
Psychoneuroendocrine processes in human
pregnancy influence fetal development and health

Pathik D. Wadhwa*
Behavioral Perinatology Research Program, Departments of Psychiatry and Human Behavior, and
Obstetrics and Gynecology, College of Medicine, University of California, Irvine, 3117 Gillespie
Neuroscience Research Facility, Irvine, CA 92697-4260, USA
03
do
KEYWORDS
Prenatal stress;
Fetus;
Birth outcomes;
Prematurity;
Neuroendocrine;
CRH
06-4530/$ - see front matter Q 2005
i:10.1016/j.psyneuen.2005.02.004

* Tel.: C1 949 824 8238; fax: C1 94
E-mail address: pwadhwa@uci.edu
Summary Individual differences in psychoneuroendocrine function play an
important role in health and disease. Developmental models postulate that these
individual differences evolve through a progressive series of dynamic time-, place-
and context-dependent interactions between genes and environments in fetal, infant
and adult life. The effects of early experience have longer-lasting and more
permanent consequences than those later in life. Experimental studies in animals
have provided convincing evidence to support a causal role for stress-related
psychoneuroendocrine processes in negatively influencing critical developmental
and health outcomes over the life span, and have also offered valuable insights into
putative physiological mechanisms. However, the generalizability of these findings
from animals to humans may be limited by the existence of large inter-species
differences in physiology and the developmental time-line. We have initiated a
program of research in behavioral perinatology and conducted studies over the past
several years to examine the effects of stress-related psychoneuroendocrine
processes in human pregnancy on fetal developmental and health outcomes. Our
findings support a significant and independent role for maternal prenatal stress in the
etiology of prematurity-related outcomes, and suggest that these effects are
mediated, in part, by the maternal–placental–fetal neuroendocrine axis, and
specifically by placental corticotropin-releasing hormone. Our findings also suggest
that the use of a fetal challenge paradigm offers a novel way to quantify fetal
neurobehavioral maturity in utero, and that the maternal environment exerts a
significant influence on the fetal neurodevelopmental processes related to
recognition, memory and habituation. Finally, our findings provide preliminary
evidence to support the notion that the influence of prenatal stress and maternal–
placental hormones on the developing fetus may persist after birth, as assessed by
measures of temperament and behavioral reactivity in the first few years of postnatal
life. A description of this body of work is followed by the elucidation of questions
for further research and a discussion of implications for life-span development
and health.
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1. Introduction

The role of individual differences in psychoneur-
obiological processes in health and diseases of
the nervous, endocrine, immune, cardiovascular,
reproductive, gastrointestinal and musculoskeletal
systems is well established (McEwen, 1998;
Sapolsky et al., 2000; Lupien and Lepage, 2001).
Research questions in this area can be differen-
tiated into two broad categories: (1) how do such
individual differences produce adverse health out-
comes, and (2) what are the causes, or determi-
nants, of these individual differences? With respect
to the latter question, regarding the origins of
individual differences, two kinds of models have
guided theory and research. The first category of
models emphasize the role of accumulation of
adverse social and psychological conditions in
producing dysregulation of normally-functioning
neurobiological processes (i.e. a cumulative
exposure model). The second category of models
emphasize the developmental origins of individual
differences (i.e. a developmental trajectories
model). According to these developmental models,
individual differences in psychoneurobiological
processes evolve through a series of interactions,
or conditional probabilities. The effects of genes
(inherited at conception) on fetal developmental
and birth outcomes are conditioned by the environ-
ment within the fetus and uterus; the effects of
fetal outcomes, such as growth and other birth
phenotypes, on infant developmental and health
outcomes are conditioned by the environment
during childhood; and the effects of childhood
factors on adult health outcomes are conditioned
by lifestyle and other environments in adult life.
Any one influence, such as socioeconomic disad-
vantage, does not have a single quantifiable risk
associated with it. Its risk is conditioned by events
and environments at earlier, crucial stages of
development (i.e. the notion of developmental
switches; Barker, 2002).

A parallel theme has evolved in recent years in
the developmental neurosciences. Over the last
two decades or so there has been a major paradigm
shift in developmental biology regarding funda-
mental concepts of how the central nervous system
and the rest of the organism develops and func-
tions. Genes and environment are no longer
considered to exert separate influences. Develop-
ment is viewed not as a gradual elaboration of an
architectural plan pre-configured in the genes, but
rather as a dynamic interdependency of genes and
environment, characterized by a continuous pro-
cess of interactions in a place- and time-specific
dependent manner. These interactions involve
short- and long-term information storage, whereby
genetic and epigenetic processes, at every step of
development, become represented in the evolving
structural and functional design of the organism
(Institute of Medicine, 1992; Smotherman and
Robinson, 1995).

The two key features of these developmental
models are, first, that events at one point in time
have consequences that are manifested later in the
developmental process, and second, that afferent
activity has a profound influence on the develop-
mental trajectory (Kolb, 1995). In other words, it
appears that within the constraints imposed by the
heritable germ line at conception, each developing
organism plays an active role in its own construc-
tion. This dynamic process is effected by evolving
various systems during embryonic and fetal life to
acquire information about the nature of the
environment, and to use this information to guide
development. In the context of this formulation,
environment plays a necessary role for develop-
ment to occur. The degree of congruence or
discongruence between fetal, childhood and adult
environments determines trajectories leading to
either optimal or suboptimal developmental and
health outcomes (Bornstein, 1989; Gluckman and
Hanson, 2004; Wadhwa et al., 2002a).
1.1. Behavioral perinatology

Guided by the above framework of development
and health, we have conducted studies over the
past several years of the effects of psychoneur-
oendocrine processes in human pregnancy on out-
comes related to fetal/infant health and
well-being. We have broadly defined this field—
behavioral perinatology—as an inter-disciplinary
area of research that involves conceptualization
of theoretical models and conduct of empirical
studies of the dynamic time-, place-, and context-
dependent interplay between biological and beha-
vioral processes in fetal, neonatal and infant life.
The biobehavioral processes of particular interest
to our research group relate to the effects of
maternal pre- and perinatal stress and maternal–
placental–fetal stress physiology. Our choice of
stress and stress physiology is guided by two major
considerations: First, empirical studies in humans
and animals support a significant role for pre- and
perinatal stress as an independent risk factor for
adverse developmental and health outcomes
(Wadhwa, 1998a). Second, stress and stress physi-
ology offer an excellent model system for the study
of early developmental processes because it



P.D. Wadhwa726
appears that the developing fetus may acquire and
incorporate information about the nature of its
environment by using the same systems
that mediate subsequent adaptation and central
and peripheral responses to challenge/stress
(Chrousos, 1998; Chrousos and Gold, 1992; Wadhwa
et al., 2002a).

We propose that behavioral perinatology
research may have important implications for a
better understanding of individual differences in
psychoneuroendocrine processes that underlie or
contribute to the risk of at least three sets of
outcomes: prematurity, adverse neurodevelop-
ment, and chronic degenerative diseases in adult-
hood. Each of these classes of adverse health
outcomes represent major public health issues in
the United States and other developed nations,
their prevalence is characterized by substantial
disparities along factors associated with socio-
demographic disadvantage and racial/ethnic min-
ority status (which we and others have argued may,
in part, reflect the effects of variations in stress and
stress physiology in affected populations), and
growing evidence supports a crucial role for early
developmental process in their origins (Barker,
1998; Gluckman and Hanson, 2004; Mattison
et al., 2001; Nathanielsz, 1999; Wadhwa et al.,
2001b,c).
1.2. Animal models of prenatal stress
and health outcomes

Experimental studies in animals provide convincing
evidence to support a causal role for prenatal stress
in negatively influencing critical developmental and
health outcomes over the life span, including brain
structure and function, sexual differentiation,
(re)activity of the autonomic nervous, neuroendo-
crine, immune and reproductive systems, and
physical health (for recent reviews see Kofman,
2002; Wadhwa, 1998a; Weinstock, 2001a,b). For
example, with specific reference to psychoneur-
oendocrine processes, the application of prenatal
stress in rodents has been found to alter baseline
and stress-induced responsivity of the hypothala-
mic–pituitary–adrenal (HPA) axis and levels and
distribution of regulatory neurotransmitters,
including norepinephrine, dopamine, serotonin
and acetyl choline, and to modify key limbic
structures. These prenatal stress-induced altera-
tions have been shown to affect cognition
(decreased learning), emotionality (increased
anxiety) and social behavior (increased withdrawal;
Kofman, 2002). Similarly, the application of pre-
natal stress in non-human primates has been shown
to alter endocrine, immune and neurobehavioral
outcomes in offspring (Coe and Lubach, 2000;
Schneider et al., 2001). Such animal studies have
also offered valuable insights into putative physio-
logical mechanisms that may be involved in
mediating the effects of stressful maternal and
intrauterine environments on the developing organ-
ism. However, the generalizability of some of these
findings from animals to humans may be limited by
the existence of inter-species differences in physi-
ology and the developmental time-line. Perhaps no
single system exemplifies the magnitude of these
inter-species physiological differences as vividly as
the reproductive system, even between otherwise
very closely related species such as humans and
non-human primates (Smith, 1999, 2001). For
example, primates are the only species that
produce placental corticotropin-releasing hormone
(CRH) during pregnancy. The timing of maturation
of the HPA axis relative to birth is also highly
species-specific and is closely linked to landmarks
of brain development (Dobbing and Sands, 1979). In
animals that give birth to precocious offspring
(sheep, guinea pigs, primates), maximal brain
growth and a large proportion of neuroendocrine
maturation takes place in utero. By contrast, in
species that give birth to non-precocious offspring
(rats, rabbits, mice), much of neuroendocrine
development occurs in the postnatal period
(Dent et al., 2000).
1.3. Conceptual framework and research
questions

Based on the above considerations, four sets of
issues have guided our work in humans on psycho-
neuroendocrine influences in pregnancy and feta-
l/infant development, namely those related to (1)
outcome-specificity, (2) stressor-specificity, (3)
critical periods of vulnerability, and (4) mediating
mechanisms. We have articulated a neurobiological
model of prenatal stress, that proposes maternal
psychosocial stress exerts a significant and inde-
pendent negative influence on fetal developmental
outcomes. We suggest that these effects are
mediated, in part, via maternal–placental–fetal
neuroendocrine mechanisms, with a central role
for placental CRH. Based on our understanding of
the ontogeny of fetal development, the endocrin-
ology of human pregnancy, and heterogeneity of
pathophysiological mechanisms leading to adverse
outcomes, our model further hypothesizes that the
effects of prenatal stress are outcome-specific, and
that they are moderated by the nature, timing and



Figure 1 Biobehavioral model of prenatal stress and
human fetal developmental and health outcomes.
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duration of stress (Wadhwa, 1998; Wadhwa et al.,
2001b, 2002a), (Fig. 1).

We specifically postulate that individual differ-
ences in maternal stress appraisals exert a larger
impact than exposure per se to stressful events;
that prenatal stress in early gestation exerts
a larger impact on outcomes related to the length
of gestation and fetal growth than stress in the
latter part of gestation; that among spontaneous
births (i.e. those following spontaneous labor or
rupture of fetal membranes) prenatal stress
directly influences the length of gestation, whereas
among elective births, prenatal stress indirectly
influences the length of gestation by contributing to
increased risk of obstetric complications (e.g.
preeclampsia) that are indicators for elective
delivery; and that the maternal–placental–fetal
neuroendocrine system is the primary physiological
mediator of the effects of prenatal stress on
adverse fetal outcomes because it constitutes the
most fundamental and basic substrate for fetal
growth, development and parturition, and because
pathways through which alterations in other
systems (e.g. immune, vascular) produce
pathophysiological consequences are mediated, in
part, by maternal–placental–fetal neuroendocrine
processes.
2. Research methods: an overview

We have tested components of our psychoneuro-
biological model of prenatal stress in a series of
prospective, longitudinal, population-based cohort
studies in women with singleton, intrauterine
pregnancies, recruited during the late first or
second trimester of gestation and followed through
delivery into the postpartum period. Our recruit-
ment strategy has ensured heterogeneity in terms
socio-demographic and racial/ethnic character-
istics, and based on conventional measures of
obstetric risk we have included approximately
equal numbers of subjects at low- and high-risk
for adverse perinatal outcomes (Wadhwa et al.,
1993, 1996, 1997a,b, 1998a,b, 2004). Structured
interviews and questionnaires are administered at
multiple time points over gestation using standar-
dized and validated instruments to assess (a)
maternal psychosocial constructs, including various
forms of prenatal stress, social support, personality
characteristics, attitudes towards pregnancy, (b)
maternal behaviors, including diet and nutrition,
physical activity, and smoking, alcohol and drug
use, and (c) socio-demographic characteristics,
including age, marital status, various indicators of
socioeconomic status, and race/ethnicity Wadhwa
et al., 1993, 1996, 1998a,b, 2004). Maternal and
cord blood samples are collected during gestation
and at delivery for bioassays of stress hormones,
including adrenocorticotropin hormone (ACTH),
b-endorphin (BE), cortisol and placental cortico-
tropin-releasing hormone (CRH)((Wadhwa et al.,
1996, 1997a,b, 1998a,b, 2004). Obstetric and birth
outcomes are abstracted from the medical record.
All pregnancies are dated by best obstetric estimate
using last menstrual period and early ultrasono-
graphic confirmation. In a subsample of pregnan-
cies, we have performed fetal assessments in the
early third trimester of gestation, including fetal
biometry, doppler flow velocimetry of the uter-
oplacental circulation, and an experimental chal-
lenge paradigm to quantify indices of fetal arousal,
reactivity, learning and habituation, assessed by
fetal heart rate (FHR) responses to a series of
vibroacoustic stimuli (Sandman et al., 1997, 1999,
2003; Wadhwa et al., 1999).
3. Findings

3.1. Maternal psychosocial processes
and infant birth outcomes

The belief that a mother’s emotional state during
pregnancy may influence the development of her
fetus has existed since ancient times across all
cultures. Research studies examining the effects of
prenatal stress first appeared in the literature in the
mid 1950s. Much of the earlier work in this area
was, however, limited by conceptual and methodo-
logical problems, including inadequate
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conceptualization and operationalization of pre-
dictor as well as outcome variables, retrospective
methodology, inadequate control of covariates of
pregnancy outcome, and inappropriate statistical
procedures (for a discussion of these issues see
Lobel, 1994; Paarlberg et al., 1995; Wadhwa, 1998).

To date, we have completed four studies that
have each assessed and provided evidence to
support the notion that maternal psychosocial
processes significantly influence pregnancy out-
comes related to the length of gestation and fetal
growth, and that this influence is independent of
the effects of other established sociodemographic
and obstetric risk factors.

In the first study, a sample of 90 predominantly
non-Hispanic White pregnant women were prospec-
tively assessed using measures of episodic and
chronic stress, strain (response to stress), and
pregnancy-related anxiety. Results using multiple
regression analyses indicated that independent of
obstetric risk, each unit increase of prenatal life
event stress (from a possible sample range of 14.7)
was significantly associated with a 55.03 g decrease
in infant birth weight and with a 32% increase in the
relative risk of low birth weight (!2500 g). More-
over, each unit increase of prenatal pregnancy-
specific anxiety (from a possible sample range of
5 units) was significantly associated with a 3-day
decrease in gestational age at birth (Wadhwa et al.,
1993).

In the second study, a sample of 230 pregnant
women (120 Hispanic and 110 Non-Hispanic White)
were prospectively assessed using measures of
prenatal psychosocial stress (state and pregnancy-
related anxiety), personal resources (mastery, self-
esteem, optimism), and sociocultural factors
(income, education, ethnicity). Results using struc-
tural equation modeling (SEM) revealed that women
with stronger personal resources had higher birth
weight babies (bZ0.21), whereas those reporting
more stress has shorter gestations (bZK0.20),
after controlling the effects of parity, obstetric
risk, sociodemographic and ethnic characteristics
(c2Z140.99, p!0.001; Cumulative Fit Index (CFI)
Z0.92; Rini et al., 1999).

In the third study, a sample of 247 predominantly
Hispanic and non-Hispanic White women were
prospectively assessed using measures of maternal
social support. Structural equation modeling tech-
niques were used to examine the relationship of a
latent factor of perceived support to fetal growth
(i.e. birth weight adjusted for length of gestation)
after controlling for the effects of infant sex and
other established sociodemographic (marital sta-
tus, SES, ethnicity) and obstetric factors (parity,
medical risk) on birth weight. As predicted, women
who perceived greater available support delivered
babies with a significantly higher rate of fetal
growth. The final model (c2Z56, p!0.01; Cumu-
lative Fit Index (CFI)Z0.94) with social support and
other variables accounted for 31% of the variance
in fetal growth. Moreover, the magnitude of the
independent effect of social support on fetal
growth was comparable and approximately equal
to that of the other above-mentioned established
risk factors (Feldman et al., 2000).

Our observations from the above studies lead us
to conduct a fourth study to examine the hypothesis
of a critical period of increased vulnerability to
psychosocial stress in human pregnancy. From a
larger, prospective investigation of stress and stress
physiology in pregnancy, 40 pregnant women were
identified who had experienced a 6.8 magnitude
earthquake during pregnancy or shortly afterward.
The participants lived, on average, 50 miles from
the epicenter of the earthquake and were physi-
cally unaffected by the damage produced. Using
regression analyses we determined whether the
timing in pregnancy of the occurrence of the
earthquake was related to length of gestation as
well as affective response to this event. As
predicted, the effect of exposure to the earthquake
was linearly moderated by the stage in gestation of
its occurrence, such that women who experienced
the earthquake earlier in their pregnancy had a
significantly shorter gestational length than those
who experienced it later in gestation (rZ0.35, p!
0.05). Moreover, the earthquake was self-rated as
more stressful when it occurred earlier compared to
later in pregnancy, and ratings among women who
experienced it in the early postpartum period were
similar to first trimester ratings (rquadZ0.39, p!
0.05). Thus, this study was the first to suggest that
psychological responses to a stressor are progress-
ively attenuated as gestation advances, and also
supported the notion that the timing in pregnancy
of occurrence of a stressor may be an important
factor in determining its impact on the length of
human gestation (Glynn et al., 2001).

Our above-described findings are consistent with
not only our theoretical formulation but also with
the work of several other research groups that have
also examined various aspects of the above ques-
tions. In the past few years, several larger,
population-based epidemiological studies of pre-
natal stress and prematurity-related outcomes have
suggested that high levels of maternal psychosocial
stress are independently associated with a signifi-
cant increase in the risk for prematurity. The
effects of maternal stress are observed across the
entire range of the outcome distribution, as
opposed to only at one end of the distribution.
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Subjective measures of stress perceptions and
appraisals are more strongly associated with
adverse outcomes than measures of exposure to
potentially stressful events or conditions. In many
instances, the effects of stress are moderated by
other person or situation characteristics, such as
maternal age, body-mass index, occupation, per-
sonality and coping styles. In terms of the magni-
tude of the effect, pregnant women reporting high
levels of stress are at approximately doubled risk
for preterm birth or fetal growth restriction
compared to women reporting low levels of stress
(the adjusted relative risk ratios vary between 1.5
and 2.5) (Copper et al., 1996; Dole et al., 2003;
Hedegaard et al., 1993, 1996; Misra et al., 2001;
Nordentoft et al., 1996; Pritchard and Teo, 1994).

Based on these findings, we suggest the following
two implications: (1) Maternal psychosocial pro-
cesses in pregnancy are at least as important and
warrant the same degree of further consideration
and study as other established obstetric risk
factors, because the overall magnitude of their
independent effect size on prematurity-related
outcomes is comparable to that of most other
obstetric risk factors. (2) The translation of this
knowledge to clinical application for risk assess-
ment and intervention has, however, been limited
by the fact that commonly-used measures of
maternal stress and related constructs have low
sensitivity and specificity in predicting adverse
outcomes at the individual (as opposed to popu-
lation) level. Thus, there is a need to better capture
and quantify determinants of inter- and intra-
individual variability in the link between maternal
stress and adverse birth outcomes, to identify
which subgroup(s) of pregnant women, under
what circumstances, and at what stage in preg-
nancy, are especially susceptible to the deleterious
effects of prenatal stress on birth outcomes.

For any individual, the probability of a stress-
related adverse health outcome is a joint function
of not only cumulative stress exposure but also that
individual’s biological responsivity to stress. Bio-
logical stress responsivity refers to an individual’s
propensity for biological perturbation upon stress
exposure. Two major limitations of the maternal
stress and birth outcome literature are that (a)
previous studies have considered only the stress
exposure side of the above equation, but not the
issue of individual differences in biological respon-
sivity to stress, and (b) the approach to the
measurement of maternal stress has relied exclu-
sively on self-report, retrospective recall measures
of psychological state or affect over time, which
may be prone to numerous biases that undermine
validity. Recent advances in momentary experience
sampling methodology now afford the opportunity
of not only minimizing biases associated with
retrospective recall measures but also of assessing
the dynamic interplay of psychological, behavioral
and biological processes in natural, everyday set-
tings (see Stone and Shiffman, 2002, for a more
detailed discussion of these issues). We suggest that
these new methods hold great promise in addres-
sing many of the shortcomings in the psychosocial
stress and fetal development/birth outcome litera-
ture, and recommend importing and adapting these
newer methods to conduct ambulatory studies of
psychological, biological and behavioral processes
in human pregnancy.
3.2. Maternal psychosocial processes and the
maternal–placental–fetal neuroendocrine
axis in human pregnancy

Our model postulates that the effects of maternal
psychosocial stress on fetal outcomes are
mediated, in part, by the maternal hypothalamic–
pituitary–adrenal (HPA) axis. A substantial body of
empirical evidence in non-pregnant humans sup-
ports the notion that psychological and social
factors such as stress and social support exert
significant influences on physiological processes
such as the HPA axis (Axelrod and Reisine, 1984;
Chrousos and Gold, 1992; McEwen, 1998). However,
this relationship cannot be assumed to also exist
during pregnancy because the state of gestation
produces profound alterations in several maternal
systems, including the neuroendocrine system
(Yen, 1994), that may have important implications
for altering the normal pattern of physiological
responses to exogenous stimuli or perturbations
such as stress. For instance, pregnancy has been
associated with blunted autonomic responses and
endocrine responses to a variety of physical and
chemical challenges (Barron et al., 1986; Nisell
et al., 1985a,b; Schulte et al., 1990). In light of this
possibility and the fact that there had been no
systematic empirical inquiry along these lines, we
conducted a study to examine the nature of the
relationship between maternal psychosocial pro-
cesses and the maternal neuroendocrine system
during pregnancy.

In this study of 54 women with a singleton,
intrauterine pregnancy, the cross-sectional
relationships were determined between maternal
measures of prenatal stress and social support and
maternal plasma concentrations of pituitary–adre-
nal hormones (ACTH, bE, cortisol) at 28 weeks
gestation. Factors known to influence hormone
levels during pregnancy were controlled, including
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gestational age, diurnal rhythm, and obstetric risk.
Our results indicated that despite the pregnancy-
associated elevations in baseline concentrations of
maternal pituitary–adrenal hormones, maternal
stress was positively associated with maternal
ACTH and cortisol levels, whereas social support
was negatively associated with these hormone
concentrations. Step-wise hierarchical multiple
regression analyses, performed to examine the
joint contribution of prenatal demographic and
psychosocial factors to maternal neuroendocrine
parameters, indicated that our predictors
accounted for 36% of the variance in maternal
ACTH and 13% of the variance in maternal cortisol
levels (Wadhwa et al., 1996).

Our observation of the above-described corre-
lations between maternal psychosocial and neuro-
endocrine factors in pregnancy led us to the next
question of whether individual differences in
Figure 2 Baseline HPA activity is associated with autonom
Baseline levels of maternal cortisol significantly predicted m
pressure and (d) heart rate responses to the application o
pregnancy. Cortisol levels accounted for the attenuated auto
maternal psychophysiological stress reactivity
could be reliably quantified, and if so, whether
they might serve as a marker of risk for stress-
related adverse outcomes. To examine the first part
of this question, we conducted a preliminary study
to determine whether the application of mild
behavioral stress could evoke a reliable physiologi-
cal (i.e. sympathetic-adrenal-medullary (SAM), or
autonomic) responses during different stages of
pregnancy, and to determine whether gestational
age at testing and baseline pituitary–adrenal stress
hormone levels predicted the magnitude of auto-
nomic stress reactivity in pregnancy. Twenty-one
healthy, normotensive women ranging in age from
19 to 32 years were recruited as subjects. Fourteen
subjects were pregnant with a singleton, intrauter-
ine pregnancy (gestational ages ranged between 12
and 35 weeks), whereas 7 subjects were not
pregnant, and constituted the comparison group.
ic responses to psychosocial stress in human pregnancy.
aternal (a) systolic, (b) diastolic, (c) mean arterial blood
f a mild laboratory-based behavioral stressor in human
nomic responses observed with advancing gestation.
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For all subjects, one of two standardized behavioral
stressors–a math task, or a speech task–were
administered to study autonomic stress responses.
Autonomic responses were assessed by quantifying
changes in systolic, diastolic and mean arterial
blood pressure and heart rate upon application of
behavioral stress. Baseline pituitary–adrenal stress
hormone levels (ACTH, cortisol) were measured
from a maternal plasma sample obtained before
application of behavioral stress. The possible
effects of other factors on maternal stress reactiv-
ity (high-risk obstetric conditions, endocrine dis-
orders, circadian rhythms) were controlled by study
design.

Results indicated that each of the behavioral
stressors elicited reliable autonomic responses in
both study groups–non-pregnant and pregnant
women. The magnitudes of responses were nor-
mally distributed across subjects, with sufficient
variability for individual-difference analyses. Com-
pared to non-pregnant controls, autonomic reac-
tivity was significantly attenuated in pregnant
subjects. Moreover, there was a progressive
increase in attenuation of the stress response with
advancing gestational age. At rest, there was no
association of baseline levels of autonomic and
endocrine parameters. However, upon challenge,
baseline levels of cortisol accounted for between 30
and 52% of the variance in autonomic responses to
stress (higher baseline stress hormone levels were
associated with smaller stress responses). This
effect was significant even after adjusting for the
effects of gestational age at testing, suggesting that
maternal pituitary–adrenal hormone concen-
trations, and not gestational age, per se, moderate
maternal physiological responses to environmental
stress (Fig. 2).

Thus, this study validated the use of laboratory-
based behavioral stress paradigms in human preg-
nancy as a methodology to quantify individual
differences in maternal stress reactivity and laid
the foundation for further studies to examine
biological pathways linking prenatal stress with
adverse gestational outcomes and to identify
critical periods of increased vulnerability to pre-
natal stress. Moreover, the present study was
among the first to report a progressive attenuation
of physiological stress responses with advancing
gestation, accounted for, in substantial part, by
maternal baseline pituitary–adrenal hormone levels
(Wadhwa et al., 1997b). In an on-going project, we
are now quantifying individual differences in
maternal autonomic and endocrine responses to
exposure to social stress (the Trier Social Stress
Test; TSST) during early, mid and late gestation, to
assess whether these individual differences, alone
or in combination with measures of chronic stress
exposure, predict risk for adverse gestational out-
comes. In this study, we will also determine critical
periods of increased maternal vulnerability with
respect to the effects of psychoneuroendocrine
stress processes in human gestation.
3.3. Racial/ethnic differences in maternal–
placental stress physiology over the course
of gestation

The distribution of adverse reproductive health
outcomes in the United States and other developed
nations is characterized by large racial/ethnic
disparities. In the US an almost two-fold disparity
persists in the rate of premature birth between
African–American and non-Hisparic White women,
even after accounting for the effects of established
obstetric, sociodemographic and behavioral risk
factors (Cabral et al., 1990; Collins and Hammond,
1996; Guyer et al., 1999; Schoendorf et al., 1992.).
The causes of these disparities are not known. We
and others have hypothesized that prenatal stress
may account for a significant proportion of this
disparity (Wadhwa et al., 2001b). From an on-going
study of stress and stress physiology in human
pregnancy, we conducted an analysis of racial/
ethnic disparities in concentrations of maternal–
placental stress hormones (ACTH, BE, cortisol and
CRH) over the course of gestation. Stress hormones
profiles in maternal plasma were assessed serially
at 3 times in gestation at 18–20 weeks, 24–26 weeks,
and 30–32 weeks using standard and previously-
validated radioimmunoassays in 3 groups of preg-
nant women: African–American (nZ42), Hispanic
(nZ65) and non-Hispanic White (nZ75). As
expected, levels of all hormones increased signifi-
cantly over the course of gestation. There were no
differences between Hispanic and non-Hispanic
White women for any of the hormones at any of
the 3 time points. However, at each of the 3 time
points, African–American women had higher ACTH
and BE levels (FZ8.02, p!0.01), but lower cortisol
levels (FZ7.59, p!0.01) than Hispanic and non-
Hispanic White women. The trajectory of placental
CRH was also lower among African–American
women (Wadhwa et al., 2002b), (Fig. 3).

Although these findings are based on a small
sample and hormone values are not adjusted for the
possible effects of obstetric risk conditions, the
consistency across each of the 3 time points is
striking. This hormonal profile of increased pitu-
itary activity (high ACTH and BE) and decreased
adrenal activity (low cortisol) is consistent with
adrenal hyporesponsivity, a condition known to



Figure 3 Racial/ethnic differences in stress-related maternal–placental neuroendocrine processes over the course of
gestation. There were no differences between Hispanic and non-Hispanic White women for any of the hormones at any
of the 3 time points. At each of the time points, African–American women had higher ACTH and BE levels (FZ8.02,
p!.01), but lower cortisol levels (FZ7.59, p!.01) than Hispanic and non-Hispanic White women. The trajectory of
placental CRH was also lower among African–American women.
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occur under conditions of chronic stress and down-
regulation of adrenal receptors. This phenomenon
has been reported in adult non-human primates
exposed to severe early life stress (Coplan et al.,
1996) and in adult rodents after maternal depri-
vation in early postnatal life (Ladd et al., 1996).
In humans, a similar endocrine profile of increased
ACTH concentrations but normal cortisol responses
has been reported among adult women with a
history of sexual or physical abuse in childhood
(Heim et al., 2000). The lower cortisol among
African–American women may also account for their
lower CRH trajectory over the course of gestation,
given the positive control exerted by cortisol on
placental CRH in human pregnancy. These data
suggest the presence of racial/ethnic differences in
the activity of the HPA axis and placenta among
pregnant African–American women that are con-
sistent with the long-term effects of stress exposure
in early life and provide biological plausibility for
the hypothesis that the increased prevalence of
adverse gestational outcomes among African Amer-
ican women may reflect differences in stress
vulnerability related to endocrine dysregulation.
3.4. Maternal pituitary–adrenal function and
placental CRH in human pregnancy

As discussed earlier, we have hypothesized that the
effects of maternal psychosocial stress and stress-
related maternal HPA dysregulation on fetal devel-
opmental and health outcomes are mediated, in part,
by placental CRH. CRH is a 41-amino acid neuropep-
tide of predominantly hypothalamic origin (Vale
et al., 1981). It has been implicated as one of the
central mediators of the activity of the HPA axis and
the physiological responses to stress and inflam-
mation (Chrousos, 1992; Vale et al., 1981). During
primate pregnancy (but not in any non-primate
species), the CRH gene and receptors are richly
expressed in the placenta. The expression of
hCRHmRNA rises exponentially over the course of
gestation, effecting the production of CRH in the
placenta and its release into maternal and fetal
compartments. Placental CRH is identical to hypo-
thalamic CRH in structure, immunoreactivity, and
bioactivity (Smith, 2001; Petraglia et al., 1996). We
and others have proposed various crucial roles for
placental CRH in regulating human reproductive
biology, including modulation of maternal and fetal
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pituitary–adrenal function, participation in fetal
cellular differentiation, growth and maturation, and
involvement in the physiology of parturition (Challis
et al., 2001; Hillhouse and Grammatopoulos, 2002;
Smith, 2001). In vitro studies using human placental
tissue cultures have suggested that placental CRH
output is modulated in a positive, dose-response
manner by several of the majorbiological effectors of
stress, including cortisol, catecholamines, interleu-
kin-1, and hypoxia (Korebrits et al., 1998b; Petraglia
et al., 1987, 1989).

To clarify the role of stress-related maternal
pituitary–adrenal processes in modulating placental
CRH activity in vivo, we conducted a study in a
sample of 260 adult women with a singleton,
intrauterine pregnancy by examining the associ-
ations between maternal plasma CRH, ACTH, BE,
and cortisol during the early third trimester of
pregnancy (31–32 weeks gestation). During preg-
nancy, CRH levels were significantly and positively
correlated with ACTH (p!0.01) and bE (p!0.001)
levels. There was no direct association between
CRH and cortisol, however, both ACTH and bE were
significantly and positively correlated with cortisol
(p’s!0.001). Time of day of blood draw was
significantly and negatively correlated with
maternal cortisol levels during pregnancy
(rZK0.22, p!0.001), indicating the presence of
an intact circadian rhythm for cortisol with higher
levels in the morning and lower levels in the
evening. However, an analysis of covariance
approach employed to control the effects of time
of blood draw revealed no changes in the magnitude
or significance levels of the above relationships.
These findings thus support the premise that in
Figure 4 Placental CRH in human pregnancy. In
pregnancy, the placenta is a major extra-hypothalamic
site for CRH production and action. In contrast to the
negative control exerted on the brain and pituitary,
cortisol stimulates the production of CRH in the placenta,
establishing a positive feedback loop that terminates
upon delivery.
human pregnancy placental CRH activity is modu-
lated, in part, in a positive manner by stress-related
maternal pituitary–adrenal hormones (Wadhwa
et al., 1997a), (Fig. 4).
3.5. Placental CRH and premature birth

Endocrine and paracrine/autocrine roles have
been proposed for placental CRH in the physiology
of parturition and also in fetal growth and devel-
opment (Challis et al., 2000, 2001; Hillhouse and
Grammatopoulos, 2002; Smith, 2001). We con-
ducted two studies to examine this possibility by
assessing the prospective relationship of placental
CRH concentrations with the risk for prematurity-
related outcomes.

The first study involved a sample of 63 women
with a singleton, intrauterine pregnancy. Maternal
plasma was collected at 28–30 weeks gestation, and
placental CRH concentrations were determined by
radioimmunoassay. Results indicated that maternal
(placental) CRH levels at 28–30 weeks gestation
significantly and negatively predicted gestational
length (p!0.01) after adjusting for antepartum
risk. Moreover, subjects who delivered preterm had
significantly higher CRH levels in the early third
trimester than those who delivered at term (p!
0.01). In deliveries preceded by spontaneous onset
of labor, maternal third-trimester CRH levels
significantly and independently predicted earlier
onset of labor and preterm labor, whereas in
deliveries effected by induction of labor or cesar-
ean section, maternal CRH levels were a marker of
antepartum risk but not an independent predictor
of gestational length (Wadhwa et al., 1998b).

The second study was conducted in a sample of 232
women with a singleton, intrauterine pregnancy.
Maternal plasma was collected at 33 weeks gestation
and placental CRH concentrations were determined
by radioimmunoassay. Each pregnancy was dated on
the basis of last menstrual period and early ultra-
sonography. Parity, obstetric risk conditions for
prematurity, mode of delivery, and birth outcomes
were abstracted from the medical record. After
adjusting for the effects of established obstetric risk
factors, elevated CRH levels at 33 weeks gestation
were significantly associated with a 3.3-fold increase
in the adjusted relative risk for spontaneous preterm
birth and with a 3.6-fold increase in the adjusted
relative risk for fetal growth restriction. Women who
delivered post-term had significantly lower CRH
levels in the early third trimester than those who
delivered at term. When outcomes were stratified by
gestational length and birth weight, the lowest CRH
levels at 33 weeks gestation were associated with the
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term-non-SGA births, intermediate and approxi-
mately equal CRH levels were associated with the
preterm-non SGA and term-SGA births, and the
highest CRH levels were associated with the pre-
term-SGA births (Wadhwa et al., 2004).

These studies suggest that in humans placental
CRH may play an impending, direct role in not only
the physiology of parturition but also in processes
related to fetal growth and maturation. Our results
also support the notion that the timing of onset of
parturition may be determined or influenced by
events occurring earlier in gestation rather than
those close to the time of actual onset of labor (i.e.
the notion of a ‘placental clock’).

Our findings are consistent with those from other
research groups, that have also demonstrated that
placental CRH is involved in the physiology of
normal parturition and that elevated CRH concen-
trations significantly predict risk for spontaneous
preterm birth (Erickson et al., 2001; Hobel et al.,
1999; Hoawad et al., 2002; Holzman et al., 2001;
Inder et al., 2001; Korebrits et al., 1998a; McLean
et al., 1995). As discussed earlier, the neuroendo-
crine alterations produced by pregnancy are pro-
gressive in nature, with placental CRH levels rising
exponentially over the course of gestation. Based
on our preliminary findings and results from other
studies (McLean et al., 1995; McGarth et al., 2002;
Smith et al., 2002), our on-going work is examining
the hypotheses that (a) individual differences in
hormonal (CRH) trajectories over the course of
gestation (assessed using serial samples and non-
linear growth curve models) will provide more
specific and sensitive markers of risk for adverse
fetal and birth outcomes than measures of placen-
tal CRH at any one given time point in pregnancy,
and that (b) maternal stress-related psychoneur-
oendocrine processes in early gestation will alter
the normal trajectory of placental CRH over the
Figure 5 Maternal–placental–fetal neuroendocrine
course of gestation to produce precocious
elevations at earlier stages of pregnancy, with
corresponding effects on increased risk of adverse
birth and other developmental and health out-
comes (Fig. 5).
3.6. Maternal stress, infection, and
endocrine-immune interactions

In addition to the maternal–placental–fetal neuro-
endocrine processes discussed above, maternal and
fetal pro-inflammatory immune responses pro-
duced by intrauterine or reproductive tract infec-
tion have been implicated in adverse fetal
outcomes, especially extreme prematurity (!30
weeks gestation) and white matter brain damage
(Goldenberg et al., 2000; Romero et al., 2001).
Although psychosocial stress is a well-established
contributor to the risk of infection and its patho-
physiological consequences (Cohen et al., 1991,
1999) and the endocrine and immune systems are
known to extensively regulate and counter-regulate
one another (Elenkov and Chrousos, 1999; McEwen
et al., 1997; Shanks and Lightman, 2001), very little
empirical work has been done to date to examine
these interactions in the context of stress in
pregnancy and fetal development. Thus, one of
our current, on-going studies is designed to exam-
ine psychoneuroendocrine-immune interactions in
human pregnancy, to explore the hypothesis that
maternal psychosocial stress and neuroendocrine
stress responses may play a role in determining
susceptibility to the development of reproductive
tract infection and its pathophysiological conse-
quences. In collaboration with colleagues in Phila-
delphia, we have recently published a report that
supports a role for maternal psychosocial stress in
the development of reproductive tract infection in
human pregnancy in a population of 454 socially-
axis in human pregnancy and fetal development.



Figure 6 Endocrine-immune interactions in human
pregnancy and fetal development.
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disadvantaged, primarily African–American women
(Culhane et al., 2001a). Moreover, our preliminary
findings to date also support the notion that stress-
related endocrine processes modulate immune
function in the context of reproductive tract
infection and inflammation (Culhane et al., 2001b;
Wadhwa et al., 2001a), (Fig. 6).
3.7. Psychoneuroendocrine studies of
human fetal neurodevelopment

The developing human central nervous system may
be more vulnerable to environmental perturbations
than any other system because it develops over a
much longer period of time (11–12 years); it has
limited repair capabilities; its units have highly-
specific functional roles; the blood–brain barrier
not fully developed in utero; and the sensitivity of
neurotransmitter systems, which is set during
critical developmental periods, affects the organ-
ism’s response to all subsequent experience (Rodier
et al., 1994; Welberg and Seckl, 2001). However,
the influence of the maternal and intrauterine
environment on the developing human fetal brain is
poorly understood, in part, because the assessment
and quantification of human fetal brain develop-
ment presents theoretical and methodological
challenges (DiPietro et al., 1996a). To date, we
have performed four studies in our efforts to
quantify and examine the influence of the fetal
environment on its brain development.

The first study was performed on a sample of 84
fetuses at 31–32 weeks gestation to examine the
ability of the fetus to learn and recall information.
Three series of vibroacoustic stimuli were pre-
sented at pseudorandom intervals over the fetal
head, and fetal heart rate (FHR) responses to the
first series of 15 stimuli (S1) were compared to
responses to an identical second series of 15 stimuli
(S1) separated from the first set by the
administration of a single novel stimulus of differ-
ent intensity and frequency (S2). A significant
habituation pattern of responses was observed
across trials for both series of stimuli, but this
habituation pattern was attenuated for the series
following the novel stimulus. These findings suggest
the 32-week old human fetus may be capable of
detecting, habituating, and dishabituating to an
external stimulus, and support the premise that
areas of the human fetal central nervous system
critical for some aspects of learning and memory
have developed by the early third trimester
(Sandman et al., 1997).

In a subsample of 33 mother–fetus pairs from the
above study, the relationship was examined
between maternal (placental) levels of CRH and
the above-described fetal pattern of habituation
and dishabituation in response to external stimu-
lation. Results indicated the fetuses of mothers
with highly elevated CRH levels did not respond
significantly to the presence of the novel stimulus,
thereby providing preliminary support for the
notion that abnormally elevated levels of placental
CRH may play a role in impaired neurodevelopment,
as assessed by the degree of dishabituation
(Sandman et al., 1999).

In the third study, the association of circulating
maternal ACTH and BE levels with measures of fetal
responses to challenge was determined in a sample
of 132 women at 31–32 weeks gestation. Fetal
responses were measured by measuring heart rate
habituation to a series of repeated vibroacoustic
stimuli. Individual differences in habituation were
determined by computing the number of consecu-
tive responses above the standard deviation during
a control (non-stimulated) period. There was no
significant relation between levels of ACTH, BE and
fetal responses to challenge. However, an index of
POMC dysregulation-the degree of uncoupling
between ACTH and BE-was significantly related to
fetal responses, such that fetal exposure to
relatively high levels of the maternal opiate, BE,
relative to ACTH, was associated with a significantly
lower rate of habituation (Sandman et al., 2003).

We have also performed non-linear statistical
analyses on our complete sample of 156 mother–
fetus pairs studied at 31–33 weeks gestation. These
analyses of FHR arousal and reactivity data, using a
non-linear repeated-measures model with auto-
correlated errors within subjects and independence
across subjects, suggest a host of maternal pro-
cesses, including factors related to prenatal stress,
elevated levels of placental hormones, and the
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presence of obstetric risk conditions, exert signifi-
cant influences on the fetus and predict individual
differences in patterns of fetal responses to
external challenges. Our results specifically indi-
cate the following: Fetuses exhibited a significant,
non-linear FHR increase in response to the vibro-
acoustic stimulation protocol; baseline FHR, pre-
sence of uterine contractions during trials, and
characteristics of the challenge protocol such as
inter-trial interval significantly influenced the
magnitude of FHR responses; after accounting for
the effects of baseline FHR, uterine contractions
and characteristics of the challenge protocol,
maternal conditions related to psychological and
physiological stress (i.e. psychosocial stress levels,
placental CRH concentrations, umbilical blood
flow, and presence of maternal medical risk
conditions) were significantly associated with the
pattern of FHR responses; after an initial response
period, fetuses exhibited a FHR response decre-
ment to subsequent stimuli, indicating habituation;
a two-parameter growth curve (power) model to
assess habituation rate accounted for approxi-
mately 70% of the variance in FHR response; and
fetal sex and conditions related to maternal stress
(i.e. maternal ACTH concentrations, presence of
medical risk conditions) were significantly associ-
ated with the rate of habituation (Wadhwa et al.,
1999). Thus, this set of findings provides further
support for the role played by the prenatal
environment in modulating aspects of human fetal
brain development that underlie processes related
to recognition, appraisal, response, memory and
habituation.

Our findings are consistent with those of longi-
tudinal investigations of the functional develop-
ment of the human fetal central nervous system
over the course of gestation, that have indicated
chronic maternal psychological distress is signifi-
cantly related to indices of fetal neurobehavioral
maturation and reactivity (DiPietro et al., 1996a,b,
2000, 2002a,b,c; Monk et al., 2000, 2003). One of
our on-going projects now seeks to expand upon
these findings by conducting simultaneous assess-
ments of individual differences in maternal and
fetal psychophysiological responses (including
alterations in uteroplacental and fetal vascular
processes) to the application of mild behavioral
stress in early, mid and late gestation, to further
assess the issues of temporal linkages between
maternal and fetal responses, putative physiologi-
cal mechanisms and critical periods of
vulnerability.
3.8. Maternal prenatal stress and infant
developmental outcomes

To date, a very small number of human studies
have been conducted to examine the effects of
prenatal stress on subsequent infant development.
Moreover, many of these studies suffer from
methodological limitations such as retrospective
design and inadequate control of covariates. We,
therefore, conducted preliminary studies to pro-
spectively assess the relationship of maternal stress
and stress hormones during pregnancy and at
delivery with indices of infant neurodevelopment.
The study samples consisted of 47 mother–infant
pairs 6 weeks after delivery, 22 mother–infant pairs
4 months after delivery, and 49 mother–infant pairs
3 years after delivery. All mothers had been
participants in our above-described studies of
prenatal stress, fetal development and birth out-
comes. Questionnaires were administered to
mothers of 6 week-old infants to assess infant
temperament and to mothers of the 3-year old
infants to assess toddler behavioral characteristics,
including activity level, anger proneness, and social
fearfulness. In collaboration with Kagan and col-
leagues, a laboratory-based behavioral assessment
protocol (i.e. the Harvard Infant Behavioral Reac-
tivity Protocol, Kagan and Snidman, 1991) was
administered to the 4-month old infants to measure
infant motor and cry reactivity to a series of visual
and auditory challenges.

After adjusting for the effects of maternal
affect, intrapartum compromise and prematurity,
the overall pattern of results yielded support for
the study hypotheses: higher levels of prenatal
stress and stress hormones were significantly
associated with infant temperamental difficulties
in each of the three infant groups at 6 weeks, 4
months, and 3 years age. With reference, specifi-
cally, to the 22 infants assessed at 4 months age
with the infant behavioral reactivity protocol, it
was found that maternal anxiety and depression
during the prenatal, but not the postnatal, period
significantly predicted infant behavioral reactivity
to novelty. Moreover, in utero measures of fetal
arousal and reactivity also significantly predicted
infant temperamental difficulties in these infants
(Wadhwa et al., 1998b).

Although our findings are preliminary, they are
consistent with those from a small number of
studies that have examined the effects of prenatal
factors on infant development and reported signifi-
cant associations of maternal prenatal stress with
newborn and infant temperament (Zuckerman
et al., 1990; O’Connor et al., 2002a,b), infant
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neurodevelopmental disorders (McIntosh et al.,
1995; Ward, 1990) and psychopathology (Ward,
1991). Thus, one of our on-going projects is now
seeking to extend these findings into infancy by
following up all children of mothers who are
participated in the current, above-described
prenatal studies. This project involves serial,
age-appropriate assessments of individual differ-
ences in growth and neurodevelopmental matu-
ration (motor, cognitive, affective, behavioral) of
these offspring at birth and 3, 6, 12, 24 and 36
months age.
4. Discussion and future directions

In summary, our above-described findings (a)
support a significant and independent role for
maternal psychosocial processes such as high
prenatal stress or low social support in the etiology
of prematurity-related outcomes; (b) suggest that
these effects are mediated, in part, by the
maternal–placental–fetal neuroendocrine axis; (c)
raise the possibility that the observed racial/ethnic
disparities in reproductive health outcomes may be
related, in part, to differences in maternal–placen-
tal–fetal neuroendocrine function; (d) suggest that
psychoneuroendocrine processes may interact with
immune processes to influence the risk of repro-
ductive tract infection and its pathophysiological
consequences; (e) propose that the use of a fetal
challenge paradigm offers a novel way to quantify
fetal neurologic maturity in utero, and that stress-
related factors in the maternal and intrauterine
environment exert a significant influence on the
fetal behavior as well as central brain processes
related to recognition, memory and habituation;
and (f) provide preliminary evidence to support the
notion that the influence of prenatal stress and
maternal–placental hormones on the developing
fetus may persist after birth, as assessed by
measures of temperament and behavioral reactivity
in the first three years of postnatal life.
4.1. Mechanisms

The adoption of an epigenetic framework for early
development, wherein the organism plays an active
role in its own construction by evolving systems to
acquire and use information about the nature of the
environment to guide development, gives rise to
two important questions. First, how do the fetal
and maternal compartments communicate with one
another? And second, in light of the fact that the
fetal nervous system is itself in a state of evolution
and has yet to acquire its repertoire of structural
and functional capabilities, what are the modalities
available to the developing fetus to receive,
process and act on information acquired from the
environment? There are no direct neural or vascular
connections between the mother and her develop-
ing fetus, and bi-directional communication is
mediated primarily via the exchange of blood-
bourne chemical signals such as products of the
endocrine and immune systems. One of the remark-
able adaptations of pregnancy is the evolution in
early gestation of a transient organ of fetal origin—
the placenta. In addition to the long-recognized
multiple roles played by the placenta, it now
appears to us that the placenta may also take on
some functions that are usually ascribed to the
central nervous system—i.e. the capability of
receiving, processing and acting upon certain
classes of external stimuli. Indeed, we believe one
of the important roles of the placenta is to act on
behalf of the fetus as both a sensory and effector
organ to facilitate the transduction and incorpor-
ation of environmental signals into the develop-
mental process. Our data support precisely such a
role, mediated by the activity of placental CRH.

A second possible psychoneuroendocrine path-
way that warrants consideration involves the
transplacental passage of maternal cortisol to
directly influence fetal growth and development
(Matthews, 2002; Matthews et al., 2002). The fetal
brain and peripheral tissues are very sensitive to a
number of agents, including growth factors, tran-
scription factors, and nutrients. Steroids in par-
ticular have powerful organizational effects on the
brain and peripheral tissues. Animal studies have
demonstrated that during development, fetal
exposure to glucocorticoids (GCs) directly affects
the development and subsequent function of
neurotransmitter systems (and their transporter
mechanisms) in the brainstem; the development of
GC receptor expression and structural components
in the hippocampus; and development and sub-
sequent function of parvocellular neurons (CRH/
AVP system). Moreover, because the brainstem
neurotransmitter systems project directly to the
hippocampus and paraventricular nucleus (PVN),
GC-induced changes indirectly impact the function
of the hippocampus and PVN (Welberg and Seckl,
2001). Fetal GC exposure also delays axon myelina-
tion and has effects on the function of polyamines,
which, in turn, are major regulators of neural cell
replication and differentiation. Under normal cir-
cumstances, access to maternal cortisol by the
fetus is low, because of the action of the placental
enzyme, 11b-hydroxysteroid dehydrogenase type 2
(11BHSD2), which converts cortisol to cortisone.
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The efficiency of 11BHSD2, however, varies across
species. Although reduced 11BHSD2 activity has
been reported in intrauterine growth-restricted
pregnancies, the impact of maternal stress on
placental 11BHSD2 synthesis is not known at the
present time (McTernan et al., 2001).
4.2. Implications for health and disease risk

The psychoneuroendocrine processes discussed
here have important implications for fetal out-
comes related to prematurity and neurodevelop-
ment. Prematurity is the leading cause of infant
mortality and morbidity in the non-anomalous fetus
in the United States. The prevalence of prematurity
is higher in the US than in any other developed
nation in the world and has not decreased signifi-
cantly over the last 40 years; the etiology is
unknown in one-half to two-third of all cases; and
prevention programs to reduce the incidence have
largely been unsuccessful (Mattison et al., 2001;
Slattery and Morrison, 2002). Although the vast
majority of premature newborns survive, studies of
short-term outcomes find significantly higher rates
of severe morbidity in the neonatal period, whereas
studies of long-term outcome find higher rates of
sensorineural impairments and disabilities (e.g.
cerebral palsy, and visual, auditory and intellectual
impairments) and higher rates of complications of
the respiratory, gastrointestinal and renal systems
(Slattery and Morrison, 2002). In the US, over 48
million people, or 15% of the population, suffer
from some form of neurological disorder, exclusive
of mental disease. A large proportion of such
disorders are believed to originate during prenatal
life, and elucidating their etiology presents a
perplexing neurological problem (Kolb, 1995).

Our above-described findings suggest that
measures of stress and stress-related neuroendo-
crine dysregulation in early gestation are better
predictors of adverse outcomes than the same
measures assessed later in gestation (Glynn et al.,
2001, 2004; Wadhwa et al., 1997b). This brings up
the important question of the possibility of an
underlying susceptibility to maternal stress and
stress-related physiological dysregulation that may
even precede the index pregnancy. We are not
aware of any studies that have examined stress and
stress biology processes in women before they
became pregnant to track the physiological and
psychosocial transitions from non-pregnant to
pregnant state, and we suggest this is an important
direction in order to better understand individual
vulnerabilities for the adverse effects of prenatal
and perinatal stress.
Yet another implication of this research relates
to individual differences in the risk of developing
chronic degenerative diseases in later life. This
implication follows from a series of epidemiological
investigations in several populations across the
world that have highlighted the potential import-
ance of fetal adaptions to intrauterine environment
for health consequences in later life. The most
significant relationships that have been reported
and replicated across numerous studies are those
between birth weight or birth phenotype and risk in
adult life of hypertension, coronary heart disease,
and type 2 diabetes mellitus (Barker, 1998). These
associations are independent of adult size or other
established disease risk factors, such as obesity,
lipid profile, or smoking. A model of fetal program-
ming of adult human disease has been described.
Fetal programming refers to the process whereby
conditions during crucial, sensitive periods of early
life have permanent effects on structure, physi-
ology and metabolism. Early programming influ-
ences factors such as metabolic set points, which
define the dynamics of the adaptive range within
which individuals can operate. This adaptive range
influences disease susceptibilities that are realized
through interaction with the environment (Davies
and Norman, 2002; Gluckman and Hanson, 2004).
According to this model, neuroendocrine or meta-
bolic adaptations that enable the fetus to adapt to a
period of intrauterine deprivation result in perma-
nent (re)programming of the developmental pat-
tern of proliferation and differentiation events
within key fetal tissues and organ systems and
have may have pathological consequences in adult
life. This model also argues that relative to other
animal species, humans may be more vulnerable to
the noxious effects of an adverse intrauterine
environment because organisms are most suscep-
tible to environmental insult during phases of rapid
growth, and in humans cell division occurs in utero
at a more rapid rate than in other animal species.
4.3. HPA axis and fetal programming

The HPA axis is believed to play a critical role in
fetal programming. In addition to previously-dis-
cussed effects on central and peripheral GR and MR
receptors and neurotransmitter systems (Welberg
and Seckl, 2001), antenatal exposure to glucocorti-
coids in animals reduces offspring birth weight and
produces permanent hypertension, hyperglycemia,
hyperinsulinaemia, and altered behavior and neuro-
endocrine responses throughout the life-span by
inhibiting placental 11BHSD2 activity. The molecu-
lar mechanisms of these effects are believed to
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involve alterations in the set points of HPA axis
activity and feedback sensitivity, and alterations of
tissue GC receptor expression (Seckl, 2001). Of
particular significance here is a recent human study
that obtained paired fetal and maternal blood
samples (before fetal blood transfusions) and
reported a significant correlation between baseline
fetal and maternal cortisol levels (Gitau et al.,
2001). However, the mechanism underlying this
effect is unknown, and may reflect the transpla-
cental passage of cortisol from the maternal to
fetal compartment, or the simultaneous regulation
of maternal and fetal HPA axes by placental CRH, or
both.
4.4. Gene-environment interactions

One obvious alternate explanation for the observed
association of birth weight or birth phenotype and
subsequent disease risk is that a common set of
genes may influence both processes. However,
several studies of monozygotic twins have shown
that genetic effects cannot explain these effects
(Ozanne and Hales, 2002). For example, associ-
ations between birth weight and adult hyperten-
sion, seen in cohorts of (monozygotic) twins treated
as individuals, have generally remained when data
are analyzed within twin pairs. Similar associations
are seen in animals with relative genetic homogen-
eity, kept in standard conditions. Some studies are
now beginning to emerge in the literature that
suggest the effects of genes on adult health
outcomes interact with indicators of fetal develop-
ment. For example, the effect of a polymorphism of
the gene encoding peroxisome proliferator-acti-
vated receptor g2 (PPARG2), which increases tissue
sensitivity to insulin and protects against type-2
diabetes mellitus, depends on birth weight, and was
shown to only influence those men and women with
low birth weight (Eriksson et al., 2002). Similarly,
with respect to insulin response to glucose load, a
significant interaction was found in the relationship
between the angiotensin-1 converting enzyme
(ACE) insertion/deletion (I/D) polymorphism and
whether the individual was born small-for-gesta-
tional age (SGA). In SGA-born adults, ACE I carriers
had higher insulin than ACE DD carriers. This
heterogeneity was not seen in non-SGA born adults
(Cambien et al., 1998).

Returning to the concept of an epigenetic
framework of development, it appears that
embryonic and fetal developmental processes
ultimately represent the dynamic interplay
between two sets of information systems (i.e.
fetal and maternal DNA) and two sets of cellular
machinery (i.e. the fetal and maternal environ-
ments). Genomic imprinting is an epigenetic mech-
anism by which certain genes become repressed on
one of the two parental alleles. This concept of
haplotyping was first described for insulin-like
growth factors (IGFs), which play important roles
in regulating and controlling placental development
and growth (Han and Carter, 2000), and have a role
in the etiology and consequences of placental
insufficiency and fetal growth restriction. Specifi-
cally, deletion of the paternally-imprinted gene
coding IGF-II expressed in the trophoblast results in
a form of placental insufficiency and reduced fetal
growth (Constancia et al., 2002), a model of altered
placental gene expression. Imprinting is now known
to play important roles in many other aspects of
mammalian development, and its deregulation may
result in disease. In fact, a recent epidemiological
report has inferred that paternally-derived genes
expressed by the fetus may play a role in regulating
the length of gestation in human pregnancy (Olesen
et al., 2003).

Recent evidence supports a role for stress in
dysregulating the imprinting process during devel-
opment. Studies in the mouse, for example,
demonstrate that environmental stress, such as in
vitro culture, affect the somatic maintenance of
epigenetic marks at imprinted loci (Thompson
et al., 2001). Other studies have shown that bovine
in vitro-produced (IVF) and nuclear transfer (NT)-
derived embryos differ from their in vivo produced
counterparts in a number of characteristics, includ-
ing a complete lack of expression, an induced
expression, or a significant up- or down-regulation
of a specific gene (Niemann et al., 2002). These
alterations are considered a kind of ‘stress’
response of the embryos to deficient environmental
conditions, are believed to be caused primarily by
changes in the methylation patterns, and are
associated with aberrant growth and morphology
at fetal and perinatal stages of development. Non-
imprinted genes can also undergo epigenetic
change in response to the environment. For
example, a recent study in rodents reported that
the choice of exon usage in the glucocorticoid
receptor (GR) gene is altered y both prenatal
glucocorticoid exposure and neonatal behavioral
manipulation via histone acetylation and DNA
methylation in a transcriptional factor binding
site, and that these changes persist throughout
life as manifested in altered HPA activity (Weaver
et al., 2004). We are not aware of any studies to
date that have systematically examined the phys-
iological genomics of maternal and fetal stress-
related neuroendocrine systems and pathways in
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human pregnancy, and suggest this is yet another
important future avenue for this line of research.

In conclusion, there is an urgent and compelling
need to arrive at a better understanding of the
determinants of individual differences in psycho-
neuroendocrine processes that underlie health and
disease. The study of the interplay between
biological and behavioral processes in fetal life
using a dynamic, systems approach, hold great
challenge and promise in our efforts to arrive at this
understanding.
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