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A study was conducted to determine the specificity of the steroids able to cause a stimula-
tion of pituitary gonadotropic hormone (GtH) levels in sexually immature rainbow trout.
Low pituitary GtH levels characteristic of juvenile trout were rapidly elevated following
treatment with estrogen and aromatizable androgenic steroid hormones, but nonaromatiza-
ble androgens and progestogenic steroids were ineffective. An aromatase inhibitor, ,4,6-
androstatrien-3,17-dione, significantly reduced the pituitary GtH increase in response to
treatment with testosterone. A central effect of steroid hormones on pituitary GtH was
confirmed by the fact that pituitary steroid implants did not increase liver weight as observed
after perivisceral hormone treatment. The possible participation of sex steroids in a mecha-
nism of initiation of gonad recrudescence or onset of pubertal gonadal development in

salmonids is discussed.

Annual reproductive cycles of teleost
fishes are supported by the endocrine ac-
tivities of the brain—pituitary —gonad axis.
Plasma profiles of gonadotropin (GtH) and
steroid hormones associated with seasonal
development of the trout gonad (Billard et
al., 1978: Billard and Breton, 1979) show
that peak hormone levels are achieved at
the time of full reproductive development
and spawning. Plasma GtH levels increase
during sexual development of the preco-
cious Atlantic salmon parr (Crim and
Evans, 1978) and this study also showed
that pituitary GtH levels vary dramatically
throughout the seasonal sexual cycle. Sea-
sonal patterns of cytological activity re-
flecting growth and development of go-
nadotrophs in the pituitary of trout and
salmon have been previously described
(Olivereau, 1976; Ekengren et al., 1978;
Peute et al., 1978).

Some previous studies indicate that GtH
secretion is under negative steroid feedback
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regulation in teleosts. Estrogen and andro-
gen treatment suppresses the activity of
pituitary gonadotrophs in the Indian cat-
fish (Sundararaj and Goswami, 1968); hy-
pothalamic neurosecretory activity also
declines (Viswanathan and Sundararaj,
1974). GtH increased in the plasma of ma-
ture female goldfish quickly following
hypothalamic implants of an estrogen in-
hibitor (Billard and Peter, 1977). Castration
of rainbow trout induces a rise in plasma
GtH which is diminished following treat-

.ment with androgen (Billard ef al., 1977,

Billard, 1978), providing additional evi-
dence for a negative feedback effect by
steroids in teleosts.

Recent work indicates that a positive
feedback effect of sex steroids plays an im-
portant role ih regulation of GtH production
and/or secretion in some teleosts. Brain im-
plants of testosterone increased pituitary
GtH in Atlantic salmon parr (Crim and
Peter, 1978) and this pituitary GtH response
was also demonstrated following systemic
testosterone treatment of immature rain-
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bow trout (Crim and Evans, 1979). Oliv-
ereau and Olivereau (1979a, b) found
that treatment of immature silver eels with
estrogen caused a striking development of
pituitary GtH cells, suggesting that the
positive feedback action to induce GtH
production or appearance in the pituitary
gland of immature fish can be by either an-
drogens or estrogens. The present studies
were designed to investigate the specificity
of the steroids involved in this response in
immature rainbow trout.

MATERIALS AND METHODS

Experiment I. In October 1977, sexually immature
yearling rainbow trout were selected from two groups
of laboratory stock (Jouy-en-Josas, France) having av-
erage body weights of 183 (SD 25) and 152 g (SD 135),
respectively. Groups of 15 of the larger fish were
treated with a steroid hormone (testosterone, T;
estradiol-178, E.; cortisol) dissolved initially with ab-
solute ethanol and then into cocoa butter (1:40, v/v).
The steroids in cocoa butter were injected into the
perivisceral (PV) cavity (0.2 ml molten cocoa butter
containing 21 ug steroid). The smaller fish were
treated with a small cocoa butter implant (Billard and
Peter, 1977) containing about 4 ug steroid. The steroid
pellets were implanted directly into the pituitary gland
using stereotoxic procedures (R. Peter and R. Billard,
unpublished). Blood samples were collected at 3 and 7
days after steroid treatment. At the time of autopsy on
Day 7 weights for body, viscera, and liver were ob-
tained. The pituitary gland was quickly removed and
frozen onto small aluminum pans over liquid nitrogen.
Pituitaries were lyophilized to dryness, weighed and
homogenized in 1 ml of 0.08 M barbital buffer, pH 8.6,
and stored frozen in preparation for radioimmunoas-
say of trout gonadotropin (GtH) according to Billard et
al. (1977).

Experiment 2. In July 1979 sexually immature rain-
bow trout weighing from 38 to 53 g were selected (St.
John’s, Canada). Groups of six fish received a PV in-
jection of 0.2 m] molten cocoa butter containing 20 ug
of a steroid hormone (T, testosterone propionate,
17a-methyltestosterone, androstenedione, So-dihy-
drotestosterone, 1l-ketotestosterone, 118-hydroxy-
testosterone, E,, estrone, estriol, 17¢-hydroxypro-
gesterone, 17a-hydroxy-208-dihydroprogesterone),
or 20 ug cholesterol, or 20 ug of the aromatase in-
hibitor 1,4,6-androstatrien-3,17-dione (ATD, dissolved
initially in a small volume of acetone), 100 ug ATD,
20 g ATD plus 20 ug T, and 100 ug ATD plus 20
ug T. Seven days following the steroid injection
into the body cavity the fish were autopsied and
pituitaries were collected and handled in preparation
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for salmon GtH radicimmunoassay (Crim et al., 1975)
as described above.

Experiment 3. An experiment was conducted in
January 1980 on immature rainbow trout weighing
from 44 to 72 g (St. John’s, Canada). In this experi-
ment androgenic steroids (T, Sa-dihydrotestosterone,
11-ketotestosterone, 118-hydroxytestosterone) were
dissolved in 10% benzyl benzoate in peanut oil (PO).
On alternate days (total of three injections) trout re-
ceived a PV injection of 0.2 ml PO-vehicle or PO-
vehicle containing 20 ug of steroid hormone. After 7
days the autopsies were performed and pituitaries were
collected and prepared for GtH determination by RIA.

Statistics. The data are expressed as mean * stan-
dard error. Analysis of variance was done by the
Kruskal-Wallis test and the difference between groups
was determined by the Mann-Whitney U test (Sokal
and Rolff, 1969). In cases in which there was homoge-
neity of variance between groups within an experi-
ment, the significance between groups was determined
by Student’s ¢ test.

RESULTS

The results of the first experiment, in
which juvenile rainbow trout received a
pituitary cocoa butter implant or a PV in-
jection of cocoa butter with or without T,
E,, or cortisol, are reported in Table 1.
There were no apparent differences in the
pituitary GtH levels between male and
female trout within the various experimen-
tal groups (data not shown). The results
shown in Table 1 indicate that the pi-
tuitaries of sham (PV) cocoa-butter-treated
fish contain GtH in very low amounts.
Systemic cortisol treatment (PV injec-
tion) did not change the pituitary GtH
level, but both T and E, were effective via
the systemic route. Direct pituitary treat-
ment with T or E, also significantly in-
creased pituitary GtH in the immature trout
compared with sham cocoa-butter-implant-
ed fish. A small increase in pituitary GtH
concentration was observed when cortisol
was implanted directly into the pituitary
gland. Attempts to measure plasma GtH
of the immature rainbow trout indicated
that the hormone level was extremely low,
and alterations in the low basal plasma
GtH level were not observed following
steroid treatment of the immature rainbow
trout (data not shown). The data in Table 2
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TABLE 1
INFLUENCE OF PERIVISCERAL (PV) INJECTION OR PITUITARY
(P1T) IMPLANTATION OF STEROIDS ON PITUITARY
CONCENTRATION OF GONADOTROPIN (GTH) IN
JUVENILE RAINBOW TROUT

Site of Pituitary GtH

Treatment implant N (ng/mg) Significance
Cocoa butter PV 15 16.4 = 3.8 —
Cortisol PV 15 11.1 = 1.0 NS
Estradiol PV 15 389 =+ 36 P < 0.001
Testosterone PV 14 239 = 30 P < 0.0017
Cocoa butter Pit 14 73.5x 450 —
Cortisol Pit 16 185 = 53 P < 0.01"
Estradiol Pit 14 420 =+ 62 P < 0.001%
Testosterone Pit 16 1984 =+ 1374 P < 0.001"

* Significance compared to cocoa butter PV by U test.
b Significance compared to cocoa butter Pit by U test.

show the results of treating fish with
steroids in cocoa butter on the relative liver
weight (HSI). There was an apparent dif-
ference between control HSI of fish re-
ceiving direct pituitary treatment or
perivisceral injections of cocoa butter. This
could be due to differences in body weight
between these groups of fish. In the fish
receiving direct pituitary steroid implants,
there was no change in the HSI effected by
the various steroids tested. However, sys-
temic E, treatment significantly increased
HSI in both male and female trout. Perivis-
ceral treatment with cortisol and T was ef-
fective only in females.

The results of experiment 1 indicated that
both androgenic and estrogenic steroid

hormones stimulate the pituitary GtH level
of sexually immature trout. In experiment
2, a variety of steroids were injected PV in
molten cocoa butter to test their influence
on the pituitary GtH response (Table 3). T,
derivatives of T (methyl and propionic acid
substitutions), and androstenedione (a pre-
cursor of testosterone) all produced marked
increases in trout pituitary GtH. However,
dihydrotestosterone and the teleost andro-
gens, ll1-ketotestosterone, and 1183-hy-
droxytestosterone, were completely inef-
fective. Of the estrogenic steroid hormones
tested, all significantly increased pituitary
GtH levels although E, was more effec-
tive than estrone (P < 0.001) and estriol
(P < 0.001). Two sex steroid progestines,

TABLE 2
INFLUENCE OF PERIVISCERAL INJECTION (SYSTEMIC) OR PITUITARY IMPLANTATION OF STEROIDS
ON THE HEPATOSOMATIC INDEX (HSI) oF IMMATURE RaiNBOow TROUT

Systemic treatment (HSI-(%))"

Pituitary treatment (HSI-(%))"

? d ?

Treatment 3
Cocoa butter 1.09 + 0_.06(8)
Cortisol 1.05 = 0.04(5)
Estradiol 1.35 = 0.07(10)**
Testosterone 1.01 *+ 0.04(9)

0.95 = 0.06(7)
1.24 = 0.05(10)***
1.33 + 0.08(5)***
1.23 + 0.08(6)**

1.22 + 0.04(5)
1.15 + 0.05(6)
1.37 = 0.09(7)
1.33 = 0.06(8)

1.30 * 0.16(9)
1.18 = 0.04(10)
1.35 = 0.11(6)
1.01 = 0.11(7)

* Values are mean * standard error (N).

** Significance compared to control (cocoa butter) by Student’s ¢ test, P < 0.025.

*xx P o< 0.005.
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TABLE 3
THE INFLUENCE OF PERIVISCERAL INJECTION OF A VARIETY OF STEROIDS ON PITUITARY GONADOTROPIN
(GTH) CONTENT IN SEXUALLY IMMATURE RAINBOW TROUT

Pituitary GtH”

Treatment N (ng) Significance”
Control (cocoa butter) 5 1.9+ 1.3 —
Testosterone (T) 6 185 =+ 35 P < 0.01
Testosterone propionate 6 134 + 34 P < 0.01
17 x-Methyltestosterone 6 118" = 28 P < 0.02
Androstenedione 6 16 =11 P < 0.01
5 a-Dihydrotestosterone 5 04+ 0.1 NS
[ 1-Ketotestosterone 5 1.2+ 04 NS
I13-Hydroxytestosterone 4 30 1.6 NS
Estradiol-17 8 (E,) 6 171 =+ 18 P < 0.01
Estrone 4 22.6 = 15.6 P < 0.01
Estriol 6 332+ 6.3 P < 0.01
17a-Hydroxyprogesterone 6 34+ 1.9 NS
17 a-Hydroxy-208-Dihydroprogesterone 6 1.4+ 0.7 NS
Cholesterol 5 372+ 253 NS

“ Values are mean + standard error.
¢ Significance compared to control by U test.

17a-hydroxyprogesterone and 17«,208-di-
hydroxyprogesterone, which have been
identified in teleost plasma (Campbell et
al., 1980), did not alter pituitary GtH levels.
Once again as determined in experiment
1, the low basal plasma GtH levels were
unchanged at 7 days following the steroid
injection (data not shown). These data
indicate that only estrogen and aromatizable
androgens are effective in causing the ele-
vation of pituitary GtH.

Table 4 summarizes the effects of the
aromatase inhibitor ATD on the pituitary

GtH response to T in experiment 2. ATD
did not alter pituitary GtH when given
alone, and the low dose of ATD did not
alter the pituitary GtH response to T. How-
ever, the high dose of ATD significantly re-
duced the pituitary GtH response to T. This
confirms that only aromatizable androgens
are effective in causing the positive feed-
back effect on pituitary GtH.

In experiment 3 androgen hormones were
administered to juvenile trout in a peanut
oil injection vehicle. This was done to
evaluate the previous information regarding

TABLE 4

THE INFLUENCE OF PERIVISCERAL INJECTION OF AROMATASE INHIBITOR (ATD) oN THE PITUITARY
GoNADOTROPIN (GTH) CONTENT INDUCED BY TESTOSTERONE IN SEXUALLY IMMATURE RaINBOW TROUT

Pituitary GtH¢

Significance’ Significance®

Treatment N (ng) (compared to control) (compared to T)
Control (cocoa butter) 5 1.9+ 1.3 — —
Testosterone (T) 6 185 =+ 35 P < 0.0t —

ATD (20 ug) 6 1.5+ 0.5 NS —
ATD (100 peg) 6 22+ 0.6 NS —
ATD (20 ug) and T 6 196 = 50 P <0.01 - NS
ATD (100 weg) and T 6 89.6 + 9.1 P < 0.01 P < 0.025

“ Values are mean = standard error.
b Significance determined by U test.
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TABLE 5
THE INFLUENCE OF PER! VISCERAL INJECTION OF TESTOSTERONE
AND OTHER ANDROGINS ON PiTtuitary GTH CONTENT IN
IMMa rUrRE RAaINBOW TROUT

Pituitary GtH”

Treatment N (ng) Significance®
Control (peanut oil) 6 0.5 £ 0.05 —
Testosterone 6 66.3 £ 5.6 P < 0.001
Sa-Dihydrotestosterone 6 0.4 = 0.03 NS
11-Ketotestosterone 6 2.1x0.6 P < 0.05
11 g-Hydroxytestosterone 6 1.3x04 P < 0.01

“ Values are mean + standard error.
* Significance compared to control by U test.

the inability of dihydrotestosterone and the
11-oxygenated androgens in a cocoa butter
vehicle to stimulate pituitary GtH. The re-
sults in Table 5 show that the low pituitary
GtH levels in immature trout remain unal-
tered by dihydrotestosterone. A very small
but significant GtH increase was induced
by treatment with 11-ketotestosterone and
11B-hydroxytestosterone. Testosterone
treatment in an oil vehicle increased pitu-
itary GtH to significantly higher levels sim-
ilar to the testosterone response observed
in other experiments using injection of a
cocoa butter vehicle.

DISCUSSION

In salmonids the pituitary GtH content is
low in sexually immature and regressed
fish, but it rises and reaches a peak at the
time of spawning (Billard et al., 1978; Crim
and Evans, 1978; Dodd et al., 1978; Billard
and Breton, 1979). Administration of T to
sexually immature (juvenile) rainbow trout
induces a rapid accumulation of GtH in the
pituitary (Crim and Evans, 1979). A previ-
ous study of the influence of testosterone
implantation into the brain or pituitary
gland of Atlantic salmon parr (Crim and
Peter, 1978) demonstrated that the pituitary
GtH response was similar in both males and
females. Estradiol-178 injections into sexu-
ally immature silver eels induces differ-
entiation of pituitary gonadotropic cells,
which become heavily laden with deep-
staining basophilic granules after long-term
steroid treatment (Olivereau and Olivereau,

1979a, b). It is clear from the present work
‘that both androgen and estrogen treatments
of prepubertal trout are capable of quickly
elevating GtH levels in the pituitary gland.
The mechanism for this response is not
known, but it is likely that it reflects the
initiation or an acceleration of GtH produc-
tion. It is unlikely that pituitary GtH secre-
tion is biocked by steroid treatment causing
an accumulation of GtH in the pituitary,
because pituitary and plasma GtH levels of
the immature trout are low and no changes
in plasma GtH were detected. Further-
more, the gonadotrophs of immature sal-
monid fishes are either undifferentiated
(Nagahama, 1973; Robertson and Wexler,
1962) or largely inactive (McKeown and
Leatherland, 1973).

The present investigation demonstrated
that accumulation of GtH in the trout pitu-
itary was stimulated by estrogens including
estrone, estradiol-178 (E,), and estriol, al-
though E, was the most effective. Some of
the androgens tested such as testosterone,
17a-methyltestosterone and testosterone
propionate stimulated pituitary GtH as ex-
pected. Pituitary GtH also increased after
androstenedione injection, which would be
expected from the position of this steroid
along the androgen biosynthetic pathway
reported for the teleost testes (Arai and
Tamaoki, 1967). Androgens present in
plasma of sexually mature teleosts include
11-oxygenated steroids, 11-ketotestoster-
one, and 1183-hydroxytestosterone (Ozon,
1972; Campbell et al., 1980). 11-Ketotes-
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tosterone and 113-hydroxytestosterone are
not aromatized to estrogen, apparently due
to steric hindrance with the aromatase en-
zyme system (Engel, 1975). These two an-
drogens were not effective in elevating pi-
tuitary GtH in experiment 2, in which 20 ug
of steroid was given PV in cocoa butter;
however, a higher dose produced a signifi-
cant effect of small magnitude in experi-
ment 3 when three injections of 20 ug each
in peanut oil were given on alternate days.
Possibly the significant effects of 11-
ketotestosterone and 118-hydroxytestos-
terone in experiment 3 were due to con-
tamination of the preparations by aroma-
tizable steroids or the very high doses
used. S«-Dihydrotestosterone was another
androgen found to be inactive for stimulat-
ing pituitary GtH accumulation in imma-
ture trout. Reduction of testosterone to
5a-dihydrotestosterone is irreversible, so
that aromatization of Sa-dihydrotestoster-
one to estrogen is not possible (Engel,
1975). Cholesterol, and the C-21 sex ste-
roids, 17a-hydroxyprogesterone and 17a-
hydroxy-208-dihydroprogesterone, which
are present in female fish plasma (Campbell
et al., 1980), did not significantly alter
pituitary GtH levels in the immature trout.
Whereas metabolism of these steroids could
occur in the liver or in steroidogenic tissues
(e.g., conversion of 17a-hydroxyprogester-
one to androstenedione), the amount of
such conversion products, if present, were
insufficient to be effective at the hypothal-
amo-hypophysial level. These data taken to-
gether strongly suggest that the steroid
action on elevation of pituitary GtH in im-
. mature fish is estrogen dependent, or with
androgens which are active, the conversion
into estrogen may be necessary. Since
pituitary GtH is elevated by testosterone
in Atlantic salmon parr (Crim and Peter,
1978), the action of these steroids on pitu-
itary GtH levels in fish undergoing sexual
maturation may also be of importance.

The importance of aromatase in GtH -

stimulation by androgen in the trout was
tested by attempting to interfere with the
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aromatase enzyme system. Estrogen bio-
synthesis in placental microsome prepa-
rations is suppressed by 1,4,6-androsta-
triene-3,17-dione (ATD), an aromatase
inhibitor (Schwarzel et al., 1973) and this
inhibitor reduced testosterone conversion
into estrogen, in vivo, in female rats (Leiber-
berg et al., 1977). ATD suppressed the
trout pituitary GtH response to testoster-
one in the present study; furthermore, we
have established that 19-hydroxytestoster-
one, an aromatase substrate, also stimu-
lates pituitary GtH in the immature rainbow
trout (unpublished information).

E. treatment by PV injection with a
cocoa butter carrier was effective in stimu-
lation of HSI in male and female immature
trout in experiment 1. In addition, T and
cortisol treatment by PV injection stimu-
lated HSI of the female trout. However,
pituitary implantation of these steroids did
not increase the HSI. Since T and E, were
effective in causing increased pituitary GtH
equally well in males and females when
given by PV injection or pituitary implanta-
tion, it is clear that increase in pituitary
GtH occurs as a result of central effects of
the steroids.

The mechanism of steroid feedback reg-
ulation of fish reproductive cycles is
thought to involve uptake and binding of
steroid hormones in the brain and pituitary.
Testosterone uptake into the rainbow trout
brain and pituitary gland was demonstrated
by Schreck (1973). Sex steroid hormone lo-
calization into specific teleost brain centers
and the teleost pituitary gland (Davis ef al.,
1977; Kim et al., 1978) is of interest because
some of these hypothalamic arcas are po-
tent sites of steroid transformation. Aro-
matase has been localized in the hypo-
thalamus, the preoptic area, and some
telencephalic structures of the lower verte-
brates (Callard er al., 1978). In higher ani-
mals, homologous brain areas also contain
aromatase activity and these centers serve
to control gonadotropic hormone secretion,
sex behavior, and reproductive cycles.

In sexually mature salmonids there are
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high levels of sex steroids present in the
plasma (Idler et al., 1971; Billard ef al.,
1978; Dodd et al., 1978; Campbell et al.,
1980), and a clear negative feedback ef-
fect of androgen on the hypothalamo-
hypophysial axis has been demonstrated
(Billard et al., 1977; Billard, 1978). This
study indicates that aromatizable andro-
gens and estrogens can have a positive
feedback effect on the pituitary of sexually
immature rainbow trout to cause an ac-
cumulation of GtH in the pituitary. Al-
though androgen levels are relatively low in
salmonids at the time of onset of gonadal
recrudescence (Dodd et al., 1978; Billard et
al., 1978), a small peak in plasma E, has
been described at about the time of onset of
gonadal recrudescence in rainbow trout and
brown trout (Billard et al., 1978). Whether
endogenous E, or other steroids from the
gonads of immature salmonids has a posi-
tive feedback effect on the hypothalamo-
hypophysial axis to stimulate accumulation
of GtH in the pituitary, and perhaps also
trigger GtH secretion to initiate the onset of
gonadal recrudescence, is not known.
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