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Summary. The regulation of adrenal activity during the perinatal period raises different
experimental problems ; studies are often limited and their conclusions vary with the
species studied. During the perinatal period, the profile of the ratio of adrenal weight to
body weight reaches a minimum earlier the more mature is the species ; this minimum
occurs before birth in sheep, at birth in guinea-pigs and 10 days after birth in mice.
In mature species, fetal plasma cortisol is higher than that of the mother ; it rises
sharply near term. In other species, maternal plasma cortisol remains higher than that of
the fetus which also rises during the days before birth. In all species, the fetal adrenal is
activated concomitantly with a sharp increase of the action of corticosteroid binding
globulin on fetal plasma. The origins of this protein in the fetal plasma and the regulation of
its concentration are topics of actual research. Before birth, placental transfer of cortisol
increases regularly and slowly. During the perinatal period it is demonstrated that fetal
catabolism of cortisol augments up to the adult level independently of changes in hormone
secretion around birth.

Fetal

and neonatal endocrinology deals with the functioning and
role of the endocrine glands during perinatal development.
However, this period does not connote a steady state and covers several
successive physiological stages in which glucocorticosteroids play an important
role. Problems concerning the adrenal cortex are multifarious : 1) How do the
adrenocortical cells become specialized during embryonic life ? 2) When are
hormones first released into the circulation ? 3) What is the system controlling
hormonal secretion at each developmental stage ? 4) How can perinatal changes
in plasma hormone concentrations (including the maternal and fetal parts and the
role of the placenta) be explained ? 5) Where are the hormones catabolized ?
6) What is the origin of the plasma protein binding the corticosteroids in fetal and
neonatal plasma ?
Although there are an extensive number of publications, information is
scattered. Recent efforts have been made in man and a few other species, but

physiological

species differences induce divergent developmental patterns so that studies
frequently fall into several groups that include :
1) Small laboratory animals with a short period of gestation (mice, rats, rabbits) ;
these have been used in oft-reviewed physiological experiments (Jost, 1954, 1957,
1966).
2) Humans in which gestation is relatively long and in which fetal endocrine
processes are protracted over several months. Since ethical considerations
preclude the study of the human fetus in late gestation, different monkey species
have been utilized to investigate the mechanisms of adrenal regulation in the
perinatal period reviewed by Jaffe et al., 1979, Seron-Ferré et al., 1978, Challis et
a/., 1978. Indeed, the monkey adrenal gland is histologically very similar to the
human gland, with a well-developed fetal zone in the adrenal cortex.
3) Lamb and calf fetuses that are heavier at birth and more mature than human
fetuses. Surgical procedures have been practiced and fetal blood vessels
catheterized over several weeks in order to investigate in vivo metabolism
(Wintour et al., 1975). In these species, the induction of parturition by the fetal
adrenal gland has been extensively described and reviewed (Liggins et al., 1973).
4) Guinea-pigs : these laboratory animals present a relatively long gestation
period with fetuses large enough to permit fetal surgical procedures and vessel
catheterization. Moreover, the guinea-pig placenta appears to be very active and
broadly resembles that of women (Duval, 1889 ; Myers et al., 1936 ; Kaufmann
and Davidoff, 1977).
Furthermore, the guinea-pig has the highest ratio of adrenal weight to body
weight of any animal (Cuvier, 1846), and it is the only non-primate mammal
capable of synthesizing its own ascorbic acid. In contrast with the human fetal
adrenal cortex, in which the fetal zone is very large and degenerates slowly after
birth, the guinea-pig adrenal cortex already appears capable in early gestation of a
steroid biosynthesis similar to that of the adult gland.
The chronological events of the perinatal adrenocortical function throughout
development need to be investigated in other species, remembering that the
comparison of one species to another and of developmental patterns in terms of
fractioned gestational time have no physiological meaning.
Recent studies on the binding, metabolism and secretion of
glucocorticosteroids which attempt to explain the regulation of steroid secretion
during the perinatal period are reviewed in this paper that is principally based on
our own experiments in mice, guinea-pigs, lambs and calves.

1. Studies

on

adrenal growth

In the mouse, perinatal changes in adrenal weight in relation to body weight
characterized by a regular, sharp decrease between days 17 prepartum and
10 days postpartum. During this period, the adrenal weight of the mothers in
relation to body weight is similar to values found in 10-day old pups and higher
than that of non-pregnant adults (Gay, 1976).
are

The growth allometry coefficients of guinea-pig adrenal gland are also around
0.60 during the perinatal period (Dalle, 1982). The adrenal weight of the mothers
is high (0.85 g/kg vs 0.40 g/kg for non-pregnant females) during this period with
a peak value (1.25 g/kg) at birth. The ratio between adrenal weight and body
) appears to be approximately similar among most mammals ;
3
weight (0.15.10adrenal weight probably bears a more direct relationship to the surface area of the
animal rather than to body weight. The guinea-pig is a well-known exception with
a relatively high adrenal weight for its body size (Cuvier, 1846) ; however, as in
mice, adrenal growth is diminished during the perinatal period in this species as in
humans (Bernirschke, 1970) and rats (Cohen ei a/., 1971). In all these species, this
could be due to a decrease in the stimulatory activity of the pituitary during this
perinatal period, as demonstrated in rats (Dupouy and Chatelain, 1981) and in
guinea-pigs (Jones and Roebruck, 1980), species in which the fetal adrenal gland
might be relatively unresponsive to ACTH in vivo because of an inhibitory effect
of circulating, high-molecular weight, ACTH-like peptides. Our study in this
species confirmed the data of WOstenfeld and Kattner (1968) who found small
and constant cell nucleus diameters in the zona fasciculata of the adrenal gland of
fetal guinea-pigs near term. Indeed, the volume and the percentage of the zona
fasciculata decreased during this period from 80 % on day 60 of gestation to
71 % at birth. After birth, the zona fasciculata grew regularly until day 10 (85 %)
when it reached a value similar to that of the adult gland (fig. 1) (Dalle and
Delost, unpublished). In contrast to these two species, other mammals are
characterized by a rise in adrenal growth during the perinatal period. In sheep
(Comline and Silver, 1961), pigs (Dvorak, 1972), goats (Currie and Thornburn,
1977) and calves (Boshier et al., 1980 ; Richet et al., 1984) the weight of the

adrenal glands increases strikingly during the last days of gestation. Species
differences in the adrenal weight profile appear around birth (fig. 2). In mice,
guinea-pigs, rats and humans, the approach of birth is not concomitant with
profound changes in adrenal activity, and the maturation of this gland seems to
be delayed over a varying number of days during the perinatal period. This
contrasts with species characterized by prenatal adrenal growth and concomitant
rising levels of cortisol and ACTH (Rees et al., 1975). These changes could be
essential to the full development of the prepartum surge of adrenal activity which
appears to be a major factor in determining the timing of parturition (Liggins et
a/., 1973 ; Bassett and Thornburn, 1969).

2. Perinatal

changes

in

glucocorticosteroid concentrations

Although the mammalian neonate can exist independently outside the uterus,
degree of competence of neonatal physiological systems, and especially the
endocrine systems, differs considerably among species. While differences are
observed in adrenal growth, other changes in peripheral blood hormone levels can
also be demonstrated. Indeed, the profile of plasma concentrations reflects the
integration of several parameters, and a comparison between maternal and fetal
values gives further information on the ability of the adrenal to secrete hormones
during the perinatal period. Figure 3 shows the maternal, fetal and neonatal
plasma corticosteroid levels obtained in our laboratory. In species in which fetal
adrenal activity is involved in parturition, it is clear that fetal cortisol levels are
much higher than maternal values (cows : Comline et al., 1974 ; sheep : Liggins
et al., 1973 ; goats : Currie and Thornburn, 1977 ; pigs : F6vre, 1975). On the
other hand, species in which birth is associated with relative quiescence of the
the

adrenal gland are characterized by higher maternal plasma glucocorticosteroid
levels than those of the fetus (mice : Dalle et al., 1978 ; guinea-pigs : Dalle and
Delost, 1976 ; humans : Jolivet et al.; 1974 ; monkeys : Jaffe et al., 1978). In the
first group above, perinatal changes in corticosteroids are marked by a sharp rise
in the first few days before birth but no similar changes occur in the mothers ; in
the second group, maternal steroids can contribute to the fetal corticosteroid
production rate. This maternal influence on the fetal pituitary-adrenal function
depends upon the extent of the corticosteroid-binding capacity of the plasma
proteins, the rate of placental transfer and the activity level of the key placental
enzymes.

3. Plasma corticosteroid

binding in mother, fetus and newborn

Little information is available on the ontogeny of fetal transcortin and
discrepancies occur in the literature concerning its regulatory system and
intensity. This is due to differences in methodology and the expression of values.
Close correlation of fetal and maternal binding capacity has been observed in
different species (mice : Savu et al., 1977) ; rabbits : Gala and Westphal, 1967 ;
rats : Van Baelen et al., 1977, Martin et al., 1977 ; guinea-pigs : Dalle et al.,
1980 ; Jones and Roebruck, 1980 ; humans : Aarskog, 1965 ; baboons : Oakey,
1974). This contrasts with sheep (Fairglough and Liggins, 1975) in which fetal
corticosteroid-binding globulin (CBG) capacity increases at the end of gestation
since maternal values do not change (Paterson and Hill, 1967). Maternal origin
has been suggested (Savu et al., 1977), and this possibility remains to be
demonstrated in species such as rodents whose fetus is in a yolk sac vascularized
by maternal and fetal vessels which make anastomosis. Brambell et a/. (1951)
demonstrated the transfer of immune proteins in rabbits by this route. As for

progesterone binding protein (PBP), the placental synthesis of CBG has been

proposed by Seal and Doe (1967) ; nevertheless, the fetal liver can synthesize
CBG (Martin and Gasc, 1979), probably under hormonal control (Koch, 1969), but
with a system different from that of adult patterns in which oestrogen stimulation
is well-known (Westphal, 19711, and unlike the system initiating CBG activity in
young animals in which thyroxine plays an essential role (D’Agostino and
Henning, 1982). Furthermore, Ballard et a/. (1982) have demonstrated an
accelerated increase in both CBG and total proteins in fetal lambs just before term
and preceding the rise in plasma cortisol. These authors suggest that the earlier
elevation of CBG levels protects the fetus from increases in free cortisol that
could initiative premature labor since biological activity may be largely associated
with unbound cortisol. Indeed, labor is initiated later when the increase in free
cortisol exceeds that of total cortisol due to the saturation of CBG binding sites.
period, a reversible control of fetal liver enzymes by cortisol may partly
regulate CBG release (Challis et al., 1985). At birth, a precipitous decline in CBG
in neonatal monkeys correlates with a drop in plasma oestrogens (Beamer et al.,
1972). Ballard et al. (1982) showed that an intact fetal pituitary is required for the
normal development of CBG capacity but the pituitary hormone that directly or
indirectly causes accumulation of fetal plasma CBG is not known at present. In
newborn animals, the picture is similar in all studied species in that CBG activity
decreases. Thus, Hadjian et a/. (1975) in human neonates and Beamer et al.
(1972) in monkeys showed that CBG values decrease in the neonate before a
slight rise to adult values. Dalle et al. (1980) reported the same profile in guineapigs, adult values being reached during sexual maturation (EI Hani et al., 1980).
In this

All these studies seem to confirm the recent data of Challis et al. (1985) which
suggest that cortisol might be the factor regulating the corticosteroid binding

capacity of fetal and neonatal plasma. Indeed, plasma CBG is well correlated

to

plasma

cortisol levels.
After birth, there is a decrease in plasma cortisol levels in many mammals ; in
guinea-pigs the plasma cortisol levels decrease over a 10-day period (Dalle and
Delost, 1974 ; Malinowska and Nathanielsz, 1974) as in rats and rabbits
(Malinowska et al., 1972), lambs (Paisey and Nathanielsz, 19711, calves (Richet et
a/., 1984), human infants (Stevens, 1970 ; Kauppila et al., 1978), mice (Dalle et
a/., 1978), fowls (Khaldoun, 1977) and macaques (Robinson and Bridson, 1978).
The profile of CBG in neonatal plasma parallels this decrease.
Furthermore, a half-life T1 /2 value of about 5 days for CBG has been
measured in sheep (Ballard et al., 1982), rats (Koch et al., 1969) and humans
(Sandberg et al., 1964). Our results in newborn guinea-pigs confirm these
postnatal changes in CBG (Dalle et al., 1980). Figure 4 shows comparative
changes in the capacity of CBG to bind cortisol in maternal and fetal plasma
during the perinatal period. Thus, in most species studied, there is a rise in free
corticosteroid levels before and at birth, beginning during the sequential events
preceding term and after the rise in total corticoids which follows that of CBG
capacity. If CBG protects corticosteroids from catabolism, the rise in free cortisol
is also partly due to relatively immature hepatic catabolism, and the development
of steroid catabolism may influence the level of plasma corticoids.

4. Perinatal metabolism of corticosteroids

Bongiovanni et a/. (1958) have shown in humans that cortisol half-life is very
much prolonged in the newborn infant, and Migeon and Baltimore (1959) have
demonstrated that in the neonatal period the enzyme systems involved in the
catabolism of cortisol are less active than in adults. Animal experiments have
confirmed the low maturation of steroid metabolism during growth and partly
explained the changes in glucocorticosteroid levels during neonatal life. Thus, the
progressive establishment of corticosteroid metabolism by liver enzymes, that
parallels the development of CBG activity, is an additional parameter involved in
the regulation of corticosteroid concentrations. Shapiro et a/. (1971) in rats
confirmed that the metabolic half-life of plasma corticosterone is considerably
prolonged during early postnatal life due to differences in liver enzyme activities.
For instance, liver 0
-hydrogenases have very little activity in neonatal rats (Koch,
4
1969) or in neonatal rabbits (Sereni et al., 1966). In newborn guinea-pigs, the
glucocuronide conjugating system is defective (Brown and Zuelzer, 1958), and
Dalle et a/. (1985) have demonstrated that, in this species, cortisol metabolism
depends on its degradation in the liver and on its distribution volume. This volume
develops during the neonatal period (Dalle et al., 1985), paralleling body growth
after 10 days postpartum, but more slowly before this stage. Fetal steroid
metabolism cannot be investigated without keeping in mind maternal influence on
fetal plasma corticosteroid levels. Furthermore, the role of placental enzymes in
steroid metabolism has been well documented in several species, especially in
humans (Diczfalusy, 1962, 1969 ; Murphy, 1981) but it is not easy to

experimentally evaluate the transplacental transfer of glucocorticosteroids, and
results vary widely with the species and stage of gestation.
Experiments have simultaneously investigated placental transfer and
corticosteroid metabolism in the feto-maternal unit. These works used the
calculation system presented by Gurpide (1972) (fig. 5).

Thus, parameters of maternal and fetal adrenal activity may be calculated
H-cortisol to the fetus and of !4C-cortisol to the
after simultaneous infusion of 3
H-cortisol to different groups of
mother or, as we did, by a single infusion of 3
mothers and fetuses of the same age (Dalle and Delost, 1978) ; radioactive
cortisol was equilibrated between secretion and metabolism as the endogenous
pool in both compartments. In species such as sheep, monkeys and guinea-pigs,
in which fetal blood vessels are easy to cannulate, the results are difficult to
compare and summarize since the stages of gestation are different. A broadly
equivalent study performed in six women at term (Beitins et al., 1973) showed
that 25 % of the fetal cortisol was of maternal origin and that 90 % of the
cortisone was also of the same origin. Fetal cortisone concentration was
equivalent to that in plasma cortisol (Hillman and Giroud, 1965 ; Murphy and Diez
d’Haux, 1972 ; Dormer and France (1973), although fetal as maternal adrenal
secretion was negligible. This high level of fetal plasma cortisone is explained by
the very low binding of plasma cortisone to transcortin and by the high activity of
the 11¡3-dehydrogenase enzyme system in the human placenta which converts
maternal cortisol to fetal cortisone (Osinski, 1960 ; Villee et al., 1961 ; Goldkrand

et al., 19761.
We demonstrated a similar process in guinea-pigs (Dalle and Delost, 1976)
showing that the cortisone/cortisol ratio in newborn plasma might be used as an
index of adrenal maturity.
The origin of fetal corticosteroids was investigated and their metabolism
measured by infusing radioactive cortisol to pregnant guinea-pigs or to their
fetuses.
At the end of gestation, 90 % of the fetal cortisol was of maternal origin ;
the secretion rate of fetal adrenal was very low as was metabolism. The value of
the metabolic clearance rate (MCR) of cortisol in the mothers was found to be

lower than in non-pregnant females due to the high levels of CBG which
protected the cortisol against metabolism. In the fetus, cortisol MCR was lower
than maternal MCR but higher than in newborns. The dissociation of fetal MCR
into placental MCR and true fetal MCR gives values for this latter parameter
equivalent to those measured in newborns. In guinea-pigs, cortisol MCR
remained low throughout the perinatal period and up to 10 days postpartum
(Dalle et al., 1983). In pregnant ewes, cortisol MCR remained high as in nonpregnant animals (Beitins et al., 1969 ; Dixon et al., 1970) because of the low
CBG level. The maternal contribution to fetal cortisol was about 25 to 45 %.
Thus, fetal plasma cortisol remained low until a few days before birth and then
rose, showing that adrenal development in sheep is independent of the dam’s
influence. In monkeys, pregnancy did not alter cortisol MCR (Pepe et al., 1976)
and more than half of the total cortisol found in the fetal circulation was derived
by transfer from the maternal circulation (Kittinger, 1974 ; Mitchell et al., 19811.).
This study confirmed that the factors regulating the fetal cortisol concentration
involved placental metabolism and the rates of the transplacental passage of
cortisol.
This review does not pretend to be complete, although its bibliography is
extensive. Our aim was to present a clear picture of the parameters regulating
glucocorticosteroid secretion during the perinatal period. The review has been
limited to plasma levels, adrenal secretion, plasma protein binding, cortisol
metabolism and placental transfer and does not include pituitary influence and the
biochemical maturation of adrenal cells which are discussed by colleagues in this

symposium.
Conclusion
In normal physiological conditions just before birth, the maturity of the
adrenal is correlated with the maturity of the whole animal and the secretion of
glucocorticosteroids by the fetal adrenal may depend on the anatomy of the
placenta. The increasing role of the fetal adrenal in glucocorticosteroid levels
parallels a relative closure of the placental barrier since the fetal adrenals remain
quiescent in species in which the placenta permits considerable maternal transfer
of cortisol, according to the recent hypothesis of Challis et al. (1985). We propose
that fetal cortisol induces fetal hepatic synthesis of its own binding proteins up to
a level that can protect fetal organs from premature maturation until the last days
of gestation when the liver may give preference to other functions such as
glycogen storage. Thereafter, the neonatal liver cannot synthesize binding
proteins for several days, this function not being essential to adaptation to
neonatal life that requires more important changes in which the adrenal is not

implicated.
The protection of the fetal organ from high concentrations of free corticoids
also depends on the intensity of corticoid metabolism in the fetus or in the
placenta. Indeed, the fetus fails to metabolize corticosteroids intensely enough to
the sudden rise in corticoid levels induced by drug
be protected from
administration or by stress in the mother.

A study of young submitted to high levels of corticoids after maternal stress
has shown that they cannot respond to stress, and this is an important restriction
in respect to viability in an independent life (Dalle et al., unpublished data).
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Résumé.

Régulation

de la sécrétion des

glucocorticostéroides

au cours

de la

période

périnatale.
La régulation de l’activité du cortex surrénal au cours de la période périnatale pose
différents problèmes expérimentaux et les travaux relatifs à ce sujet sont souvent limités,
donnant lieu à des interprétations qui varient avec les espèces étudiées. Lorsqu’on compare
les études pondérales sur la surrénale au cours de la période périnatale, on observe que le
poids surrénalien, rapporté au poids corporel, passe par un minimum d’autant plus précoce
que l’espèce est plus mature au point de vue corporel (ce minimum se situe avant la
naissance chez l’agneau, à la naissance chez le cobaye, 10 j après chez la souris).
Chez les espèces matures, la cortisolémie foetale, supérieure à celle de la mère,
augmente fortement à l’approche du terme. Dans d’autres espèces, la cortisolémie
maternelle reste supérieure à celle du foetus ; elle augmente également dans les jours qui
précèdent la naissance. Dans tous les cas, il y a une activation de la surrénale foetale et une
augmentation de la capacité de liaison de la « Corticosteroid Binding Globulin » (CBG) dans
le plasma foetal. L’origine de cette protéine chez le foetus et la régulation de son niveau
plasmatique sont encore controversées. Enfin, il y a une augmentation lente et régulière des
transferts placentaires et de l’intensité du catabolisme du cortisol au cours de la période
périnatale, indépendante des modifications qui se produisent à la naissance dans les
sécrétions hormonales.
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