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INTRODUCTION

An increase in cortisol secretion by the fetal

adrenal is a consistent feature of the endocrine

milieu of late pregnancy in several animal

species. In this paper we shall discuss some of

the mechanisms by which fetal adrenal growth

and steroidogenesis are stimulated during late

pregnancy, and then consider some of the

functions of this increase in cortisol produc-

tion, particularly in relation to the initiation of

parturition and to the maturation of organ

systems necessary for extra-uterine life.

CONTROL OF FETAL ADRENAL FUNCTION

A considerable body of information con-

cerning the control of fetal adrenal function has

been gained from experimental studies in sheep.

In this species, fetal adrenal weight doubles

during the last 20 days of pregnancy (Comline

and Silver, 1961). There is a gradual rise in the

concentration of cortisol in fetal plasma begin-

ning 10-15 days prepartum, which culminates

in a more rapid increase during the last 2-3

days of gestation (Bassett and Thorburn, 1969).

The increase in cortisol is abolished by fetal

hypophysectomy, and thus depends upon the

presence of the pituitary (Fig. 1). In the intact

fetus, the rise in cortisol production at term

appears to result both from maturational

changes in the fetal adrenal, and from an

increase in trophic drive reaching the adrenal

from the fetal pituitary (Challis et al., 1977a).

The sheep fetal adrenal can be stimulated to

secrete cortisol by the continuous infusion of

ACTH for 2-5 days into the fetus. This

treatment leads to premature parturition (Lig-

gins et al., 1972; Thorburn et al., 1972).

However, in chronically catheterized fetal

lambs during normal pregnancy there is no clear

increase in the concentration of ACTH in fetal

plasma before the rise in fetal cortisol (Rees et

al., 1975), although the sampling regimes em-

ployed in this and other studies may have been

inadequate to detect small changes in the

ACTH/cortisol relationship.

In contrast, the concentration of ACTH

increases in fetal plasma during the last 1-2

days of intrauterine life, at a time when cortisol

is elevated (Rees et al., 1975; see Challis eta!.,

1977a). This rise occurs despite convincing

evidence for a negative feedback relationship

between glucocorticoids and ACTH in the fetus

(Fig. 2), and may relate to the stress of labour.

From measurements of fetal plasma ACTH

concentrations during the infusion of synthetic

ACTH into intact and hypophysectomized fetal

lambs, it has been suggested that there is a

positive stimulus to endogenous ACTH secre-

tion which overrides negative feedback (John-

son et al., 1975). This stimulus augments the

drive to cortisol secretion by the fetal adrenal

at a time when the gland’s responsiveness to

trophic hormone has already risen (see Challis

et a!., 1977a and below).

In man, a decrease has been reported in the

concentration of ACTH in cord plasma during

late pregnancy (Winters et al., 1974). However,

in view of the rapid release of ACTH in

response to hypoxemia, at least in animal

studies (Boddy et al., 1974; see below), inter-

pretation of these data should be made with

caution. Indeed, it may prove exceedingly

difficult to obtain from the human fetus the

appropriate samples for ACTH determination.

A good correlation has been demonstrated in

man between the concentration of prolactin in

fetal plasma, and growth of the fetal adrenal

(Winters et al., 1975). In fetal sheep, a similar
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FIG. 1. Concentrations (mean ± S.E.M.) of a) fetal plasma cortisol, b) maternal plasma progesterone, c)

maternal plasma estradiol during prolonged pregnancy in 3 sheep with hypophysectomized fetuses.
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PAR TN

DEXAMETI4”

FIG. 2. Effects of intrafetal dexamethasone (1

mg/24 h) infusion on fetal plasma ACTH (o---o) and

cortisol (.-.), and maternal peripheral plasma pro-

gesterone (A-A), estradiol (s-A) and estrone (o---o)

concentrations in sheep. The dexamethasone infusion

was begun on Day 128 of pregnancy. Premature

delivery resulted in 56.5 h from the start of the

infusion.

correlation has been found between the mean

concentrations of prolactin and cortisol in

plasma during the last 30 days of intra-uterine

life (McMullen et al., 1976). These data raise the

possibility that prolactin may be of importance

in promoting the growth of the fetal adrenal

and in stimulating steroidogenesis. In this re-

gard, the importance of other pituitary hor-

mones (GH, aMSH) cannot be excluded.

In the presence of ‘basal’ levels of ACTH

(and/or other pituitary trophic hormones), the

increase in fetal cortisol secretion may result

from maturational changes in the fetal adrenal

itself. In vivo, the intra-fetal infusion of ACTH

(10 gig/h for 2-3 h) produces a greater incre-

ment in fetal cortisol after 1 35 days p.c. than

earlier in pregnancy (Bassett and Thorbum,

1973). Hypoxemia is a potent stimulus to

ACTH release by fetal sheep throughout the

last 35 days of gestation, but it is only after

135-140 days that the increase in ACTH

stimulates a significant increase in the cortisol

concentration in fetal plasma (Boddy et al.,

100 1974;seeChalliset al., 1977a). Before this time,

the resting ACTH levels in the fetus are similar

to the values found in maternal plasma during

hypoxemia. In the mother, these levels of

ACTH elicit a large increase in cortisol secretion

#{149}(Boddy et al., 1974) implying that in the fetus

there is a marked reduction in the sensitivity of

the adrenal to ACTH. This insensitivity may be

of importance as a protective mechanism

against premature labour. In sheep, there is

little evidence for the transpiacental transfer of

‘25IACTH (Jones et al., 1975), nor is there

yet evidence for a placental source of cortico-

10 � trophin, as in man (Rees et al., 1975; Genazzani

et al., 1975).

The development of fetal adrenal sensitivity

‘ to trophic stimulation has been demonstrated

in vitro using a perifusion technique (Madill and

Bassett, 1973; Bassett and Thorburn, 1973).

Thus, the increase in cortisol secretion by slices

0 of fetal adrenal in response to a constant

amount of ACTH increased in tissue taken from

older fetuses, and was highly correlated with

the endogenous cortisol concentration in the

plasma of the fetus from which the tissue had

been removed. There was an increase in the

ratio of cortisol: corticosterone produced, im-

plying greater 17a-hydroxylating activity in the

tissue from older fetuses. Perhaps surprisingly,

information relating to the ontogeny, specifici-

ty and distribution of trophic hormone recep-

tors in sheep fetal adrenals is not currently

available. Recently, we have demonstrated that

the intra-fetal infusion of PGE2, but not

PGF2c�, at physiological concentrations, pro-

duced a rapid and significant increase in the

concentration of cortisol in fetal plasma in

fetuses of a mean gestational age of 128 days

(Louis et al., 1976). At this stage of gestation,

the fetal adrenal secretes little or no cortisol in

response to short-term ACTH administration

(Bassett and Thorburn, 1973; Boddy et al.,

1974). This study demonstrates the presence of

the pathway for cortisol production in these

fetuses. It raises the possibility that if prosta-

glandins are involved in ACTH induced ster-

oidogenesis (Warner and Rubin, 1975; Lay-

chock and Rubin, 1976), a deficiency in their

production may be a rate-limiting step in

adrenal sensitivity. At term the concentration

of PGE in fetal plasma increases (Challis et al.,
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1976), and the prostaglandin may augment or

complement the trophic drive from the pitui-

tary to fetal adrenal steroidogenesis.

In sheep there is relatively little transpla-

cental transfer of cortisol, whereas in primates

the mother contributes a greater proportion of

cortisol to the fetal cortisol pool (see Challis

and Thorburn, 1976). In man, an increase in

the concentration of cortisol in cord plasma

(Murphy, 1973), and amniotic fluid (Murphy et

al., 1975; Fend and Tulchinsky, 1975) has

been reported during late pregnancy. This may

reflect an increase in the secretion of cortisol

by the fetal adrenal (Leong and Murphy, 1976).

In the rhesus monkey, a similar increase in the

concentration of cortisol and other A� steroids

has been measured in amniotic fluid during the

3-4 weeks before spontaneous term (Patrick et

al., 1976; Challis et a!., 1977). Evidence has

been presented to show that these changes are

not simply a reflection of a decrease in the

volume of amniotic fluid.

In both man and M. mulatta, fetal ACTH

appears necessary to maintain the structural

integrity of the fetal adrenal cortex (Ben-

irschke, 1956; Challis et al., 1974). ACTH has

been demonstrated in human fetal pituitary

tissue (Taylor et al., 1953) and cord plasma

(Winters et al., 1974) by 10-12 weeks of

pregnancy. The independence of ACTH levels

in cord and maternal plasma in normal and

complicated pregnancies (Allen et al., 1975)

suggests that the ACTH present in the fetal

circulation is, in large part, derived from the

fetal pituitary. Similar conclusions may be

derived from studies in the rhesus monkey (see

Kittinger, 1973). In this species, ACTH stimu-

lates cortisol release from fetal adrenals in vivo

(Kittinger et al., 1972) and in vitro as early as

75 days of pregnancy (Kittinger, 1973).

CORTISOL AND PARTURITION

Field observations in sheep with prolonged

pregnancy showed that this condition was

associated with congenital malformations of the

fetus, and fetal adrenal hypoplasia (see Liggins,

1969; Liggins et al., 1973). Fetal adrenal

hyperplasia was found in habitually aborting

Angora goats (van Rensburg, 1971). These

findings led to the concept that the activity of

the fetal pituitary-adrenal axis might determine

the time of onset of parturition in animals. The

observations supported a conclusion reached

over 30 years previously in man by Malpas

(1933). In man, anencephaly without associ-

ated polyhydramnios, congenital adrenal hypo-

plasia or adrenal hypoplasia may lead to a

prolongation of gestation, or to a loss in the

precision of the timing mechanism to parturi-

tion (see Anderson and Turnbull, 1973), al-

though this is not invariably so (see Davies and

Ryan, 1972).

The natural conditions were later repro-

duced experimentally in sheep with the demon-

stration that fetal hypophysectomy or adrenal-

ectomy led to a prolongation of pregnancy

(Liggins et al., 1967; Drost and HoIm, 1968).

Infusion of ACTH or of a glucocorticoid, but

not mineralocorticoid hormone to the fetus

precipitated premature delivery, whilst compar-

able infusions to the mother were ineffective in

influencing the length of gestation (see Liggins,

1969; Liggins et al., 1973). Thus the fetal role

appeared to be an active rather than permissive

one. Further support for this role was provided

in the observation of marked fetal adrenal

hypertrophy in late pregnancy (Comline and

Silver, 1961), and the increase in the concentra-

tion of cortisol in fetal plasma during the last

7-10 days prepartum (Bassett and Thorburn,

1969). This largely reflects an increase in the

production rate of cortisol by the fetal adrenal

(Nathanielsz et al., 1972). A similar increase in

cortisol production is seen during premature

parturition induced with intra-fetal ACTH infu-

sion (Bassett and Thorburn, 1973; see below).

Thus the activity of the fetal pituitary-adre-

nal axis and especially changes in cortisol

secretion appeared intimately involved with the

onset of parturition in sheep. In primates, the

experimental evidence for a primary role of

cortisol in determining the length of gestation is

less convincing than in sheep. In part this is due

to the appreciable contribution of the mother

to the cortisol present in fetal plasma (Beitins

et al., 1973; Kittinger, 1974). In the rhesus

monkey, fetal hypophysectomy (Chez et al,

1970), but apparently not fetal adrenalectomy

(Mueller-Heubach et al., 1971) leads to pro-

longed pregnancy. These studies perhaps indi-

cate the importance of pituitary factors other

than those solely responsible for cortisol pro-

duction in determining gestation length.

As discussed, there is evidence in both man

and the rhesus monkey for an increase in fetal

cortisol production in late pregnancy. However,

this is a more gradual change than described in

the sheep, and is superimposed on a back-

ground of a greater maternal cortisol contribu-

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/1
6
/1

/5
7
/2

7
6
8
2
0
0
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Delivery

tialernal

oeslr�ensernalpr�nIerone�

later na

Feta�cor�isoI -

U

// Maternal

Maternal androstenedione

tie. 20�- dihydroxy-

pre�n-4-en-3-one

CORTICOSTEROIDS AND PARTURITION 61

tion. It is of note that the morning plasma

cortisol concentration was significantly lower in

postmature neonates than in normal term in-

fants (Nwosu et a!., 1975), suggesting a rela-

tionship between adrenal hypoactivity and pro-

longation of gestation. In contrast, Anderson

and Turnbull (1973) have reported an associa-

tion between fetal adrenal hyperactivity (in-

crease in adrenal weight, and elevated estriol

excretion) and otherwise unexplained prema-

ture labor. Observations such as these, which

have been extensively reviewed by Davies and

Ryan (1972) suggest that in primates the

activity of the fetal pituitary-adrenal axis may

influence the length of gestation, but in a

manner which is less clearly defined than in the

sheep. In primates, the fetal role appears to be

one of providing precision to the timing of

gestation length rather than activating the

entire mechanism.

CORTISOL AND PLACENTAL

STEROIDOGENESIS

In sheep, the increase in fetal cortisol pro-

duction during the last 7-10 days of pregnancy

is closely followed by a decrease in progester-

one during the last 1-4 days, and by an

increase in unconjugated estrogen during the

last 24 h of gestation. The elevated levels of

estrogen are associated with an increase in PGF

production, and with the onset of active labor

(Fig. 3; see Challis and Thorburn, 1975, 1976).

Evidence is now accumulating that the increase

in fetal cortisol may be responsible for both the

decrease in progesterone, and increase in estro-

gen production rates. In the absence of an

elevation in fetal cortisol, as in prolonged

gestation after fetal hypophysectomy, the nor-

mal changes in maternal progesterone and

estradiol do not occur.

Progesterone

In sheep, the fetal placenta is the major

source of progesterone during late pregnancy

(Linzell and Heap, 1968; Anderson et al.,

1975). Progesterone production rates follow

the plasma progesterone concentration (Bed-

ford et al., 1973), and decrease before sponta-

neous or induced parturition. The factors re-

sponsible for this decrease in progesterone have

been investigated by measuring enzyme activi-

ties in fetal placental homogenates before and

after the intrafetal administration of glucocorti-

coids in amounts which suppress progesterone

secretion and cause premature delivery. Whilst

8 76 5 1 3 2 1 0

Days before delivery

FIG. 3. Diagrammatic representation of maternal

and fetal plasma hormone concentrations in relation

to parturition (Day 0) in the sheep. For original

references see text (courtesy of Dr. A. P. Flint).

the total activities of cholesterol side-chain

cleavage and 313-hydroxysteroid dehydrogenase

enzymes were unchanged, there was a signifi-

cant increase in 17a hydroxylase activity (An-

derson et al., 1975). The sheep placenta posses-

ses potent 2Oct-hydroxysteroid dehydrogenase

activity during pregnancy, and thus after dexa-

methasone treatment in vivo, placental homoge-

nates in vitro converted both [3 H] -progester-

one and [3 H] -pregnenelone extensively to

17a,20a dihydroxypregn-4-en-3-one (17,20

diHP). The formation of this metabolite

has been suggested as a mechanism by which

progesterone production may be decreased (An-

derson et a!., 1975). Further support for this

hypothesis has been the demonstration of an

increase in the concentration of 17,20 diHP in

utero-ovarian venous plasma which mirrors the

decrease in progesterone concentration during

both dexamethasone-induced and spontaneous

delivery (Fig. 3).

Estrogens

The enhancement of placental 17a-hy-

droxylation may also be of potential signifi-
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cance as the first step in the conversion, within

the placenta, of progesterone to estrogen. In

vitro incubation experiments have demon-

strated the presence of a placental C1 7-20 lyase

in sheep (John and Pierrepoint, 1975) the

activity of which is increased after exposure to

glucocorticoid (Steele et al., 1975). Although

17,20 diHP is not a substrate for the C17.20

lyase, progesterone may be converted to

17a-hydroxyprogesterone which can be used.

Thus [3 H] -17a-hydroxyprogesterone is con-

verted to estrogen, particularly estrone sulphate

in vitro (John and Pierrepoint, 1975). In vivo

the formation of the C1 9 intermediate is

suggested by an increase in the concentration of

androstenedione in utero-ovarian venous plasma

occurring at the same time as the elevation in

17,20 diHP (Steele et al., 1976; see Fig. 3).

Other workers have suggested that during late

pregnancy, there may be an increase in aroma-

tase activity, and a change in the relative

activities of placental sulphatase and sulpho-

transferases under the influence of cortisol (Ash

et al., 1973).

Further observations support the view that

estrogen production in sheep at term results

from the effects of fetal cortisol on placental

enzymes rather than from an increase in the

production of fetal adrenal C19 steroids. Both

the maternal and fetal adrenals can provide C19

precursors for placental aromatization (Davies

et al., 1970), but the increase in estrogen at

delivery occurs after fetal (Flint et a!., 1976) or

maternal (Thompson and Wagner, 1974) adre-

nalectomy. Maternal ovariectomy has no effect

on maternal plasma estrogens (Bedford et al.,

1972). Suppression of the fetal pituitary-adre-

nal axis (as judged by a lowering of fetal plasma

ACTH and cortisol) is achieved during the

intra-fetal infusion of dexamethasone at

amounts which precipitate premature delivery

(Fig. 2). However, the changes in maternal

progesterone and estradiol during dexametha-

sone-induced delivery resemble those seen at

norma! term, and are consistent with the

increase in estrogen resulting from a direct

effect of the glucocorticoid on placental en-

zymes. An increase in maternal estrogen is also

seen during premature delivery induced by

dexamethasone infusion to adrenalectomized

fetal lambs (Flint et a!., 1976). Finally, no

increase has been found in the concentration of

potential C19 estrogen precursors, androstene-

dione and testosterone in fetal plasma during

spontaneous or ACTH-induced parturition

(Strott et a!., 1974; Liggins et al., 1977).

Whilst an increase in fetal cortisol stimulates

changes in placental steroidogenesis, it is ap-

parent that the magnitude of this increase need

not be a critical factor. Further, if there are

differences in the sensitivity of different pla-

cental enzyme systems to cortisol a change in

progesterone need not invariably be associated

with an increase in unconjugated estrogen.

These possibilities have been examined in four

intact and four hypophysectomized fetal lambs

infused with Synacthen (J31-24 ACTH, 10 J.zg/h)

until delivery occurred (Table 1). The results

may be compared with other fetal lambs

treated with dexamethasone (Kendall et al.,

1975). Hypophysectomy was judged complete

on the basis of macroscopic examination of the

sella turcica, and the finding of levels of ACTH,

GH and prolactin in fetal plasma of <10 pg/ml,

TABLE 1. Time to delivery induced by Synacthen or dexamethasone infusion in intact or hypophysectomized

fetal sheep.

Synacthen

(131 -24 ACTH) infusion

Dexamethasone

infusion

Hypophysec- Hypophysec-

Intact tomized Intact tomized

fetus fetus fetus fetus

Time (hours)

mean ± S.E.M. 70.5 ± 83ab 99.8 ± 80bcd 49.8 ± 2.3ac 52.8 ± 49d

= 4 fetuses in each group. Significant differences (t test) between means with the same superscript are as

follows: a, P<O.05, b, P<0.05;c, P<0.O1 ;d, P<0.01.

#{149}8Synacthen(131-24 ACTH, Ciba Ltd.; 10 jag/h) or dexamethasone (dexamethasone phosphate, Ciba Ltd.; 42

jagih) were infused into a fetal vein commencing on days 124-129 of pregnancy, some 7-14 days after fetal

surgery, and continued until delivery occurred.
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EWE 49 - INTACT FETUS

-. 0 #{149}3Q
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DAYS RELATIVE TO START OF ACTH

FIG. 4. Effects of Synacthen ((31-24 ACTH 10

jag/h) infusion into an intact fetal lamb on the

concentrations of ACTH and cortisol in fetal plasma,

and estrone, estradiol, progesterone and 13,14 dihydro

15-keto PGF20 �PGFM) in maternal peripheral plas-

ma. The ACTH infusion was started on Day 127 of

pregnancy. Premature delivery occurred in 66 h.

<0.5 and <0.2 ng/ml respectively during the

preinfusion control period, compared to levels

of 50-200 pg/mI, 40-100 ng/ml, and 5-20

ng/rnl respectively in intact fetuses. The hor-

mone changes within the 4 fetuses in each

group were similar, and representative animals

are presented in Figs. 4 and 5 (Kendall et al.,

1975).

The mean time taken to induce delivery by

continuous ACTH infusion into intact fetuses

was 70.5 h. This time interval was significantly

prolonged after fetal hypophysectomy, or

shortened by infusion of dexamethasone. Dexa-

methasone was equally effective in intact or

hypophysectomized fetuses. These differences

may be interpreted as indicating that the effect

of ACTH on the placenta is an indirect one,

mediated through the stimulation of the fetal

EWE 2 - HYPOPHYX FETUS

-? -l 0 ‘I .2 .3 .4 .5

DAYS RELATIvE TO START OF UClA

FIG. 5. Effects of Synacthen ((31-24 ACTH, 10

jag/h) infusion into a hypophysectomized fetal lamb

on the concentrations of ACTH and cortisol in fetal

plasma, and estrone estradiol, progesterone and 13,14

dihydro 1 5-keto PGF2 � (PGFM) in maternal peripher-

al plasma. Fetal hypophysectomy was performed on

Day 110 p.c. The intra-fetal ACTH infusion was

started on Day 126 p.c. Premature ddivery occurred

in llOh.

adrenal. At present, it is not known whether

the differences between intact and hypophysec-

tomized fetuses relate to the absence of other

pituitary hormones (prolactin, growth hor-

mone), or relate to the loss of ACTH receptor

after hypophysectomy.

During the continuous infusion of Synac-

then at a constant rate to intact fetuses, large

fluctuations in fetal plasma ‘ACTH’ have been

found using an NH2 -terminal antibody to mea-

sure both endogenous ACTH and exogenous

131-24 ACTH (Johnson eta!., 1975;videsupra).

The identity of these different molecular spe-

cies has been confirmed by gel filtration (Jones,

1975). In these previous reports, as in the

present study, fetal cortisol fluctuated in paral-

lel with the ACTH changes. This raises the

possibility that although fetal adrenal weight

occurs in response to intra-fetal ACTH (Liggins,

1969), the levels of cortisol achieved in fetal
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plasma may relate directly to an unphysiologic

level of trophic stimulus applied to the gland.

The changes in maternal progesterone, estrone,

estradiol and prostaglandin F (measured as

jugular vein levels of 13,14-dihydro-15-keto

PGF2�) production in this group of sheep was

similar to those found at spontaneous term

(Fig. 4).

Delivery could be induced in hypophysecto-

mized fetuses treated with ACTH at levels of

plasma cortisol of only 20-25 percent those

seen at spontaneous term. These values are

within the range found in some intact fetuses at

this stage of gestation (Challis et a!., 1976),

unassociated with premature delivery. They

illustrate that it may be a gross over-simplifica-

tion to think of the stimulus to parturition in

sheep simply in terms of the concentration of

cortisol achieved in fetal plasma. A consistent

finding (Kendall et al., 1975) was that despite a

normal decrease in plasma progesterone,

there was no rise in unconjugated estrone or

estradiol in maternal plasma during Synacthen

administration to hypophysectomized fetuses

(Fig. 5). A similar result has been reported in

intact fetuses infused with dexamethasone be-

fore 125 days (Liggins et al., 1972). Although

there is no estrogen rise, prostaglandin F

production increases (Fig. 5), and delivery

occurs. This is consistent with the suggestion

that providing basal estrogen is present, prosta-

glandin may be produced in response to pro-

gesterone withdrawal (Currie and Thorburn,

1973).

These studies show that ACTH or dexa-

methasone will induce delivery when adminis-

tered directly to the hypophysectomized fetus

on about Day 130 p.c. At this stage of gestation

maternally administered glucocorticoids have

little effect on the length of pregnancy (Liggins,

1969), and Bosc (1972) showed that even at

term, when maternal administration of dexa-

methasone is normally effective, it is not so if

the fetus has been hypophysectomized. An

explanation for these findings may be that an

intact fetal pituitary-adrenal axis is necessary

for occurrence of the normal changes in pla-

cental permeability. If the primary site of

action of glucocorticoids is on the fetal pla-

centa, such a mechanism may explain their

relative ineffectiveness in inducing parturition

when administered to the mother, until close to

normal term (see Challis and Thorburn, 1976).

This may be of value as protection against

premature labour.

Cortisol and Placental Steroidogenesis in

Primates

In primates there is a greater degree of

permeability to cortisol than in domestic ani-

mals, and there is no evidence for placental

enzyme induction or activation. In particular,

exhaustive studies have shown the inability of

the primate placenta to 17a hydroxylate C21

steroids, and have pointed to a requirement for

the provision of C1 � steroids of fetal adrenal

origin as precursors for placental estrogen pro-

duction (see Diczfalusy and Mancuso, 1969;

Ryan, 1969; Ryan and Hopper, 1974). Thus in

primates glucocorticoids reduce maternal estro-

gen levels as a result of suppression of the fetal

pituitary-adrenal axis, but are without effect on

placental progesterone production (Simmer et

a!., 1974; Challis et a!., 1974). This situation is

in marked contrast to that described in the

sheep, and is a major point of divergence

between the different species. Cortisol is exten-

sively metabolized in the primate placenta

(Murphy et al., 1974; Kittinger, 1974). It seems

unlikely to have significant effects on placental

sulphatase, 313-hydroxysteroid dehydrogenase,

or aromatase activities.

CORTISOL AND LUNG SURFACTANT

Fetal lambs, delivered by caesarean section

before Days 125-130 of gestation are unable

to establish satisfactory respiration. However,

Liggins (1969) observed that when premature

parturition was induced at that age with intra-

fetal glucocorticoid, the lambs were able to

expand their lungs, suggesting that the gluco-

corticoid had accelerated lung maturation and

pulmonary surfactant production. Subsequent-

ly many investigators have demonstrated the

possibility of accelerating lung maturation in

animals and in man by the use of glucocorti-

coids (see Avery, 1975; Liggins and Howie,

1972). In the fetal lamb, surface active material

(S.A.M.) is first present in tracheal fluid collec-

tions on about Day 120-122 of gestation

(Platzker et a!., 1975) and increases thereafter.

Intrafetal administration of glucocorticoid to

one of a pair of twin lambs (DeLemos et a!.,

1970; Platzker et a!., 1975) or one of a litter of

rabbits (Kotas and Avery, 1971) accelerates

lung maturity in the treated fetus, as judged by

measurements of S.A.M. in tracheal and lung

fluid, differentiation of alveolar type II cells,

and the concentration of osmiophilic inclusions

within these cells. In the rabbit fetus, glucocor-
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ticoid injections increased the activity of lung

choline phosphotransferase, one of the enzymes

involved in lecithin synthesis through the cyti-

dine diphosphate-choline pathway (Farrell and

Zachman, 1973). In both rabbit and human the

increase in lecithin content in fetal lung is

brought about through preferential accelerated

activity of the CDP-choline pathway over the

methylation pathway (see Gluck and Kulovich,

1973).

Further evidence that these effects relate to

cortisol has been the demonstration of cytosol

and nuclear binding sites for glucocorticoids in

fetal lung tissue before the normal appearance

of surfactant in alveolar spaces. In the rabbit,

cortisol receptors in the nuclear fraction of

fetal lungs appear on Day 21, and reach their

maximum concentration about Day 28, when

unbound cortisol is at its maximum in fetal

plasma, and surfactant production is demon-

strable (Giannopoulos et a!., 1972). Glucocor-

ticoid receptors have been demonstrated in

human fetal lung by 9 weeks gestation (see

Giannopoulos, 1975). The mechanism of gluco-

corticoid uptake in rabbit fetal lung is a

multi-step mechanism involving association

with extranuclear receptor protein, activation,

and then binding to nuclear chromatin, through

acceptor sites which appear to involve DNA

(Giannopoulos, 1975). The rabbit fetal lung

also actively converts cortisone to cortisol, with

the reverse inactivation pathway of only minor

importance. After incubating either cortisol or

cortisone with fetal lungs at 37#{176}C, similar

amounts of cortisol are recovered in association

with nuclear receptors (Giannopoulos, 1975).

Both cortisone and cortisol enhance the conver-

sion of �3 H] -choline into lecithin by rabbit

fetal lung cells in tissue culture. 1 1-Ketoproges-

terone, which blocks the conversion of corti-

sone to cortisol, inhibits the effect of cortisone

on [3 H] -choline incorporation into lecithin. In

the human fetal lung, cortisone may be con-

verted to cortisol. The inhibitory effect of

1 1-ketoprogesterone may be of physiological

importance if the steroid is present in the fetal

circulation in high concentrations (Torday et

al., 1975).

Although some investigators (Murphy, 1974)

have presented evidence for a decrease in

glucocorticoid production in human infants

developing respiratory distress syndrome, the

results of other workers have not supported this

conclusion (Reynolds, 1973; Baden et a!.,

1972). In the fetal lamb it is clear that the

increase in surfactant production precedes the

increase in both total and unbound cortisol con-

centrations in fetal plasma (Mescher et a!.,

1975). There is therefore a need for caution in

interpreting the relationship between blood

levels of glucocorticoids and maturation of lung

function especially if the latter is expressed as

the appearance of S.A.M. or a change in the L/S

ratio in amniotic fluid or tracheal fluid. Con-

sideration must be made of differences between

receptor activities and steroid interactions in

the fetal lung, and information is still required

on the temporal relationship between S.A.M.

synthesis and its appearance in amniotic fluid.

The above relationships demonstrate that corti-

so! need not be present in high concentrations

for normal maturation of the fetal lung; a!-

though clearly elevated cortisol levels will ac-

celerated maturation. It has been pointed out

that situations in which the fetus is ‘stressed’ in

utero (such as infection and perhaps intrauter-

ine growth retardation) may give rise to preco-

cious cortisol secretion and an enhancement of

lung maturation. It should be noted that other

substances may influence S.A.M. production. In

the fetal rabbit, both thyroxine and heroin

were shown to stimulate lung maturation,

although whether the action of these com-

pounds is a direct one, or is mediated through

cortisol has not been established (see Avery,

1975).

Exogenous glucocorticoids have been used in

an antepartum attempt to prevent respiratory

distress in man. In the original series of prema-

ture infants, Liggins and Howie (1972) used

either alcohol or salbutamol to delay labor,

since it is apparent that exposure to the

glucocorticoid for greater than 24 h in utero is

required. Protection from RDS was apparent in

the group of infants presenting at 26-32 weeks

gestational age, treated with betamethasone.

After 32 weeks there was no benefit from the

treatment.

CORTISOL AND OTHER ENZYME SYSTEMS

IN THE FETUS

Glucocorticoids are known to be involved in

the maturation and biochemical differentiation

of other tissues in the fetus. Among the clearest

examples is that of glycogen deposition in the

liver. In the rat fetus it has been shown that

following production of adrenocortical insuffi-

ciency by decapitation on Day 17 or 18 of

pregnancy, liver glycogen storage was reduced

by 3 5-50 percent on Day 21. If the mother
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was also adrenalectomized, liver glycogen was

reduced even further, indicating that maternal

adrenal hormones can cross the placenta and

substitute for the fetal hormones to a certain

extent. Restoration of glycogen uptake was

accomplished by administration of ACTH to

the fetus, or corticosteroids to the mother or

fetus (see Jost, 1969). In the rabbit fetus,

suppression of liver glycogen uptake was maxi-

mal after fetal decapitation alone, and could

not be restored by ACTH or glucocorticoid.

However addition of GU or prolactin restored

glycogen storage, pointing to a possible dual

control mechanism. In the guinea pig the

increase in liver glycogen storage closely paral-

lels the increase in the concentration of cortisol

in fetal plasma (Jones, 1975). In the rat,

glucocorticoid receptors can be demonstrated

in the fetal liver on Day 18 of gestation, and

the concentration increases after birth to reach

mature levels by the fifth postnatal day. In the

fetal rat liver, there appears to be only one class

of high affinity receptors, with different speci-

ficity characteristics for cortisol and cortico-

sterone than the receptors in adult liver (Gian-

nopoulos, 1975).

Studies on fetal sheep induced to deliver

prematurely with ACTH or cortisol seem likely

to provide further important information on

the role of cortisol in fetal organ maturation.

Thus the release of insulin in response to

glucose normally begins to increase just before

birth, and the adult pattern is achieved in the

few days immediately postpartum (Bassett et

a!., 1973). This switch to the adult secretory

response can be hastened in lambs born prema-

turely after intra-fetal ACTH infusion, raising

the possibility that it may be related to the

increase in glucocorticoid titres at this time.

Whether cortisol directly affects 13-cell function

in the fetal pancreas is presently unknown.

Finally, we (Pierce et al., 1976) have recent-

ly investigated the role of glucocorticoids in the

switch from fetal to adult hemoglobin in sheep

by measuring the proportions of 13 chain synthe-

sis. In this species the switch begins about 130

days and is complete by 5 days postnatally.

Since the timing of the switch appears to

coincide with the cortisol rise in the fetus and

red cells contain glucocorticoid receptors

(Golde et a!., 1976), dexamethasone was in-

fused into fetuses at 110 days and premature

switching observed. After fetal hypophysecto-

my the switch started at the same time a!-

though the time for complete switching was

much greater. However, this may be explained

by the low basal cortisol levels observed in

these fetuses (Fig. 1).

COMMENT

Development of the functional activity of

the fetal adrenal axis can in many species be

considered a key process in the maturation of

other organ systems. In the sheep, the active

principle appears to be cortisol, but in species

where corticosterone is the main fetal glucocor-

tocoid, these roles could be reversed. In some

species, e.g., man, cortisone produced in the

placenta may function as a pre-hormone in the

fetus, being converted locally to the active

form, cortisol, in the fetal lung. Such a mecha-

nism could serve as a useful safeguard against

inhibiting fetal ACTU secretion, and suppres-

sing the activity of the fetal adrenal axis in

utero.

It is also apparent that many of the changes

attributed to cortisol will proceed albeit at a

slower rate, in the absence of a prepartum

glucocorticoid surge. In this sense, cortisol may

function as the ‘tuner’ that synchronizes and

coordinates those maturational processes re-

quired for extra-uterine life.
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