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Summary 

We studied the fetal pituitray-adrenal axis in 9 growth retarded fetal lambs 
by serially measuring plasma glucocorticoids and ACTH concentrations from 115 
to 140 days of gestation and adrenal blood flow at 138 days of gestation. At 
each gestational age period studied, plasma glucocorticoid and ACTH concentrat- 
ions were similar in both growth retarded and control fetuses (Figs. 1, 2). 
However, ACTH concentration tended to be higher in the last 20 days of gesta- 
tion in the growth retarded fetuses. This resulted in a significantly lower 
glucocorticoid1ACTH ratio between 121 to 130 days of gestation in the growth 
retarded fetal lambs as compared to the control fetuses (212 t 111 vs. 1042 t 
257). The glucocorticoid/ACTH ratio in the growth retarded fetuses became 
similar to the ratio of the control fetuses at 131 to 140 days (445 t 145 vs. 
554 i 182). Adrenal blood flow was significantly increased at term in the 
growth retarded fetuses (535 ? 87 vs. 302 t 40 mlImin/lOOg). These data indi- 
cate that the pattern of maturation of the fetal adrenal gland in the growth 
retarded fetal lamb is similar to that of the normal sized fetus. Because of 
the increased adrenal blood flow observed at 138 days of gestation, there is a 
suggestion of a decreased sensitivity to ACTH in these animals. 

Speculation 

Growth retarded fetal lambs have glucocorticoid and ACTH concentrations 
similar to those of control fetuses. Because adrenal blood flaw is higher in 
growth retarded fetuses than in control fetuses, (indicating an increased ACTH 
flux to the adrenal in the growth retarded fetuses) there is possibly a de- 
creased sensitivity to ACTH in the fetuses with growth retardation. This 
apparent insensitivity to ACTH may be due to a partial enzymatic blockade in 
the pathway of biosynthesis of glucocorticoids. 

INTRODUCTION 

In h-n pregnancies complicated by maternal cardiovascular disease, such as 
hypertension or pre-eclampela, uteroplacental blood flow is probably chronically 
decreased (2,8,14) and the fetuses' growth is frequently retarded (18). The 
additional observation that the lecithin/sphingomyelin ratio in the amniotic 
fluid is prematurely increased in these pregnancies (7) suggests that in growth- 
retarded fetuses glucocorticoid production by the fetal adrenal gland increases 
prematurely. This hypothesis is supported by the findings that glucocorticoid 
administration to the mother reduces the incidence of respiratory distress in 
newborns from normal pregnancies (16). In opposition to this hypothesis are 
the finidings that human newborns with fetal growth redardation have low corti- 
sol production (13) or normal urinary excretion of glucocorticoid metabolites 
(20). 

In fetal lambs with growth retardation secondary to a reduction in utero- 
placental blood flow the thymus weight is greatly reduced and the adrenal gland 
weight is normal in spite of a significant reduction of body weight (4). This 
finding also supports the hypothesis that adrenocortical function may be in- 
creased in growth-retarded fetuses. To determine whether this hypothesis is 
correct, we studied pituitary-adrenal funciton by serially measuring plasma 
glucocorticoid and adrenocorticotropin (ACTH) concentrations during the last 
fifth of gestation and adrenal blood flow at 138 days of gestation in growth- 
retarded fetal lambs. 

MATERIALS AND METHODS 

Preparation 

Nineteen mixed breed Western ewes with known gestational ages were surgically 
prepared from 105 to 110 days of gestation. Polyvinyl catheters were inserted 
into fetal carotid and femoral arteries and jugular and femoral veins, the 
amniotic cavity, and a maternal femoralanery and vein. In nine ewes a catheter 
was also placed in the uterine artery; through this catheter we injected 15 pm 
diameter nonradioactive microspheres daily as described by Creasy % 9. (4) in 
order to gradually embolire the maternal uteroplacental vascular bed. Ten ewes 
without a uterine catheter were used as controls. Five of the controls were 
studied for 25 to 30 days and the remaining five for 15 to 20 days. Arterial 
pH, blood gases, hematocrits, heart rate and arterial blood pressure were 
measured daily. Blood samples for glucocorticoid and ACTH measurements from 
the control fetuses were included in this study only if arterial pH, blood gases 
and hematocrit were normal. Beginning at least five days after-surgery, blood 
samples (1.5 ml) were collected simultaneously from the fetal and maternal 
femoral artery between 0900 and 1200 hours, in chilled plastic syringes and 
tubes. The samples were immediately centrifuged at 4'~ and the plasma was 
transferred to plastic tubes and stored at -20'~ until the assays were perform- 
ed. Each fetus and ewe was sampled once every five days far the glucocorticoid 
measurements and once every ten days far the ACTH measurements. (To perform 
cardiovascular studies that will be reported elsewhere, atropine (0.2 mglkg) 
and propranolol (1 mglkg) were injected into normal and emboliration fetuses 
twice a week. In four pilot experiments the fetal glucocorticoid concentration 
did not change after the injection of either atropine or propranolol.) 

Glucocorticoid Measurement 

Cortisol was measured by the radioimmunoassay method of Abraham % 9. (1) 
modified as follows: corticoids were extracted from 50 ul of plasma diluted 
with 100 ul of phosphate buffer by mixing with 4 ml of ethyl ehter in a 12 x 
75 mm glass tube closed with a plastic cap. After placing the tube in an 
acetone-dry ice bath to freeze the aqueous phase, we decanced the organic phase 
into another tube. The ether extract was evaporated to dryness and then dis- 
solved in 0.4 ml phosphate-saline-gelatin 0.1% buffer. 3~-cortisol (400 cpm, 
New England Nuclear Corporation) in 100 "1 of buffer, and 100 p1 of antibody 
were diluted 1:5000 was then added to each tube. (Cortisol antibody 5-6 13 
was obtained from Dr. G. Abraham, University of California, Los Angeles). 
Samples were incubated overnight at 4'~. Bound and free glucocorticoids were 
separated by absorption with dextran-coated charcoal as described for the 

original technique (1). Standards were extracted in a similar fashion. All 
samples were analyzed in duplicate. The coefficient of variation for duplicate 
samples was 8%. The inter-assay variation was 12%. Since the cortisol anti- 
body cross-reacts significantly with several steroids other than cortisol (pro- 
gesterone 5%. cortisone 52, 11-deaxycortisol 28%. 21 deoxycortisol 72%. corti- 
costerone 32%). we expressed our results as glucocorticoids because we did not 
separate cortisol by chromatography. 

ACTH Measurements 

ACTH was measured by radioimmunoassay as described elsewhere (23). We used 
an antiserum prepared by one of us (JCR 22). This antiserum cross-reacts with 
a'-39 ACTH (100%). N-terminal a'-2s A~TH (90%). and N-terminal .'-I2 ACTH 
( <  30%). It does not cross-react with the a'- 'o, amide. m11-19 ,  or 
m25-39 fragments of ACTH. We used sythetic human ACTH (140 Ulmg) (provided by 
Drs. C.H. Li and J. Ramachandran (Hormone Research Laboratory. UCSF) for both 
standards and iodination. The limit of sensitivity of the assay was 1.5 pg. 
Parallellism was observed between purified ovine ACTH and ACTH extracted from 
plasma of rats, dogs, fetal and adult sheep, and monkeys. The interassay co- 
efficients of variation were 9, 14, and 15% for pools of plasma with high, med- 
ium, and low ACTH concetrations. The intra-assay variation was 6% for one 
sample analyzed 10 times in a single assay. 

Fetal Plasma Glucocorticoid/ACTH Ratio 

This ratio was calculated by dividing the glucocorticoid concentration, ex- 
pressed as pglml, by the ACTH concentration expressed as pglml; both hormones 
were measured in the same plasma sample. 

Fetal Body Weight and Length, and Organ Weights 

At the termination of the experiment the control and embolized ewes were sac- 
rificed and the fetuses delivered in order to measure body weight, crovn-to- 
rump length, and organ weights. 

Adrenal Blood Flow 

In five embolized fetuses we measured adrenal blood flow by the radiolabelled 
microspheres method (9). At 138 5 . 9  days of gestation. we injected radiolabel- 
led microspheres, 15 um in diameter simultaneously into the fetal inferior and 
superior vena cava. Reference samples were taken from the carotid and femoral 
arteries. The fetuses were removed from the uterus and the individual organs 
were dissected, incinerated in an oven and counted for radioactivity in a 512- 
channel multichannel pulse-height analyzer (Searle Analytic, Des Plaines, Ill.) 
as described elsewhere (9). Blood flow to the various organs was calculated by 
a 370 IBM computer from the counts in the adrenal gland, the counts in the ref- 
erence sample and the withdrawal rate of the reference sample. As a check of 
adequate mixing of microspheres in the blood, the right and left kidney and 
hemisections of the brain were counted separately. The number of microspheres 
in the adrenal gland was always more than 400. 

Statistical Analysis 

Student's unpaired t-test was used to compare the differences between the 
means of the emboliration and control groups. Values in the text are given as 
a means t SE. 

RESULTS 

Fetal Weight and Length, and Organ Weights 

Body weight, and crown-to-rump length, were low in the embolired fetuses, 
but brain, and lung weights were similar to those in control fetuses (Table I). 
Liver and thymus weights were low in the embolization fetuses; so the brain-to- 
liver weight ratio was significantly higher in the embolization than in the 
control fetuses. 

Fetal Arterial pH, Blood Gases, and Hematocrit 

In the embolization fetuses, p02 decreased and hematocrit increased between 
131 and 140 days of gestation (Table 11). Blood pH and pCOz in emboliration 
fetuses were similar to those in control fetuses througout the last 35 days of 
gestation. Heart rate and blood pressures were also similar in the two groups. 

Fetal Adrenal Blood Flow 

Adrenal blood flaw at 138 days of gestation was significantly higher in the 
five embolization fetuses studied than in five control fetuses studied by Cohn 
et al. (3) in our laboratory using the same technique (535 ? 87 vs. 302 t 40 -- 
mllmin1100 g respectively; p < 0.05). 

Fetal Plasma Glucocorticoid and ACTH Concentrations and Ratios 

Plasma glucocorticoid concentrations in embolization and control fetuses in- 
creased in similar fashion during the last 35 days of gestation (Fig. 1). In 
contrast, the mean ACTH concentration in the embolization fetuses was slightly 
but not significnatly higher (0.10<p>0.005) than in the control fetuses during 
this period (Fig. 2). The fetal glucocorticaid/ACTH ratio in the embolization 
fetuses was significantly lower than in the controls between 121 to 130 days of 
gestation but not after 130 days (Fig. 3). 

Maternal Plasma Glucocorticoid Concentration 

Glucocorticoid concentrations were similar in the embolization and the con- 
trol mothers throughout the last 35 days of gestation (Fig. 4). 

DISCUSSION 

The gradual emboliration of the sheep uterine-placental vascular bed with 
non-radioactive microspheres retarded the growth of the fetal lambs. The indica- 
tions that fetal growth was retarded are the low fetal body weight and length. 
the low liver and thymus weights and the preservation of brain weight, findings 
similar to those we have reported before (4). The increase in brain-to-liver 
weight ratio observed, and the decrease in p02 and the increase in hematocrit 
found during the last 10 days of the study are also indicators of fetal growth 
retardation (4,5,6). 

Our findings of a similar adrenal weight and of a similar concentration and 
pattern of increase of glucocorticoids with gestational age in the fetal growth 
retarded lamb and in the control lamb indicate that in spite of the chronic 
stress produced by placental embolization adrenocortical function is not in- 
creased nor is adrenocortical maturation accelerated in growth retarded fetal 
lambs. Plasma glucocorticoid concentration in growth retarded fetuses, produced 
by carunculectomy,agreewith our findings (20). The sparing of the fetal adre- 
nal gland may have been caused by the significant increase in the adrenal blood 
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flow that we observed in these fetuses at 138 days of gestation. The mild fetal 
hypoxemia (p02 = 18 torr) could be a stimulus for the increase in blood flov 
since acute severe hypoxemia (p02 = 12 torr) can stimulate fetal adrenal blood 
flov in normal sheep fetuses (3). 

It is known that in normal fetal lambs the plasma glucocorticoid concentra- 
tion does not change in response to an endogenous or exogenous ACTH challenge 
before 130 days of gestation (11,17,23) although ACTH is secreted in response 
to several fetal stresses from I10 days of gestation onwards (23). However. 
chronic infusion (5-7 days) of a large amount of ACTH (over 100 glday) will 
accelerate adrenal maturation and cause an increase in glucocorticoid secretion 
and labor early in gestation (12.15). Our results show that ACTH tends to be 
higher in the fetal growth retarded lamb from 121 days of gestation to 140 days. 
However, there was no increase in glucocorticoid concentration in these fetuses 
from 121 to 130 days and therefore the glucocorticoid/ACTH ratio was lower than 
in the control fetuses. These results indicate that chronic exposure to slight- 
ly higher ACTH in concentrations in the growth retarded fetal sheep did not 
accelerate adrenocortical maturation. The apparent discrepancy between the re- 
sponses to ACTH previously mentioned (11,12,15) and our data may be explained 
by the different amount of ACTH presented to the gland in both circumstances, 
since the daily production rate of ACTH in the growth retarded fetuses (estima- 
ted as the product I£ metabolic clearance rate of ACTH in the normal fetal sheep 
(10) and the mean plasma concentration of ACTH at 121-130 days that we measured! 
is approximately one tenth of the amount of ACTH that was given exogenously (12. 
15). 

The plasma glucocorticoid concentration of normal fetal lambs increases after 
130-135 days of gestation when the fetal adrenal gland is stimulated with ex- 
ogenous or endogenous ACTH (11.23.17). This indicates that the normal adrenal 
gland responsiveness to ACTH increases after 130 days of gestation. It has 
been shown in adult dogs (26) and rats (19) that glucocorticoid secretion rate 
by the adrenal gland correlates with the flux of ACTH to the gland rather than 
with the plasma ACTH concentration. The normal plasma glucocorticoid concentra- 
tion found in the fetal growth retarded lamb in spite of an increased ACTH flux 
to the gland. suggest that the adrenal glands in these fetuses are less respons- 
ive to ACTH than the controls. It is possible that this apparent unresponsive- 
ness may be due to a partial enzymatic blockade in the biosynthesis of gluco- 
corticoid in fetal growth retarded lambs as a result of embolization of the 
utero-placental vascular bed. 

Another possible explanation of the normal glucocorticoid concentration seen 
in the growth-retarded fetal lambs througout gestation is that glucocorticoid 
metabolic clearance rate may be increased. An increased metabolic clearance 
rate caused by increased fetal metabolism or by transfer to the maternal corn 
partment would prevent an increase in the plasma glucorticoid concentration in 
the growth-retarded fetuses in spite of an increased glucocorticoid secretion 
rate of the fetal adrenal gland due to the high ACTH flux. But this possiblility 
seems unlikely because the umbilical blood flov in the growth-retarded fetuses 
is significantly reduced (5) as are the weights of bath the liver and the 
placenta (4,5) organs where glucocorticoids are known to be metabolized. 

The fetal growth retarded lambs maintain a normal plasma glucacorticoid con- 
centration and a normal pattern of adrenocortical maturation. The mechanisms by 
which this normalcy is achieved remain to be elucidated. Our data suggests less 
responsiveness to ACTH of a normal sired fetal adrenal gland; this lesser re- 
sponsiveness is compensated by an increased ACTH flux to the gland brought about 
by an increase in adrenal blood flov and a slight increase in plasma ACTH can- 
centrations. 
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TABLE I. Mean Body Weight and Length and Organ Weights 
In Growth-Retarded Fetal Lambs 

Controls Growth-Retarded % of 
n = 5  n = 9  Control 

Gestational age (days) 138 t 0.90 

Body weight (kg) 3.9 t 0.08 

Body length (cm) 50 t 0.38 

Adrenal (g) 0.51 f 0.02 

Brain (g) 50 t 2.00 

Lungs (g) 103 t 8.00 

Liver (g) 132 2 6.00 

Thymus (g) 19 f 2.00 

Brain-to-liver weight ratio 0.38 2 0.01 

Values are means SE; n = number of animals 

TABLE 11. Mean Femoral Arterial pH. Blood Gases and Hematocrit in Growth- 
Retarded Fetal Lambs from 131 to 140 Days of Gestation 

Control Growth-Retarded 
Variable n = 15 n = 27 

PH 7.39 f 0.007 7.39 t 0.005 

pC02 (torr) 44.7 t 0.59 46.6 t 0.71 

POP (torr) 23.1 t 0.67 18.5 t 0.45* 

Hematocrit % 30.6 f 0.98 35.0 t 0.5** 

Values are means t SE 

*p <0.02 

**p <0.01 

Fig.l. Plasma glucocorticoid concentrations in control (open bars) and 
growth retarded (cross-hatched) fetal lambs from 115 to 140 days of gestation. 
Values are means t SE. The number in each bar represents the number of fetuses 
studied during that time period. 
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Fig. 2. Plasma ACTH concentrations in control (0) and growth retarded fetal 
lambs from 115 to 140 days of gestation. The horizontal line represents the mean 
and the vertical line the SE of each group. 
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Fig. 3. Plasma glucocorticoid-to-ACTH concentration ratio in control (0) 
and embolized ewes from115 to 140 days of gestation. The horizontal line rep- 
resents the mean and the vertical line the SE of each group. 
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Fig. 4. Maternal arterial plasma glucocorticoid concentration in control 
(0) and embolired ewes from 115 to 140 days of gestation. The regression lines 
for each group are drawn in the picture. 
---- , - , regression lines for control and embolired ewes, respectively. 
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