaction with sGnRH also changes during sexual maturation. How are
these stage-dependent changes in IGF-I actions on GTH synthesis and release achieved? IGF-I
may differentially influence sGnRH-induced intracellular signals that lead to activation of
GTH synthesis or release. GnRH itself is known to differently regulate synthesis and release of
GTH, depending on reproductive stages in salmonids (Ando et al., 2004; Ando and Urano,
2005). Stimulations of GTH subunit genes by GnRH are mediated through activation of GnRH
receptors that are linked to two major intracellular signaling pathways: protein kinase
C/mitogen-activated protein kinase (MAPK) pathway, and Ca* signaling pathway (Ando et al.,
2001). Activation of IGF-I receptors also leads to activate the MAPK pathway (Duan, 2002). It
is thus possible that a ‘cross-talk’ between IGF-1 and GnRH signals is involved in their
functional interactions. It is tempting to speculate that some gonadal factors such as sex steroid
hormones and activin may influence the intracellular signals involved in IGF-I and sGnRH
actions and also expression of receptors for IGF-I1 and sGnRH. Further studies on molecular
interaction of these factors will provide valuable information on the roles of IGF-I in

modulation of gonadotropic function during onset and progression of sexual maturation.

13



Acknowledgements

We are very grateful to Mr. Y. Murakami and Mr. Y. Shinriki (Hokkaido Fish
Hatchery), Mr. J. Okumaya, Mr. S. Furukuma and all members of our laboratory for their help
in sampling fish. We also thank Dr. S. Itoh (Kyowa Hakko Kogyo Co., Ltd.) for the chum
salmon GTH subunit cDNAs. This work was supported by the Grants-in-Aid from the

Fisheries Agency and Ministry of Education, Culture, Sports, Science and Technology, Japan.

14



References

Amano, M., Aida, K., Okumoto, N., Hasegawa, Y., 1992. Changes in salmon GnRH and
chicken GnRH-1I contents in the brain and pituitary, and GTH contents in the pituitary in
female masu salmon, Oncorhynchus masou, from hatching through ovulation. Zool. Sci. 9,
375-386.

Amano, M., Aida, K., Okumoto, N., Hasegawa, Y., 1993. Changes in levels of GnRH in the
brain and pituitary and GTH in the pituitary in male masu salmon, Oncorhynchus masou,
from hatching to maturation. Fish Physiol. Biochem. 11, 233-240.

Ando, H., Urano, A., 2005. Molecular regulation of gonadotropin secretion by
gonadotropin-releasing hormone in salmonid fishes. Zool. Sci. 22, 379-389.

Ando, H., Hew, C.L., Urano, A., 2001. Signal transduction pathways and transcription factors
involved in the gonadotropin-releasing hormone-stimulated gonadotropin subunit gene
expression. Comp. Biochem. Physiol. 129, 525-532.

Ando, H., Swanson, P., Kitani, T., Koide, N., Okada, H., Ueda, H., Urano, A., 2004.
Synergistic effects of salmon gonadotropin-releasing hormone and estradiol-17f3 on
gonadotropin subunit gene expression and release in masu salmon pituitary cells in vitro.
Gen. Comp. Endocrinol. 137, 109-121.

Baker, D.M., Davies, B., Dickhoff, W.W., Swanson, P., 2000. Insulin-like growth factor I
increases follicle-stimulating hormone (FSH) content and gonadotropin-releasing
hormone-stimulated FSH release from coho salmon pituitary cells in vitro. Biol. Reprod. 63,
865-871.

Beckham, B.R., Larsen, D.A., Moriyama, S., Lee-Pawiak, B., Dickhoff, W.W., 1998.
Insulin-like growth factor I and environmental modulation of growth during smoltification of

spring chinook salmon (Oncorhynchus tshawytscha). Gen. Comp. Endocrinol. 109, 325-335.

15



Beckman, B.R., Shearer, K.D., Cooper, K.A., Dickhoff, W.W., 2001. Relationship of
insulin-like growth factor-1 and insulin to size and adiposity of under-yearling chinook
salmon. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 129, 585-593.

Campbell, B., Dickey, J.T., Swanson, P., 2003. Endocrine changes during onset of puberty in
male spring chinook salmon, Oncorhynchus tshawytscha. Biol. Reprod. 69, 2109-2117.

Dickey, J.T., Swanson, P., 2000. Effects of salmon gonadotropin-releasing hormone on follicle
stimulating hormone secretion and subunit gene expression in coho salmon (Oncorhynchus
kisutch). Gen. Comp. Endocrinol. 118, 436-449.

Duan, C., 2002. 2002 Specifying the cellular responses to IGF signals: roles of IGF-binding
proteins. J. Endocrinol. 175, 41-54.

Gomez, J.M., Weil, C., Ollitrault, M., Le Bail, P-Y., Breton, B., Le Gac, F.L., 1999. Growth
hormone (GH) and gonadotropin subunit gene expression and pituitary and plasma changes
during spermatogenesis and oogenesis in rainbow trout (Oncorhynchus mykiss). Gen. Comp.
Endocrinol. 113, 413-428.

Hashizume, T., Kumahara, A., Fujino,M., Okada, K., 2002. Insulin-like growth factor I
enhances gonadotropin-releasing hormone-stimulated luteinizing hormone release from
bovine anterior pituitary cells. Anim. Reprod. Sci. 70, 13-21.

Hiney, J.K., Ojeda, S.R., Dees, W.L., 1991. Insulin-like growth factor I: a possible metabolic
signal involved in the female puberty. Neuroendocrinology 54, 420-423.

Hiney, J.K., Srivastava, V., Nyberg, C.L., Ojeda, S.R., Dees, W.L., 1996. Insulin-like growth
factor I of peripheral origin acts centrally to accelerate the initiation of female puberty.
Endocrinology 137, 3717-3728.

Huang, Y-S., Rousseau, K., Le Belle, N., Vidal, B., Burzawa-Gérard, E., Marchelidon, J.,

Dufour, S., 1998. Insulin-like growth factor | stimulates gonadotrophin production from eel

16



pituitary cells: a possible metabolic signal for induction of puberty. J. Endocrinol. 159,
43-52.

Huang, Y-S., Rousseau, K., Le Belle, N., Vidal, B., Burzawa-Gérard, E., Marchelidon, J.,
Dufour, S., 1999. Opposite effects of insulin-like growth factors (IGF-Is) on gonadotropin
(GtH-I1) and growth hormone (GH) production by primary culture of European eel (Anguilla
anguilla) pituitary cells. Aquaculture 177, 73-83.

Kanematsu, T., Irahara, M., Miyake, T., Shitsukawa, K., Aono, T., 1991. Effect of insulin-like
growth factor I on gonadotropin release from the hypothalamus-pituitary axis in vitro. Acta
Endocrinol. 125, 227-233.

Kitahashi, T., Ando, H., Ban, M., Ueda, H., Urano, A., 1998a. Changes in the levels of
gonadotropin subunit mRNAs in the pituitary of pre-spawning chum salmon. Zool. Sci. 15,
753-760.

Kitahashi, T., Alok, D., Ando, H., Kaeriyama, M., Zohar, Y., Ueda, H., Urano, A., 1998b.
GnRH analog stimulates gonadotropin Il gene expression in maturing sockeye salmon. Zool.
Sci. 15, 761-765.

Kitahashi, T., Bhandari, R.K., Taniyama, S., Ando, H., Ueda, H., Urano, A., 2004. Changes in
expression of salmon GnRH genes and responsiveness of pituitary hormone genes to GnRH
analog during growth and sexual maturation in masu salmon. In: Oishi, T., Tsutsui, K.,
Tanaka, S., Kikuyama, S. (Eds.), Trends in Comparative Endocrinology, Proceedings of the
Fifth Congress of the Asia and Oceania Society for Comparative Endocrinology. AOSCE,
pp. 92-94.

Moriyama, S., Duguay, S.J., Conlon, J.M., Duan. C., Dickhoff, W.W., Plisetskaya, E.M., 1993.
Recombinant coho salmon insulin-like growth factor I expression in Escherichia coli,

purification and characterization. Eur. J. Biochem. 218, 205-211.

17



Moriyama, S., Swanson, P., Nishii, M., Takahashi, A., Kawauchi, H., Dickhoff, W.W.,
Plisetskaya, E.M., 1994. Development of a homologous radioimmunoassay for coho salmon
insulin-like growth factor 1. Gen. Comp. Endocrinol. 96, 149-161.

Munakata, A., Amano, M., Ikuta, K., Kitamura, S., Aida, K., 2001. The involvement of sex
steroids in downstream and upstream migratory behavior of masu salmon. Comp. Biochem.
Physiol. 129, 661-669.

Onuma, T., Higashi, Y., Ando, H., Ban, M., Ueda, H., Urano, A., 2003. Year-to-year
differences in plasma levels of steroid hormones in pre-spawning chum salmon. Gen. Comp.
Endocrinol. 132, 199-215.

Pazos, F., Sanchez-Franco, F., Balsa, J., Escalada, J., Cacicedo, L., 2004. Differential
regulation of gonadotropins and glycoprotein hormone a-subunit by IGF-1 in anterior
pituitary cells from male rats. J. Endocrinol. Invest. 27, 670-675.

Sekine, S., Saito, A., Itoh, H., Kawauchi, H., Itoh, S., 1989. Molecular cloning and sequence
analysis of chum salmon gonadotropin cDNAs. Proc. Natl. Acad. Sci. USA 86, 8645-8649.

Soldani, R., Cagnacci, A., Yen, S.S., 1994. Insulin, insulin-like growth factor I (IGF-I) and
IGF-I11 enhance basal and gonadotrophin-releasing hormone-stimulated luteinizing hormone
release from rat anterior pituitary cells in vitro. Eur. J. Endocrinol. 131, 641-645.

Soldani, R., Yen, S.S.C., Cagnacci, A., Melis, G.B., Paoletti, A.M., 1995. Modulation of
anterior pituitary luteinizing hormone response to gonadotropin-releasing hormone by
insulin-like growth factor | in vitro. Fertil. Steril. 64, 634-637.

Upton, Z., Yandell, C.A., Degger, B.G., Chan, S.J., Moriyama, S., Francis, G.L., Ballard, F.J.,
1998. Evolution of insulin-like growth factor-1 (IGF-1) action: in vitro characterization of
vertebrate IGF-1 proteins: a review. Comp. Biochem. Physiol. B 121, 35-41.

Weil, C., Carré, F., Blaise, O, Breton, B., Le Bail, P-Y., 1999. Differential effect of insulin-like

18



growth factor I on in vitro gonadotropin (I and I1) and growth hormone secretions in rainbow
trout (Oncorhynchus mukiss) at different stages of the reproductive cycle. Endocrinology 140,
2054-2062.

Xia, Y-X., Weiss, J-M., Polack, S., Diedrich, K., Ortmann, O., 2001. Interactions of insulin-like

growth factor 1, insulin and estradiol with GnRH-stimulated luteinizing hormone release

from female rat gonadotrophs. Eur. J. Endocrinol. 144, 73-79.

19



Figure legends

Fig. 1. Experiment I: Effects of IGF-I and sGnRH on amounts of GTH subunit mRNASs in
females in April. Pituitary cells were plated in culture plates at a density of 3 x 10° cells/1.3 ml
medium/well (n = 3-4). Cells were treated with IGF-I (1, 10, 100 nM) in combination with
sGnRH (100 nM) at 2 days after plating and successively incubated for 1 day. After incubation,
cells were collected, and the amounts of GTH subunit mMRNAs were assayed by real-time PCR.

Results are expressed as mean = SEM. No statistically significant changes in three GTH

subunit mMRNAs were observed in response to any combination of hormones (Games-Howell’s

test, P < 0.05).

Fig. 2. Experiment Il: Effects of IGF-I and sGnRH on amounts of GTH subunit mRNAS in
males in April. Pituitary cells were plated in culture plates at a density of 3 x 10° cells/1.3 ml
medium/well (n = 4-5). Cells were treated with IGF-1 (100 nM) with or without sGnRH (100
nM) at 2 days after plating and successively incubated for 1, 2, and 3 days. After incubation,
cells were collected, and the amounts of GTH subunit mMRNAs were assayed by real-time PCR.
Results are expressed as mean = SEM. Asterisks denote significant difference between the
control (without hormones, open square) and hormone-treated groups at each time of
incubation (* P < 0.05, Dunnett's pairwise multiple comparison t-test). No statistically
significant changes in three GTH subunit mMRNAs were observed during the three days of

incubation (ANOVA, P < 0.05).
Fig. 3. Experiment Il: Effects of IGF-I and sGnRH on amounts of GTH subunit mRNAS in

females in April. Pituitary cells were plated in culture plates at a density of 3 x 10° cells/1.3 ml

medium/well (n = 3-4). Cells were treated with IGF-1 (100 nM) with or without sGnRH (100
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nM) at 2 days after plating and successively incubated for 1, 2, and 3 days. After incubation,

cells were collected, and the amounts of GTH subunit mRNAS were assayed by real-time PCR.
Results are expressed as mean = SEM. No statistically significant changes in three GTH

subunit mMRNAs were observed during the three days of incubation (ANOVA, P < 0.05) and in

response to hormones (Dunnett's pairwise multiple comparison t-test, P < 0.05).

Fig. 4. Experiment Ill: Changes in basal amounts of GTH subunit mRNAs during sexual
maturation. Pituitary cells were collected in April, June and September, and plated in culture
plates at a density of 3 x 10° cells/1.3 ml medium/well (n = 3-6). After incubation at 18°C for 5
days, cells were collected, and the amounts of GTH subunit mMRNAs were assayed by real-time
PCR. Results are expressed as mean == SEM. Asterisks denote significant difference between
months (* P < 0.05, ** P < 0.01, *** P < 0.001, Student t-test for males and Tukey’s post hoc

test for females).

Fig. 5. Experiment I1l: Effects of IGF-I and sGnRH on amounts of GTH subunit mRNAs in
males in April and June. Pituitary cells were plated in culture plates at a density of 3 x 10°
cells/1.3 ml medium/well (n = 4-5). Cells were treated with IGF-I1 (100 nM) with or without
sGnRH (100 nM) at 2 days after plating and successively incubated for 3 days. After
incubation, cells were collected, and the amounts of GTH subunit mMRNAs were assayed by
real-time PCR. The data in April were the same as that in experiment 1l (Figure 2, 3 days).

Results are expressed as mean = SEM. Asterisks denote significant difference between the

control (without hormones) and hormone-treated groups (* P < 0.05, Dunnett's pairwise

multiple comparison t-test).
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Fig. 6. Experiment Il1: Effects of IGF-1 and sGnRH on the amounts of GTH subunit mMRNAS in
females in April, June and September. Pituitary cells were plated in culture plates at a density
of 3 x 10° cells/1.3 ml medium/well (n = 3-6). Cells were treated with IGF-I (100 nM) with or
without sGnRH (100 nM) at 2 days after plating and successively incubated for 3 days. After
incubation, cells were collected, and the amounts of GTH subunit mRNAs were assayed by
real-time PCR. The data in April were the same as that in experiment Il (Figure 3, 3 days).

Results are expressed as mean = SEM. Asterisks denote significant difference between the

control (without hormones) and hormone-treated groups (* P < 0.05, Dunnett's pairwise

multiple comparison t-test).
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TABLE 1. Body weight (BW), fork length (FL) and gonadosomatic index (GSI) in masu

salmon (means + SEM).

Month Sex n BW () FL (cm) GSI (%)
Exp. 1 April Female 61 458 + 16 331+04 0.95+0.02
Exp. 2 and 3 April Male 41 479 + 17 33.4+04 0.16 £ 0.01
Female 35 506 + 22 340+£05 0.73+£0.02
June Male 48 824 + 36 386+05 3.27+0.20
Female 52 784 + 31 38405 546+0.24
August Male 10 868 + 44 421+06  9.15+0.28
Female 10 657 + 59 38412 17.5+0.78
September Female 34 700 + 38 39.4+0.6 28.4 £ 0.41




TABLE 2. Plasma steroid hormone levels during sexual maturation (means + SEM, ng/ml).

Sex  Hormone Exp. 1 Exp.2and 3
April April June August September
Male T - 0.80+0.13%° 471+0.62° 10.06+1.32°¢ -
11-KT - 0.80+0.31% 1.90+1.00% 545+2.19°% -
E2 - 0.15+0.04% 260+0.69° 228+083% -
DHP - 005+0.01%® 002+001% 0.10+0.02° -
Female T 0.70+0.11 120+040% 372+087® 639+136° 6.26+1.30°
11-KT  0.59+0.11 0.10+0.06% 0.70+0.21% 017+006% 243+081°
E2 0.30 +0.10 029+0.06%° 043+014% 7.16+251° 1.26+0.44%
DHP 0.26 + 0.16 005+0.01%° 0.03+0.01% 0.05+0.01% 18.74+9.48°%

a.b,c Values with different characters are significantly different among months (p < 0.05).
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