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Summary. The role of LH, FSH, PGE2, cyclic AMP and testosterone in the development
of ovarian hormonal responsiveness and steroidogenic capability was studied by short-
term incubations and organ culture of neonatal rat ovaries.

Perinatal ovaries responded in vitro to PGE2 but not to LH with a marked increase in

cyclic AMP production. The ovaries responded very feebly to LH challenge throughout
the first neonatal week. During the second week post partum the ovarian response to both
agonists increased markedly. A similar temporal pattern in the response to LH, FSH, PGE2
or exogenous cyclic AMP by the infantile rat ovary was noted when hormone stimulation
of oestradiol-17! release was assessed during a 4-h incubation period.

Ovaries of 4-day old rats cultured for 2-12 days in medium without hormonal supple-
mentation produced small and decreasing amounts of steroids. The addition of LH did
not alter progesterone production during the first 4 days of culture but significantly sti-
mulated it during Days 4-8 of culture. FSH and testosterone (1 fLg/ml) had no effect on their
own, but when FSH or testosterone were added together with LH, progesterone production
during Days 4-10 of culture was greatly enhanced. The acquisition of responsiveness to
LH did not depend on previous exposure to the hormone, since a full response in proges-
terone production to LH was obtained in the ovaries after 4-8 days of culture without LH
addition.

Production of oestradiol-17P was slightly enhanced by LH during Days 4-10 of culture.
FSH had no effect on its own, but augmented the effect of LH. The addition of testosterone
alone significantly stimulated oestradiol production even during the first 2 days. This effect
of exogenous testosterone was greatly enhanced by FSH.

It is concluded that the ability of the neonatal ovary to respond to LH by the eighth
day post partum is acquired by an autonomous developmental process and is not dependent
upon previous exposure to gonadotrophins and steroid hormones. However, once sensi-
tivity to the gonadotrophin is attained, steroidogenesis is controlled by an interplay of
gonadotrophins and steroid hormones. In contrast to LH, the ovaries are responsive to
PGEz at birth.

Introduction.

The indispensability of gonadotrophic hormones in controlling and supporting
morphological and functional processes in the mature ovary is well established, but
the precise time of the onset of gonadotrophin dependence by the ovary is still a matter
of controversy. It has been suggested that follicular development is independent of
pituitary control during the early stages of postnatal development (Price and Ortiz,



1944 ; Paesi, 1949 ; Hertz, 1963). This view derived mainly from studies in which
intact or hypophysectomized animals were injected with exogenous gonadotrophins.

Following in vivo administration of PMSG to female neonatal rats, Goldenberg
and co-workers (1973) examined the age-related changes in ovarian weight and folli-
cular morphology and growth, and concluded that initiation of ovarian response to
gonadotrophins occurs between Days six and eight after birth. Peters et al. (1973)
suggested that gonadotrophins did not stimulate the initiation of development of small
resting follicles. However, morphological changes have been observed in murine

ovaries deprived of endogenous gonadotrophin support from birth by administration
of specific antisera (Eshkol et al., 1970 ; Schuchner and Monastirsky, 1973 ; Schwartz,
1974 ; Schwartz et al., 1974 ; Anderson et al., 1976 ; Purandare et al., 1976).

The crucial question whether gonadotrophins are essential for initiation of folli-
cular growth, or play a later role in the maintenance of follicular development once
the first waves of follicular growth have emerged spontaneously in the neonatal ovary,
is still unresolved. It seems, however, that competence of the ovary to respond to
gonadotrophins in terms of cyclic AMP formation and cestrogen synthesis is acquired
only after the first neonatal week (Falck, 1953 ; Lamprecht et ai., 1973 ; Hunzicker-
Dunn and Birnbaumer, 1976 ; Kolena, 1976a, b ; Lamprecht et al., 1976), at a time
when autoradiographic studies of 1251-hCG binding (Presl et al., 1972) have evidenced
a specific uptake of radioactivity by the ovary. It is also during the second week post
partum that the rat ovary markedly converts progesterone (Quattropani and Weisz,
1973) or dehydroepiandrosterone (Smeaton et al., 1975) to oestrogens.

In spite of significant levels of FSH and LH in the peripheral blood of rats throu-
ghout the first two neonatal weeks (Dohler and Wuttke, 1975 ; Meijs-Roelofs et al.,
1973, 1975) plasma progesterone levels are exceedingly low during the first ten days
post partum. By contrast, estrogen levels are elevated during the first two neonatal
days but there is substantial evidence supporting a maternal source of the steroid
(Friend, 1977). They soon decline and remain low during the first week (Meijs-Roelofs
et al., 1973 ; Dohler and Wuttke, 1975).

Conflicting results have been obtained from studies of perinatal ovaries in organ
culture. While folliculogenesis in cultured rat neonatal ovaries seems to be able to
be initiated in the absence of exogenous gonadotrophins (Levina et al., 1975), the pro-
cess of follicular development was severely impeded in mouse ovaries explantedon
the second neonatal day and cultured in hormone-free medium (Baker and Neal,
1973). The addition of either LH or FSH partially restored ovarian growth.

In the present study, short-term incubations and organ culture of rat ovaries
were used to investigate the ontogeny of the ovarian competence to secrete steroids in
response to hormonal challenge and to identify some of the regulatory agents invol-
ved in this process.

Materials and methods.

Short-term incubation studies.

1. Assay of [3H] cyclic AMP formation in ovarian tissue. - Adenylate cyclase activity
of ovaries from infantile rats was determined by the conversion of [3H] adenine to
[3H] cyclic AMP in vitro, as described in detail by Lamprecht et al. (1973).



2. Production of oestradiol-17!. - Neonatal ovaries were incubated for 4 h and
the amount of aestradiol-17p secreted into the medium was determined by radioim-
munoassay, as described by Lamprecht et al. (1976).

Organ culture.

Ovaries from 4-day old rats were maintained in organ culture (6 ovaries/1 ml
dish under 60 p. 100 02 and 40 p. 100 air) for 2 to 12 days in Eagle’s Minimum Essential
Medium with Earle’s salts supplemented with 10 p.100fetal calf serum, insulin (5!g/mt)
and gentamycin (1 !tg/ml). In addition, it contained hormones in various combina-

tions. The culture medium was replaced every 48 h, and the steroid hormone contents
were determined by radioimmunoassay. The culture method and assay procedure are
described in detail elsewhere (Funkenstein et al., in press).

Results.

Short-term incubation studies of infantile rat ovaries.

1. Temporal dissociation in the response to LH and PGE2 in terms of cyclic AMP pro-
duction. - The effect of LH (10 ¡Lgfml) and of PGE, (10 0 >gjml) on ovarian [3H] cyclic
AMP formation from the perinatal period until puberty is shown in table 1. Ovaries
from rat foetuses collected 1 day before term responded in vitro to PGE, but not to LH
with a marked increase in cyclic AMP formation (650 p. 100, increase). The ovaries
responded feebly to LH (21-93 p. 100 increase) throughout the first neonatal week.
The response to PGE2 declined somewhat during this week, though it remained well



above that evoked by LH. During the second neonatal week, the ovarian response to
both agents increased markedly and reached a plateau, which was maintained until
puberty.

2. Hormonal stimulation of 17!-&oelig;stradiol release as a function of age. - The basal
rate of oestradiol accumulation in the incubation media of neonatal ovaries was

significantly higher on day 9 than on day 8 (p < 0.01) or 7 (p < 0.05) of age. Addition
to the incubation medium of LH (10 0 >gjml), FSH (50 >gjml) or PGE, (10 0 >gjml) had no
measurable effect on cestradiol release into the medium by the ovary of 6-day old
rats. All three substances caused a marked and highly significant (p < 0.001) augmen-
tation of oistrad iol release by ovaries from 8- and 9-day old animals (fig. 1). Moreover,
by the age of 9 days, 8-Br-cyclic AMP (1 mM) also enhanced accumulation of &oelig;stra-
diol by the rat ovaries.

In order to exclude the possibility that the steroidogenic action of FSH was due
to LH contamination, FSH was preincubated, in a number of experiments, with an
antiserum directed against the (3 subunit of oLH (Koch et al., 1973). The stimulatory
effect of oestrogen formation by FSH on the infantile ovary was not impaired by pre-
vious exposure of the hormone to the anti-LH serum and thus represents an intrinsic
attribute of the FSH molecule. Ovine prolactin (10 >gjml) was ineffective in all age
groups.

Organ culture studies of neonatal rat ovaries.

1. Ontogeny of hormonal stimulation of progesterone production. - Ovaries of 4-day
old rats cultured for 10 days in medium without hormone supplementation accumula-
ted only small amounts of progesterone and the rate of secretion declined over the
first 6 days (table 2). When LH (1 Vglml) was added to the culture medium progeste-
rone accumulation was not significantly altered during the first 4 days of culture,



but was elevated during days 4-8 of incubation (p < 0.01). An even greater and more
lasting (4-10 days) elevation of progesterone secretion was caused by the addition
of 10 0 >g jml oLH (p < 0.001). Extension of the culture period to 12 days or more resul-
ted in a decline in progesterone secretion. The addition of FSH (0.5 >gjml) alone to the
medium did not result in enhanced production of progesterone (fig. 2), but when
added together with ovine LH (1 [J.g/ml), progesterone levels were higher than those
obtained by LH alone during days4-1 Oof culture (p < 0.01). The effect of testosterone
(1 Vglml) on progesterone production was also tested in this system : the andro-

gen on its own did not affect progesterone accumulation (fig. 2). When added together



with LH, testosterone markedly enhanced the effect of gonadotrophic hormones

during days 4-10 of culture (p < 0.01).

2. £Estradiol production. -Ovaries cultured for 10 days without hormone addition
did not accumulate a significant amount of cestradiol in the medium (fig. 2). LH slightly
stimulated cestradiol secretion on days 4-10 of culture (p < 0.05), i. e., in parallel with
the rise in progesterone secretion whereas FSH (0.5 fLg!ml) was without effect.

However, a combination of FSH and LH caused a marked increase in oestradiol pro-
duction during Days 4-10 of culture to levels 5-10 times higher than those obtained
with LH alone (485 vs 57 pg/mi, respectively ; p < 0.01). Addition of testosterone alone
to the cultures resulted in elevated oestradiol levels even during the first days of incu-
bation, thus suggesting the existence of basalaromatase activity in ovaries of 4-day old
rats. In contrast to the effect of FSH alone, the combination of rat FSH and testoste-
rone greatly enhanced oestradiol production. This effect was already evident during
the first two days of culture, and further increased thereafter. A synergistic effect was
also observed when testosterone was added with LH, but the increase in aestradiol
formation was more limited and shorter in duration.

3. Spontaneous acquisition of responsiveness to LH. -Ovaries were put into culture
without LH and the hormone was added after 4 or 8 days of incubation. Control
cultures received LH throughout the entire 10-day period. The results, shown in figure 3,
indicate that 4 days of culture even without LH addition permitted the development of
the ovarian responsiveness to subsequent exposure to the hormone. Ovarian respon-
siveness to LH was also evident after prolonged culture in the absence of LH (8 days),
as shown by enhanced progesterone production when LH was added to the medium
during Days 9 and 10 of incubation.



Discussion.

The minimal requirements for a cellular response of the ovary to gonadotrophins
and PGE are now held to include (i) the presence of specific recognition sites on the
cell membrane ; (ii) the membrane-bound adenylate cyclase ; (iii) effective coupling
between these two components ; (iv) cyclic AMP stimulable protein kinase(s) ; and (v)
functional steroidogenic pathways. In the ovary of 1 to 6-day old rats these conditions
are not yet realized : at this stage of development the ovary fails to respond to LH and
FSH stimulation with enhanced adenylate cyclase activity (Hunzicker-Dunn and Birn-
baumer, 1976), increased cyclic AMP formation (table 1, Lamprecht et al., 1973) and
cestradiol secretion (fig. 1 ; Lamprecht et al., 1976). It is also at the chronological age
of 8 days that ovarian rat explants in culture first respond to LH stimulation with
increased progesterone formation (table 2).

The significance of the high levels of circulating gonadotrophins in the infantile
female rat is still unclear. While LH and FSH seem to support some facets of ovarian
morphogenesis during the perinatal period (see Introduction), acquisition of LH-res-
ponsiveness by the infantile rat ovary, in terms of a steroidogenic response, appears
to be an inherent part of their developmental program, since it occurred spontaneously
in ovaries maintained in culture for four days without hormone supplementation
(fig. 3). This observation is supported by the findings of Kraiem et al. (1976,1979), who
reported that the enzymatic system necessary for ovarian cyclic AMP formation and
oestradiol biosynthesis in mice develops normally following gonadotrophin depriva-
tion from birth.

The lack of a steroidogenic response to LH observed in rat ovaries during the
early postnatal period could have been due to an absence of specific binding sites
for the hormone (Presl et al., 1972 ; Siebers et al., 1977a, b). Alternatively, absence or
inactivity of the coupling step between the adenylate cyclase system and the LH-recep-
tor would also similarly deprive the ovary of hormonal signals. Examples have been
reported suggesting a temporal dissociation in the appearance of the regulatoryand
catalytic subunits of adenylate cyclase in some organs and species (Rosen and Rosen,
1968 ; Schmidt et al., 1970 ; Perkins, 1973).

The possibility may be raised that the lack of the steroidogenic response to LH by
the ovary before reaching the age of 8 days of life&horbar;or the corresponding chronological
age in culture - results from a deficiency of steroidogenic enzymes. A recent interes-
ting observation that exogenous cyclic AMP stimulates progesterone secretion in

ovaries freshly explanted from 4-day old rats within 16 h of culture (Nimrod et al.,
in press ; Funkenstein et al., in press) indicates that a cyclic AMP responsive steroido-
genic apparatus is available even at this early stage of ovarian growth. Moreover,
PGE, was effective in stimulating progesterone production by ovaries from 4-day old
rats already during the first 48 h of culture (Funkenstein and Nimrod, unpublished).
These findings seem to contradict the results obtained from short-term incubation
studies (Lamprecht et al., 1973, 1976 ; table 1, fig. 1) : Exogenous cyclic AMP was
unable to stimulate cestradiol formation in 6-day old rat ovary (fig. 1) and PGE2 fails
to enhance ovarian oestradiol synthesis in the infantile rat, although it stimulates cyclic
AMP formation from birth (table 1). Ovarian protein kinase, which is considered to



be an integral part of the cyclic AMP steroidogenic apparatus, first responds to cyclic
AMP stimulation during the second neonatal week (Lamprecht et al., 1973 ; De Angelo
et al., 1975). How, then, is it possible to reconcile these findings with the stimulatory
action on steroidogenesis by cyclic AMP in neonatal cultured rat ovaries ? It should
be noted that in the short-term experiments the ovary was exposed to the agonists for
brief periods of time (0.5 to 4 h). In the organ culture system a moderate latency
(8 h) of the steroidogenic effect of cyclic AMP was noted (Nimrod et al., in press ;
Funkenstein et al., in press). This lag period is compatible with a requirement for de
novo protein synthesis : the capability of cyclic AMP to induce protein synthesis is

amply documented (Wicks, 1974 ; Di Marco and Oliver, 1978).
In the maturing follicle, the appearance of the LH receptor on granulosa cells

can be induced in vivo (Zeleznik et al., 1974) and in vitro (Nimrod et al., 1977) by the
combined action of FSH and oestrogen. This type of heterologous receptor induction
may account for the observed synergistic action of FSH and LH on progesterone syn-
thesis. However, while FSH was able to augment the response to LH once the ovaries
had attained LH-sensitivity, it was unable to induce a precocious responsiveness to
LH in spite of the presence of FSH-binding sites (vide infra).

The stimulatory action of LH on progesterone secretion was also markedly
enhanced by testosterone, while on its own the androgen was ineffective. Although
basal oistradiol accumulation by the cultured ovaries was barely detectable and did
not increase spontaneously with duration of culture (2-10 days) or in response to
either FSH or LH alone, testosterone caused an increase in oestradiol production,
suggesting the presence of basal aromatase activity in the early postnatal ovary.
It could thus be argued that the enhanced steroidogenic response to LH by the infan-
tile rat ovary in the presence of testosterone is the result of the conversion of the andro-

gen to oestrogens. Indeed, the onset of responsiveness to exogenous gonadotrophin has
been related to the capability of the rat ovary to secrete oestrogens (Reiter et al., 1972 ;
Goldenberg, et al., 1973). Cogent evidence for this role of oestrogen has been provided
by Kolena (1976b) who showed that administration of depot oestrogen to female
rats during the early postnatal period made the ovaries precociously responsive to
LH in terms of cyclic AMP production on Day 6 of life. Oestradiol has a mitogenic
action on granulosa cells (Williams, 1945) and a synergistic action on the induction
ofthe granulosa cell LH-receptor (Zelezniketal.,1974). Whether testosterone increases
LH-stimulable ovarian progesterone formation acting on its own or serving as sub-
strate for an active aromatase system is still an open question. Some observations sup-
port the former hypothesis. Testosterone has been shown to act synergistically with
FSH and with cyclic AMP in stimulating progesterone formation by cultured rat gra-
nulosa cells and this effect could not be mimicked by either oestrone or oestradiol
(Nimrod and Lindner, 1976).

Continued treatment with FSH and testosterone resulted in an immediate rise in

oestrogen formation, indicating that (i) the 4-day old ovaries possess FSH receptors;
(ii) FSH induced or activated the aromatase system ; and (iii) oestrogen production at
this age is also limited by the availability of aromatizable substrate. The latter conclu-
sion is consistent with the observation that LH also acted synergistically with FSH in
stimulating oestrogen production, since LH is beleved to induce androgen synthesis
by thecal and/or interstitial cells. The LH-FSH synergism was only fully developed



after 96 h, in agreement with our findings that the neonatal ovary is not responsive
to LH before this time. These observations contrast with those of Levina et al. (1975)
who reported that oestrogen secretion commenced spontaneously in cultured foetal
and newborn rat ovary once folliculogenesis was fully established and that the level
of oestrogen secretion was unaffected by addition of gonadotrophin to the medium
over a 2-3 week culture period.

The newborn rat ovary responds briskly to PGE, in terms of cycIicAMP production
even before birth (table 1 ; Lamprecht et al., 1973 ; Kolena, 1976a). This finding could
imply that (i) the ovarian receptor-adenylate cyclase system responsive to PGE2
appears earlier during development than the LH-sensitive system ; (ii) two or more
distinct ovarian cell types, differentiating asynchronously, are responsible for the
response to the two agonists.

It is concluded that the ability of the neonatal ovary to respond to LH by the eighth
day post parlum is acquired by an autonomous developmental process and is not

dependent upon previous esposure to gonadotrophins and steroid hormones. Howe-
ver, once sensitivity to the gonadotrophin is attained, steroidogenesis is controlled

by an interplay of gonadotrophins and steroid hormones. In contrast to LH, the ovaries
are responsive to PGE2 at birth.
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Résumé. Le rôle de LH, FSH, PGE2, AMP cyclique et de la testostérone dans le dévelop-
pement de la capacité de réponse hormonale de l’ovaire néonatal de rattes a été étudié à
l’aide d’incubations de courte durée et des cultures d’organes.

Les ovaires périnataux répondent in vitro à PGE2, mais pas à LH, par une augmentation
marquée de production d’AMP cyclique. Les ovaires répondent très faiblement à LH au
cours de la première semaine post-partum. Pendant la seconde semaine, la réponse ova-
rienne aux deux produits augmente nettement. Un modèle comparable de dynamique
de réponse à LH, FSH, PGE, ou à de l’AMP cyclique exogène par l’ovaire de jeune ratte est
observé lorsque la stimulation hormonale de la décharge d’aestradiol-17p est appréciée à
l’issue d’une incubation de 4 h.

Les ovaires de rattes de 4 jours cultivés 2-12 jours dans un milieu sans hormones pro-
duisent de petites quantités de stéroïdes qui vont en décroissant. L’addition de LH n’altère
pas la production de progestérone pendant les 4 premiers jours de culture, mais la stimule
significativement du 4e au 8e jour de culture. FSH et testostérone (1 fLgfml) n’ont pas d’effet
propre, mais lorsque FSH ou la testostérone sont ajoutées à LH, la production de proges-
térone est fortement augmentée du 4e au 10e jour de culture. L’acquisition de la réponse à
LH ne dépend pas d’une exposition préalable à l’hormone, puisqu’une réponse complète,
mesurée par la production de progestérone, est obtenue avec des ovaires après 4 à 8 jours
de culture sans addition de LH.

La production d’cestradiol-17fi est légèrement augmentée par LH du 4e au 10e jour
de culture. FSH n’a pas d’effet propre, mais augmente l’effet de LH. L’addition de testosté-
rone en elle-même stimule significativement la production d’aestradiol, même au cours des
deux premiers jours. Cet effet de la testostérone exogène est très augmenté par FSH.

Il est conclu que la capacité de l’ovaire néonatal de répondre à LH vers le 8e jour
post-partum est acquise par un processus de développement autonome et ne dépend pas
d’une exposition préalable aux gonadotrophines et aux hormones stéroïdes. Cependant,
une fois que la sensibilité à LH est atteinte, la stéroïdogenèse est contrôlée par une interac-
tion entre les gonadotrophines et les hormones stéroïdes. Par contre, les ovaires sont
capables de répondre à PGE, dès la naissance.
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