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Abstract

Maternal peptides from the hypothalamic-pituitary-adre-
nal (HPA) axis rise during human pregnancy. The effects
of circulating maternal adrenocorticotropin (ACTH) and
B-endorphin (BE) on human fetal behavior was deter-
mined in 135 women during their 32nd week of gesta-
tion. Fetal behavior was measured by assessing heart
rate habituation to a series of repeated vibroacoustic
stimuli. Individual differences in habituation were deter-
mined by computing the number of consecutive re-
sponses above the standard deviation during a control
period. There was no significant relation between levels
of ACTH, BE and the rate of fetal heart rate habituation.
However, an index of HPA disregulation (uncoupling of
ACTH and BE) was related significantly to fetal behavior.
Fetal exposure to high levels of maternal BE relative to
ACTH was associated with significantly lower rates of
habituation. Results indicate that maternal stress and

stress-related peptides influence fetal response patterns.
It is possible that this influence persists over the life
span.

Copyright © 2003 S. Karger AG, Basel

During the course of normal human pregnancy, the
fetus is exposed to gradual elevations in pro-opiome-
lanocortin (POMC) peptides synthesized by, and re-
leased from, the maternal hypothalamic-pituitary-adre-
nal (HPA) axis. At term, the POMC peptides adrenocorti-
cotropin (ACTH) and B-endorphin (BE) are two- to ten-
fold higher than nonpregnancy baselines [Hobel et al.,
1999; Chan et al., 1993; Chan and Smith, 1992; Goland et
al., 1986, 1988; Raisanen, 1988; Yen, 1994; Wolfe et al.,
1988]. The purpose for the rise in POMC peptides during
pregnancy is not known. Endogenous opioids, such as BE,
may modulate the pain of childbirth [Varrassi et al., 1989;
Sandman et al., 1995], but their influence on the human
fetus has not been investigated.

Although the purpose for the escalating POMC peptide
levels during pregnancy is not known, there is substantial
evidence that the maternal HPA axis is a conduit for the
effects of environmental stress on the fetus [Wadhwa et
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al., 1996, 2002; Welberg and Seckl, 2001]. Stressful events
experienced in utero imprint on the fetus a pattern of
activity resulting in ‘programs’ that contribute to the
course of development [Welberg and Seckl, 2001]. These
programs alter the set point for release of critical neuro-
chemical messengers and influence health and the subse-
quent behavioral and physiological repertoire of the indi-
vidual [Barker, 1998]. For instance, a growing animal lit-
erature [Braastad, 1998; Day et al., 1998; Frye and Bayon,
1999; Insel et al., 1990; McEwen and Stellar, 1993; San-
chez et al., 1993; Sandman and Yessian, 1986; Reyes and
Coe, 1997; Schneider et al., 1999] and new studies in
humans [Peterson et al., 2000; Sandman et al., 1999a; van
Os and Selton, 1998; Makheseed et al., 1999; Ponirakis et
al., 1998; Sjostrom et al., 1997] indicate that prenatal
exposure to stress and stress-related peptides result in
changes in the nervous system and in behavior. It is well-
established that the fetal HPA axis is especially suscepti-
ble to programming by exposure to stress and alterations
in the maternal HPA axis [Matthews, 2002; Francis et al.,
1999; Insel et al., 1990; Weinstock, 1997; Vallee et al.,
1997; Fride et al., 1995; Sanchez et al., 1993; Sandman
and Yessian, 1986].

An extensive literature [reviewed in Sandman and
Kastin, 1981, 1990; Strand, 1999] supports the conclu-
sion that although ACTH and BE arise from a common
precursor, they have different influences on the brain and
behavior. Within physiological limits, in both developing
and adult organisms, ACTH exerts enhancing influences
on neural and behavioral efficiency in contrast to the
reciprocal and largely depressing influences of BE [Sand-
man and Kastin, 1990]. For instance, ACTH fragments
administered concomitantly with opiates attenuate toler-
ance and dependence [Hendrie, 1988; Krivoy et al., 1977,
Szekely et al., 1979]. Similar examples of reciprocity are
reported for generation of characteristic waveforms (‘elip-
togenic’ spiking) in the electroencephalogram of the nu-
cleus gigantocellularis following periaqueductal gray stim-
ulation [Sandman and Kastin, 1981], social behavior
[Beckwith et al., 1977; Panskepp et al., 1978] and learning
[Sandman et al., 1972, 1973; Beckwith et al., 1977,
McGivern et al., 1979]. Moreover, we have reported
[Sandman et al., 1995] that the pattern of POMC expres-
sion and not plasma concentration during human preg-
nancy predicts the use of anesthesia at delivery. Thus, the
balance (or ratio) of circulating ACTH and BE is an
important consideration in determining the influences of
the HPA axis during pregnancy and on the human fetus.

The primary aim of the present study is to examine the
influence of maternal POMC fragments, ACTH and BE,
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on the human fetus. Fetal responses are assessed by mea-
sures of fetal habituation that reveal neurological integrity
and maturity [Hepper, 1997; Doherty and Hepper, 2000;
Sandman et al., 1997, 1999b]. Convincing evidence indi-
cates that the fetus detects and responds to a variety of ex
utero stimuli [Leader, 1994; Leader et al., 1982; Shalev et
al., 1989; Zimmer et al., 1993; Grimwade et al., 1971;
DeCasper and Fifer, 1980; Fifer and Moon, 1989;
Groome et al., 1999; Lecanuet et al., 1988]. Fetal arousal
to external stimulation is observed by 22 weeks [Leader et
al, 1988] and by 25-28 weeks of gestation, fetuses habi-
tuate to external stimulation [Doherty and Hepper, 2000;
Leader et al., 1982; Leader and Baille, 1988; Madison et
al., 1986a, 1986b; Shalev et al., 1989, 1990; Kisilevsky et
al., 1992; Shahidullah and Hepper, 1994]. Faster fetal
habituation [Shalev et al., 1989; Doherty and Hepper,
2000] and increased sensitivity to external stimulation
[Kisilevsky et al., 2000] are associated with advancing
gestational age and neurological development.

Methods

Subjects

A sample of 135 women with a singleton pregnancy was recruited
from a prenatal clinic associated with the University of California,
Irvine, Calif., USA. The mean age was 26.0 = 5.25 years, 41.5% of
the sample were Hispanic and 57.8% of the sample were non-His-
panic white. Forty-four percent of the women were primiparous and
56% had at least one previous child. About one half of the fetuses
(49.2%) were female.

Procedures

Maternal plasma samples were collected at 32.5 = 1.49 weeks of
gestation for analysis of ACTH and BE concentration. Immediately
after the collection of plasma, a test was administered to assess fetal
heart rate (FHR) responses to a series of vibroacoustic stimuli (VAS).
Blood for measuring endocrine values was also collected from 93 of
the women between 8-10 weeks postpartum.

Fetal Response Procedure

Subjects were placed in a low semi-Fowler’s position (5-10 degree
tilt) on a standard, padded examination table. The subject was fitted
with headphones and listened to pure tone music during the entire
evaluation to mask extraneous noise and prevent her from hearing
the tones during the VAS challenge test. Electrodes from a fetal mon-
itor [either a Hewlett-Packard FHR (Model 8030), or a Sonicaid Sys-
tem 8000] were applied to the abdomen and positioned for measur-
ing a reliable FHR signal [Sandman et al., 1997]. The transducers
were connected for amplification of the signal. Continuous records of
FHR were collected for off-line analysis.

A series of 15 VAS (63 dB, 300 Hz) was presented on the mother’s
abdomen over the fetal head (determined by ultrasonograpy). Stimu-
li of 2 s were administered in a pseudorandom sequence that was
identical for each fetus. A subsequent series of 10 VAS in a different
pseudorandom arrangement was presented to the maternal thigh.
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This procedure controlled for possible maternal responses to the
stimulus that might contribute to fetal responses.

The FHR response was estimated by autocorrelation over 3-sec-
ond epochs providing the beat-to-beat rate. The average FHR from
the 5 seconds before each stimulus was computed and used as the
prestimulus value for each trial. The prestimulus baseline FHR was
subtracted from the poststimulus maximum FHR acceleration to
provide measures of FHR change (delta) for each stimulus. The pre-
stimulus delta value collected before each trial (as opposed to calcu-
lating a change score for each trial from the initial FHR baseline)
controls for inevitably changing FHR related to the arousing effects
of successive VAS presentations [Kisilevsky and Muir, 1991; Sand-
man et al., 1997]. We have shown that FHR with this method sur-
vives rigorous dishabituation control procedures [Sandman et al.,
1997].

Method of Determining FHR Response

First, for each fetus, the mean and standard deviation during the
control period (stimulation to mother’s thigh) were calculated for the
maximum post-stimulation FHR. For each fetus, the standard devia-
tion value set the parameters for determining the presence of a
response during the experimental (stimulation to the fetus) trials (i.e.
each fetus served as his/her own control). Second, the maximum
post-stimulation FHR acceleration was determined for each experi-
mental trial. Third, beginning with the first presentation of a VAS,
the maximum FHR for each experimental trial was compared with
the standard deviation during the control period. The first post-stim-
ulation trial in which maximum FHR acceleration exceeded the con-
trol standard deviation was defined as the first response [Lecanuet et
al., 1986, 1988]. Fourth, after the first response had been detected,
the number of consecutive responses was determined in which the
post-stimulation FHR met the response criterion. This number
defined the rate of habituation (the larger number of responses
reflected slower habituation). Every fetus had at least one post-stimu-
lation trial that exceeded the control series by more than one stan-
dard deviation.

Neuroendocrine Measures

Blood samples (20 ml/draw) were withdrawn by antecubital veni-
puncture into EDTA (purple top) vacutainers and chilled on ice
immediately. Samples were centrifuged at 2,000 g (15 min) and the
plasma decanted into polypropylene tubes containing 500 KIU/ml
aprotinin (Sigma Chemical Co.; St. Louis, Mo., USA) and stored at
—-70°C until assayed.

Plasma ACTH Assay. Plasma levels of ACTH were measured by
radioimmunoassay (Nichols Institute Diagnostics, San Juan Capis-
trano, Calif., USA). The antiserum has <0.001% cross-reactivity
with BE and ACTH fragments. Duplicate samples (200 ul/assay
tube) were incubated with ACTH !ZI-antibody solution and an avi-
din-coated bead overnight at room temperature. After washing, the
bead with bound radiolabelled antibody complex was quantified
using an ICN Biomedical Isoflex Gamma Counter. The ACTH assay
has a minimal detectable dose of 1.0 pg/ml (95% confidence) with
intra-assay coefficient of variance (CV) of 3.0% at 35 pg/mland CV =
7.8% (inter-assay) at 36 pg/ml.

Plasma BE Assay. Plasma levels of BE were determined by a solid
phase two-site immunoradiometric assay (Nichols Institute Diagnos-
tics). The antiserum has 1.6% cross-reactivity with B-lipotropin at
500 pg/ml and has <0.01% cross-reactivity with related opiates at
5 ug/ml. The allegro BE immunoassay system has a minimum detect-
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Fig. 1. Maternal levels of BE and ACTH during the early third tri-
mester of pregnancy are significantly elevated compared with levels
determined in the same women 8 weeks postpartum (a nonpregnancy
control period). * p<0.001.

able dose of 14 pg/ml (95% confidence limit) with a CV = 4.1% (in-
tra-assay) and CV = 9.0% (inter-assay) at the highest concentrations
expected in the present study.

POMC Disregulation. A disregulation, or pituitary tone, index
(DI) [Sandman et al., 1995] was created to quantify the BE-ACTH
corelease pattern by the equation below:

DI =[(BE - ACTH)/BE] x 100

A high DI indicates that the plasma BE is higher than ACTH.
Index values close to zero indicate no difference in levels of BE and
ACTH, and negative scores reflect higher ACTH concentrations rela-
tive to BE.

Results

Relations between BE and ACTH

As expected, levels of BE (t = 8.25, d.f. =92, p<0.001)
and ACTH (t = 6.40, d.f. = 92, p < 0.001) each were ele-
vated significantly in weeks 30-32 of pregnancy com-
pared with concentrations determined at 8-10 weeks
postpartum (fig. 1). The coupling or correlation between
BE and ACTH was calculated for a subgroup of women
(n = 93) who had endocrine values for the late third tri-
mester and during the postpartum period. The correlation
between BE and ACTH during the early third trimester of
pregnancy was highly statistically significant (r = 0.92,
d.f.=92,p<0.001; fig. 2a). The correlation remained sig-
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Fig. 2. The correlation between maternal BE and ACTH is highly significant during the early third trimester. The
correlation remains significant during the postpartum period in the same women but accounts for less variance. ar =

0.92,p<0.001.br=0.62.

nificant (r = 0.62, d.f. =92, p<0.001) in the women dur-
ing the postpartum assessment (fig. 2b), but it accounted
for considerably less variance (84 vs. 35%).

FHR Responses and Endocrine Disregulation

Regression analysis indicated that there was no signifi-
cant relation between the number of trials to habituation
and the endocrine levels either for ACTH (R =0.094, F =
1.19, p<n.s.)or BE(R =0.015F=0.03, p<n.s.). The
index of endocrine disregulation was significantly related
toFHR (R=0.17,F =4.05, p<0.05). However, there was
evidence that the relation is nonlinear (i.e. a cubic solu-
tion accounted for slightly more variance). Thus, concen-
trations of ACTH and BE were compared in groups of
fetuses divided into quartiles based on the rate of habitua-
tion (i.e. the number of consecutive trials in which FHR
acceleration exceeds individual response variability). The
average number of trials to habituate for each group is
presented in table 1. Group one comprises the rapid habi-
tuators (mean = 1.31 trials), groups two and three include
subjects in the middle quartiles of habituation rates, and
the slow habituators (mean = 11.29 trials) are in group
four. Differences in the DI among the four groups were
statistically significant (F3, 13; = 4.10, p < 0.045) by one-
way analysis of variance (ANOVA). The group with the
most rapid rate of habituation had the smallest DI, indi-
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Table 1. Number of consecutive stimulation trials in which FHR
exceeded control values by one standard deviation

Group n Average Standard
number of trials deviation

1 (rapid habituation) 43 1.31(0-2) 0.51

2 32 3.46 (3-4) 0.51

3 26 5.19 (5-6) 0.40

4 (slow habituation) 34 11.29 (7-15) 3.39

Total 135 5.08 4.24

Figures in parentheses indicate ranges.

cating either higher relative levels of ACTH or a pattern of
coreleased ACTH and BE. Conversely, the fetuses who
were very slow or failed to habituate had the largest DI,
indicating excessive BE (fig. 3). Tests of simple effects
indicate that differences in the DI are significant only
between the fast and slow habituators (least significant
difference test, p < 0.02). The pattern of means indicates
that higher levels of BE relative to ACTH are associated
with significantly slower rates of FHR response habitua-
tion to challenge stimulation.
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Fig. 3. Slow fetal habituation to repeated stimulation significantly
associated with uncoupling (DI) of the relation between maternal BE
and ACTH during the early third trimester of pregnancy. Elevated
DI reflects greater concentrations of BE relative to ACTH. *p <
0.02.

Regression analysis indicated that there was no signifi-
cant relation between the trial on which the first response
occurred (or the number of preresponse trials) and the
individual endocrine values for ACTH (R = 0.03), BE
(R =0.03) or the DI (R = 0.04). There were no significant
differences among the four groups in the trial in which the
first response was detected based on the rate of habitua-
tion (mean range: 1.02-1.14 trials; F3 13, =0.76, p = 0.52;
one-way ANOVA). Bivariate correlations indicated that
the relation between first trial to respond and the rate of
habituation was not significant (r =-0.11, p = 0.19). It is
important to acknowledge that all but 12 fetuses re-
sponded in the first trial.

The interaction of fetal sex with rate of habituation was
tested with a two-way ANOVA [2 (fetal sex) X 4 (quartile
of habituation rate)]. The sex of the fetus was marginally
(Fy, 127=3.41, p<0.07) related to the DI. Maternal levels
of BE were higher relative to ACTH in women carrying
female fetuses. However, there was no interaction be-
tween fetal sex and rate of habituation on the DI (F3 j37=
2.00,p=0.12).

Maternal HPA Influences Fetal Behavior

Discussion

Results from this study indicate that maternal expres-
sion of the POMC molecule during the third trimester of
pregnancy influences the response of the human fetus to
external stimulation. Specifically, fetal exposure to rela-
tively high levels of the maternal opioid fragment of
POMC was associated with significantly lower rates of
FHR habituation to repeated ex utero stimulation. In con-
trast, fetuses in maternal environments either with ele-
vated ACTH or with balanced expression of POMC
exhibited the most rapid rate of habituation.

Habituation measures the response decrement result-
ing from repeated exposure to a familiar stimulus [Mac-
Kintosh, 1987; Thompson and Spencer, 1966; Tighe and
Leaton, 1976]. It requires that the organism initially
detect and respond to information and then systematical-
ly ignore and cease responding to subsequent, identical
information. To accomplish this, the fetus must compare
the current stimulus with its most recent experiences. If
the current stimulus is similar to the fetal memory of
recent events, it loses its ability to provoke a response and
the fetus will habituate to the stimulus [MacKintosh,
1987; Sokolov, 1963; Wagner, 1981]. Fast habituation is
evidence that the organism rapidly extracts, and accurate-
ly ‘recalls,” relevant information from its environment.
Slower habituation, or prolonged responding to the stimu-
lus, suggests that relevant information is not recognized
and that ‘recall’ is imperfect. In our study, fetuses exposed
to elevated BE require more trials to habituate than those
exposed to coreleased POMC fragments or those exposed
to elevated ACTH. These findings suggest that memory
and its central nervous system substrates are influenced
by prenatal exposure to fragments from the POMC mole-
cule.

The ability of the fetus to detect novelty and habituate
to repeated stimulation coincides with maturation of the
parahippocampal region [Berger et al., 1993; Berger and
Alvarez, 1994; Kostovic et al., 1990; Ben-Barak and Du-
dai, 1979; Crain et al., 1973; Milner et al., 1983] and
development in this area of the cholinergic system [Bron-
stein et al., 1974; Campbell et al., 1969], peptides, cal-
cium-binding protein, phosphoproteins, and mono-
amines [Berger et al., 1993; Berger and Alvarez, 1994].
Moreover, there is evidence across several species sup-
porting the hippocampus as the neural basis of novelty
preferences in mature nervous systems [Nelson, 1995;
Bachevalier et al., 1993; McKee and Squire, 1993] and
independent evidence supporting the role of the opioid
system in hippocampal function [Vaccarino and Kastin,
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2000]. Opiates decrease spontaneous firing rate, block
formalin-induced excitation of CA1l hippocampal inter-
neurons [Zheng and Khanna, 1999] and modulate long-
term potentiation in mossy fibers of the CA3 region of the
hippocampus [Jin and Chavkin, 1999]. These findings
suggest plausible mechanisms for the developmental ef-
fects of POMC fragments, especially the endogenous
opioids on the human fetus.

Opiate receptors are present by the end of the first tri-
mester in the human spinal cord, proliferate correspond-
ing to neurogenesis in the dorsal horn by the beginning of
the second trimester and resemble adult distribution by
week 24 of gestation [Ray and Wadhwa, 1999]. Opiates
introduced to the maternal circulation, such as morphine,
easily cross the human placenta and may result in fetal
distress. Opiate antagonists (e.g. naloxone) are effective
treatments for fetal distress but they do not alter the
maternal-to-fetal transfer rate of morphine. Thus, the
antagonism of fetal distress by naloxone is explained by
interactions with the fetal opiate receptors and not by the
rate of transfer from mother to fetus [Vaccarino and Kas-
tin, 2000; Kopecky et al., 1999]. Prenatal exposure to
opiate antagonists in rats results in acceleration in both
physical and behavioral maturation [McLaughlin et al.,
1997b], including increased body weights and wet weights
of brain, heart, kidney, lungs, liver and muscle groups
[McLaughlin et al., 1997a]. These animals have long-term
alteration in the density of the u receptor and insensitivity
to opiate treatment as adults [Zagon et al., 1998].

These findings suggest that prenatal exposure to
POMC fragments can exert programming effects directly
on the well-developed fetal opiate receptor system. Pre-
vious studies indicate that prenatal exposure to elevated
endogenous opiates results in depressed performance of
learning tasks, decreased exploration and elevated pain
thresholds in adult animals exposed prenatally to elevated
levels of opiates [Sandman and Kastin, 1981; Zadina et
al., 1987], ‘permanent’ downregulation of dopamine re-
ceptors [Sandman and Yessian, 1986], reduced numbers
of opioid receptors in the brain [Insel et al., 1990],
increased opioid levels in the hypothalamus [Sanchez et
al., 1993], and reduced benzodiazepine inhibitory activity
[Fride et al., 1985]. Prenatal exposure to morphine results
in altered seizure thresholds [Veliskova et al., 1999],
increased grooming and pinning, altered sensitivity of
endogenous opiate receptors [Niesink et al., 1999] and
lower incidence of respiratory distress (probably related
to increased lung maturation) [Gewolb et al., 1999].

It is critical to acknowledge that our findings relate to
the pattern of expression of the POMC molecule (DI)

46 Dev Neurosci 2003;25:41-49

rather than to levels of POMC products. Moreover, it is
important to recognize that advancing pregnancy general-
ly increases the coupling of POMC molecules (fig. 2).
When disregulation occurs, it could result from several
possible sources including, but not limited to, mutations
altering the three-dimensional conformation of the
POMC molecule [Rosenblatt and Dickerson, 1997], le-
sions of the medial basal hypothalamus that disturb corti-
cotropin-releasing hormone (CRH) and disrupt the core-
lease of BE and ACTH [Barna et al., 1992] and stress-
induced increases in circulating levels of CRH, derived
from both brain and peripheral sources [Sasaki et al.,
1987] that stimulate primarily BE [Hendrie, 1989; Laati-
kainen, 1991] in sufficient concentrations to produce
analgesia in animals [Hargreaves et al., 1990].

The most likely source of disregulation during preg-
nancy, however, is the pattern and order of proteolytic
processing of the POMC prohormone. A family of subtili-
sin-like enzymes called prohormone convertases (PCs) are
responsible for converting the biologically inactive
POMC molecule into the active peptide fragments ACTH
and BE [Seidah and Chretien, 1992; Seidah et al., 1991].
Cleavage of the POMC precursor by two PCs (PC1 and
PC2) is tightly controlled, occurs in a specific order
[Mains and Eipper, 1999] and usually results in highly
coupled expression of ACTH and BE [Strand, 1999]. Dis-
regulation can occur because of unequal distribution of
PC1 and PC2. Although there is no evidence that PCs are
differentially expressed in maternal tissue during preg-
nancy, there is evidence that PC2 is prominently ex-
pressed in fetal tissue. Inferential evidence suggests that
PC2 may be dominant in the placenta because melano-
cyte-stimulating hormone (a PC2 fragment) rather than
ACTH (a PC1 fragment) appears to be the prominent pla-
cental POMC product [Chan and Smith, 1992; Ciesla,
1998]. Moreover, both convertases are expressed by mid-
gestation in the fetal brain but PC2, which cleaves BE
from POMC, is much more broadly distributed than PCl1
[Zheng et al., 1994]. It is reasonable to assume that the
fetus will develop opiate receptors and respond to mater-
nal POMC fragments because of the early programming
by, and exposure to, PC2-liberated compounds including
BE. The differences in the distribution of PC1 and PC2
that are evident prenatally begin to disappear as organ-
isms reach adulthood [Zheng et al., 1994], which explains
that in normal circumstances the concentrations of
ACTH and BE are highly correlated in adults [Bertagna,
1994].

Although the gene encoding POMC (chromosome 2)
has been detected in the human placenta [Chen et al.,
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1986] and peptides from POMC are synthesized in tro-
phoblasts [Liotta et al., 1977; Liotta and Krieger, 1980],
the probable source of the circulating levels of maternal
BE and ACTH is the pituitary gland [Ochedalski et al.,
2001; McLean and Smith, 2001; Smith, 1998]. Placental
CRH is proposed to exercise paracrine control on the local
production of POMC peptides [Petraglia et al., 1987;
Frim et al., 1988]; however, as described above, process-
ing of POMC in the placenta is uncertain. In addition to
the fact that placental POMC products are melanocyte-
stimulating hormone (rather than ACTH) [Ciesla, 1998]
and an acetylated form of BE (neither detected by our
assays) [Chan and Smith, 1992], there is an observation
that human pregnancy is the only condition in which
intact POMC is produced and released physiologically

[Raffin-Sanson et al., 1999]. These observations eliminate
the placenta as the source of maternal ACTH and BE and
strongly suggest that they are of maternal pituitary origin.
Because circulating maternal POMC fragments reflect
stress-sensitive HPA and not placental activity, the devel-
oping human fetus is susceptible to maternal patterns of
response to internal and external events.

Acknowledgement

This study was supported by research (HD28413) awards from
the National Institutes of Child Health and Human Development
and National Institute of Neurological Diseases and Stroke
(NS41298).

References

Bachevalier J, Brickson M, Hagger C (1993): Lim-
bic-dependent recognition memory in mon-
keys develops early in infancy. Neuroreport 4:
77-80.

Barker DJP (1998): Mothers, Babies and Health in
Later Life, ed 2. Edinburgh, Churchill Living-
stone.

Barna I, Koenig JI, Davis TP (1992): Effects of
mediobasal hypothalamic lesion on immunore-
active ACTH/B-endorphin levels in cerebrospi-
nal fluid, in discrete brain regions, in plasma
and in pituitary of the rat. Brain Res 593:69-
76.

Beckwith BE, Sandman CA, Hothersall D, Kastin
AJ (1977): Influence of neonatal injections of
a-MSH on learning, memory and attention in
rats. Physiol Behav 18:63-71.

Ben-Barak J, Dudai Y (1979): Cholinergic binding
sites in rat hippocampal formation: Properties
and ontogenesis. Brain Res 166:245-257.

Berger B, Alvarez C (1994): Neurochemical devel-
opment of the hippocampal region in the fetal
rhesus monkey. 2. Immunocytochemistry of
peptides, calcium-binding proteins, DARPP-
32, and monoamine innervation in the entorhi-
nal cortex during the first half of gestation.
Hippocampus 4:85-114.

Berger B, Alvarez C, Goldman-Rakic PS (1993):
Neurochemical development of the hippocam-
pal region in the fetal rhesus monkey. 1. Early
appearance of peptides, calcium-binding pro-
teins, DARPP-32, and monoamine innerva-
tion in the entorhinal cortex during the first
half of gestation. Hippocampus 3:279-305.

Bertagna X (1994): Proopiomelanocortin-derived
peptides. Endocrinol Metab Clin North Am 23:
467-485.

Braastad BO (1998): Effects of prenatal stress on
behaviour of offspring of laboratory and
farmed animals. Appl Anim Behav Sci 61:159-
180.

Maternal HPA Influences Fetal Behavior

Bronstein PM, Neiman H, Wolkoff FD, Levine MJ
(1974): The development of habituation in the
rat. Anim Learn Behav 2:92-96.

Campbell BA, Lytle LD, Fibiger HC (1969): Ontog-
eny of adrenergic arousal and cholinergic in-
hibitory mechanisms in the rat. Science 166:
635-637.

Chan EC, Smith R (1992): B-Endrophin immuno-
reactivity during human pregnancy. J Clin En-
docrinol Metab 75:167-186.

Chan EC, Smith R, Lewin T, Brinsmead MW,
Zhang HP, Cubis J, Thornton K, Hurt D
(1993): Plasma corticotropin-releasing hor-
mone, B-endorphin and cortisol inter-relation-
ships during human pregnancy. Acta Endocri-
nol (Copenh) 128:339-344.

Chen CL, Chang CC, Krieger DT, Bardin CW
(1986): Expression and regulation proopiome-
lanocortin-like gene in the ovary and placenta:
Comparison with the testis. Endocrinology
118:2382-2389.

Ciesla W (1998): Low ACTH and high melatonin
concentrations in amniotic fluid as hormonal
markers of high risk of fetal abnormalities. Pre-
liminary studies. Prenat Diagn 18:979-986.

Crain B, Cotman C, Taylor D, Lynch G (1973): A
quantitative electron microscopic study of sy-
naptogenesis in the dentate gyrus of the rat.
Brain Res 63:195-204.

Day JC, Koehl M, Deroche V, Le Moal M, Maccari
S (1998): Prenatal stress enhances stress- and
corticotropin-releasing factor-induced stimula-
tion of hippocampal acetylcholine release in
adult rate. ] Neurosci 18:1886-1892.

DeCasper AJ, Fifer WP (1980): Of human bonding:
Newborns prefer their mother’s voices. Science
209:1174-1176.

Doherty NN, Hepper PG (2000): Habituation in
fetuses of diabetic mothers. Early Hum Dev 59:
85-93.

Fifer WP, Moon C (1989): Psychobiology of new-
born auditory preferences. Semin Perinatol 13:
430-433.

Francis D, Diorio J, Liu D, Meaney MJ (1999):
Nongenomic transmission across generations
of maternal behavior and stress responses in
the rat. Science 286:1155-1158.

Fride E, Dan Y, Gavish M, Weinstock M (1985):
Prenatal stress impairs maternal behavior in a
conflict situation and reduces hippocampal
benzodiaxepine receptors. Life Sci 36:2103-
2109.

Frim DM, Emanule RL, Robinson BG, Smas CM,
Adler GK, Majzoub JA (1988): Characteriza-
tion and gestational regulation of corticotro-
pin-releasing hormone messenger RNA in hu-
man placenta. J Clin Invest 82:287-292.

Frye CA, Bayon LE (1999): Prenatal stress reduces
the effectiveness of the neurosteriod 3 alpha, 5
alpha-THP to block kainic-acid-induced sei-
zures. Dev Psychobiol 34:227-234.

Gewolb IH, O’Brien J, Slavin RE (1999): Opioids
accelerate fetal rat lung maturation in vitro.
Am J Respir Cell Mol Biol 20:511-516.

Goland RS, Wardlaw SL, Blum M, Tropper PJ,
Stark RI (1988): Biologically active corticotro-
pin-releasing hormone in maternal and fetal
plasma during pregnancy. Am J Obstet Gyne-
col 159:884-890.

Goland RS, Wardlaw SL, Stark RI, Brown LS,
Frantz AG (1986): High levels of corticotropin-
releasing hormone immunoactivity in mater-
nal and fetal plasma during pregnancy. J Clin
Endocrinol Metab 63:1199-1203.

Grimwade JC, Walker DW, Bartlett M (1971): Hu-
man fetal heart rate change and movement in
response to sound and vibration. Am J Obstet
Gynecol 109:86-90.

Groome LJ, Mooney DM, Holland SB, Smith LA,
Atterbury JL, Dykman RA (1999): Behavioral
state affects heart rate responses to low-intensi-
ty sound in human fetuses. Early Hum Dev 54:
39-54.

Dev Neurosci 2003;25:41-49 47



Hargreaves KM, Flores CM, Dionne FA, Mueller
GP (1990): The role of the pituitary beta-
endorphin in mediating corticotropin-releasing
factor-induced antinociception. Am J Physiol
258:235-242.

Hendrie CA (1988): ACTH: A single pretreatment
enhances the analgesic efficacy of and prevents
the development of tolerance to morphine.
Physiol Behav 42:41-45.

Hendrie CA (1989): Naloxone-sensitive hyperalge-
sia induced by morphine and environment
stimulation. Pharmacol Biochem Behav 32:
961-966.

Hepper PG (1997): Fetal habituation: Another
Pandora’s box? Dev Med Child Neurol 39:
274-278.

Hobel CJ, Dunkel-Schetter C, Roesch SC, Castro
LC, Arora CP (1999): Maternal plasma cortico-
tropin-releasing hormone associated with stress
at 20 weeks’ gestation in pregnancies ending in
preterm delivery. Am J Obstet Gynecol 180:
S257-263.

Insel T, Kinsley CH, Mann PE, Bridges RS (1990):
Prenatal stress has long-term effects on brain
opiate receptors. Brain Res 511:93-97.

Jin W, Chavkin C (1999): Mu opioids enhance
mossy fiber synaptic transmission indirectly by
reducing GABAg receptor activation. Brain
Res 821:286-293.

Kisilevsky BS, Muir DW (1991): Human fetal and
subsequent newborn responses to sound and
vibration. Infant Behav Dev 14:1-26.

Kisilevsky BS, Muir DW, Low JA (1992): Matura-
tion of human fetal responses to vibroacoustic
stimulation. Child Dev 63:1497-508.

Kisilevsky BS, Pang L, Hains S (2000): Maturation
of human fetal responses to airborne sound in
low- and high-risk fetuses. Early Hum Dev 58:
179-195.

Kopecky EA, Simone C, Knie B, Koren G (1999):
Transfer of morphine across the human placen-
ta and its interaction with naloxone. Life Sci
65:2359-71.

Kostovic I, Pentanjek Z, Judas M (1990): The ear-
liest areal differentiation of the human cerebral
cortex: Entorhinal area. Abstr Soc Neurosci 16:
846.

Krivoy WA, Kroeger DC, Zimmerman E (1977):
Neuropeptides: Influence of acute and chronic
effects of opiates. Psychoneuroendology 21:
43-51.

Laatikainen T, Virtanen T, Kaaja R, Salminen-
Lappalainen K (1991): Corticotropin-releasing
hormone in maternal and cord plasma in pre-
eclampsia. Eur J Obstet Gynecol Reprod Biol
39:19-24.

Leader LR (1994): Fetal habituation in growth
retardation and hypoxia; in Lou HC, Greisen
G, Larsen J (eds): Brain Lesions in the New-
born (Alfred Benzon Symposium 31). Copen-
hagen, Royal Danish Academy of Sciences and
Letters, pp 326-329.

Leader LR, Baillie P (1988): The changes in fetal
habituation patterns due to a decrease in in-
spired maternal oxygen. Br J Obstet Gynaecol
95:664-668.

Leader LR, Baillie P, Martin B, Verueulen E
(1982): Fetal habituation in high-risk pregnan-
cies. Br J Obstet Gynaecol 89:441-446.

Leader LR, Stevens AD, Lumbers ER (1988): Mea-
surement of fetal responses to vibroacoustic
stimuli. Biol Neonate 53:73-85.

Lecanuet JP, Granier-Deferre C, Busnel MC
(1988): Fetal cardiac and motor responses to
octave-band voices as a function of central fre-
quency, intensity and heart rate vulnerability.
Early Hum Dev 18:81-93.

Lecanuet JP, Granier-Deferre C, Cohen H, Le
Houezec R, Busnel MC (1986): Fetal responses
to acoustic stimulation depend on heart rate
variability pattern, stimulus intensity and repe-
tition. Early Hum Dev 13:269-283.

Liotta AS, Krieger DT (1980): In vitro biosynthesis
and comparative posttranslational process im-
munoreactive precursor corticotropin/p-endor-
phin by human placental and pituitary cells.
Endocrinology 106:1504-1511.

Liotta A, Osathanondh R, Ryan KJ, Krieger DT
(1977): Presence of corticotropin in human pla-
centa: Demonstration of in vitro synthesis. En-
docrinology 101:1552-1558.

MacKintosh NJ (1987): Neurobiology, psychology
and habituation. Behav Res Ther 25:81-97.

Madison LS, Adubato SA, Madison JK, Nelson
RM, Anderson JC, Erickson J, Kuss LM,
Goodlin RC (1986a): Fetal response decre-
ment: True habituation? J Dev Behav Pediatr
7:14-20.

Madison LS, Madison JK, Adubato SA (1986b):
Infant behavior and development in relation to
fetal movement and habituation. Child Dev
57:1475-1482.

Mains RE, Eipper BA (1999): Peptides; in Siegal
GJ, Agranoff BW, Albers RW, Fisher SK, Uhl-
er MD (eds): Basic Neurochemistry: Molecu-
lar, Cellular and Medical Aspects, ed 6. Phila-
delphia, Lippincott-Raven, pp 363-82.

Makheseed M, Musini VM, Hassan NA, Saker E
(1999): Post-invasion change in the trend of
complications and outcome of pregnancy in
Maternity Hospital Kuwait from 1981 to 1995.
Med Confl Surviv 15:161-170.

Matthews SG (2002): Early programming of the
hypothalamo-pituitary-adrenal axis. Trends
Endocrinol Metabol 13:373-380.

McEwen BS, Stellar E (1993): Stress and the indi-
vidual. Mechanisms leading to disease. Arch
Intern Med 153:2093-2102.

McGivern RF, Sandman CA, Kastin AJ, Coy DH
(1979): Developmental and long-term effects of
exposure to high levels of B-endorphin in utero.
Int Congr Psychoneuroendo, Park City.

McKee RD, Squire LR (1993): On the develop-
ment of declarative memory. J Exp Psychol
Learn Mem Cogn 19:397-404.

McLaughlin PJ, Tobias SW, Lang CM, Zagon IS
(1997a): Chronic exposure to the opioid antag-
onist naltrexone during pregnancy: Maternal
and offspring effects. Physiol Behav 62:501-
508.

McLaughlin PJ, Tobias SW, Lang CM, Zagon IS
(1997b): Opioid receptor blockade during pre-
natal life modifies postnatal behavioral devel-
opment. Pharmacol Biochem Behav 58:1075-
1082.

48 Dev Neurosci 2003;25:41-49

McLean M, Smith R (2001): Corticotrophin-releas-
ing hormone and human parturition. Repro-
duction 121:493-501.

Milner TA, Loy R, Amaral DG (1983): An anatom-
ical study of the development of the septo-hip-
pocampal projections in the rat. Brain Res 8:
343-71.

Nelson CA (1995): The ontogeny of human memo-
ry: A cognitive neuroscience perspective. Dev
Psychol 31:723-738.

Niesink RJM, van Buren-van Duinkerken L, van
Ree JM (1999): Social behavior of juvenile rats
after in utero exposure to morphine: Dose-
time-effect relationship. Neuropharmacology
38:1207-23.

Ochedalski T, Zylinska K, Laudanski T, Lachowicz
A (2001): Corticotrophin-releasing hormone
and ACTH levels in maternal and fetal blood
during spontaneous and oxytocin-induced la-
bour. Eur J Endocrinol 144:117-121.

Panskepp J, Herman H, Conner R, Bishop P, Scott
JP (1978): The biology of social attachments:
Opiates alleviate separation distress. Biol Psy-
chiatry 13:607-618.

Peterson BS, Vohr B, Staib LH, Cannistraci CJ,
Dolberg A, Schneider KC, Katz KH, Wester-
veld M, Sparrow S, Anderson AW, Duncan
CC, Makuch RW, Gore JC, Ment LR (2000):
Regional brain volume abnormalities and long-
term cognitive outcome in preterm infants.
JAMA 284:1939-1947.

Petraglia F, Sawchenko PE, Rivier J, Vale W
(1987): Evidence for local stimulation of
ACTH secretion by corticotrophin-releasing
factor in human placenta. Nature 328:717-
719.

Ponirakis A, Susman EJ, Stifter CA (1998): Nega-
tive emotionality and cortisol during adoles-
cent pregnancy and its effects on infant health
and autonomic nervous system reactivity. Dev
Psychobiol 33:163-174.

Raffin-Sanson M, Massias JF, Ankotche A, Coste J,
de Keyzer Y, Oliver C, Dumont C, Cabrol D,
Ferre F, Bertagna X (1999): High precursor lev-
el in maternal blood results from the alternate
mode of proopiomelanocortin processing in
human placenta. Clin Endocrinol 50:85-94.

Raisanen I (1988): Plasma levels and diurnal varia-
tion of B-endorphin, B-lipotropin and cortico-
tropin during pregnancy and early puerperium.
Eur J Obstet Gynecol Reprod Biol 27:13-20.

Ray SB, Wadhwa S (1999): Mu opioid receptors in
developing human spinal cord. J Anat 195:11-
18.

Reyes TM, Coe CL (1997): Prenatal manipulations
reduce the proinflammatory response to a cyto-
kine challenge in juvenile monkeys. Brain Res
769:29-35.

Rosenblatt MI, Dickerson IM (1997): Endoproteo-
lysis at tetrabasic amino acid sites in procalci-
tonin gene-related peptide by pituitary cell
lines. Peptides 18:567-76.

Sanchez MD, Milanes MV, Fuente T, Laorden ML
(1993): The B-endorphin response to prenatal
stress during postnatal development in the rat.
Brain Res Dev Brain Res 74:142-145.

Sandman/Glynn/Wadhwa/Chicz-DeMet/
Porto/Garite



Sandman CA, Alexander WD, Kastin AJ (1973):
Neuroendocrine influences on visual discrimi-
nation and reversal learning in the albino and
hooded rat. Physiol Behav 11:613-617.

Sandman CA, Kastin AJ (1981): The influence of
fragments of the LPH chain on learning, mem-
ory and attention in animals and man. Pharma-
col Ther 13:39-60.

Sandman CA, Kastin AJ (1990): Neuropeptide
modulation of development and behavior: Im-
plications for psychopathology; in Deutsch S,
Weizman A, Weizman R (eds): Application of
Basic Neuroscience to Child Psychiatry. New
York, Plenum Publishing Corporation, pp
101-124.

Sandman CA, Miller LH, Kastin AJ, Schally AV
(1972): Neuroendocrine influence on attention
and memory. J Comp Physiol Psychol 80:54—
58.

Sandman CA, Wadhwa P, Chicz-DeMet A, Porto
M, Garite T (1999a): Maternal corticotropin-
releasing hormone and habituation in the hu-
man fetus. Dev Psychobiol 34:163-173.

Sandman CA, Wadhwa P, Dunkel-Schetter C, De-
Met A, Belman J, Porto M, Murata Y, Garite
TJ, Crinella F (1995): Psychobiological in-
fluences of stress and HPA regulation on the
human fetus and infant birth outcomes; in
Beckwith W, Sandman C, Chronwell B, Strand
F (eds): Models of Neuropeptide Action. New
York, New York Academy of Science.

Sandman CA, Wadhwa PD, Glynn L, Chicz-De-
Met A, Porto M, Garite T (1999b): Corticotro-
pin-releasing hormone (CRH) and fetal re-
sponses in human pregnancy. Ann NY Acad
Sci 897:66-75.

Sandman CA, Wadhwa PD, Hetrick WP, Porto M,
Peeke HVS (1997): Human fetal heart rate dis-
habituation between 30-32 weeks gestation.
Child Dev 68:1031-1040.

Sandman CA, Yessian N (1986): Persisting subsen-
sitivity of the striatal dopamine system after
fetal exposure to B-endorphin. Life Sci 39:
1755-1763.

Sasaki A, Shinkawa O, Margioris AN, Liotta AS,
Sato S, Murakami O, Go M, Shimizu Y, Ha-
new K,Yoshinaga K (1987): Immunoreactive
corticotropin-releasing hormone in human
plasma during pregnancy, labor, and delivery. J
Clin Endocrinol Metab 64:224-229.

Schneider ML, Roughton EC, Koehler AJ, Lubach
GR (1999): Growth and development follow-
ing prenatal stress exposure in primates: An
examination of ontogenetic vulnerability.
Child Dev 70:263-274.

Seidah NG, Chretien M (1992): Proprotein and
prohormone convertases of the subtilisin fami-
ly. Trends Endocrinol Metab 3:133-140.

Maternal HPA Influences Fetal Behavior

Seidah NG, Mattei MG, Gaspar L, Benjannet S,
Mbikay M (1991): Chromosomal assignments
of the genes for neuroendocrine convertase
PC1 (NECI) to human 5q15-21, neuroendo-
crine convertase PC2 (NEC2) to human
20p11.1-11.2, and furin (mouse 7[D1-E2] re-
gion). Genomics 11:103-107.

Shahidullah S, Hepper PG (1994): Frequency dis-
crimination by the fetus. Early Hum Dev 36:
13-26.

Shalev E, Benett MJ, Megory E, Wallace RM,
Zuckerman H (1989): Fetal habituation to re-
peated sound stimulation. Isr J Med Sci 25:77-
80.

Shalev E, Weiner E, Serr DM (1990): Fetal habitua-
tion to sound stimulus in various behavioral
states. Gynecol Obstet Invest 29:115-117.

Sjostrom K, Valentin L, Thelin T, Marsal K (1997):
Maternal anxiety in late pregnancy and fetal
hemodynamics. Eur J Obstet Gynecol Reprod
Biol 74:149-155.

Smith R (1998): Alterations in the hypothalamic
pituitary adrenal axis during pregnancy and the
placental clock that determines the length of
parturition. J Reprod Immunol 39:215-220.

Sokolov EN (1963): Perception and the Condi-
tioned Reflex. Oxford, Pergammon Press.

Strand FL (1999): Neuropeptides: Regulators of
Physiological Processes. Cambridge, MIT
Press.

Szekely J, Miglecz E, Dunai-Kovacs Z, Tarnawa I,
Ronai AZ, Graf L, Bajusz S (1979): Attenua-
tion of morphine tolerance and dependence by
a-melanocyte stimulating hormone. Life Sci
24:1931-1938.

Thompson RF, Spencer WA (1966): Habituation:
A model phenomena for the study of neuronal
sustrates of behavior. Psychol Rev 73:16-43.

Tighe TJ, Leaton RN (1976): Habituation: Per-
spectives from Child Development, Animal
Behavior and Neurophysiology. Hillsdale, Erl-
baum.

Vaccarino AL, Kastin AJ (2000): Endogenous
opiates: 1999. Peptides 21:1975-2034.

Vallee M, Mayo W, Dellu F, Le Moal M, Simon H,
Maccari S (1997): Prenatal stress induces high
anxiety and postnatal handling induces low
anxiety in adult offspring: Correlation with
stress-induced corticosterone injection. J Neu-
rosci 17:2626-2636.

van Os J, Selton JP (1998): Prenatal exposure to
maternal stress and subsequent schizophrenia:
The May 1940 invasion of The Netherlands. Br
J Psychiatry 172:324-326.

Varrassi G, Bazzano C, Edwards WT (1989): Ef-
fects of physical activity on maternal plasma -
endorphin levels and perception of labor pain.
Am J Obstet Gynecol 160:707-712.

Veliskova J, Moshe SL, Vathy I (1999): Prenatal
morphine exposure differentially alters seizure
susceptibility in developing female rats. Brain
Res Dev Brain Res 116:119-121.

Wadhwa PD, Dunkel-Schetter C, Chicz-DeMet A,
Porto M, Sandman CA (1996): Prenatal psy-
chosocial factors and the neuroendocrine axis
in human pregnancy. Psychosom Med 58:432-
446.

Wadhwa PD, Glynn L, Hobel CJ, Garite TJ, Porto
M, Chicz-DeMet A, Wiglesworth AK, Sand-
man C (2002): Behavioral perinatology: Biobe-
havioral processes in human fetal develop-
ment. Regul Pept 108:149-157.

Wagner AR (1981): SOP: A model of automatic
memory processing in animal behavior; in
Spear NE, Miller RR (eds): Information Pro-
cessing in Animals: Memory Mechanisms.
Hillsdale, Erlbaum.

Weinstock M (1997): Does prenatal stress impair
coping and regulation of the hypothalamic-
pituitary-adrenal axis? Neurosci Biobehav Rev
21:1-10.

Welberg LA, Seckl JR (2001): Prenatal stress, glu-
cocorticoids and the programming of the brain.
J Neuroendocrinol 13:113-128.

Wolfe CDA, Patel SP, Linton EA, Campbell EA,
Anderson J, Dornhorst A, Lowry PJ, Jones MT
(1988): Plasma corticotrophin-releasing factor
(CRF) in abnormal pregnancy. Br J Obstet Gy-
naecol 95:1003-1006.

Yen SSC (1994): Endocrinology of pregnancy; in
Creasy RK, Resnick R (eds): Maternal-Fetal
Medicine: Principles and Practice. Philadel-
phia, WB Saunders.

Zadina JE, Kastin AJ, Manasco PK, Pignatiello
MF, Nastiuk KL (1987): Long-term hyperalge-
sia induced by neonatal B-endorphin and mor-
phiceptin is blocked by neonatal Tyr-MIF-1.
Brain Res 409:10-18.

Zagon IS, Tobias SW, Hytrek SD, McLaughlin PJ
(1998): Opioid receptor blockade throughout
prenatal life confers long-term insensitivity to
morphine and alters mu opioid receptors.
Pharmacol Biochem Behav 59:201-207.

Zheng F, Khanna S (1999): Hippocampal field CA1
interneuronal nociceptive responses: Modula-
tion by medial septal region and morphine.
Neuroscience 93:45-55.

Zheng M, Streck RD, Scott REM, Seidah NG, Pin-
tar JE (1994): The developmental expression in
rat of proteases furin, PC1, PC2, and carboxy-
peptidase E: Implications for early maturation
of proteolytic processing capacity. J Neurosci
14:4656-4673.

Zimmer EZ, Chao CR, Guy GP, Marks F, Fifer
WP (1993): Vibroacoustic stimulation evokes
human fetal micturition. Obstet Gynecol 81:
178-180.

Dev Neurosci 2003;25:41-49 49





