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Abstract
Objectives—Exposure to glucocorticoid levels inappropriately high for current maturation alters
fetal hypothalamo-pituitary adrenal axis (HPAA) development. In an established fetal sheep model
we determined if clinical betamethasone doses used to accelerate fetal lung maturation have
persistent effects on fetal HPAA hypotensive-stress responses.

Study design—Pregnant ewes received saline (n=6) or betamethasone (n=6); two 110 µg/kg
body weight doses injected 24h apart (106/107 and 112/113 days gestational age - term 150 days).
Basal ACTH and cortisol and responses to fetal hypotension were measured before and five days
after the first and 14 days after the second course.

Results—Basal ACTH and cortisol were similar with treatment. HPAA responses to hypotension
increased after the second but not first course and ACTH:cortisol ratio increased indicating central
HPAA effects

Conclusions—Results demonstrate latency in emergence of fetal HPAA hyper-responsiveness
following betamethasone exposure that may explain hyper-responsiveness in full-term but not
preterm neonates.
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INTRODUCTION
The incidence of preterm delivery is rising in the developed world. Currently about 10% of
pregnancies are delivered preterm1 and most mothers in North America, Europe and
Australia who threaten premature labor receive synthetic glucocorticoids in accordance with
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NIH consensus conference recommendations2 to decrease neonatal mortality and morbidity
by accelerating fetal lung maturation 3. The window of 24 to 34 weeks of gestation when
prenatal glucocorticoid administration to pregnant women is recommended2 parallels a
critical phase of development of many fetal systems including the hypothalamo-pituitary
adrenal axis (HPAA)45. To avoid potential side effects NIH guidelines recommend only a
single course of prenatal glucocorticoid administration2. Nevertheless, in the last two
decades many pregnant women have received multiple courses67 as the original findings of
Liggins and Howie8 indicated that benefits of maternal glucocorticoid administration may
only persist for 7 to 10 days.

The therapeutic benefits of accelerated lung maturation are accompanied by exposure of the
fetus to an inappropriate level of fetal glucocorticoids for the current stage of fetal
maturation. Animal studies show that fetal exposure to levels of glucocorticoids higher than
those appropriate for the current stage of maturation can re-set the hypothalamo-pituitary-
adrenal axis’ (HPAA) feedback set point with sustained consequences for the stress response
in offspring9–14 that potentially mediate later life neuropsychological and cardiovascular
disorders9,10,12,15–22.

Many pregnancies in which this treatment is administered eventually go to term and these
fetuses will have experienced a very different intrauterine developmental history. One report
shows that 76% of pregnancies in which the antenatal glucocorticoid therapy is given do not
deliver before 32 weeks and 37% deliver after 37 weeks23. Thus it is important to determine
any treatment effects on fetuses remaining in utero to permit the effects of glucocorticoids
themselves without any effects of prematurity. Human studies have shown several
outcomes: a transient suppression2425, no effects of prenatal betamethasone treatment on
baseline ACTH and cortisol levels26,27 or a blunted response to stress26,28,29 in preterm
newborns, i.e. when the time between treatment and delivery was short. Similarly, fetal
exposure to betamethasone or dexamethasone resulted in a dose-dependent (transient)
reduction in basal plasma cortisol concentrations in guinea pig and non-human primate
fetuses30,31. On the other hand, cortisol response to stress was greater in full-term newborns
when the time between treatment and delivery was longer32. In agreement with, Sloboda et
al.33 have shown in sheep that three single weekly intramuscular maternal injections of 500
µg.kg−1 betamethasone starting at 104 days gestation (dGA, term 150 days) lead to
increased basal cord levels of ACTH at term. However, this dose was higher than the
clinically 2×8–12mg betamethasone 24h apart (equivalent to 2×110–170 µg/kg weight
adjusted to a 70 kg woman). Generally, the potential of prenatal synthetic glucocorticoid
exposure to alter the HPAA responsiveness permanently appears to vary as a function of
dose and timing as has been shown in rats, guinea pigs and sheep10,34,35. Better appreciation
of these relations is necessary to understand programming effects of prenatal glucocorticoids
on HPAA function.

Although modulation of fetal HPAA function by various glucocorticoid interventions has
been examined in response to hypoxemia and CRH stimulation before 36–39 we know of no
studies in which fetal HPAA response to hypotension modulated by a clinically relevant
glucocorticoid administration has been examined. We hypothesized that prior exposure to
single course of betamethasone at the time, dose and route of clinical administration would
increase fetal HPAA sensitivity to a hypotensive challenge40 and repetition of
betamethasone exposure enhances the effects. Fetal exposure to hypotension is a clinically
relevant challenge to fetuses of high-risk pregnancies41 likely to affect fetuses who
experienced prior exposure to betamethasone. We studied fetal sheep since they have a
neuroendocrine developmental profile similar to humans42. Importantly, maternal
administration of betamethasone to accelerate fetal lung maturation was developed in this
animal model 43.
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MATERIAL AND METHODS
Animal care and surgical instrumentation

All procedures were approved by the Cornell University Animal Use and Care Committee.
Rambouillet-Colombia ewes of known gestational age were acclimated to the animal
facilities for at least five days before surgery and kept in rooms with controlled light/dark
cycles (14 h light/10 h dark: lights off at 2100 and lights on at 0700) and fasted 24 h before
surgery. At 101 ± 1 (mean ± SEM) days gestation (dGA), ewes were sedated with
intramuscular ketamine (Ketaflo, Abbott, Abbott Park, IL). General anesthesia was provided
with 1 to 2.5% isoflurane (Isoflo, Abbott). Ewes were instrumented with a polyvinyl carotid
arterial catheter to record fetal blood pressure (FBP) and jugular vein catheter for
administration of drugs. Following laparotomy and hysterotomy fetuses were instrumented
with catheters in the left carotid artery and jugular vein, with their tips in the ascending aorta
and superior vena cava, respectively. An amniotic cavity catheter was placed to correct FBP.
The abdomen was closed and catheters maintained patent via infusion of heparinized saline
(12.5 UI/ml - 0.5 ml/h). Ewes received 0.5 g ampicillin (AMP-Equine; Pfizer Animal
Health, New York, NY) i.v. and 0.5g ampicillin into the amniotic cavity 12 hourly for three
days and phenylbutazone orally (Phenylzone paste, Schering-Plough, Kenilworth, NJ) 0.5 g
twice daily for three days for post-operative analgesia.

Experimental protocol
Pregnant sheep were randomized to saline (n=6) and betamethasone treated (n=6) groups
following at least three days recovery. They received two betamethasone courses or
equivalent volume of saline intramuscularly at 106 and 107 dGA and 112 and 113 dGA.
Each course of betamethasone consisted of two doses of 110 µg/kg betamethasone
phosphate (Celestan solubile, Essex, Munich, Germany) 24 h apart or an equal volume
saline. Average maternal weights in the control group were 52.3±2.23 kg and in the
betamethasone group 54.5±2.0 kg. Average betamethasone dose was 6.0±0.22g. Fetal
HPAA activity was examined in response to three hypotensive challenges: 105 dGA, i.e.
before the first course of treatment, at 111 dGA, i.e. four days after the first and before the
second course of treatment and at 127 dGA, i.e. 14 days after the second course of
treatment. FBP and fetal amniotic pressure were recorded continuously. Pressures were
monitored using calibrated pressure transducers (Cobe, Lakewood, CO). FBP was corrected
for the amniotic pressure and mean FBP calculated.

Hypotensive challenge
The hypotensive challenge was induced by fetal jugular vein infusion of sodium
nitroprusside (SNP - 10 µg/ml, Sigma-Aldrich, Deisenhofen, Germany) beginning at 0.1 ml/
min. The SNP infusion rate was increased stepwise from 0.2 ml/min to 3.2 ml/min by
doubling the infusion rate every 2 min. Fetal and maternal arterial blood samples were taken
prior to the stress responses for measurement of blood gases, hemoglobin concentration and
oxygen saturation using a blood gas analyzer (ABL600, Radiometer, Copenhagen,
Denmark; measurements corrected to 39 °C) and a hemoximeter (OSM2, Radiometer).
Plasma ACTH and cortisol were determined 30 min before, at the end (0 min), and 15 min,
60 min and 120 min after the end of the SNP infusion.1 ml blood was collected in chilled
EDTA tubes, plasma separated by centrifugation at 4 °C for 10 min at 3.000 g, flash frozen
and stored at −80 °C.

Hormone analyses
Fetal plasma cortisol was measured the Coat-A-Count radioimmunoassay kit (Diagnostic
Products, Los Angeles, CA) with a sensitivity of 5.5 nmol/L. For plasma pools measuring
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27.60 nmol/L and 138 nmol/L, intra-assay coefficients of variation (CV) were 4.14 % and
3.3 % respectively. Fetal ACTH was measured by chemiluminescence enzyme
immunometric assay (DPC Immulite assay, Diagnostic Products). Assay sensitivity was 1.98
pmol/L. All samples were measured in one assay. For samples measuring 4.38 pmol/L and
46.48 pmol/L, intra-assay CVs were 4.75 % and 3.74 % respectively. ACTH:cortisol ratio
was calculated to examine relative pituitary and adrenal responses to hypotension.

Data acquisition and statistical analysis
FBP and amniotic pressure were amplified and digitized using a 16-bit-analog-digital
interface card and a data acquisition system (Windaq, DATAQ Instr., Akron, OH) at a
sample rate of 256 Hz and stored on a hard disc of a PC. Baseline FBP was averaged over
10 min before the hypotensive challenge.

The integrated FBP decrease (FBPint) was used as the index of the challenge to the fetal
HPAA and estimated using the area under the curve with the formula:

Changes of hormone values from baseline and treatment differences within the respective
hypotensive challenges were tested with two-way ANOVA for repeated measures and
Student-Newman-Keuls post-hoc test. Differences in blood gases, FBP and hormone values
between the gestational ages were also tested using two-way ANOVA for repeated measures
and the Student-Newman-Keuls post-hoc test. Results are given as mean ± S.E.M and only p
values < 0.05 considered significant.

RESULTS
Maternal and fetal arterial blood gases, pH and Hb were in the physiological range at the
beginning of the repeated hypotensive challenges and did not differ between the groups
throughout the study (Table 1). Basal FBP was not different between control and
betamethasone treated fetuses at all gestational ages (Table 1). As a measure of
cardiovascular development44, basal FBP increased with gestational age in both groups
(Table 1). All fetuses were alive and well at the end of the study.

Exposure to SNP produced a prompt decrease in FBP that returned to baseline levels within
15 min of cessation of infusion, i.e. before the next ACTH and cortisol measurement).
FBPint was similar in the control and betamethasone treated groups at baseline (105 dGA;
56102 ± 2425 vs. 57286, ± 3148 mmHg*min) and 14 days after the second treatment course
(127 dGA, 61378 ± 1762 vs. 55126 ± 3186 mmHg*min). However, at 111 dGA, i.e. four
days after the first betamethasone course, FBPint was lower in betamethasone treated fetuses
compared to controls (59406 ± 2557vs. 45068 ± 3613 mmHg*min; p<0.05).

Basal plasma ACTH and cortisol concentrations were similar between the two groups and
across all ages studied (Fig. 1). ACTH and cortisol responses to hypotension at 105 dGA,
i.e. before betamethasone treatment, and at 111 dGA, i.e. four days after the first
betamethasone course, were similar in the two groups (Fig. 1). At 127 dGA, i.e. 14 days
after the second treatment course, both ACTH and cortisol responses to hypotension were
higher in betamethasone exposed fetuses than controls (Fig. 1). Responses of betamethasone
exposed fetuses at 127 dGA were also more pronounced than in the same group at 105 dGA
(Fig. 1).
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The basal ACTH:cortisol ratio did not differ with age or group (Fig. 2). During the
hypotensive challenges, the ACTH:cortisol ratio increased in both groups and at all
gestational ages compared to baseline (Fig. 2). At 127 dGA, the increase of the
ACTH:cortisol ratio during the hypotensive challenge was greater in betamethasone exposed
than control fetuses (Fig. 2) paralleling the increased ACTH and cortisol response in
betamethasone exposed fetuses (Fig. 1).

COMMENT
Our findings show that betamethasone at doses used clinically to enhance fetal lung
maturation in mothers threatening premature labor has persistent effects on fetal HPAA
sensitivity and stress response to fetal hypotension. Two courses of betamethasone at the
beginning of the last third of gestation augmented the fetal stress response in sheep two
weeks later suggesting a glucocorticoid mediated persistent HPAA re-setting towards a
higher sensitivity. The increased release of ACTH and cortisol in betamethasone exposed
fetuses in response to the hypotensive challenge was accompanied by an increased
ACTH:cortisol ratio indicative of a primary betamethasone effect on central HPAA
mechanisms. Since the cortisol increase induced by our hypotensive challenge was only
about 20% the maximum cortisol output expected at this gestational age45, i.e. far below the
adrenal secretory maximum, the ACTH:cortisol ratio indicates that betamethasone treatment
primarily enhances pituitary rather adrenal activity.

The developmental increase in ACTH:cortisol ratio independently of treatment group
suggests primary HPAA maturation at the hippocampal, hypothalamic and/or pituitary level.
Indeed, the increase in ACTH precedes that of cortisol during prepartum maturation of the
HPA axis that starts in sheep at approximately 120 dGA42,46. The relative adrenal hypo-
responsiveness is in good agreement with the well-known decreased fetal adrenal sensitivity
to ACTH at the gestational stage examined47. The ovine fetal adrenals undergo a growth
period at 40–90 dGA when they are capable of secreting cortisol47,48, followed by relative
quiescence between 90–120 dGA after which adrenal sensitivity starts to increase to a
maximum at term47,49.

Our results show that basal ACTH and cortisol levels do not reflect the level of HPAA
responsiveness and feedback. Thus, basal ACTH and cortisol levels did not differ between
the controls and the betamethasone treated fetuses in spite of the altered responsiveness of
the HPAA. Similarly, Sloboda et al.33 did not find elevated basal plasma ACTH and cortisol
levels at 125 dGA after three weekly betamethasone injections of 500 µg/kg starting at the
same age as our study. The increased HPAA responsiveness in the face of unchanged basal
ACTH and cortisol levels reflects alteration of the set point of the reactivity of the axis
rather than early maturation of the complete HPAA. Sensitization of the HPAA by
betamethasone may indicate both an increased activity of neuroendocrine systems mediating
the response to hypotensive stress and/or a glucocorticoid mediated re-setting of the HPAA
towards lower negative feedback sensitivity.

Pretreatment with a single course of betamethasone four days before the hypotensive
challenge had no effect on the fetal hypotensive stress response, while pre-treatment with
two courses of betamethasone one week apart enhanced cortisol and ACTH responses to the
hypotensive challenge 14 days later. Theoretically, this difference may be the result of the
number of preceding betamethasone treatments, effect of the gestational age when
betamethasone treatment (106 versus 112 dGA) was performed, effect of the gestational age
when the stress response (111 versus 127 dGA) was performed, or effect of the prolonged
time period between the betamethasone pretreatment and the stress challenge (four versus 14
days). It is unlikely that the gestational age at treatment played a major role because both
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gestational ages are in the period of relative quiescence (90–120 days of gestation) of fetal
HPAA function47,49. Baseline plasma ACTH and cortisol concentrations and the
responsiveness of the HPAA to hypotension did not differ between 105 and 111 dGA. The
similar HPAA response in the control and betamethasone treated fetuses at 111 dGA
occurred even in the presence of a slightly lower FBPint in the betamethasone treated
fetuses further illustrating the relative quiescence of the HPAA at this age. The endogenous
surge of cortisol as a measure of pre-partum HPAA maturation42 and developmental
increase in adrenal sensitivity starts at approximately 120 dGA and does not reach its
maximum before term 4647,49. In agreement with that, baseline and peak plasma cortisol and
ACTH levels did not differ between 111 and 127 dGA in the control group. We have also
shown that the number of glucocorticoid receptors does not change between 110 and 130
dGA in the fetal ovine brain 50. However, we cannot exclude receptor maturation
completely because there may have been an increase in the binding of the steroid to the
receptor and or steroid receptor complex binding to DNA acceptor sites. Taken together, the
extent and nature of the alteration of the stress response appear to result from the latency
following fetal betamethasone exposure which agrees with the findings of Sloboda et al.33

who found no change in fetal basal ACTH and cortisol levels at 125 dGA but elevated levels
at 146 dGA following three weekly betamethasone injections starting at 104 dGA.

The gradual FBP increase observed over the experimental period reflects cardiovascular
maturation44. Betamethasone treatment did not affect maturation of basal cardiovascular nor
did it induce major differences of NO stimulated vasodilatation. The absent effects on fetal
cardiovascular maturation are independent of the acute but transient increase of FBP
following BM treatment for about 24 hours51. 52 HPAA stimulation by sodium
nitroprusside during the hypotensive challenge is possibly a mixed stimulus to fetal ACTH
secretion since NO itself can modulate medullary and hypothalamic function52,53. Since this
affects both control and the betamethasone treated fetuses, it is unlikely to be responsible for
differences between the groups.

While antenatal glucocorticoid therapy has unquestionable benefits such as lung maturation
and cardiovascular adaptation on postnatal requirements that are due to acute cardiovascular
glucocorticoid effects54, there remain many unanswered questions on the cost-benefit ratio
and the precise nature of potential harm to the developing fetus and offspring, especially in
relation to the dose and timing of maternal glucocorticoid exposure as well as the time and
nature of HPAA stimulation following previous betamethasone exposure. Apart from the
fetal HPAA hyper-responsiveness to a hypotensive challenge following betamethasone
treatment at the dose used clinically shown here, a single injection of 500µg/kg
betamethasone to pregnant sheep at 104 dGA but not repeated injections increased the
ACTH and cortisol responses to CRH+AVP at 6 months postnatal age34,. No effect was
found at 1 yr of age34. Repeated but not single maternal betamethasone injections elevated
ACTH responses to CRH+AVP at 2 years of age and suppressed cortisol responses at 3
years of age55. While the evidence from long-term problems resulting from human fetal
exposure is limited, it does exist. Apart from altered HPAA activity, various adverse
outcomes 55 have been reported in offspring exposed to synthetic glucocorticoids. These
include an increased risk of postnatal aggressive/destructive behavior, increased
distractibility and hyperactivity, blunted response to cardiovascular stress, and inhibited
neuromotor development and behavioral performance 56–59. However, not all findings
support these negative outcomes60–62.

In summary, the present study demonstrates that prenatal betamethasone exposure at the
dose used clinically results in altered development of HPAA function and has a persistent
effect in augmenting the HPAA response to a hypotensive challenge during fetal life. This
enhanced response may be due to increased neuroendocrine activity and/or decreased
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negative feedback regulation and is not reflected in basal ACTH and cortisol levels. The
latency in emergence of fetal HPAA hyper-responsiveness following fetal betamethasone
exposure is potentially the most important factor for the development of the increased fetal
HPAA sensitivity and may explain hyper-responsiveness in full-term but not preterm
neonates. Further studies are needed to examine whether the re-setting of the HPAA
depends on a critical time window of exposure or repetition of glucocorticoid treatment and
to understand the dynamics of changes in HPAA sensitivity during development and in later
life following the clinical dose of betamethasone.
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Figure 1. Fetal ACTH and cortisol responses
ACTH and cortisol responses to the hypotensive challenges in the saline (white) and
betamethasone (black) treated fetuses at 105, 111 and 127 dGA
Mean ± SEM, § P < 0.05 compared to baseline, * P < 0.05 compared to controls.
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Figure 2. ACTH:cortisol ratio
ACTH:cortisol ratio during the hypotensive challenges in the saline (white) and
betamethasone (black) treated fetuses at 105, 111 and 127 dGA
Mean ± SEM, § P < 0.05 compared to baseline, * P < 0.05 compared to controls.
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