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Pregnancy: Differential Responses in Fetal and Placental Tissues
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ABSTRACT: We have used aminoterminal pro C-type natriuretic
peptide (NTproCNP)—a stable marker of CNP secretion—to study
the effect of cortisol on CNP secretion and fetal growth. In ovine
pregnancy, maternal plasma NTproCNP (largely sourced from the
placenta) increases at the end of the first trimester and then decreases
abruptly preterm during the phase of fetal surge in cortisol secretion.
Postulating that increases in cortisol, as occurs in the fetal or maternal
circulation in late pregnancy, will reduce CNP secretion, we studied
the fetal and maternal responses in NTproCNP to sustained low-dose
infusions of cortisol (1.2 mg/d/kg for 11 d) delivered to the fetus from
d 117 gestation. Fetal plasma NTproCNP was progressively reduced
during fetal cortisol infusions, whereas fetal girth growth was un-
changed. In contrast, maternal NTproCNP was unaffected by cortisol.
We conclude that fetal but not placental tissue production of CNP is
reduced by small increments in fetal cortisol. Failure to reduce
maternal NTproCNP may relate to the continuing presence of the
placental barrier to cortisol at this stage of pregnancy. (Pediatr Res
68: 462–465, 2010)

C-type natriuretic peptide (CNP) is an important growth
factor expressed in a wide range of tissues (1) during

development (2) and postnatal life (3). Although shown to be
essential to postnatal linear growth in both rodents (4) and
humans (5), CNP production has also been found to correlate
strongly with linear growth velocity in lambs and throughout
all phases of linear growth in humans (6–8). In rapidly
growing lambs, catabolic interventions such as caloric restric-
tion (9) and high doses of glucocorticoids (7), well-recognized
inhibitors of linear growth, rapidly and reversibly reduce
circulating forms of CNP and markers of bone formation.
Similar reductions in CNP forms occur in the fetus during
maternal caloric restriction (10) or glucocorticoid administra-
tion (6). However, the effect of physiological increments in
fetal cortisol on CNP synthesis is unknown.

Recent studies of ovine pregnancy show that both CNP and
the bio inactive aminoterminal fragment of pro CNP 1–103
(NTproCNP) (11) are secreted by the placenta and circulate at

high concentrations in maternal plasma from the end of the
first trimester (12). In contrast, the ovine placenta does not
seem to contribute to circulating fetal CNP concentrations,
which are much lower than maternal concentrations (12).
Nonetheless, as in the human fetus (13), fetal CNP synthesis
is likely to be high, as shown by the very high concentrations
of NTproCNP in fetal plasma. Fetal CNP forms are clearly
regulated independently of maternal concentrations (10), but the sites
of synthesis and the source of NTproCNP in the fetal circulation
remain to be determined.

A striking feature of the pattern of maternal plasma CNP
forms in healthy pregnant ewes is the sudden decline in both
NTproCNP and CNP within the last week of pregnancy
(12)—a phase of rapidly increasing fetal cortisol production
(14). Mindful of the inhibitory effects of glucocorticoids on
CNP synthesis and linear growth, we hypothesized that con-
trived increases in fetal cortisol within the physiological range
in late gestation would inhibit not only fetal but also maternal
concentrations of NTproCNP. Accordingly, we have studied
the fetal response of NTproCNP to sustained low-dose infu-
sions of cortisol delivered to the fetus during a 11-d period
before the normal late gestation rise in fetal cortisol con-
centrations. The results show that fetal NTproCNP is re-
duced by small increments in fetal cortisol, whereas maternal
NTproCNP is unaffected.

MATERIALS AND METHODS

Animals. Romney ewes were synchronized with progesterone slow release
devices (Eazi-Breed Controlled Intravaginal Drug Releasing device; Pharma-
cia and Upjohn, Kalamazoo, MI) before mating with Dorset rams. The
pregnant ewes were scanned and only those carrying single fetuses were
included. Ewes were housed in individual metabolic cages in visual contact
with other ewes and acclimatized to laboratory conditions and concentrate
feeds (Country Harvest Stock Feeds, Cambridge, NZ) for 7 d before surgery
under halothane anesthesia at 111 � 1 d of pregnancy (term 145 d). Strepcin
(4-mL intramuscular injection; Stockguard Laboratories NZ Ltd, Hamilton,
NZ) was administered to the ewe before surgery. Polyvinyl catheters were
inserted into a maternal femoral artery and jugular vein and into fetal femoral
arteries and veins via tarsal vessels. Growth catheters were inserted s.c.
around each half of the fetal chest from the sternum to spine (15). GentamicinReceived February 10, 2010; accepted August 10, 2010.
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(80 mg; Pharmacia and Upjohn) was administered to the amniotic cavity
before closure of the uterus and maternal abdomen.

Animals were allowed at least 4 d to recover from surgery before the start
of infusion studies. Growth catheters were measured twice daily, and the
mean was used in the analyses. Approval for all phases of animal experimen-
tation was obtained previously from the Animal Ethics Committee of the
University of Auckland.

Experimental details. Ewes (live weight range, 48–70 kg) were randomly
assigned to one of two groups: controls (C, n � 12), which received i.v. saline
infusion (0.5 mL/h), or fetal cortisol infusion group (F, n � 12), which
received fetal i.v. infusion of hydrocortisone sodium succinate (1.2 mg
hydrocortisone/d/kg fetus, 0.5 mL/h; Solu-Cortef, Pharmacia and Upjohn).
Infusions started at 117 d of gestation with an initial 3 mL bolus of infusate
and then a continuous infusion for the duration of the experiment (11 d).
Doses were calculated according to fetal weight (3 kg) estimated from
extensive historical data (16). Paired maternal and fetal arterial blood samples
(3.5 mL) were collected between 0700 and 0900 h immediately before the
start of infusions and on d 118, 121, 124, and 127. Animals were killed with
an overdose of pentobarbitone at the end of the experiment, and the fetus and
placenta were dissected, weighed, and measured.

Sample handling. Blood samples were collected into sterile heparinized
syringes, and aliquots were either frozen at �80°C or transferred to test tubes
on ice and centrifuged at 4°C, and separated plasma was stored at �20°C for
later analysis.

Assays. Cortisol was measured by RIA with inhouse produced anticortisol
rabbit sera (F1M1), after extraction of plasma with diethyl ether (17). The
antibody was validated for sheep plasma and exhibited low cross reactivity
with derivatives of cortisol (3.3% for 11-deoxycortisol, 0.18% for cortisone,
0.5% for corticosterone, 0.015% for progesterone, 0.002% for 11�-
hydroxyprogesterone at 50% binding, no detectable cross reactivity for 17�-
hydroxypregnenolone, pregnanediol, 21-deoxycortisone, aldosterone, choles-
terol, or dexamethasone) (18). The assay had a minimal detectable dose of
0.44 ng/mL and intra- and interassay coefficients of variation of 9.8 and
10.8%, respectively.

NTproCNP was assayed as previously described (11), except that a more
sensitive primary rabbit antiserum (J39) raised against NTproCNP (1–15) was
used (50 �L 1:6000 diluted antiserum/assay tube). Peptide standards were made
from synthetic human proCNP (1–19), taking into account the purity data
supplied (Chiron Technologies, Victoria, Australia).Within- and between-assay
coefficients of variation were 4.9 and 6.4%, respectively, at 22 pmol/L.

Statistical analyses. All values are presented as mean � SEM. Basal
hormonal and metabolic data were analyzed by factorial ANOVA. Data
obtained during the period of cortisol or saline infusion were analyzed by
repeated measures ANOVA using baseline values (d 117) as a covariate and
Bonferroni post hoc adjustment for multiple comparisons. Fetal girth incre-
ments were averaged for the two sides of the fetal chest and analyzed by
multiple linear regression, with animal number nested within treatment group
to account for repeated measurements in the same animal, and Tukey-Kramer
adjustment for multiple comparisons (15). All statistical analyses were per-
formed using SPSS (version 11.0; SPSS, Chicago, IL) and JMP (SAS
Institute, Carey, NC).

RESULTS

Fetal plasma cortisol concentrations at the beginning of the
experiment were similar in both groups and close to the lower
limits of detection (Table 1). In saline-infused controls, fetal
plasma cortisol concentrations increased slightly over the
experimental period to a peak of 4.4 � 1.0 ng/mL at the
completion of the infusion. Fetal cortisol infusion increased
fetal plasma cortisol concentrations 9-fold to a peak of 38 �
14 ng/mL (p � 0.001, Fig. 1A).

Maternal plasma cortisol concentrations at the beginning of
the experiment were also similar in both groups (Table 1). In

controls, maternal plasma cortisol concentrations tended to
increase over the experimental period to a peak of 11.3 � 2.7
ng/mL on d 127 (Fig. 1B). Fetal cortisol infusion did not
significantly change maternal plasma cortisol concentrations.

Fetal plasma NTproCNP concentrations at the beginning of
the experiment were similar in both groups (Table 1). Fetal
cortisol infusion decreased fetal plasma NTproCNP concen-
trations (F � 2.9, p � 0.03), so that concentrations were 27%
lower at the end of the infusion than at baseline, whereas con-
centrations were unchanged during saline infusions (Fig. 2A).

Maternal plasma NTproCNP concentrations at the begin-
ning of the experiment were similar in both groups and
higher than fetal concentrations (Table 1). Maternal plasma
NTproCNP concentrations did not change significantly during
the experimental period in either group (Fig. 2B). Fetal
growth, as measured by mean increment in fetal half-girth,
was similar in both groups, and fetal weights were not signif-
icantly different at postmortem (Table 2).

DISCUSSION

This is the first study to show that plasma NTproCNP, a
stable product of CNP gene expression, is progressively re-
duced by small increments in plasma cortisol in the fetal lamb.
In contrast, maternal concentration of NTproCNP (largely of
placental origin) is unaffected by cortisol in ewes for about
3–4 wk before term. These findings suggest that the inhibitory
effect of glucocorticoids on CNP production is greater in fetal
than in placental tissues at this stage of pregnancy.

Previous studies in 4-wk-old postnatal lambs indicate that
CNP synthesis is rapidly and reversibly reduced by high doses
of dexamethasone (7). Reduced CNP concentrations are also
observed in umbilical blood of human newborns whose moth-
ers were treated with glucocorticoids within 72 h of delivery
(6). These findings confirm and extend these observations in
showing significant inhibition of fetal CNP secretion by small
increments in fetal plasma cortisol concentrations well within
the range encountered in normal pregnancy.

Sites of CNP synthesis in the fetus remain to be determined,
but clearly growing cartilage within growth plates of long
bones is likely to be one important source (4,7). In postnatal
life, there is increasing evidence that CNP synthesis within the
growth plate or closely related tissue is strongly correlated
with linear growth velocity (7). CNP is inhibited by catabolic
interventions such as glucocorticoid administration (7) and
caloric restriction (9), which also reduces circulating CNP
forms in the fetal lamb (10). In this study, the increase in fetal
plasma cortisol concentrations was much smaller than that
normally associated with slowed fetal growth before birth (19)
or demonstrated slow fetal growth earlier in gestation (20).
Consistent with this, we found no changes in fetal growth,
even when measured using the sensitive technique of daily
changes in fetal girth (15,16). This was despite the fact that the
percentage fall in plasma NTproCNP (27%) was similar to
reductions (22–30%) that we observed in dexamethasone-
treated postnatal lambs (7). These findings suggest that
changes in growth are less tightly coupled with changes in
CNP secretion in the fetus and are consistent with the pre-

Table 1. Baseline data at 117 d gestation

Saline infusion Cortisol infusion

Fetal cortisol (ng/mL) 0.74 � 0.17 0.73 � 0.13
Maternal cortisol (ng/mL) 5.5 � 2.1 6.2 � 1.2
Fetal NTproCNP (pmol/L) 286 � 14 266 � 13
Maternal NTproCNP (pmol/L) 328 � 21 311 � 29

463EFFECT OF CORTISOL ON FETOPLACENTAL CNP



dominant effect of the peptide on postnatal compared with
skeletal growth before birth (2,4,21–24). Clearly, further stud-
ies are required to determine whether fall in CNP secretion is
necessary rather than simply an associated feature of glu-
cocorticoid-induced growth impairment in the fetus.

Our second hypothesis—that increasing fetal cortisol con-
centration would reduce maternal NTproCNP values (and
therefore placental CNP secretion)—was not supported by this
study. The hypothesis was based on our previous work show-
ing that the dynamic fluctuations in maternal plasma CNP
forms—including the preterm sudden decline—are strongly
and positively associated with similar changes in the placental
(cotyledon) CNP content (McNeill et al., The placenta is a
major site of CNP synthesis during ovine pregnancy: differ-
ential contributions to maternal and fetal circulations, 2009
Endocrine Society’s Annual Meeting June 10 –13, 2009,
Washington, DC, Abstract pp 3–251). Furthermore, we have
recently localized CNP to the fetal placental binucleate cell
(BNC), the population of which is known to be depleted
rapidly in late pregnancy as fetal cortisol rises (25). These
changes can be replicated by contrived increases in exogenous
fetal cortisol concentrations (25). Although the placental con-
centration of CNP was not measured in this study, we con-
clude from these findings that in the face of unchanging

maternal NTproCNP values during fetal cortisol infusion, the
placental contribution to maternal levels was not significantly
reduced in this study. Although it is possible that the sudden
preterm decline in maternal plasma CNP forms is quite
unrelated to the fetal cortisol surge, it is also possible that
the lack of effect of fetal cortisol infusion on maternal plasma
NTproCNP concentrations may be related to the timing of the
cortisol infusions and the peak concentrations achieved, which
were lower than those commonly reached close to term
(14,20). A number of studies show that the site-specific ex-
pression of placental 11 beta hydroxysteroid dehydrogenase
type 2, which is important in maintaining the placental barrier
to cortisol (26), declines toward term, beginning from around
d 125 in sheep (27). Thus, fetal cortisol infusion across d
117–127 may be too early to allow significant impact on the
placental sites of CNP formation and release, despite being
sufficient to reduce the production of CNP in other fetal tissues
not expressing the enzyme. Clearly, studies using higher doses of
cortisol extending later in gestation should resolve these issues.

In conclusion, fetal but not maternal plasma NTproCNP is
reduced by small increments in fetal cortisol concentrations in
late pregnancy. Reduced fetal concentrations of NTproCNP
during fetal stress (10,13) or across parturition (6) are likely to
be cortisol induced.
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