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In Vitro Oocyte Maturation and Ovulation in Rainbow .Trout
(Salmo gairdneri), Northern Pike (Esox lucius), and
Goldfish (Carassius auratus)

BERNARD JALABERT

Laboratoire de physiologie des poissons, Institut national de la recherche agronomique,
78350 Jouy-en-Josas, France

JALABERT, B. 1976. In vitro oocyte maturation and ovulation in rainbow trout (Salmo gairdneri),
northern pike (Esox lucius), and goldfish (Carassius auratus). J. Fish. Res. Board Can.
33: 974-988.

The endocrine processes which control oocyte maturation (resumption of meiosis) and
ovulation have been studied in vitro in the trout Salmo gairdneri. Follicular maturation is
ultimately under the control of a pituitary gonadotropin which induces the follicle to synthesize
specific steroids; these steroids act in turn directly on the oocyte to promote maturation. The
systematic study of the in vitro efficiency of various steroids have shown that 17a-hydroxy-
2083-dihydroprogesterone plays a preferential role in initiating maturation; this steroid has a high
affinity for a plasma protein system. The efficiency of this steroid, similarly to the efficiency of the
gonadotropin, can be modulated by other ¢irculating steroids, The precise chronology of some
events of follicle maturation have been defined using inhibitors of protein and RN A synthesis.

The ovulatory process (sensu stricto: expulsion of matured oocyte from the follicular
envelopes) has been experimentally dissociated from oocyte maturation, and some mediators
likely to act on ovulation have been identified.

These data permit the consideration of novel means of intervention at the ovarian level to
synchronize maturation and ovulation in fish, in order to give new tools for progress in aquacul-
ture.

JALABERT, B. 1976. In vitro oocyte maturation and ovulation in rainbow trout (Salmo gairdneri}),
northern pike (Esox lucius), and goldfish (Carassius auratis). J. Fish. Res. Board Can.
33: 974-988. '

Nous avons étudié in vitro les processus endocrines qui contrdlent la maturation des
ovocytes (reprise de la méiose) et 'ovulation chez la truite arc-en-ciel, Salmo gairdneri. La
maturation folliculaire est en dernier lieu sous le controle d’une gonadotropine hypophysaire qui
déclenche dans le follicule la synthése de stéroides spécifiques; ces stéroides, a leur tour, agissent
directement sur I'ovocyte et activent la maturation. L’étude systématique de I'efficacité in vitro
de divers stéroides démontre que la 17a hydroxy-208 dihydroprogestérone joue un role
préférentiel dans 'amorgage de la maturation; ce stéroide a une haute affinité pour un systeme de
protéines plasmiques. L'efficacité de ce stéroide, tout comme celle de la gonadotropine, peut étre
modulée par d’autres stéroides en circulation. Nous avons défini, a 'aide d’inhibiteurs de
protéines et synthése de la RNA, la chronologie précise de certaines étapes de maturation des
follicules. :

Le processus d'ovulation (sensu istricto: expulsion de I'ovocyte mir des enveloppes fol-
liculaires) a été dissocié expérimentalement de la maturation de 'ovocyte, et certains médiateurs
susceptibles d’activer I’ovulation ont été identifiées.

Grace a ces données, on peut considérer de nouveaux moyens d’intervenir au niveau ovarien
pour synchroniser la maturation et I’ovulation chez les poissons, fournissant ainsi de nouveaux
outils pour le progrés de I’aquiculture.
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OocYTE maturation (structural and biochemical
modifications which develop simultaneously with
resumption of meiosis) and ovulation (emission
of the denuded oocyte from the follicle) are pro-
cesses that mark the end of oogenesis and pre-
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pare the oocyte for fertilization and embryonic
development. In aquacultured fish, it is often nec-
essary and advantageous to artificially induce
these processes in order to better control repro-
duction conditions. In current practice, this may
be done by injection of exogenous pituitary ex-
tracts (hypophysation) which simulate endog-

enous ovulatory discharge. It is difficult in this
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intervention to estimate the most favorable stage
of maturity for successful treatment, a stage
which will, in fact, determine egg quality.

Studying phenomena that occur in the ovaries
and follicles after “maturing and ovulating”
gonadotropic stimulation, we may find better
methods of intervention which are adapted to
different states of ovarian maturity. In vitro
methods of incubating follicles or ovary fragments
lend themselves well to such research in fishes,
the ovaries usually providing a large number of
synchronous follicles which can be used in sys-
tematic assays of biologically active substances.

As in amphibians (Schuetz 1974), these in
vitro study techniques have shown that gonado-
tropic action of the pituitary is probably mediated
by direct steroid action on oocyte maturation in
Misgurnus fossilis (Kirshenblatt 1959); in stur-
geon, Acipenser stellatus (Dettlaff and Skoblina
1969); in Indian catfish, Heteropneustes fossilis
(Goswami and Sundararaj 1971b); in medaka,
Oryzias latipes (Hirose 1971; Iwamatsu 1974);
in rainbow trout, Salmo gairdneri (Jalabert et
al.); in goldfish Carassius auratus (Jalabert et al.
1973) and in northern pike Esox lucius (Jalabert
and Breton 1973).

However, according to the species studied and
the authors, conclusions are contradictory as to
the nature of active steroids, their site of produc-
tion, and the link between in vitro maturation
and ovulation.

Thus, the more efficient steroids in H. fossilis
are considered to be corticosteroids in a specific
concentration ratio (Sundararaj and Goswami
1971). In O. latipes cortisol seems more efficient
than progesterone when these steroids are added
and left in the incubation medium (Hirose 1972);
when follicles are treated by 10-min immersion
in a solution of these steroids, then washed before
incubation, progesterone is the most efficient
(Iwamatsu 1974). In trout, 174-hydroxy-208-di-
hydroprogesterone (17-208 Pg) seems to be the
strongest inducer of in vitro oocyte maturation
(Fostier et al. 1973). This is also true in pike
(Jalabert and Breton 1973). We will see that the
same is also true in goldfish.

The production site of active steroid(s) is, of
course, the ovary, and especially the follicle in
trout, as shown by the positive action of in vitro
gonadotropic extracts on the oocyte + follicle
(+ fragments of ovarian tissue) system (Jalabert
et al. 1972). In H. fossilis, on the contrary,
gonadotropic extracts seem to have no effect on
follicles in vitro (Goswami and Sundararaj
1971b; Sundararaj et al. 1972b), and different
experimental facts favor the hypothesis of a

gonadotropic relay by the interrenal organ which
would produce corticosteroids with specific action
on maturation (Sundararaj and Goswami 1974).

The situation in O. latipes is more ambiguous
where it is hypothesized that the maturation
mediator is a corticosteroid (Hirose 1972) since
the gonadotropic extract acts on the follicle in
vitro (Hirose 1971, 1972). However, Colombo
et al. (1973) have shown that fish ovary can
synthesize corticosteroids. Whatever the mediator
may be, this species does not seem to need direct
interrenal intervention. In goldfish, we left open
the possibility of interrenal organ participation in
maturation release (Jalabert et al. 1973). We will
discuss here in detail that involvement by com-
paring it to that of trout and pike.

As concerns ovulation in trout, we observed
experimental dissociation between the mechanisms
of oocyte maturation and ovulation, showing
that these processes are directly controlled by
distinctly different mediators (Jalabert et al.
1972). The absence of spontaneous ovulation in
vitro at the end of maturation suggests that the
relay producing the ovulatory mediator(s) is
absent in the system in incubation. On the other
hand, in H. fossilis, ovulation occurs in vitro at
the end of maturation induced by corticosteroids
(Goswami and Sundararaj 1971a, b) and in O.
latipes at the end of maturation induced by
steroids (Hirose 1971; Iwamatsu 1974) or by
gonadotropic extracts (Hirose 1971; Hirose and
Donaldson 1972). We thus tried to examine
more thoroughly rainbow trout, goldfish, and
northern pike to find out if trout was an isolated
example or not.

The data given here constitute a synthesis of
results obtained by our laboratory on the problem
of oocyte maturation and ovulation in rainbow
trout, goldfish, and northern pike mentioned
above. The most detailed experiments were done
on rainbow trout. Trials carried out on goldfish
and northern pike only attempted to extend the
essential points established in the trout model.

Methods

Technical details on incubation methods have
already been given in previous publications and
reference will be made to them in this text. Only
points of general methodology and some modifica-
tions will be mentioned here. Species used in these
studies are rainbow trout (Salmo gairdneri), northern
pike (Esox lucius), and goldfish (Carassius auratus).

In rainbow trout, follicles (4-6 mm diam) con-
taining oocytes at the final stage of “peripheral
germinal vesicle” were incubated at 10 or 15 C in
lots of 25 in 2 ml of trout balanced salt solution
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(TBSS). Northern pike follicles (2-2.5 mm diam)
at the same stage were incubated at 12 C in lots of
40--50 in 2 ml of TBSS. Goldfish oocytes were incu-
bated at 25 C in lots of 50-100 follicles (1 mm
mean diam) in 1 ml carp balanced salt solution
(CBSS) (Jalabert et al. 1973),

At the end of incubation (3-5 days in trout,
depending on temperature and maturing agent; 24 h
in goldfish and 40-60 h in northern pike), the pro-
portion of mature oocytes was estimated using as
criteria germinal vesicle breakdown (GVBD) or for
large numbers, the simple criterion of vitellin matura-
tion (apparent change in vitellus structure). In trout,
each maturing treatment was characterized by the
Median Efficient Dose (MED), the theoretical dose
giving 50% maturation calculated by the method
described for biological assay of fish gonadotropic
hormones {Jalabert et al. 1974) and also applicable
to steroid treatment.
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Fic. 1. Effect of pH of the incubation medium on
the median efficient dose (MED) of a trout gonado-
tropic extract on intrafollicular oocyte maturation in
rainbow trout (Salmo gairdneri). Lower MED indi-
cates higher efficiency on maturation. Vertical bars
show confidence limits at the 95% level of prob-
ability. Figure has been drawn from 'data concerning
follicles of the same fish.
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Since the first report on the composition of trout
and carp balanced solutions, these media have been
modified by suppressing NaH:PQO,, adding penicillin
(100,000 U/liter) and streptomycin sulfate (100,000
mcg/liter and raising the pH to 8. This was done
either by changing the bicarbonate concentration for
incubation under 1% CO., or by replacing bicar-
bonate with HEPES-N.OH buffer (0.04 M, pH 8)
for incubation under atmosphere without CQ.. The
pH of the incubation medium was increased after
study of the efficiency of gonadotropic extracts on
intrafollicular maturation as related to pH, showing
an optimum of about pH 8 in trout (Fig. 1) and
goldfish (Fig. 2). These high pH values seem physio-
logical in some fish as shown by arterial pH measure-
ments in trout (Cameron and Randall 1972).

Fish gonadotropic extracts mentioned in text,
tables, and figures have been prepared by methods
previously described (Jalabert et al. 1974). SG-G100,
a partially purified salmon gonadotropin, was the
generous gift of E. M. Donaldson (Fisheries Re-
search Board of Canada). t-Gth, trout gonadotropic
hormone, is a highly purified gonadotropic hormone
prepared by Breton et al. (1976b), using the in vitro
intrafollicular cocyte maturation test in trout (Jala-
bert et al. 1974).

Steroids currently mentioned in the text, tables,
and figures are abbreviated as follows:

172-208 Pg 17a-hydroxy-208-dihydropro-
gesterone (4 pregnen-17e,
203diol-3 one)

208 Pg 208-dihydroprogesterone (4
pregnen-2050l-3 one)

17a Pg 17 «-hydroxyprogesterone (4
pregnen-17201-3 one)

Cortisol (4 pregnen-118, 17«, 21 triol-
3,20 dione)

cortisone (4 pregnen-17«, 21 diol-3, 11,
20 trione)

corticosterone (4 pregnen-118, 21 diol-3,20
dione)

DOC or

11-deoxy-

corticosterone : (4 pregnen-21 0l-3,20 dione)
11-deoxycortisol or

cortexolone : (4 pregnen-17e, 21 diol-3,20

dione)

Results and Discussion

1. OoCYTE MATURATION

a) Trout — Maturation of trout oocytes incu-
bated in their follicle may be induced by fish
gonadotropic extracts and hormones and by
numerous steroids belonging essentially to the
progestagen group (Jalabert et al. 1972; Jalabert
et al. 1974). All the “maturing agents” may be
classified according to the criteria shown in
Table 1:

1) direct action on oocyte or indirect action by
follicle intermediary; 2) minimum exposure time
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TaBLE 1. Classification of different hormones active in intrafollicular cocyte maturation in rainbow trout (Salmo
gairdneri),
Classification Progesterone Trout gonadotropin
criterion 17x-208 Pg 208 Pg (Pg) (r-Gth)
Direct or indirect action Maturation of denuded No action on denuded
on denuded oocyte coctyces oocytes
Minimum duration of
exposure to an excess of 30sto 15 min {no assay) 30minto2h 1h30to3h
hormone to obtain 1007
maturation (10 C)
Mean duration of incubation
at 10 C with an excess of
hormone to observe 100%, ~ 60 h ~ 60 h ~ 60 h ~ T72h

maturation (germinal vesicle
breakdown)

Range of values for the median -
efficient dose (MED)
(continuous exposure)

5 to 90 ng/ml

from 15 ng/ml

150 to 500 ng/ml 50 to 200 ng/ml

tion by other steroids found up to now acting on

° 180« intrafollicular maturation. Moreover, they are

o 0——/5 |50 2 much less efficient (MED higher than 150 ng in

/ | 40 é c-ontinuous exposure, and .min‘imum exposure

oH of the medium | ) o . € time to obtain 100% maturation is 30 min-2 h as

________ (8.)— — 479)— —477i—78— — |30 8 against 30 s-15 min for 174-208 Pg). Their

(Buffer :HEPES_NaCHOOAM) s |20 & action, however, is different from that of gonado-

/0 ] / o tropic hormone, which needs the presence of

. Z:/ follicular envelopes, since mean incubation time

— T y <y T T T to obtain 100% maturation is about 60 h with
0.88 32 197 296 444 667 1000 N

Dose of Carp pituitary acetonic powder in the medium{ ug/mi}

FiG. 2. Relation between dose of carp pituitary
extract and percentage of intrafollicular oocyte mat-
uration in goldfish (Carassius auratus) at various pH
of the incubation medium, Each percentage is calcu-
lated from a lot of 50-100 follicles, and all data
concern follicles of the same fish.

to hormone excess (1 ug steroid or 1 ug/ml trout
purified gonadotropic hormone t-Gth) to obtain
100% maturation; 3) mean incubation time with
hormone excess to obtain 100% maturation; 4)
range of values of the MED. The last three param-
eters vary greatly among females and are only
indications; they are, however, sufficient to estab-
lish a classification. 174-208 Pg is always the
most efficient steroid (Fostier et al. 1973), fol-
lowed by 208 Pg, which is slightly less active (on
the oocytes of the same female the same hierarchy
is always observed: MED (17.-208 Pg) < MED
(208 Pg). Moreover, these two steroids are the
only ones that continue to exert a maturing ac-
tivity on naked oocytes, thus showing direct
action. On the other hand, the presence of follicu-
lar envelops is necessary to induce cocyte matura-

progesterone (as for 17.-208 Pg and 208 Pg),
while it is about 72 h with the gonadotropic
hormone t-GtH.

Complementary information is obtained by
studying the effect of m-RNA biosynthesis in-
hibitors and protein biosynthesis inhibitors on the
action of these hormones (B. Jalabert and A.
Fostier unpublished data). When these inhibitors
are added to the incubation medium at the same
time as different hormones, the following results
are obtained (Table 2):

1) Actinomycin D and mitomycin C, m-RNA
biosynthesis inhibitors (transcription DNA-
mRNA), completely stop t-GtH gonadotropic
hormone action, but have no effect on the action
of 174-208 Pg or 208 Pg, and partially inhibit
progesterone action.

2) Cycloheximide, protein synthesis inhibitor
(translation m-RNA-proteins) (theoretically by
inhibiting ribosome translocation), completely
stops all maturing hormone action, while puro-
mycin, another protein synthesis inhibitor (by
theoretically stopping polypeptidic chain elonga-
tion), completely inhibits only t-GtH action, does
not stop 172-208 Pg action, and partially inhibits
that of progesterone.
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Chronology of some processes occurring in trout follicles after initiation by gonadotropin or 17a-

208 Pg action in vitro, and characterized by hormone dependency or sensitivity to inhibitors of m-RNA
synthesis (actinomycin D) or protein synthesis (puromycin and cycleheximide) (B. Jalabert unpublished

data).

The addition of these inhibitors to the incuba-
tion medium at increasing times after the onset
of t-GtH or 17-208 Pg action furnishes infor-
mation on the length and succession of sensitive
phases. Using these data, when compared to those
in Table 1, we can show the chronology of the
processes following gonadotropic hormone action
on the follicular envelopes (Fig. 3):

Follicular stages: the processes occurring in
follicular envelope cells (0 to 10-12 h after onset
of gonadotropin action).

1) activation of gonadotropic receptors;

2) m-RNA synthesis;

3) protein synthesis, sensitive both to puro-
mycin and cycloheximide, probably leading to
elaboration of steroidogenesis-specific enzymes,
then to the production of maturation steroid(s).

Oocyte stages:

4) activation of steroid receptors;

5) protein synthesis preparatory to matura-
tion, sensitive to cycloheximide and not to puro-
mycin.

Indirect action in vitro of some steroids on intra-
follicular maturation induced by 174-208 Pg or a
gonadotropic extract (Jalabert 1975)

Some steroids that have no maturing activity
in vitro at doses lower than 1 pg/ml have proven

capable of modifying MED and thus 174-208 Pg
or gonadotropic extract efficacy.

— Oestradiol and oesterone slightly increase
gonadotropic extract MED, thus diminishing its
effectiveness (to significance limit). On the other
hand, testosterone increases this efficiency (2
times). As these steroids have no significant effect
on maturation induced by 17-2083 Pg their action
site is probably to be found in the follicle enve-
lopes.

— Corticosteroids, and particularly cortisol
and cortisone, increase gonadotropic extract
efficacy (2-6 times), but multiply the effective-
ness of 174-203 Pg by a still higher factor, which
may reach 11-13, depending on the females. This
suggests direct effect of these corticosteroids on
oocyte sensibilization to 17.-208 Pg action.

b) Goldfish and pike — 174-208 Pg action on
intrafollicular maturation -— In northern pike
174-203 Pg was also found to be the most potent
steroid able to induce intrafollicular oocyte mat-
uration (Jalabert and Breton 1973) with a MED
near 30 ng/ml, followed in the range of 150400
ng/ml, by 208 Pg, DOC, progesterone, 17 Pg,
and pregnenolone (Fig. 4).

11-deoxycortisol was found to be the most
potent in goldfish before 17.-208 Pg was avail-
able (Jalabert et al. 1972). In fact, as soon as
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174-208 Pg could be assayed, it exhibited the
lowest MED (near 30 ng/ml), and thus the best
efficiency, in this species also (Fig. 5).

Cortisol action on gonadotropin extract efficiency

In goldfish and northern pike (Fig. 6, 7), adding
cortisol to the incubation medium considerably
increases gonadotropin extract effectiveness, as in
trout. The effect of cortisol on 174-208 Pg
efficiency has not been tested.

2. OVULATION

a) Trout — A previous observation (Jalabert
et al. 1972) showed that some coelomic fluids,
sampled at the time of ovulation and used as
incubation- media, could induce ovulation inde-

100

p.100 of maturation

.
0007 0015 003 006 Of2 025 05 1
dose wg/ml
FiG. 5. Percentage of intrafollicular oocyte matura-

tion in goldfish as a function of the dose of some
steroids. Bach percentage is calculated from a lot of
50-100 follicles and all data concern follicles of the
same fish.
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centage of intrafollicular oocyte maturation in gold-
fish as a function of the dose of carp pituitary
extract (CPE). Each percentage is calculated from
a lot of 50-100 follicles and all data concern follicles
of the same fish.

pendently of oocyte maturation. This indepen-
dence between maturation and ovulation thus
implies the involvement of distinct mediators pro-
duced successively.

Moreover, maturation in vitro is seldom fol-
lowed by spontaneous ovulation, whether it be
triggered in vitro (by gonadotropin extract or
172208 Pg) or whether follicles are placed in
vitro at any stage of the maturation initiated
in vivo. On the other hand, if ovulation is started
in vivo on several follicles, those that are still
intact invariably ovulate in vitro in several hours.
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Therefore, there may be an extraovarian relay
receiving the signal of the end of oocyte matura-
tion and, in its turn, triggering ovulation by pro-
ducing the necessary mediators.

Previous follicle maturation, however, is needed
for this ovulation to occur; it consists of a separa-
tion of the oocyte and its follicle envelopes, up
to then united by deep microvilli through the
chorion (Fliigel 1964a, b). This “follicle matura-
tion” probably takes place due to the participation
of specific proteolytic enzymes, as in mammals
(Espey 1974) and occurs normally at the same
time as oocyte maturation.

Mediators acting on ovulation in vitro

For these studies, we were looking for sub-
stances that would induce ovulation in vitro of
follicles matured in vivo (oocyte and follicle both
matured).

Action of prostaglandins (Jalabert and SzG6llosi
1975) — Ovulation (active expulsion of oocyte
from the mature follicle) is induced by PGF,, at
doses of 1-5 ug/ml (Fig. 8). PGE, is ineffective.
About 18-20 h at 15 C are needed for complete
response. The follicular envelopes first tear open,
followed by active expulsion of the oocyte. The
foilicle subsequently appears extremely con-
tracted.

The response to PGF,,, is inhibited in calcium-
free medium or by inhibitors of calcium influx,
particularly Mn++ and La*++, This suggests
implication of the smooth muscle-like cells demon-
strated in the theca (D. Szollosi and B. Jalabert
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Fic. 8. Percentage of ovulation in trout follicles

(eight different females) as a function of the dose
of PGF. added in vitro 18 h earlier, after comple-
tion of in vivo maturation. Lots of 25 follicles (from
Jalabert and Szollosi 1975).

unpublished data). A significant but partial in-
hibition is also observed with cytochalasin B
(demonstrating that contraction of cell types,
other than muscle, containing actin-like filaments,
may also participate in the process).

Action of catecholamines (B. Jalabert unpub-
lished data) — Epinephrine, norepinephrine,
phenylephrine, and isoproterenol, in decreasing
order of effectiveness, have been shown to trigger
ovulation (Fig. 9). Complete response seems
slower than with PGF,, and requires 20-24 h
at 15 C.

Action of antiadrenergic drugs on ovulating action
of PGF., and epinephrine

Classification from epinephrine to isoproterenol
in decreasing order of activity suggests that their
action may be mediated through adrenergic recep-
tors of the o type (Ahlquist 1948). Demonstration
of the o or 8 adrenergic type is more complex and
requires rigorous examination (Furchgott 1967);
the first stages must show that epinephrine stimula-
tion is specific (inhibition by specific inhibitors of
o site and no effect of g site-specific inhibitors)
and direct (not mediated through synthesis or
release of another catecholamine).

Table 3 (synthesis of unpublished results)
shows that o site inhibitors (dibenzyline, di-
benamine, phentolamine) significantly stop the
ovulating action of epinephrine, while g site in-
hibitors are without effect. Moreover, catechol-
amine synthesis inhibitors («-methyl-para-tyrosine
or MPT, and g-methyl-meta-tyrosine, or MMT)
or storage depleting agent (MMT) exhibit no
action. Thus, epinephrine action on in vitro
ovulation seems to be a direct and specific action
on o-type adrenergic receptors.

a Epinephrine 100
O Norepinephrine F
# Phenylephrine

o Isoproterenol

p.100 ovulations

L U T L L} T T 1

Q.05 .03 Q.07 015 03 0.6 1.25 2.5 5
dose {ug /ml)

FiGc. 9. Percentage of ovulations in trout follicles

as a function of the dose of catecholamines added
in vitro 24 h earlier, after completion of in vivo
maturation. Lots of 25 follicles of the same female.
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TasLE 3. Effect of antiadrenergic drugs on ovulation induced in vitro with epinephrine or PGF,, on rainbow trout
follicles matured in vivo (B. Jalabert unpublished data). (|) inhibition or ( 1) stimulation significant at the 5% (4),

17 (& %), or 0.01% (& x &) level of probability.

Epinephrine PGF,,

0.5to ~1 pg/ml ~]1to ~5 ug/ml

100 pg/ml Lor e s 0
Dibenzyline 10 wg/ml |, 0
1 pgiml Lowx s 0
e-inhibitors Dibenamine 3100 pg/ml L ow x 0
10 pg/ml box x 0
Phentolamine %100 pg/ml 0 T % % %
10 pg/ml A L ox x
Dichloroisoproterenol % 1(1)8 # g?’mi 8 8
B-inhibitors 100 e
Propanolol #g/ml 0 Loax
10 pg/ml 0 1 x
. «Methyl-meta-tyrosine i 100 pg/mi 0 0
Cathecho!amme (xMMT) 10 pg/ml 0 0
synthesis , hyl .
inhibitors xMethyl-para-tyrosine 100 pg/ml ] 0
(«MPT) 10 pg/ml 0 0

The effect of the same inhibitors on ovulation
induced with PGF,, is less understandable, but
excludes the possibility of PGF,, action through
catecholamine synthesis and release causing
stimulation of o-adrenergic receptors and con-
traction.

In vitro control of follicle maturation (preparation
for ovulation)

In the unsterile incubation conditions usually
employed (sufficient at 10 or 15 C for studying
maturation of the oocyte protected by follicular
envelopes and the chorion), ovulation cannot be
triggered in vitro at the end of maturation because
of alteration of the functional integrity of follicu-
lar envelopes.

On the other hand, in sterile incubation con-
ditions (Jalabert unpublished data) ovulation can
be induced in vitro by PGF,, at the end of mat-
uration induced by 174-208 Pg or a gonadotropin
extract (4 days of incubation at 10 C in TBSS).
By prolonged action, 174-208 Pg can induce fol-
licle maturation (separation of oocyte from its
follicular envelopes), as well as oocyte matura-
tion. Then, ovulation needs the intervention of a
new mediator; PGF,, simulates this action.

b) Goldfish and pike — In goldfish and north-
ern pike, PGF,, is able to induce ovulation when
in vitro maturation is triggered by 172-208 Pg
or by a fish gonadotropin extract (B. Jalabert un-
published data). Catecholamine action has not
been tested.

General Discussion

The preliminary results on northern pike and
goldfish do not seem to contradict the more de-
tailed data gathered on trout as concerns the
privileged role of 174-208 Pg in oocyte matura-
tion control, the important role of corticosteroids
in follicle sensitization and ovulation.

Using the results presented, we can propose a
schematic model of endocrine regulation which
may control oocyte maturation (Fig. 10) and
ovulation (Fig. 11) in these species.

OocYTE MATURATION (FIG. 10)

The left part of the diagram is classic anc
corresponds in general to the well-known situa-
tion in amphibians (Schuetz 1974), the mair
elements having been outlined by Dettlaff in 1966,
then extended to sturgeon by Dettlaff and Skob-
lina (1969). Only two main points are original:
1) 174-208 Pg appears here as the most likely
mediator oocyte maturation, produced by the
follicular envelopes in response to gonadotropic
stimulation. After testing a large number ot
similar natural steroids, it was found to be the
most efficient (mean MED = 30 ng/ml, range
5-90 ng/ml). The minimum exposure time to
obtain 100% maturation is the shortest (30 s
to 15 min), Along with 208 Pg it is the only
steroid acting directly on denuded oocytes. Fi-
nally, its presence in vivo has been shown in
other Salmonidae near the time of spawning
(Schmidt and Idler 1962) at mean amounts of
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about 200 ng/ml plasma, which are considerably
higher than the MEDs observed in vitro. This
contrast between high in vivo amounts and lower
efficient doses in vitro can be explained by the
existence of two protein systems in trout plasma
which bind steroids; one of these of “transcortine”
type binds testosterone, estradiol, corticosteroids,
and progestagens, including 17,-208 Pg (Fostier
and Breton 1975). Incubation in pure or diluted
trout plasma raises the MED of 17-208 Pg to
physiological values (Table 4).

In vitro. action of maturing steroids like pro-
gesterone (Tables 1, 2) probably results from
spontaneous metabolization into 172-203 Pg by
follicular tissue, involving neosynthesis of m-RNA
and steroidogenesis enzymes (partial inhibition by
actinomycin and total inhibition with puromycin
and cycloheximide (Table 2). The action is
certainly not physiological because the necessary
amounts are never found in vivo.

2) Puromycin does not appear to inhibit intra-
oocyte protein syntheses which are necessary to
174-208 Pg-induced maturation processes (Fig.
3), but it does inhibit intrafollicular protein
synthesis (stage 3 in Fig. 3). Cycloheximide, on
the contrary, inhibits both the processes. However,
the maturation induced by progesterone in am-
phibians is sensitive to puromycin (Dettlaff
1966) as well as to cycloheximide (Brachet 1967)
and DOC-induced maturation in catfish, H. fos-
silis, is also inhibited by these two substances
(Goswami and Sundararaj 1973). This apparent
peculiarity of trout oocytes may be due to either
nonpenetration of the puromycin through the
follicular envelopes to the oocyte, or to a pecu-
liarity in the protein biosynthesis involved in
trout maturation. . .

The right side of Fig. 10 primarily shows the
possible participation of corticosteroids, as shown
by the results presented and the existence of
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binding proteins in the plasma (Fostier and
Breton 1975). These corticosteroids are probabiy
produced mainly by the interrenal organ, but
Colombo et al. (1973) showed that the ovaries
of some fishes can also produce them. Taking
into account that their efficacy is much less than
that of 174-208 Pg in rainbow trout, goldfish,
and northern pike, and that they do not affect the
naked trout oocyte, their action seems to be
indirect.

It has been shown (Jalabert 1975) that cor-
tisol and cortisone considerably increase overall
follicle sensitivity to gonadotropin, and especially
oocyte sensitivity to 17«-208 Pg; they are prac-
tically unbound by trout plasma (Fostier and
Breton 1975); thus, any change in interrenal
secretion could affect the ovary without buffer
effect. On the other hand, 11-deoxycortisol and
11-deoxycorticosterone oscillations may be buf-

fered by fixation to plasma proteins, but they
may play an indirect role by displacing the
bound 17.-208 Pg and triggering oocyte matura-
tion in absence of a typical gonadotropic dis-
charge. '

It appears, then, that there are two possible
routes for triggering oocyte maturation:

1) A direct gonadotropic route, which would
consist of an “ovulating discharge” of pituitary
gonadotropic hormone comparable to that shown
in goldfish (Breton et al. 1972). This gonado-
tropic discharge would then cause an increase of
172-208 Pg produced by the follicle sufficient to
saturate both the plasma bonds and oocyte re-
ceptors; '

2) An indirect corticotropic route. This route
would function without any typical gonadotropin
discharge (plasma gonadotropin level is high any-
way at the end of vitellogenesis, Breton et al.
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TaBLE 4. Reduction of 17«-208 Pg efficiency on in vitro intrafollicular
maturation of trout oocytes by incubation in trout plasma (from

Fostier and Breton 1975).

No. female Incubation medium Median Efficient Dose
Balanced salt solution 25.1 (20.7-30.6)
1 Carbon-treated plasma 214.5 (184.1-250.0)
(nondiluted)
Balanced salt solution 7.9 (6.7-9.3)
2 Carbon-treated plasma 120. (108-132)
(nondiluted)
Balanced salt solution 12.2 (7.6-19.5)
“arbon-treated plasma 21.3 (8.9-50.5)
3 Diluted 1/10

Carbon-treated plasma

(nondiluted)

122 (110-134)

1976a) after a simple increase in blood corti-
costeroid level. These corticosteroids could either
partially displace plasma equilibrium between
protein-bound 174-203 Pg and free 172-208 Pg
(action of 11-deoxycortisol and 11-deoxycorticoste-
rone), or lower oocyte sensitivity threshold to
17-208 Pg (action of cortisol and cortisone), or
conjugate these two effécts. This hypothesis seems
all the more probable as a rise in cortisone or
cortisol secretion was observed in salmon during
sexual maturation (Donaldson and Fagerlund
1968, 1970; Fagerlund and Donaldson 1970).
Spawning in many fishes is often related to tem-
porary perturbation in the environment; this
“environmental stress” could cause an increase in
corticosteroid level, hastening triggering of mat-
uration and ovulation. '

These routes may be complementary, or, on
the contrary, one may predominate the other,
depending on the species or in the same species
according to environmental conditions.

The principal difference between the model
proposed here and the model for catfish, H.
fossilis (Sundararaj and Goswami 1966a, b, 1971;
Goswami and Sundararaj 1971a, b; Sundararaj
et al. 1972a; Sundararaj et al. 1972b; Sundararaj
and Goswami 1974) is the role of the interrenal.
In catfish, the interrenal organ seems to play the
role of compulsory gonadotropin relay, whereas
in rainbow trout, goldfish, and northern pike, it
seems to offer an independent regulation. route
which probably remains under corticotropin con-
trol. This is the case in the sockeye salmon, On-
corhynchus nerka (Donaldson and McBride
1974).

Most of the results on H. fossilis are not in-
compatible with the model proposed here. Non-
response to gonadotropic hormone in vitro in this
species (Goswami and Sundararaj 1971; Sun-

dararaj et al. 1972b) could result from absence

of in vitro sensitivity by physiological amounts of

corticosteroids. For that reason, the absence might
be compensated for in co-culture with interrenal
fragments, producing the positive effect of the
o-LH observed on intrafollicular maturation
(Sundararaj and Goswami 1974). The only def-
inite proof placing H. fossilis in one or the other
of the models would be furnished by a study of
the secretory pattern of the interrenal organ in
vitro in presence of either fish ACTH or a purified
fish gonadotropin in order to determine whether
or not that organ could actually be a gonadotropic
relay.

OvuLatioN (Fig. 11)

Our results on ovulation show that its in vitro
control can be dissociated from control of oocyte
maturation in rainbow trout, goldfish, and north-
ern pike. On the other hand, in H. fossilis
(Goswami and Sundararaj 1971a, b) and in O.
latipes (Hirose 1971, 1972; Iwamatsu 1974),
maturation and ovulation take place consecutively
in vitro following gonadotropic or steroid stimu-
lation, : ‘

In rainbow trout, we have shown that ovula-
tion, strictly speaking (expulsion of the oocyte
from the follicle), needs previous follicular mat-
uration (follicular envelope detachment from the
oocyte), which can be triggered in vitro by pro-
longed 174-208 Pg action, and which occurs
simultaneously with ococyte maturation, Ovula-
tion itself may be experimentally induced in vitro
by PGF,, or catecholamines (epinephrine).

Stacey and Pandey (1975) have shown in
goldfish that prostaglandins were probably impli-
cated in the ovulation process: indomethacine
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inhibits ovulation in vivo triggered by an HCG
injection combined with a rise in temperature;
the injection of prostaglandins PGF,,, PGE, or
PGE,; can overcome this inhibition. The ovulating
action of PGF,,, which we see in vitro, thus has
a true physiological basis. In mammals, the par-
ticipation of prostaglandins in the ovulation
process is now well-established (see articles re-
viewed by Stacey and Pandey 1975; Jalabert and
Sz6llosi 1975).

Our results on epinephrine action seem to
favor the hypothesis that it is mediated through
receptor sites of g-adrenergic type. Similar hy-
potheses have already been recently formulated
on the ovulation mechanism in rabbit (Nalbandov
et al. 1973) and in hen (Kao and Nalbandov
1972), using techniques in which adrenergic or
antiadrenergic drugs are injected intrafollicularly.
However, as Kao and Nalbandov (1972) empha-
size, the physiological properties of these drugs
have been established on mammalian tissue and
not on the ovaries of mammals, birds, and in our
case, fish. Moreover, while sympathetic innerva-
tion of the ovary has been well-shown in mam-
mals and birds (Bahr et al. 1974), there are no
similar observations in fish. However, from in
vitro experiments showing that the link between
oocyte maturation and ovulation necessitates an
extraovarian relay, we have sufficient data to
propose the following working hypothesis:

The relay between maturation and ovulation
could be the sympathetic nervous system receiving
an end-of-maturation signal and then inducing
stimulation of q-adrenergic receptor sites of ovary
and follicle. These would then trigger synthesis
and (or) release of prostaglandins acting on the
contraction of follicular envelopes.

Summary

OOCYTE MATURATION

In rainbow trout, a number of indirect experi-
mental arguments indicate 17a-hydroxy-203-di-
hydroprogesterone (174-208 Pg) as the most
probable mediator of oocyte maturation. This
mediator could be produced by follicular enve-
lopes in response to hypophyseal gonadotropin
action. In northern pike and goldfish, 17-208 Pg
is . also the most efficient steroid in triggering
intrafollicular oocyte maturation in vitro.

In these three species, cortisol increases overall
follicular sensitivity to gonadotropic extract action
in vitro. From results obtained in rainbow trout,
this argument would seem to be based on sen-
sitization of oocytes to 174-203 Pg action. This
observation leads to .the hypothesis of a 2-way
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control triggering maturation: a direct gonado-
tropic route and an indirect corticotropic route.

OVULATION

In rainbow trout, northern pike, and goldfish,
ovulation (expulsion of the mature oocyte from
the follicle) may be triggered in vitro by PGF,,
action on mature follicles. Results obtained in
rainbow trout show that epinephrine also acts on
ovulation in vitro by a mechanism involving
activation of g-adrenergic receptor sites. The pos-
sible interrelations between these mediators are
discussed.
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