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Extract

Three pregnant ewes and their fetuses, in utero, were infused constantly with 14C-cortisol and 3H-corti-
sol. The maternal concentrations of cortisol in plasma were 5.24f1.16 ,ug/100 ml and the fetal con-
centrations in plasma were 2.39%0.25 pg1100 ml. Metabolic clearance rates were estimated to have
a mean of 1,397 liters124 h in the ewes and 92 liters124 h in the fetuses. The mean rates of blood produc-
tion for the ewe and the fetus were 73.6 and 2.14 mg/24 h, respectively, while the mean rates of cortisol
secretion for the ewe and fetus were 73.5 and 1.64 mg/24 h, respectively. Application of the theoretical
model presented, allowed us to calculate the contribution the mother was making to the cortisol
concentration in the plasma of the fetus and vice versa. We also calculated the ratio of relative resistance
for transplacental passage of cortisol.

S'eculation

From the model proposed, it was calculated that the fetus contributed very little to the maternal
cortisol levels. In two experiments, more than 60 % of the fetal levels of plasma cortisol were of fetal
origin, while in another experiment, almost all the cortisol was produced by the fetus. We speculate,
therefore, that a 'placental barrier' exists in sheep during pregnancy. The physiological role of this
barrier remains to be determined.

Introduction lambs in utero produced parturition, whereas 10,000 pg
dexamethasone/24 h had no effect when given to the

The question of fetal participation in the production mothers. In another study [9], ACTH was given to
of hormones, and of the transplacental passage of these the fetal lamb and when the fetal adrenal gland reach-
hormones, is of great theoretical and practical interest. ed a size comparable to that of the normal newborn
A complex interrelation exists among the various com- lamb, in about 5-7 days, labor occurred in the mother,
partments of the maternal-placental-fetal unit. GUR- These data suggested the existence of at least a partial
PIDE and VAN DE WIELE [6] have described a general 'placental barrier' to the transfer of adrenal steroids,
method for the measurement of secretion rates of hor- and also, that the adrenal glands of the fetus play an
mones in pregnant animals and their fetuses. These important role in the initiation of labor [5, 10, 111.
authors, however, did not calculate the degree of trans- The experimental method used in this study permits
placental diffusion resistance to the passage of hor- estimation of the amount of diffusion resistance that
mones from the mother to the fetus and vice versa. occurs during passage of hormones across the placenta
LIGGINS [8] demonstrated that intraperitoneal injec- from the mother to the fetus and in the reverse direction,
tion of 50 pg dexamethasonej24 h in near-term fetal Measurements of maternal and fetal secretion rates of
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the hormones, their net transfer, and the contribution
of the mother and her fetus to the plasma concentration
of the hormones in both also were achieved with this
method.

Materials and Methods

Surgery
Three ewes of the Dorset and Hampshire strain were

used; each was about 120 days into pregnancy.
The animals were sedated, by intravenous injection,

with 2.5% Surital, 1 m1/3 kg, and placed in a supine
position on the operating table. Anesthesia (Fluothane)
was administered and controlled respiration main-
tained via endotracheal intubation. A subumbilical
midline incision was made and carried through to the
peritoneum after shearing and preparing the abdomi-
nal area. After palpation of fetus in utero, the fetal head
was delivered and marsupialized to the margins of the
uterotomy. The external jugular vein and common
carotid artery were exposed and Silastic catheters were
passed so that the arterial catheter was positioned and
fixed in the aorta and the venous catheter in the right
atrium. The catheters were secured to the fetus by
means of a Dacron-enforced Silastic fixation plate
fastened to the cervical fascia. The fetal head was re-
turned to the uterus, the uterotomy was closed, and
the peritoneum and fascia1 defect were repaired. The
catheters were tunneled subcutaneously around to the
maternal flank and exteriorized. Both catheters had
been prepared with heparinized saline solution and
now were connected to saline bottles to form a closed
sterile system. Fetal status was evaluated at completion
of surgery and at intervals thereafter by measuring
fetal blood pH and pCO,.

Twenty-four hours later, at the time of the double
constant infusion, the ewes had fully recovered and
were standing and feeding in their stalls. A large-sized
intravenous catheter was inserted percutaneously in
the external jugular vein of the ewe and blood samples
were obtained by separate venipunctures from the
opposite jugular vein.

Infusion
Before starting the infusion, blood samples were ob-

tained from the ewes and fetuses to measure the con-
centration of cortisol in plasma. Fetal pH and pCO,
were checked. In separate syringes, 30 yCi of l , P H -
cortisol (3H-F) with a specific activity of 55.0 Ci/m~
and 30 yCi of 4-14C-cortisol (14C-F) with a specific
activity of 54.4 mCi/m~ were diluted with 0.9 % saline;
the syringes were placed into two constant infusion
pumps [24]. Two-minute collections of the radioactive
materials were made and then each pump was run at

a rapid speed to clear the dead space in the connecting
tubing. The 3H-F was infused into the fetal arterial
line at a rate of 5 ml/h for 3 h, calculated to deliver
15 pCi (99 ng) of SH-F. At 2.75 and 3 h the infusion
was stopped for 30 sec and blood samples were with-
drawn from the venous line located in the right fetal
atrium. The 14C-F was infused into the maternal right
jugular vein at a rate of 8.4 ml/h, calculated to deliver
15 -pCi (99.7 pg) in 3 h. The amounts of 3H-F and
I4C-F infused to mother and fetus were negligible in
relation to their endogenous secretion rate. At 2 h,
and every 15 min thereafter, maternal blood samples
were obtained from the left jugular vein. At the com-
pletion of the 3-h period, three 2-min collections were
made, in separate vials, of both radioactive materials,
and were used for calculations of infusion rates. Fetal
pH and pCO, were again checked and were normal
in every case.

All three ewes delivered within the next 3 days. The
weights of the fetuses,were 2.5, 2.35, and 2.0 kg, cor-
responding to maternal weights of 50, 30, and 55 kg.
Autopsies confirmed the location of the catheters in
each fetus.

Plasma Concentration of Cortisol
Concentrations of cortisol in plasma of the ewe and

fetus were determined by the protein binding method
with the following modifications: a known amount of
3H-F was added to the plasma samples and after pre-
cipitation with ethanol and centrifugation, the super-
natant was evaporated to dryness. The residue was
applied to Whatman no. 2 paper (methanol washed)
and chromatographed with benzene-methanol-water
(2:1:1) for 5 h at 37'. The area opposite an external
standard for cortisol was eluted. A small aliquot was
taken for calculation of recovery of 3H-F and the re-
mainder run through the protein binding method using
0.5 % human plasma from pregnant women as a source
for cortisol-binding globulin and activated Florisil for
adsorption of unbound cortisol [17, 181.

Plasma Concentration of Radioactive Cortisol
Fifty micrograms of nonradioactive cortisol (F) were

added to each plasma sample. The plasma was extract-
ed with chloroform and paper chromatography as de-
scribed above was used. The losses were calculated by
measuring the recovery of the nonradioactive F by
means of the PORTER-SILBER reaction [211. The radio-
activity was measured in a liquid scintillation counter
[25] as described by RIVAROLA et al. [22]. The pre-
and postinfusion collections were similarly counted.

Theoretical Model
When radioactive cortisol is infused at a constant

rate into the blood stream, the level of radioactivity
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gradually rises until a plateau is reached. At this time,
the rate at which the radioactive cortisol is cleared
from the blood is equal to the rate at which it is infused,
and there is equilibrium in all body compartments.

During the constant infusion, when equilibrium is
achieved, the specific activity of the cortisol in the
blood pool is equal to the ratio of the rate of injection
of radioactive cortisol to the rate of secretion of non-
radioactive cortisol into the blood. As long as the con-
stant infusion continues and equilibrium remains, all
the cortisol crossing the placenta from the fetus into
the ewe will have the specific activity reached by the
cortisol secreted and originated in the fetus. It is thus
possible to look at the cortisol secreted by the ewe and
the fetus as two separate hormones, each having a
different radioactive tag and specific activity, but inter-
changing between the two compartments.

The following abbreviations are used in the Calcula-
tion of Maternal and Fetal Secretion Rates: X , total con-
centration of hormone in maternal plasma; FM, con-
centration of the hormone in maternal plasma originat-
ing from the fetus; MM, concentration of the hormone
in maternal plasma originating from the mother; Y,
total concentration of hormone in fetal plasma; FF,
concentration of the hormone in fetal plasma originat-
ing from the fetus; MF, concentration of the hormone
in fetal plasma originating from the mother; 14C, rate
of infusion of 14C hormone into the mother (in cpm);
3H, rate of infusion of 3H hormone into the fetus (in
cpm); FSR, secretion rate of cortisol by the fetus;
MSR, secretion rate of cortisol by the mother; 3HF,
concentration of 3H-cortisol in fetal plasma at equi-
librium (in cpm); 14CF, concentration of 14C-cortisol
in fetal plasma at equilibrium (in cpm); 3HM, con-
centration of 3H-cortisol in maternal plasma at equi-
librium (in cpm); and 14CM, concentration of 14C-
cortisol in maternal plasma at equilibrium (in cprn).

Calculation of Maternal and Fetal Secretion Rates
At equilibrium, one can write:
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Calculation of Metabolic Clearance Rates and Blood Production
The metabolic clearance rate (MCR) is calculated

as the ratio of the rate of infusion of the radioactive
hormone to its plasma concentration. The blood pro-
duction rate of the hormone is the product of the meta-
bolic clearance rate and the plasma concentration of
the nonradioactive hormone.

Calculation of the Net Transfer Rates
This is calculated as the difference between blood

production rate and secretion rate as defined above,
and will be abbreviated to VFM for the transfer from
fetus to mother and to VMF for that of mother to fetus
(fig. I). They are expressed in milligrams per 24 h.

MSR

MM

+ WM
= X

VFM

FSR

I T MF

= Y

Mother

Fig. I. Theoretical model of hormonal interrelations.
Represented are the maternal secretion rate (MSR),
fetal secretion rate (FSR) as well as the total maternal
concentration (X), which consists of the maternal hor-
mone secreted by the mother (MM) and the fetal com-
ponent that has crossed the placenta (FM). Similarly,
in the fetus, the hormone of fetal origin (FF) together
with that of maternal origin (MF) constitutes the fetal
hormonal concentration (Y). The net transfer rate
from fetus to mother is VFM and from mother to fetus
is VMF.
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Relative Dzjiusion Resistance
In the sheep, there is no significant amount of cor-

tisol-binding globulin [12], and therefore, all cortisol
on both sides of the placenta is available for diffusion.
If the passage of cortisol from one side of the placenta
is concentration dependent, and therefore obeys the
diffusion formula, then the resistance to the passage
of the maternal hormone across the placental barrier
to the fetal side will be defined as:

MM— MF
VME

The resistance to passage of the fetal hormone in the
reverse direction will then be:

FF—EM
VFM

The relative resistance could then be defined as the
ratio between the two:

(MM — ME) - VFM

(FF — FM) . VMF

A ratio of greater than 1, indicates a greater resist-
ance to the passage of cortisol from the mother to the
fetus than from the fetus to the mother.

Results and Discussion

Concentrations of plasma, rates of metabolic clearance,
of blood production, and of secretion, and net transfers
of cortisol are presented in table I.

Measurement of Concentrations ofCortisol in Plasma of Sheep
The determination of cortisol concentrations in

plasma of sheep has been difficult in the past and the
results controversial [l-4, 7, 12, 13, 19, 20, 231. All
previous methods required large quantities of plasma
and made measurements in utero impracticable. Also,
under physiologic conditions, levels of cortisol are low
in sheep when compared with man. This could be
related to the low percentage binding of this steroid
to plasma proteins of the sheep (39&5% at room
temperature), compared with over 90% in man. There
was no significant increase in cortisol concentration
or binding power in the pregnant ewe [12]. Our re-
sults for plasma concentration of cortisol agreed with
those of LINDNER 1121 who found levels of 1.7-3.5 ygl
100 ml in stressed animals and 2.4-7.5 pg/100 ml
following abdominal surgery. HARRISON et al. [7] and
PATERSON [19] found similar values, whereas CHESTER
JONES et al. [3] found 6 ,ug/100 ml in the fetus but
665&161 pg/100 ml in ewes. The high values were
probably related to the use of nonspecific methods.

It is of interest that in all cases the fetal concentration
of cortisol in plasma was about one-half that of the
maternal concentration. This in itself appears to indi-
cate some form of placental diffusion resistance.

Rate of Blood Production and of Secretion ofCortisol
During the 3rd h of constant infusion, a plateau of

radioactive cortisol was demonstrated in the maternal
and fetal plasma, demonstrating that equilibrium had
been attained. Our values for the metabolic clearance
rate (MCR) of cortisol in sheep were higher than in
man. Great variations in the values stated for cortisol
secretion appear in the literature [I, 2, 131, varying
from 3.1 mg [4] to 192 ,ug/24 h/kg (or 184 mg/24 h for
a 40-kg sheep) [19]. In our experiments, the rates of
blood production ranged from 67.56 to 83.34 mg/24 h,
and the secretion rates from 66.72 to 83.02 mg/24 h.
These values were much higher than those found in
pregnant women [16]. This was probably related to
the low plasma concentrations, the short half-life of
cortisol [19], and the large MCR in the ewes. We have
also been able to show that the fetus in utero secreted
cortisol, and that the rates of blood production by the
fetus were 2.19-2.08 mg/24 h and the secretion rates
were 2.07-1.31 mg/24 h. Thus, the fetus secreted only
about one-fiftieth as much cortisol as the mother. Ex-
pressed per kilogram of body weight, the fetus secreted
about one-half as much as the mother.

Net Transfer of Cortisol
In each case, there was a significant transplacental

passage of fetal cortisol to the maternal side. In experi-
ments 1 and 2, a maternal-to-fetal transfer also occur-
red, but in experiment 3 almost no transfer took place.
In this experiment, the ewe was the largest and health-
iest and delivered the lightest lamb (2.0 kg). MESCHIA
114, 151 has shown that placental permeability to urea
increases with fetal weight; that a similar situation
exists with cortisol might be postulated.

The relative diffusion resistance ratio, calculated in
each case, is shown in table 11. The fetus contributed
very little to the total cortisol concentration of plasma
in the ewe, even though 20-50% of the total amount
of cortisol secreted by the fetus crossed into the mater-
nal circulation. At least 60 % of the concentration of
cortisol in plasma in the more mature fetuses (exps. 1
and 2) originated from their own adrenal glands, but
in early pregnancy, as is presumed to be the case in
experiment 3, almost all of the concentration of cortisol
in plasma originated from the fetus. In this case, the
relative resistance to hormonal crossover from maternal
to fetal side was great. It must be noted that our values
for relative resistance may be somewhat inaccurate
since the method for their calculation included the
sum of all the errors of the various variables. The value
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Table I. Concentrations of plasma and rates of metabolic clearance, blood production, secretion, and transfers
(V;FM and VMF) of cortisol in the pregnant ewe and its fetus1

Exp. Plasma conc, MCR2, Blood production Cortisol secretion VFM 3 , VMF 3 ,
no. rate, rate,

pg1100ml liter124 h mgl24 h mg/24 h mgl24 h mg/24 h

1

2

3

Ewe
Fetus

Ewe
Fetus

Ewe
Fetus

4.00

6.28

5.50

2.61

2.11

2.45

1,689

1,327

1,274

104

85

67.56

83.34

70.07

2.16

2.19

2.08

66.72

83.02

69.66

1.54

1.31

2.07

0.74 0.63

0.32 0.88

0.41 0.01

1 All calculations were obtained by computerized programs. For each value two decimals are presented in the
tables for the sake of the accuracy of the calculations; however, it is evident that these decimals have no biolog-
ical significance.

2 MCR = metabolic clearance rate.
3 Net transfer rates, calculated as difference between blood production rate and secretion rate: VFM = transfer

from fetus to mother; VMF = transfer from mother to fetus.

Table II. Transplacental passage of cortisol and relative diffusion resistance ratios

Exp.
no.

Plasma cortisol conc. u~1100 ml

Total Maternal
origin

Fetal
origin

Relative
resistance

1 Ewe
Fetus

2 Ewe
Fetus

3 Ewe
Fetus

4.00

6.28

5.50

2.61

2.11

2.45

3.95

6.26

5.47

0.76

0.85

0.01

0.05

0.02

0.03

1.85

1.26

2.44

2.4

1.6

121.5

in experiment 3 might be particularly erroneous since
the maternal contribution to the fetal cortisol concen-
tration was almost nil. It can be speculated that the
placental barrier serves to protect the fetus from the
higher maternal hormonal levels.

Summary

A theoretical model that permits the calculation in the
pregnant animal of a) maternal and fetal rates of
'blood production' of a hormone; b) net transfer rate
across the placenta of the hormone in both directions;

c) contribution of the mother to the fetal production
and vice versa; and d) the ratio of the resistance to the
passage across the placenta of the hormone of maternal
origin and of the hormone of fetal origin is described.

An experiment is presented as an application of this
model in which all these variables were measured in
the pregnant sheep for cortisol. It was found that
although a significant amount of the cortisol secreted
by the fetus crosses unchanged to the maternal side,
the placenta of the sheep presents a significant barrier
for the movement of cortisol in the other direction. This
barrier enables the fetus to maintain a lower concentra-
tion of cortisol than its mother, and thus to maintain
an independent homeostatic regulation of its level.
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