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Summary. In the ovine fetus, plasma levels of corticosteroids are very low between 60
and 130 days of gestation, then increase dramatically before birth. ACTH appears to be an
important regulating hormone for the fetal adrenal cortex, the sensitivity of which to this
hormone increases during late gestation. However, the relationship between immunoreac-
tive ACTH and corticosteroids in the fetus is unclear. We review herein recent work
performed in our laboratory on the regulation of ACTH secretion by ovine fetal pituitary
cells and on the biochemical modifications responsible for the enhancement of the

steroidogenic response to ACTH of fetal adrenal cells. It is suggested that qualitative
together with quantitative changes in the pituitary drive to the fetal adrenal has to be taken
in account to explain the rise of corticosteroids in prepartum animals. Also extra pituitary
hormones may be operating during intrauterine life to regulate fetal adrenal function.

Introduction.

Numerous studies have demonstrated that in the ovine fetus, plasma levels of
corticosteroids are very low between 60 and 130 days of gestation, then increase
dramatically during the two weeks preceding parturition (Alexander et al., 1968 ;
Bassett and Thorburn, 1969 ; Magyar et al., 1980; Wintour et al., 1975). This
increase results from an enhanced activity of the fetal adrenal cortex (Nathanielsz
et al., 1972 ; Wintouret a/., 1975) and induces both fetal maturation (review by
Liggins, 1976) and parturition (reviews by Nathanielsz, 1978; Thorburn and
Challis, 1979). Many experiments have pointed to ACTH as an important
regulating hormone for the fetal adrenal cortex (review by Durand, 1987).
However, data available from most laboratories suggest that the rise in fetal
cortisol which precedes parturition occurs before any appreciable enhancement
of fetal plasma immunoreactive ACTH level (Challis et al., 1977 ; Jones et al.,
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1977 ; Rees et al., 1975 ; Wintour et al., 1980). On the other hand it is well
established that from about 120 days of gestation, the responsiveness of fetal
adrenal cells to ACTH increases to become maximal at the time of birth (review
Durand et al., 1985c) ; but many gaps remain in our understanding of this

process. In this paper, we review works performed, during the last 3 years, in our
laboratory on the regulation of ACTH secretion by ovine fetal pituitary cells and
on the biochemical modifications responsible for the enhancement of the

steroidogenic response of fetal adrenal cells to ACTH. Finally we present recent
data suggesting the occurrence of an additional extra pituitary regulation of fetal
adrenocortical function.

I. Regulation of ACTH secretion by the ovine pituitary gland.

1) Hormonal factors with ACTH-releasing activity in fetuses and lambs
(Durand et al., 1986).

In adult animals (mainly in the rat species) arginine vasopressin (AVP),
oxytocin, catecholamines, angiotensin II (All), and corticotropin-releasing factor
(CRF) have been found to stimulate ACTH secretion (reviews by Yates and
Maran, 1974 ; Yasuda et al., 1982). In the ovine fetus, the regulation of synthesis
and secretion of ACTH by the pituitary remains poorly understood. Our first goal
was to determine the identity of corticotropin-releasing hormones and their
relative importance during fetal development.

Pituitary cells were isolated by collagenase treatment of whole glands from
ovine fetuses between 63 and 144 days of gestation (parturition usually occurs
at 145 ± 1 days postpartum), and from 1 - to 4-month old lambs. Cells were then
cultured in a mixture (1 : 1 ) of Ham’s F!Z medium and Iscove’s modified

Dulbecco’s medium. The second day after isolation, the cells were incubated in
the absence or presence of ovine CRF (OCRF1-41)’ AVP, epinephrine or AII, and
their productions of both cAM P and ACTH were assessed by radioimmunoassays.
Since nothing is known of the relative proportion of corticotrophs in the pituitary
at different stages of development, the results have been expressed per 105
corticotrophs after determination of the proportion of corticotrophs in each
culture by an immunocytochemical method. Basal ACTH release did not vary
greatly during the period studied. However, the maximal net ACTH response
(stimulated-baseline) to oCRF1-41 decreased from 7.89 + 1.19 ng at 63 days of
gestation to 3.49 ± 0.88 ng at 115 days, then remained fairly constant in

prepartum animals and in lambs (fig. 1 ). Likewise, the cAMP output induced by
oCRF141 decreased progressively between 63 and 133 days of gestation. The
ACTH response to AVP (fig. 1 ) was higher than that to oCRF141 at 115 days,
decreased dramatically in late gestation and remained low in lambs. The ACTH
response to epinephrine was always very low. The synergistic effect of AVP and
epinephrine on both cAMP and ACTH productions stimulated by oCRF,-41
decreased at the end of gestation. All, either alone or in combination with

oCR F1-41’ was unable to stimulate the release of ACTH by pituitary cells from
either 126-day old ovine fetuses or sheep (table 1 ). Taken together, these results



indicate that oCRF141 and AVP are likely important factors regulating ACTH
secretion by ovine pituitary cells. Moreover, they suggest that AVP might be a
more important ACTH-releasing hormone than oCRF1-41 during fetal life.
Somewhat paradoxically, its appears that the responsiveness of fetal cortico-
trophs to oCR F1 -41 or to AVP, either alone or in combination, is lowest just before
parturition, i.e. when ACTH concentration in the fetal circulation begins to rise
(Hennessy et al., 1982). This result could be explained by the high plasma levels
of cortisol observed at that time ; it might also convey a partial desensitization of
pituitary cells resulting from an enhancement of the release of oCR F1-41 and/or



AVP by the fetal hypothalamus in late gestation. This latter hypothesis is

supported by the fact that hypothalamic contents and concentrations of AVP
decrease dramatically before birth (unpublished results).

2) Bioactivity of the A C TH- like material released by pituitary cells from o vine
fetuses and lambs (Brieu and Durand, 1987).

Different molecular weight forms of ACTH which cross-react in both
N-terminal and C-terminal ACTH assays, but which possess different biological
activity, have been found both in whole ovine fetal pituitary extracts and in fetal
blood (Silman et al., 1979; Jones and Roebuck, 1980). Hence we compared the
biological (B) and immunological (I) ACTH-like activities of the ACTH-like
molecules released by cultured pituitary cells from ovine fetuses and lambs. The
bioassay was based on the production of corticosteroids by cultured adult sheep
adrenal cells.

These data showed marked discrepancies between I- and B-ACTH-like

activity at some stages of development. Indeed, the B/I ratio increased progres-
sively from 0.29 ± 0.04 at 63 days of intrauterine life up to 0.70 ± 0.04 at

144 days. Conversely, for post-partum animals, the B/I ratios were not different
from 1, except in the case of stimulation by AVP alone when they were
significantly higher than 1. Hence it appears that during development of the
sheep, I-ACTH levels are probably not representative of the « corticotropic
activity released by the pituitary. Nevertheless, since plasma levels of I-ACTH in
the ovine fetus remain stable (Challis et al., 1977 ; Rees et al., 1975 ; Jones et al.,
1977 ; Wintour et al., 1980), or even increase slightly (Hennessy et al., 1982 ;
Norman et al., 1985) in late gestation, our results suggest strongly that the
prepartum rise in cortisol, together with fasciculata cell maturation (review by
Durand etal., 1985b ; and see below), does indeed result from an enhanced tropic
drive to the fetal adrenal. The endocrinological causes of the increase in the B/I
ratio remain to be fully elucidated. However our results suggest that AVP (and
cortisol, see below) might be involved in this control. A 4-day treatment of the



pituitary cells with 10-9 M AVP resulted in a decrease in B- and I-ACTH-like
activities released by AVP. However, the B/I ratio was enhanced roughly 1.5-fold
as compared to control cells. That such a phenomenon could operate in vivo is
suggested by very recent results showing that both hypothalamic contents and
concentrations of AVP increase regularly between 63 and 138 days of gestation,
then decrease abruptly in 143-day old ovine fetuses, to reincrease in newborn
lambs (unpublished).

3) Mechanisms of feedback between corticosteroids and ACTH in the fetus
(Durand et al., 1986 ; Brieu and Durand, 1987).

In adult animals, it is well established that ACTH secretion is negatively
regulated by corticosteroid feedback which occurs at two and probably more sites
(review by Keller-Wood and Dallman, 1984). However, in the ovine fetus, plasma
levels of both cortisol and ACTH are elevated in the very last days of gestation,
and physiological participation of corticosteroid feedback is still much debated.

We have observed recently that either cortisol or corticosterone (10-9 M to
10! ! M) is able to decrease oCRFi 41- induced ACTH release by cultured
pituitary corticotrophs from ovine fetuses between 63 and 144 days (fig. 2).
However, it has to be underlined that at the very end of gestation (between 133
and 144 days) both cortisol and corticosterone at 10-9 M are no longer able to
inhibit but, conversely, increase the ACTH response of fetal corticotrophs to AVP.
Morever the B/I ratio of ACTH-like material secreted under AVP stimulation by
pituitary cells from 120-day old ovine fetuses, cultured for 4 days in the presence
of cortisol, is higher than that of control cells. These latter results are in favor of
the occurrence of a positive effect of cortisol on the « corticotropic activity »
released by the pituitary of fetuses just before parturition as already suggested
(Jones et al., 1978).

li. Biochemical steps involved in the enhancement of the responsive-
ness of fetal adrenal cells in late gestation to ACTH.

There are many ways through which an endocrine gland may develop its

responsiveness to a specific hormonal stimulus. Such a phenomenon may convey
an increased number of responsive cells and/or an enhanced sensitivity to the
hormone of some of the constitutive cells. The important growth of the ovine fetal
adrenal cortex in late gestation involves both cellular hyperplasia and hypertrophy
(Durand et al., 1978; Webb, 1980). Moreover, some of the biochemical
modifications responsible for the enhancement of the steroidogenic response to
ACTH of the ovine fetal adrenal before birth are currently known. This process
appears to result from (1 ) an increased responsiveness to ACTH of the adenylate
cyclase (Durand et al., 1981 b), which is due to an increase in the number of
ACTH receptors (Durand, 1979) and to a development of the stimulatory guanine
nucleotide binding component (Ns or Gs) (Durand et al., 1985c) ; (2) a

development of cellular structures involved in steroidogenesis, mainly smooth
endoplasmic reticulum and mitochondria (Durand et al., 1978 ; Robinson et al.,



1979) ; this development is associated with an enhancement of some enzymatic
activities of the steroidogenic pathway (Anderson et al., 1972 ; Durand et al.,
1982a ; Challis et al., 1986). In addition, it has been shown that ACTH itself can

induce the « maturation » of most of these enzymatic steps in vivo (Durand et al.,
1981 a, c ; 1982a) and in vitro (Durand et al., 1 982b ; Cathiard et al., 1985).
However nothing is known concerning the development of those steps allowing
transmission of the hormonal signal from the plasma membrane receptors to the
intracellular structures which express the response of the cell. Likewise the
mechanisms involved in the regulation of intracellular cholesterol concentrations
in the ovine fetal adrenal cells remain obscure.



1 ) Protein kinase activities in ovine adrenal cytosol (Durand et al., 1987c).

In mature adrenocortical cells, the ACTH-induced formation of cAMP is

followed by binding of the nucleotide to a protein kinase which, in turn, triggers
specific cellular protein phosphorylation, ultimately resulting in biological respon-
ses such as steroidogenesis (Saez et al., 1981 ). In addition to cAMP-dependent
protein kinases, cAMP-independent activities have been demonstrated in adult
bovine adrenal cortex : a calcium-activated phospholipid-dependent protein
kinase (Vilgrain et al., 1984) and two types of casein kinases (Cochet et al.,
1980).

In a recent work, we have studied the ontogeny of some protein kinase
activities present in the cytosol of ovine adrenal glands during the last month of
intrauterine life and at early neonatal stages. Two major peaks corresponding to
type I and type II of cAMP-dependent histone kinase activity and 2 major peaks
corresponding to type A and type G of cAMP-independent casein kinase

activities were observed from 110 days of gestation. The specific activity of each
enzyme increased two-fold between 118 days of gestation and 6 days post
partum. However, whereas plasma corticosteroid and the in vitro responsiveness
of adrenal cells to ACTH were enhanced following infusion of ACTH,-24
(100 pg/day) for 5 days to 118-128-day old ovine fetuses, casein kinase A and
G, but not histone kinases, were increased by this treatment. Thus, in relation to
current concepts of the role of protein kinases in adult adrenal cells, the above
results suggest that casein kinase activities are involved in both the cell

multiplication and differentiation which occur in the fetal adrenal gland either
spontaneously at the end of gestation or after ACTH infusion to the fetus. In

addition, the data show that neither type I nor type II cytosolic histone kinase is
likely to be rate-limiting in the steroidogenic response of fetal adrenal cells to
ACTH.

2) Mechanisms of cholesterol homeostasis in the ovine fetal adrenal gland
(Durand et al., 1 987a ; Durand et al., 1988).

It seems quite clear that the increasing capability of fetal adrenal cells to
produce corticosteroids before birth is mainly related to alterations located early
in the steroidogenic pathway which lead to an increased production of pregne-
nolone (Durand et al., 1982a ; 1984). Such a phenomenon could be due to two
processes : (1 ) increased amounts of cholesterol available for steroidogenesis ;
(2) enhanced conversion of cholesterol to pregnenolone. Adult steroidogenic
cells can obtain cholesterol from two sources : de novo synthesis from C2 units,
and plasma lipoproteins (Andersen and Dietschy, 1979 ; Gwynne and Strauss,
1982). However for ovine fetal adrenal cells the origin of cholesterol is not

established. The aim of our studies was three-fold : (1 ) to compare the stocks of
cholesterol present in adrenal cells from ovine fetuses and newborn lambs ; (2)
to determine the capacity of these cells to regulate their stocks of cholesterol by
de novo synthesis from C2 units ; (3) to assess whether the secretion of
corticosteroids by fetal and neonatal adrenal cells was dependent on the presence



of serum lipoproteins, and if so, the relative importance of very low density
lipoproteins (VLDL), low density lipoproteins (LDL) and high density lipopro-
teins (HDL).

In the first trial, we measured the concentration of free cholesterol and of
cholesteryl ester in total homogenates and mitochondrial fractions of adrenal
glands from ovine fetuses and newborn lambs (table 2). In total homogenates,

the concentration of free cholesterol was similar in fetal and neonatal adrenal

glands. Conversely, for cholesteryl ester, the concentration was 40-fold lower in
fetuses. In mitochondrial fractions, both cholesterol and cholesteryl ester concen-
trations were lower (2-fold and 22-fold respectively) in fetuses than in newborn
animals. This was correlated with a 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCoA-reductase) activity [believed to be the main rate-limiting
step in the biosynthesis of cholesterol (Rodwell et al., 1976)] which was 2-fold
lower in fetal than in neonatal adrenals. Next, we observed that the secretion of
steroids by both fetal and neonatal adrenal cells was lower after several days of
culture in serum-free media than that of cells maintained in the presence of 2 %
horse serum. Since a « non specific effect of serum was shown to be very
unlikely, these results suggest that de novo cholesterol biosynthesis alone is not
able to meet the demand of steroidogenic precursors of these cells. This

assumption is strengthened by the enhancement of steroidogenesis which was
achieved when appropriate lipoproteins were added to the culture medium. In
addition, these latter studies indicated that both an « LDL pathway and an
« HDL pathway were operating in adrenal cells from fetal as well as newborn
sheep. Finally, since the concentration of cholesterol in both LDL and HDL
fractions was shown to be equal or even higher than the concentrations required
to maximally increase steroidogenesis by adrenal cells from fetuses or newborn
lambs, it seems likely that, in vivo, cholesterol availability in plasma is not a



limiting factor for the adrenal steroidogenesis of these animals. In conclusion, it

appears that the low concentration of cholesterol in fetal adrenal cells might be
an additional parameter limiting their steroidogenesis. This deficiency can be
correlated to a low activity of fetal adrenal H MGCoA-reductase activity. However
whether it also conveys a relative deficiency of the LDL- and/or HDL-pathway
remains to be determined.

Ill. Extra-pituitary regulation of ovine fetal adrenal maturation.

1 ) Additional evidence for the occurrence of non-hypophyseal factor(s)
inhibiting adrenal function during fetal life (Durand et al., 1985a, 1987b).

Wintour et al. (1975) first, reported that adrenal cells from sheep fetuses on
days 50-65 of intrauterine life could respond in vitro to ACTH with a rather large
increase in both cortisol and corticosterone outputs. Hence it appears that

throughout the last two-thirds of gestation, the ovine fetal adrenal gland exhibits
different levels of steroidogenic responsiveness to ACTH, the lowest occurring
between 100 and 130 days of intrauterine life. Few data are available which can
explain the high steroidogenic potency of adrenal cells from 55-65-day old ovine
fetuses and the reasons for the loss of responsiveness to ACTH of older adrenal
cells. In an attempt to better understand these phenomena, we have studied
adrenal adenylate cyclase and steroidogenic activities of 62-63-day old ovine
fetuses in either freshly isolated cells or in cells cultured for several days in the
absence or presence of either ACTH, 24 or of forskolin. ACTH, -24, cholera toxin
and forskolin stimulated strongly both cAM P and corticoid productions by freshly
isolated adrenal cells (fig. 3). Also, these cells metabolized quickly [’4C]-labeled
pregnenolone mainly through the 17-deoxy pathway. When the cells were

cultured for 6 days in the absence or presence of ACTH1-24 or forskolin, a small

development of the cAMP response to these factors was observed in the course
of the experiment. Likewise, the amounts of corticosterone secreted on day 6 by
ACTH1-24 or forskolin-treated cells were 2- to 4-fold higher on day 6 than on day
1. However, on day 6 of the experiment, the metabolism of [’4C] pregnenolone
was lower than on day 1, irrespective of the conditions of culture. Taken together,
these results provide evidence that the adrenal adenylate cyclase system of
62-63-day old ovine fetuses is probably not a bottleneck in the steroidogenic
response of freshly isolated cells to ACTH1-24 [as opposed to the situation
observed in 1 00-200-day old ovine fetuses (Durand etal., 1981 a, b]. They also
indicate that neither ACTH nor forskolin, while inducing some development of the
responsiveness of the cell adenylate cyclase system to these factors, can maintain n
the activity of most of the enzymes involved in adrenal metabolization of

pregnenolone, but they may increase pregnenolone availability. Finally, since
corticotropin-like bioactivity would appear to increase between days 63 and 125
of gestation (see above), i.e. at the time of the progressive loss of responsiveness
of fetal adrenal cells to ACTH, these data suggest that some inhibiting factors are
also involved in this loss of responsiveness and that they act mainly on the
adenylate cyclase system. The extrapituitary origin of these putative inhibiting



factors, the existence of which was also suggested by our earlier studies (Durand
et a/., 1982b, 1984), is supported by several lines of evidence : (1 ) pituitary
extracts from 124-day old ovine fetuses induced the same « maturation of
113-day-old ovine fetal adrenal cells in vitro as did pituitary extracts from 5-day
old lambs ; (2) as regards both cAM P and corticosteroid production, we observed
a slower development in vitro of the response to ACTH,-24 in cells from

hypophysectomized fetuses than in cells from intact fetuses ; (3) no adrenal cells
at all developed in vivo in the absence of pituitary between 113 and 127 days of
gestation, which suggests that putative inhibiting factors were still present after
hypophysectomy.

These in vivo/in vitro experiments are in keeping with previous works
performed by others in vivo. ACTH1 !24 infusion to hypophysectomized fetal sheep
can induce parturition, but the corticosteroid concentration achieved generally
has a mean value which is below that of intact fetuses (Jones et al., 1978).
Likewise, Connors and Liggins (1980) did not observe a greater corticosteroid
response to ACTH infusion of ovine fetuses after removal of pituitary gland. The
precise origin as well as the nature of such inhibiting factors however remain to
be determined.

2) Para and/or autocrine regulation of fetal adrenal maturation ( Darbeida et
a/., 1987 ; Darbeida and Durand, 1987).

Most tissues in the body appear to possess glucocorticoid receptors (Cake
and Litwack, 1975). For a number of these tissues, glucocorticoids are necessary
for the full expression of a hormone-induced cellular response. Adult adrenocor-



tical cells also possess glucocorticoid receptors (Saez et al., 1977 ; Loose et al.,
1980). This supports the view that the adrenal gland itself is a target organ for
glucocorticoids. Yet the role of these steroids in adrenal function remains a matter
of controversy. In the ovine fetus, Liggins (1968) first showed that when

metyrapone (an I I fl hydroxylase inhibitor) was infused together with ACTH, the
adrenal hyperplasia which followed ACTH administration did not occur. Also, the
same group reported an enhanced adrenal response to ACTH after a fetal infusion
of dexamethasone for 48 h at about 110 days of intrauterine life (Liggins et al.,
1977). To get more insight into the mechanism of this action of cortisol on fetal
adrenal development, we examined whether exposure to glucocorticoids or to
inhibitors of steroid synthesis in vitro could affect the release of cAMP and/or
corticosteroids by cultured adrenal cells from 120-138-day old ovine fetuses.

The cAM P response to ACTH1-24 of cells cultured for 24 h in the presence of

ACTH1-24 was 2-fold higher than that of control cells. However, the response of
cells cultured in the presence of ACTH, -24 plus metyrapone or aminoglutethimide
[which inhibits cholesterol side-chain cleavage activity (Touitou et al., 1973)]
was lower than that of cells cultured in the presence of ACTH1-24 alone.

Conversely, cells cultured for 48 h in the presence of dexamethasone or cortisol



released more cAMP than control cells when stimulated by ACTH124 (fig. 4a),
but not in response to forskolin. Similar effects were observed both in the absence
and presence of inhibitors of phophodiesterases. Also, corticosteroid production
stimulated by ACTH1-24 (fig. 4b), forskolin or dibutyryl cAMP was enhanced by
dexamethasone treatment. The maximal effect of dexamethasone was obtained at
a concentration close to 10-8 M. Corticosteroid treatment did not modify the
ED50 of ACTH for cAMP output, but decreased the ED50 for corticosterone

production 10-fold (3 x 10-&dquo; M to 3 x 10-&dquo;z M). Such an enhancing effect
of corticosteroids on adrenal function was already observed at 63 days of
intrauterine life (table 3). Parallel experiments performed with adult adrenal cells
revealed that this effect was specific to glucocorticosteroids and offered

preliminary evidence that it was mediated through glucocorticoid receptors. We
suggest therefore that glucocorticoids are involved in both ACTH-induced and
ACTH-independent maturation of the ovine fetal adrenal gland by a direct effect
on fetal fasciculata-reticularis cells. The physiological significance of this

assumption is strongly supported by the decrease in ACTH!_z4-induced CAMP
output, found when adrenal cells were cultured in the presence of inhibitors of

steroidogenesis, together with the attenuation of ACTH-induced activation of
fetal adrenal function in vivo by concurrent metyrapone infusion (Liggins, 1968 ;
Lye and Challis, 1984).

Concluding remarks.

The above results reinforce the view that ACTH-related molecules released by
the fetal pituitary are important factors for the regulation of the ovine fetal
adrenocortical function. In addition, they offer evidence that not only quantitative
but qualitative changes in the pituitary drive to the fetal adrenal has to be taken



in account to explain the rising corticosteroid plasma levels in prepartum animals.
Finally they suggest that extra-pituitary hormones may be operating during fetal
life, to reverse at some stages and to accelerate at others the maturation of
adrenocortical cells.
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Résumé. Déve%ppement de l’axe hypophyso-surrénalien dans l’espèce ovine.

Chez le fcetus ovin, les niveaux plasmatiques de corticostéroïdes restent très bas entre
60 et 130 jours de gestation, puis augmentent fortement avant la naissance. L’ACTH
semble être le facteur essentiel impliqué dans la régulation du cortex surrénalien fcetal dont
la sensibilité à cette hormone augmente en fin de gestation. Cependant, les relations entre,
l’ACTH immunoreactive et les corticostéroïdes fcetaux sont mal définies. Nous résumons
ici les résultats récents obtenus dans notre laboratoire sur la régulation de la sécrétion
d’ACTH par les cellules hypophysaires du foetus ovin et sur les étapes biochimiques
impliquées dans l’augmentation de la réponse stéroïdogénique à l’ACTH des cellules
surrénaliennes foetales. Il apparaît que des changement qualitatifs et quantitatifs du
contrôle hypophysaire sur la surrénale doivent être pris en considération pour expliquer
l’augmentation prépartum des corticostéroïdes plasmatiques. En outre, ces résultats
indiquent que d’autres hormones, non hypophysaires, doivent réguler la fonction
corticosurrénalienne du fcetus ovin.
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