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a  b  s  t  r  a  c  t

It is well-established  that psychological  stress  promotes  immune  dysregulation  in nonpregnant  humans
and  animals.  Stress  promotes  inflammation,  impairs  antibody  responses  to  vaccination,  slows  wound
healing,  and suppresses  cell-mediated  immune  function.  Importantly,  the  immune  system  changes  sub-
stantially  to  support  healthy  pregnancy,  with  attenuation  of inflammatory  responses  and  impairment  of
cell-mediated  immunity.  This adaptation  is  postulated  to protect  the  fetus  from  rejection  by  the  maternal
immune  system.  Thus,  stress-induced  immune  dysregulation  during  pregnancy  has  unique  implications
for both  maternal  and  fetal health,  particularly  preterm  birth.  However,  very  limited  research  has  exam-
ined stress–immune  relationships  in  pregnancy.  The  application  of psychoneuroimmunology  research
tress
mmune function
nflammation
etal development
dverse birth outcomes
reterm birth
aternal health

models  to the  perinatal  period  holds  great  promise  for elucidating  biological  pathways  by which  stress
may  affect  adverse  pregnancy  outcomes,  maternal  health,  and  fetal  development.

© 2011  Elsevier  Ltd.  All  rights  reserved.
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. Adverse birth outcomes in the United States

Preterm delivery affects 12–13% of birth in the U.S. This rate
s substantially higher than the rate of 5–9% in other developed
ountries (Buitendijk et al., 2003; Committee on Understanding
remature Birth and Assuring Healthy Outcomes, 2007; Laws et al.,
007; Martin et al., 2007; Statistics Canada, 2008). Racial dispar-

ties contribute to, but do not fully account for, this discrepancy.
n the U.S., the preterm birth rate is approximately 18% among
frican American women and 10.8–12.2% among White, Asian, and
ispanic women.

Preterm delivery is a leading cause of infant mortality (Callaghan
t al., 2006). Surviving preterm infants are at high risk for serious
ealth complications including respiratory, gastrointestinal, ner-
ous system, and immune problems. Longer-term risks include
erebral palsy, mental retardation, learning difficulties, hearing
nd vision problems, and poor growth. Infants who are both
reterm and of low birth weight evidence the greatest compli-
ations (Mattison et al., 2001). The estimated societal economic
urden of preterm birth is at least $26.2 billion per year, or $51,600
er preterm infant (Committee on Understanding Premature Birth
nd Assuring Healthy Outcomes, 2007). Advances in treatment of
ery preterm infants have increased survival among infants with
eurodevelopmental problems (Wilson-Costello et al., 2005); thus,
he long-term implications of preterm birth become more signifi-
ant as survival rates improve.

Despite technological advances, identification of risk factors,
nd promotion of public health interventions, the preterm birth
ate in the U.S. is a substantial problem. In 2008, the first slight
ecline in preterm birth rates was reported after three decades
f increases (National Center for Health Statistics, 2011). From
he early 1980s to 2006, the preterm birth rate rose by over 36%
Goldenberg et al., 2008). Although increased use of reproductive
echnologies is a contributing factor, this trend largely reflects lack
f progress in the prevention of unexplained spontaneous preterm
elivery.

.1. Stress and racial disparities in adverse birth outcomes

The substantial racial disparities in preterm birth among African
mericans versus women of other races and ethnicities are not
xplained by demographic or traditional behavioral risk factors
ncluding, but not limited to, socioeconomic status, early access
o prenatal care, alcohol use, smoking, nutrition, or sexual prac-
ices (for review see Committee on Understanding Premature Birth
nd Assuring Healthy Outcomes, 2007). Theories have increasingly
ocused on the health implications of chronic stress associated
ith discriminated minority status (Committee on Understanding

remature Birth and Assuring Healthy Outcomes, 2007; Giscombe
nd Lobel, 2005; Goldenberg et al., 2008; Green et al., 2005;
ulherin Engel et al., 2005; Simhan et al., 2003). Supporting the

rgument that minority status contributes to risk of preterm birth,
 similar disparity is seen among Black versus White women in the
nited Kingdom (Aveyard et al., 2002). Moreover, rates of preterm
elivery among Black women born outside the U.S. are lower than
mong African American women (Committee on Understanding
remature Birth and Assuring Healthy Outcomes, 2007; David and
ollins, 1997; Martin et al., 2007). While birth weight increases with
ach generation lived in the U.S. for women of European descent,
here is an intergenerational decline in birth weight for women  of
frican descent (Collins et al., 2002). These patterns of risk suggest
n important role for psychosocial stress in adverse outcomes.
Notably, rates of preterm birth among Hispanic/Latina women
n the U.S. (12.2%) are similar to non-Hispanic White women
11.6%), despite the fact that the socioeconomic status of Hispan-
cs more closely resembles African Americans. The relative health
vioral Reviews 36 (2012) 350–361 351

of  low SES Hispanic women as compared to low SES women of
other races/ethnicities has been termed the “Hispanic Paradox”.
However, the protective effects of Hispanic ethnicity diminish with
greater acculturation to U.S. culture (Coonrod et al., 2004). Indeed,
among Hispanic women, rates of preterm birth are 1.5–2 times
higher among women of high versus low acculturation (Coonrod
et al., 2004; Lara et al., 2005; Ruiz et al., 2008). Thus, it is projected
that there will be increases in preterm births among Hispanics as
the overall Hispanic population in the U.S. moves toward greater
acculturation.

The public health importance of perinatal health among His-
panic women  is substantial; 24% of births in the U.S. are Hispanic
(U.S. Census Bureau, 2009). Hispanic women  have the highest birth
rate, with 101 births per 1000 women  of childbearing age versus
58.7 among non-Hispanic Whites and 69.3 among African Amer-
icans. Hispanics currently comprise 15% of the U.S. population.
By 2050, this is projected to nearly triple, from 46.7 million to
132.8 million, thus comprising 30% of the nation’s population. Also
by 2050, the number of Hispanic women  at childbearing age will
increase by 92%, compared to an increase of 10% among African
Americans (U.S. Census Bureau, 2009).

Acculturation to U.S. culture among Hispanicsmay affect birth
outcomes via both behavioral and physiological stress pathways.
Greater acculturation is associated with more smoking, alcohol
use, and street drug use as well as poorer diet during pregnancy
(Chasan-Taber et al., 2008; Coonrod et al., 2004; Detjen et al., 2007).
Greater acculturation has also been linked to greater internaliza-
tion of ethnic stereotypes, poorer social support networks, greater
exposure to stressful life events, and greater depressive symptoms
(Alamilla et al., 2010; Davila et al., 2009; Sherraden and Barrera,
1996).

These patterns of risk among African Americans and Hispanic
Americans provide strong support for the premise that psychoso-
cial stress affects birth outcomes. Thus, the study of biological
effects of stress among racial/ethnic minority women provides
the opportunity to (1) address these critical health disparities
and also (2) elucidate mechanistic pathways that may  inform
our understanding of links between stress and birth outcomes
more generally. As reviewed below, while disparities related to
racial/ethnic minority status are substantial, psychosocial stressors
of other forms are also important predictors of adverse outcomes.

1.2. General psychosocial stress and adverse pregnancy outcomes

Stress measured in a variety of ways has been associated with
increased risk of preterm birth after controlling for traditional risk
factors in over three dozen studies (for review see Committee on
Understanding Premature Birth and Assuring Healthy Outcomes,
2007; Savitz and Pastore, 1999). This literature has become more
consistent over time, reflecting more rigorous research methodol-
ogy and larger sample sizes.

Across studies, women reporting greater stress or distress
exhibit 1.5–3 times greater risk of preterm delivery as compared
to their less distressed counterparts. Supporting the conceptual-
ization of minority status as a chronic stressor, perceived racial
discrimination has repeatedly been linked to increased risk of
preterm delivery and low birth weight (Collins et al., 2004; Dole
et al., 2003, 2004; Giscombe and Lobel, 2005; Mustillo et al., 2004;
Rosenberg et al., 2002). In addition, other subjective and objective
indicators of stress are associated with increased risk of preterm
delivery among African Americans as well as women  of other races.
These include perceived stress (Copper et al., 1996; Pritchard, 1994;

Tegethoff et al., 2010), general distress (Hedegaard et al., 1993;
Lobel et al., 1992), occurrence of stressful life events (Dole et al.,
2003; Nordentoft et al., 1996; Wadhwa et al., 1993), pregnancy-
specific anxiety (Dole et al., 2003; Kramer et al., 2009; Lobel et al.,
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008; Mancuso et al., 2004; Rini et al., 1997; Wadhwa et al., 1993),
nd depressive symptoms (Grote et al., 2010; Li et al., 2009; Orr
t al., 2002; Phillips et al., 2010; Steer et al., 1992).

Given differing measures of stress across studies, the exact
ffects and magnitude of relationships between particular mea-
ures and birth outcomes is not yet clear. However, these
elationships remain after accounting for traditional behavioral
isk factors, suggesting a role for more direct physiological links
etween stress and preterm birth. This argument is supported by
nimal studies; non-human primates exposed to stressors dur-
ng pregnancy evidence increased risk of spontaneous abortion,
ow birth weight, and less developed placenta (Decatanzaro and

acniven, 1992; Myers, 1975, 1977; Valerio et al., 1969).
While 65–70% of preterm births are designated “spontaneous”,

0–35% are due to medically indicated causes (Goldenberg et al.,
008). Stress may  contribute to the latter via promotion of
reeclampsia (Arck, 2001; Hetzel et al., 1961; Kanayama et al.,
997; Khatun et al., 1999; Kurki et al., 2000; Landsbergis and Hatch,
996; Rofe and Goldberg, 1983), a hypertensive disorder of preg-
ancy which is a leading cause of medically indicated preterm
elivery. In animal models, pregnant rats exposed to cold stimu-

ation of the paws for 2 weeks develop symptoms consistent with
reeclampsia (Kanayama et al., 1997; Khatun et al., 1999), sup-
orting a role for excessive stimulation of the sympathetic nervous
ystem in the development of the disorder (Arck, 2001). In human
tudies, greater stress, depressive symptoms, or anxiety early in
regnancy has been associated with 2–3 times greater risk of devel-
ping preeclampsia or gestational hypertension later in pregnancy
Kurki et al., 2000; Landsbergis and Hatch, 1996).

Evidence is mixed regarding racial disparities in the preva-
ence of preeclampsia; some studies have found greater prevalence
mong African American women (Coonrod et al., 1995; Eskenazi
t al., 1991) and other studies have found no association with race
Friedman et al., 1999; Sibai et al., 1995). However, risk of hyper-
ension is conclusively higher among African Americans in general
Ong et al., 2007), and the chronic stress of minority status is impli-
ated in this link (Brondolo et al., 2003, 2008; Cozier et al., 2006;
oberts et al., 2008). Moreover, beyond the issue of prevalence,
ace may  affect the clinical presentation hypertensive disorders;
or example, evidence indicates that African American women  with
evere preeclampsia exhibit more severe hypertension and require
reater antihypertensive medications as compared to European
merican women (Goodwin and Mercer, 2005).

. Psychoneuroimmunology models in pregnancy

Despite substantial literature linking psychological stress to
dverse pregnancy outcomes, few studies have examined potential
iological mechanisms explaining these associations and available
tudies have focused almost exclusively on potential neuroen-
ocrine mediators (e.g., Hobel et al., 1999; Kramer et al., 2009;
ancuso et al., 2004; Wadhwa et al., 2004). Attention to inflamma-

ory processes is warranted. In nonpregnant humans and animals, it
s well-established that stress and distress (e.g., depressive symp-
oms) predict dysregulation of inflammatory processes including
levated circulating inflammatory cytokines, greater inflammatory
esponses to psychological stressors, and exaggerated inflamma-
ory responses to in vitro and in vivo biological challenges (Avitsur
t al., 2005; Dunn et al., 2005; Glaser et al., 2003; Irwin, 2002;
ohnson et al., 2002; Kiecolt-Glaser et al., 2003; Lutgendorf et al.,
999; Maes, 1999; Maes et al., 1997; Miller, 1998; Musselman

t al., 2001; Pace et al., 2006; Quan et al., 2001; Schiepers et al.,
005; Stark et al., 2002; Vedhara et al., 1999; Zorrilla et al., 2001).
he extent to which such effects generalize to pregnancy is largely
nknown.
vioral Reviews 36 (2012) 350–361

Successful pregnancy has been associated with attenuated
proinflammatory cytokine production in response to in vitro and
in vivo immune challenges in human and animal studies (Aguilar-
Valles et al., 2007; Elenkov et al., 2001; Fofie et al., 2004; Makhseed
et al., 1999; Marzi et al., 1996). This adaptation may  prevent fetal
rejection by the maternal immune system and protect the fetus
from excessive maternal inflammatory responses to infectious
agents (Blackburn and Loper, 1992; Stables, 1999). Corresponding
to these changes, temporary improvement or remission is often
seen in autoimmune disorders including inflammatory arthritis
(Straub et al., 2005) and multiple sclerosis (Confavreux et al., 1998;
Langer-Gould et al., 2002).

Consistent with the argument that inflammation is incom-
patible with healthy pregnancy, elevations in proinflammatory
cytokines in maternal serum and amniotic fluid including IL-6, IL-
8, and TNF-�, resulting from infection as well as idiopathic cases,
are causally implicated in risk of preterm delivery (Dizon-Townson,
2001; Murtha et al., 2007; Romero et al., 1990, 1993a,b). Proinflam-
matory cytokines can promote preterm labor by triggering preterm
contractions, encouraging cervical ripening, and causing rupture of
the membranes (Hagberg et al., 2005; Romero et al., 2006).

Inflammation may  also contribute to medically indicated
preterm delivery by promoting hypertensive disorders of preg-
nancy. Gestational hypertension and preeclampsia are char-
acterized by high levels of circulating inflammatory markers,
including IL-6 and TNF-� (Conrad and Benyo, 1997; Conrad
et al., 1998; Freeman et al., 2004; Granger, 2004; Granger et al.,
2001). Supporting a causal role for inflammation in the develop-
ment of hypertensive disorders of pregnancy, many features of
preeclampsia, including impaired lipid metabolism and endothelial
dysfunction, can be induced by proinflammatory cytokines (Page,
2002) and the clinical severity of preeclampsia has been associated
with the degree of dysregulation seen in cytokine function (Madazli
et al., 2003).

Given the unique implications of immune dysregulation dur-
ing pregnancy, the lack of data regarding effects of stress on
inflammatory processes in pregnant women is notable. Due to sub-
stantial changes in immune and neuroendocrine function during
pregnancy, effects of stress on these parameters may differ dur-
ing pregnancy as compared to nonpregnancy. Translation of PNI
models to pregnancy is needed to elucidate effects of stress on
inflammatory outcomes in pregnancy, including, but not limited to:
(1) basal adaptation of serum inflammatory markers as pregnancy
progresses, (2) inflammatory responses to biological challenges
and (3) inflammatory responses to psychosocial stressors. Related
literature and empirical rationale for specifics approaches are
detailed below. Fig. 1 depicts proposed pathways by which
stress may  affect maternal immune function and perinatal health
outcomes.

2.1. Longitudinal changes in serum cytokine levels

Available data suggest that healthy pregnancy elicits mild ele-
vations in both pro- and antiinflammatory serum cytokine levels
and that exaggerated increases in circulating inflammatory mark-
ers are predictive of greater risk of spontaneous preterm delivery
(Austgulen et al., 1994; Curry et al., 2007, 2008; Makhseed et al.,
2000; Opsjon et al., 1993; Vassiliadis et al., 1998). The extent
to which psychosocial stress may  promote elevations in serum
cytokine levels during pregnancy is largely unknown. Coussons-
Read and colleagues reported that among 24 pregnant women,
greater perceived stress was associated with higher circulating

levels of IL-6, TNF-�, and lower levels of the antiinflammatory
cytokine IL-10 in samples taken during each trimester and aver-
aged (Coussons-Read et al., 2005). Ruiz and colleagues reported
both increasing years of residency in the U.S. and depressive symp-
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Jamieson et al., 2009; Kuehn, 2009), the Centers for Disease Con-
ealth (e.g., preeclampia, susceptibility to infectious illness, wound healing), birth
utcomes, and fetal development (E).

oms were associated with elevated levels of the proinflammatory
arker IL-1RA among Hispanic women in mid-pregnancy (Ruiz

t al., 2007).
We examined psychosocial factors and serum proinflamma-

ory cytokines among 60 pregnant women recruited from the OSU
renatal Clinic, which serves a diverse and largely disadvantaged
opulation. The majority of participants were African American
57%), had completed high school or less education (82%), and
eported a total annual family income of less than $15,000 per year
63%). Women  were assessed at one timepoint, primarily in the
ate first or early second trimester (15 ± 7.8 weeks gestation). Those

ith greater depressive symptoms, as measured by the Center for
pidemiological Studies Depression scale (CES-D), had higher lev-
ls of circulating IL-6 (ˇ = .23, p = .05) and marginally higher TNF-�

 ̌ = .24, p = .06) (Christian et al., 2009b). The magnitude of this effect
as similar to that reported in nonpregnant adults (e.g., Miller et al.,

002). An effect for racial differences in IL-6 approached statisti-
al significance (t(49) = −1.6, p = 12), with African American women
xhibiting non-significantly higher levels (Christian et al., 2009b).

frican American women did not differ significantly from European
merican women in depressive symptoms, education, income, or
umber of previous pregnancies.
vioral Reviews 36 (2012) 350–361 353

These initial findings indicate that effects of psychological stress
on circulating inflammatory markers are detectable in pregnancy.
Further research should aim to (1) better describe typical changes
in serum cytokines across the course of pregnancy; (2) examine
effects of race and psychosocial stress on this adaptation in a longi-
tudinal manner and (3) examine links between differential immune
adaptation with risk of preterm birth and other adverse pregnancy
outcomes.

2.2. In vitro stimulated cytokine production

In women, successful pregnancy has been associated with atten-
uated proinflammatory cytokine production in response to in vitro
immune challenges, with the most marked changes in the 3rd
trimester (Aguilar-Valles et al., 2007; Denney et al., 2011; Elenkov
et al., 2001; Fofie et al., 2004; Marzi et al., 1996). This adapta-
tion may  be critical in preventing rejection of the fetus by the
maternal immune system and protecting the fetus from excessive
maternal inflammatory responses to infectious agents (Blackburn
and Loper, 1992; Stables, 1999). Failure to demonstrate attenua-
tion of inflammatory responses has been reported among women
who subsequently experience miscarriage or deliver small for ges-
tational age babies (Marzi et al., 1996) as well as in nonpregnant
women with a history of recurrent spontaneous miscarriage versus
women with a history of successful pregnancy (Makhseed et al.,
1999). Thus, factors influencing appropriate adaptation of inflam-
matory responses may  affect risk of adverse pregnancy outcomes.

As described earlier, exaggerated inflammatory responses to in
vitro antigen challenge are seen in animals exposed to repeated
stressors as well as in humans with major depressive disorder
(Anisman et al., 1999; Maes, 1995, 1999). One study has demon-
strated such effects in pregnancy; among 17 women assessed
during the 3rd trimester, greater subjective stress predicted exag-
gerated production of IL-1� and IL-6 by lymphocytes stimulated
in vitro (Coussons-Read et al., 2007). Thus, emerging data suggest
that stress alters the inflammatory response to immune triggers in
human pregnancy. As with studies of basal adaptation, studies of
in vitro stimulated cytokine production that include larger samples,
longitudinal research design, and address potential racial differ-
ences would be highly informative. In part due to greater variation,
and thus stronger ability to clearly classify women (e.g., high versus
low responders), the inflammatory response to immune triggers
may  prove to be a stronger predictor of adverse pregnancy out-
comes than basal serum levels of markers.

2.3. Influenza virus vaccination as an in vivo immune challenge

For clear ethical reasons, human studies of the inflammatory
response system in pregnant women  to-date have relied almost
exclusively on in vitro models (Elenkov et al., 2001; Marzi et al.,
1996). Although highly useful, in vitro techniques involve isolation
of specific cells, removal of cells from the complex in vivo envi-
ronment, and exposure to higher levels of antigen than normally
occurs in vivo (Cohen et al., 2001; Vedhara et al., 1999). By pro-
viding insight into immune function in the complex, multifaceted,
naturally occurring environment, in vivo models may  provide data
with clearer clinical relevance.

Seasonal influenza virus vaccination provides a novel model for
examining inflammatory responses to an in vivo immune challenge
among pregnant women. Because pregnant women are consid-
ered at greater risk than the general population for complications,
hospitalization, and death due to influenza (Dawood et al., 2009;
trol (CDC) and American College of Obstetricians and Gynecologists
(ACOG) currently recommend that all women who  are pregnant
or will be pregnant during flu season be vaccinated (Centers for
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isease Control and Prevention, 2009; The American College of
bstetricians and Gynecologists, 2010). However, only 12–13% of
regnant women receive vaccination each year (Fiore et al., 2008).
hus, utilizing vaccination as a research model also promotes cur-
ent clinical recommendations.

Vaccines have been used as a model to examine in vivo inflam-
atory responses in non-pregnant adults (Carty et al., 2006;
oherty et al., 1993; Glaser et al., 2003; Hingorani et al., 2000;
osthouwer et al., 2004; van der Beek et al., 2002). It has been
uggested that individual variation in responses to vaccines, as a
ild inflammatory trigger, may  predict cardiovascular risk. Greater

nflammatory responses to vaccines have been reported among
lder adults with greater depressive symptoms (Glaser et al., 2003)
s well as men  with carotid artery disease (Carty et al., 2006),
uggesting that responses to vaccination differ among those expe-
iencing conditions with an inflammatory component. As adverse
erinatal health outcomes including preeclampsia and preterm
irth have an inflammatory component, variations in in vivo inflam-
atory responses may  provide clinically meaningful information

egarding risk for adverse outcomes and biological mechanisms
nderlying risk.

We have demonstrated that psychosocial factors are associ-
ted with differential inflammatory responses to trivalent influenza
irus vaccine in pregnant women. Twenty-two pregnant women
ere assessed prior to and approximately 1 week after vaccination

Christian et al., 2010). Compared to those in the lowest tertile of
ES-D scores (n = 8), those in the highest tertile (n = 6) had signifi-
antly higher levels macrophage migration inhibitory factor (MIF)
t 1 week post-vaccination. Groups did not differ in demograph-
cs (e.g., age, BMI, race, income) or health behaviors (e.g., sleep,
moking, regular exercise).

The absence of inflammatory response at 1 week post-
accination among women with lower depressive symptoms is
onsistent with previous evidence that seasonal influenza virus
accination does not generally cause an extended inflamma-
ory response (Glaser et al., 2003; Posthouwer et al., 2004; Tsai
t al., 2005). Thus, the extended inflammatory responses seen
mong the more depressed women are indicative of dysregu-
ation of normal inflammatory processes. This study provides
vidence that psychological stress predicts sensitization of inflam-
atory responses to an in vivo immune trigger during human

regnancy.
This study provides the basis for additional research questions of

mportance. First, with only a single follow-up timepoint at approx-
mately 1 week post-vaccination, this study did not capture the
nitial magnitude as well as duration of an extended inflammatory
esponse. Also of interest is the relative magnitude and duration
f response at different stages of gestation and during pregnancy
ersus nonpregnancy. Finally, clearly an ultimate goal in applying
his research model is recruitment of a substantial cohort to allow
or examination of inflammatory responses in relation to risk of
dverse pregnancy outcomes.

These research directions are suggested in relation to con-
eptualizing vaccination as a model for understanding a general
ropensity toward inflammatory responding. However, there are
lso important gaps in our knowledge of the effects of vaccina-
ion itself on maternal and fetal health. As described, vaccination is
onsidered beneficial and is standardly recommended to all preg-
ant women who have no known medical contraindication (e.g.,
gg allergy). While influenza infection in pregnancy has been asso-
iated with significant complications, studies of vaccination have
hown no increased risk of fetal malformations or mortality to age

our among offspring and no increased risk of either C-section or
reterm labor (Black et al., 2004; Heinonen et al., 1973, 1977).

n fact, emerging data indicate that, among infants born during
nfluenza season, maternal vaccination reduces risk of preterm
vioral Reviews 36 (2012) 350–361

delivery and small for gestational age birth (Omer et al., 2011).
Maternal vaccination has also been associated with 63% reduction
in clinical influenza in infants from birth to six months of age, dur-
ing which vaccination is not permitted (Englund et al., 1993; Puck
et al., 1980; Reuman et al., 1987; Zaman et al., 2008).

Further, maternal influenza infection has been linked to
increased risk of schizophrenia in adult offspring (O’Callaghan et al.,
1991) a risk that vaccination could mitigate. However, given that
this link may  be mediated by the maternal inflammatory response
to infection (see maternal stress and fetal development), it has
been postulated that the inflammatory response to vaccination
may  itself be detrimental to fetal brain development (Brown and
Patterson, 2011). Given limited data regarding safety, universal vac-
cination of pregnant women has been a topic of debate (Ayoub
and Yazbak, 2008; Brown and Patterson, 2011). The inflammatory
response elicited by vaccination is considerably milder and more
transient than that elicited by infection (Hayden et al., 1998), argu-
ing for protective benefits of vaccination. However, greater research
is needed confirm that the mild inflammatory response elicited
by influenza virus vaccine is benign in pregnancy, including birth
cohort studies examining maternal cytokine responses to vacci-
nation in conjunction with long-term offspring health outcomes
(Brown and Patterson, 2011).

2.4. Inflammatory responses to psychological stressors

Differential physiological reactivity to acute stress is an impor-
tant predictor of health outcomes in nonpregnant populations
(Linden et al., 1997; McEwen, 2004, 2008; Segerstrom and Miller,
2004; Stewart and France, 2001; Treiber et al., 2003). More than
one dozen studies have examined cardiovascular and neuroen-
docrine reactivity to acute stress in pregnancy. Overall these data
suggest that stress responses are attenuated during healthy preg-
nancy (Barron et al., 1986; de Weerth and Buitelaar, 2005; Entringer
et al., 2010; Kammerer et al., 2002; Matthews and Rodin, 1992;
Nisell et al., 1986, 1985a,b, 1987). Similar attenuation of responsiv-
ity has been reported in animal models (Neumann et al., 1998, 2000;
Rohde et al., 1983). These adaptations may  be critical from protect-
ing the mother and fetus from excessive exposure to physiological
activation.

There are several important limitations to the existing litera-
ture on stress reactivity in pregnancy. With some exceptions (e.g.,
Entringer et al., 2010), most have relied on relatively small sam-
ple sizes (n = 8–20). Few have utilized nonpregnant control groups,
measured recovery post-stressor, or included both neuroendocrine
and cardiovascular measures. Moreover, no studies have utilized
impedance cardiography which provides valuable, clinically rel-
evant information about mechanisms controlling cardiovascular
function. Thus, our understanding of typical adaptation of the stress
response across the course of pregnancy as compared to nonpreg-
nancy is incomplete.

In addition, no studies of stress reactivity in pregnancy have
examined inflammatory responses. As described earlier, acute
stress in the form of exposure to a novel environment, foot shock,
or tail shock induces increases in circulating proinflammatory
cytokines including IL-6 in animals (LeMay et al., 1990; Zhou et al.,
1993). Further, this physiological response to stress can be con-
ditioned; after repeated shocking, exposure to stimuli that were
present when shocks were administered elicits increases in IL-6
(Johnson et al., 2002; Zhou et al., 1993). In humans, greater and
more extended inflammatory responses to acute stress have been
documented among young adults with major depressive disorder

versus without (Pace et al., 2006) as well as those from low versus
high socioeconomic backgrounds (Brydon et al., 2004). With par-
ticular relevance to the perinatal period, among 66 women, those
with a history of major depression exhibited greater circulating IL-
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 in the days following childbirth, which may  be conceptualized
s both a physical and a psychological stressor (Maes et al., 2001).

 tendency toward exaggerated inflammatory responding to daily
ife stressors may  represent an individual difference in vulnerabil-
ty to disease in the general population and adverse perinatal health
utcomes in pregnant women.

Studies of stress reactivity have particular relevance in the con-
ext of understanding racial and ethnic disparities in perinatal
ealth outcomes. Exposure to repeated and/or chronic stress-
rs may  alter the stress response. Indeed, numerous studies
f nonpregnant adults demonstrate that race and exposure to
acism predicts greater cardiovascular reactivity to acute stressors
Anderson, 1989; Anderson et al., 1993; Fredrikson, 1986; Gillin
t al., 1996; Lepore et al., 2006; Light et al., 1993; Saab et al., 1992).
n addition, stressors of a racially provocative nature elicit stronger
ardiovascular responses among African Americans than do stress-
rs that are racially neutral (Brondolo et al., 2003).

Few studies have examined racial differences in cardiovascu-
ar reactivity during pregnancy or potential links of reactivity with
estation age at delivery. Among 313 pregnant women  assessed
t 28 weeks gestation, African American women exhibited greater
ystolic and diastolic blood pressure reactivity to an acute stressor
Hatch et al., 2006). Among African Americans only, each 1-mm Hg
ncrease in diastolic blood pressure was associated with a reduc-
ion in gestational age of 0.17 weeks. In a similar study, among
0 healthy pregnant women, each 1 mmHg  increase in diastolic
lood pressure above the group mean in response to an arith-
etic task predicted 0.314 weeks shorter gestation and marginally

ignificant interaction between diastolic reactivity and race was
videnced, suggesting a stronger association among African Ameri-
ans (McCubbin et al., 1996). Finally, in a study of 70 healthy women
n Argentina, every unit increase in diastolic blood pressure reac-
ivity to a cold pressor text was associated with a 47 g decrease in
irth weight and a 0.07 week decrease in gestational age (Gomez
once de Leon et al., 2001).

Building upon these studies, continued studies are needed to
ore fully delineate the extent to which neuroendocrine, car-

iovascular and inflammatory responses adapt during pregnancy
ompared to nonpregnancy, predictors of differential adaptation
f the stress response (e.g., race, SES, depressive symptoms, health
ehaviors), and the extent to which differential physiological reac-
ivity to acute stress predicts risk of adverse outcomes.

. Beyond birth outcomes: maternal stress and fetal
evelopment

In addition to effects on maternal health (i.e., preeclampsia)
nd birth outcomes, both prenatal stress and inflammatory pro-
esses during pregnancy have implications for fetal development
Coe and Lubach, 2005). In relation to immune function, in mon-
eys and rats, offspring of mothers who were repeatedly stressed
uring their pregnancies showed decrements in lymphocyte prolif-
ration when exposed to antigens in vivo or in vitro (Coe et al., 2002;
ay et al., 1998; Reyes and Coe, 1997). In non-human primates,
epeated exposure to stress during pregnancy affected the transfer
f antibodies across the placenta (Coe and Crispen, 2000). Maternal
tress can also indirectly alter offspring immune function via effects
n preterm birth and fetal weight. In part because maternal anti-
odies are transferred to the fetus primarily in the final weeks of
regnancy, infants born prematurely are likely to have significantly

mpaired immune function, putting them at greater risk for infec-

ion (Ballow et al., 1986). Furthermore, low birth weight has been
ssociated with poorer antibody response to vaccination in ado-
escence (McDade et al., 2001), higher cortisol responses to acute
sychosocial stress in adulthood (Wust et al., 2005), and increased
vioral Reviews 36 (2012) 350–361 355

risk of cardiovascular and metabolic disorders including diabetes
later in life (Lawlor et al., 2005; Rich-Edwards et al., 1999).

Animal models provide evidence that inflammation during
pregnancy affects offspring health. In mice, maternal exposure to an
endotoxin resulted in increased placental vascular resistance and
cardiac dysfunction in developing fetuses (Rounioja et al., 2005).
In rats, peripheral injection of IL-6 to pregnant females led to both
hypertension and prolonged hormonal responses to acute stress
in adult offspring (Samuelsson et al., 2004). Similarly, adult off-
spring of rats exposed to an endotoxic challenge had increased basal
corticosterone levels as well as increased adrenocorticotropic hor-
mone (ACTH) and corticosterone responses to acute stress (Reul
et al., 1994). These data suggest that inflammation of sufficient
magnitude during pregnancy can have lasting effects on offspring
physiology.

In humans, the offspring characteristics that are perhaps most
widely studied in the context of maternal inflammation are the
neurodevelopmental disorders of cerebral palsy and schizophrenia.
Offspring of women who  experience infections during pregnancy
have an increased risk for both disorders (Dammann and Leviton,
1997; Yoon et al., 2003). For example, intrauterine infections and
resulting inflammation are believed to account for 12% of cases of
spastic cerebral palsy (Schendel et al., 2002). Indicative of the role
of inflammation in this association, in a sample of 172 neonates,
higher levels of IL-6 in cord blood predicted occurrence of brain
lesions, a key risk factor for the development of cerebral palsy
(Yoon et al., 1996). Similarly, elevated circulating levels of maternal
TNF-� as well as greater reporting of maternal infection during the
third trimester of pregnancy were found in 27 adult offspring with
schizophrenia as compared to 50 matched controls (Buka et al.,
2001).

Being non-experimental in design, studies with humans can-
not determine the degree to which effects of infection on the brain
of the developing fetus are attributable to infection itself versus
maternal inflammatory immune responses to the infection (Gayle
et al., 2004). However, animal studies indicate that inflammation is
a major factor. For example, stimulation of the maternal immune
system by injection of LPS affected myelination in the developing
rodent brain (Cai et al., 2000) as well as the number and size of
specific cells in the hippocampus of offspring (Golan et al., 2005).
These effects, in turn, were associated with impairments in learn-
ing and memory (Golan et al., 2005). Also in rodents, stimulation
of the immune system with a synthetic cytokine releaser during
pregnancy resulted in abnormal behavioral and pharmacological
responses in adult offspring, alterations that parallel characteristics
of schizophrenia in humans (Zuckerman et al., 2003, 2005). These
data indicate that inflammation during pregnancy can affect fetal
brain development. Thus, both maternal stress and inflammatory
processes may  have serious implications for offspring health into
adulthood (Coe and Lubach, 2005; Weinstock, 2005).

4. Beyond inflammation: additional immune parameters

Although the current review focuses on the relevance of
inflammatory processes for adverse pregnancy outcomes, other
psychoneuroimmunology research models also have important
applications in pregnancy. Psychological stress impairs antibody
responses to a variety of vaccinations in nonpregnant adults (Burns
and Gallagher, 2010; Christian et al., 2009a; Cohen et al., 2001;
Pedersen et al., 2009). A meta-analysis of 13 studies of seasonal
trivalent influenza vaccination concluded that greater stress pre-

dicted significantly poorer antibody responses (Cohen’s d = .37)
with similar effects noted in older as well as younger adults
(Pedersen et al., 2009). Despite substantial immune changes in
pregnancy, no studies have examined effects of stress on anti-
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ody responses to vaccination among pregnant women. The clinical
rotection provided by influenza vaccination is closely correlated
ith antibody responses to the vaccination (Couch and Kasel,

983; Hannoun et al., 2004; Potter and Oxford, 1979). Thus, stress-
nduced decrements in antibody responses to vaccination have
lear clinical implications for subsequent risk of infectious illness.

Stress-induced dysregulation of cell-mediated immune func-
ion is another future focus. Over 90% of U.S. adults are latently
nfected with EBV (Jones and Straus, 1987). Typically kept in a latent
tate by cell-mediated immunity, the virus may  reactivate under
onditions of immunosuppression, including stress (Glaser et al.,
991, 1994, 2005). In fact, a meta-analysis of 20 different immune
utcomes found that EBV reactivation was the strongest and most
eliable correlate of stress (Van Rood et al., 1993), indicating that
his is a highly sensitive measure of stress-induced immune dys-
egulation. Notably, due to suppression of cell-mediated immunity,
BV is more likely to be reactivated during pregnancy than non-
regnancy (Purtilo and Sakamoto, 1982). Stress may  exaggerate
his typical pregnancy-related immunosuppression; greater EBV
eactivation in pregnancy has been reported in association with
aternal depression, perceived stress and perceived racial dis-

rimination (Borders et al., 2010; Haeri et al., 2011). Evidence is
nconclusive regarding whether EBV reactivation is associated with
dverse pregnancy outcomes. At least one study found no associ-
tion between EBV reactivation and length of gestation/congenital
bnormalities (Avgil et al., 2008). Two studies have linked reac-
ivation to adverse pregnancy outcomes including stillbirth (Icart
t al., 1981), birth defects (Icart et al., 1981), shorter gestation
Eskild et al., 2005), and lower birth weight (Eskild et al., 2005).
lso, some data link maternal EBV reactivation to risk of leukemia
nd testicular cancer in offspring (Holl et al., 2008; Lehtinen et al.,
003; Tedeschi et al., 2007). However, these studies do not indicate
hether EBV reactivation plays a causal role or serves as a general
arker of a pathological process. Thus, continued studies examin-

ng effects of stress on EBV latency and pregnancy outcomes are
arranted.

Wound healing presents another clinically relevant outcome of
nterest. Childbirth results in substantial tissue damage, whether
elivery occurs vaginally or via cesarean section. In humans,

mpaired wound healing is seen in conditions of chronic stress
e.g., caregiving) (Kiecolt-Glaser et al., 1995), as well as exposure to

ilder stressors including academic examinations (Marucha et al.,
998) and martial conflict (Kiecolt-Glaser et al., 2005). Subjective
tress, anxiety, and worry have also been associated with slower
ealing of laboratory induced and naturally occurring wounds
Broadbent et al., 2003; Cole-King and Harding, 2001; Ebrecht
t al., 2004). Similar stress-induced delays in skin barrier recovery
re seen when tape-stripping is used to remove a layer of skin cells,
ausing mild skin barrier disruption (for review see Christian et al.,
006). No studies have examined effects of stress on wound healing

n pregnancy; however, evidence from animal studies suggests
hat lactation is beneficial for healing, and that this effect may  be

ediated by suppression of stress hormones (Detillion et al., 2003).

. Additional considerations

In relation to inflammatory mediators, the current review has
ocused on peripheral (i.e., circulating) immune markers, rather
han local immune parameters (i.e., at the maternal–fetal inter-
ace). This focus is supported by data demonstrating adaptation of
he maternal immune system at the level of circulating markers
nd lack of such adaptation in the context of adverse pregnancy

utcomes (Aguilar-Valles et al., 2007; Blackburn and Loper, 1992;
lenkov et al., 2001; Fofie et al., 2004; Makhseed et al., 1999; Marzi
t al., 1996; Stables, 1999). Further, circulating factors can be mea-
ured in a minimally invasive manner across the course of human
vioral Reviews 36 (2012) 350–361

pregnancy and could therefore provide great clinical utility for
detecting women  at risk for adverse outcomes during pregnancy.
However, there are numerous avenues for research beyond this
level of analysis.

First, the extent to which local factors correspond to circulat-
ing measures and the relative predictive value of each for adverse
perinatal health outcomes is not known. Thus, inclusion of pla-
cental measures, as well as cervico-vaginal fluid samples and
measures of cervical length by transvaginal ultrasound to delin-
eate links between systemic versus local inflammatory processes
is an important direction. Relatedly, there is a large literature in
reproductive immunology focusing on uterine immune changes
required for implantation and maternal–fetal immune interac-
tions throughout pregnancy (e.g., Cross et al., 1994; Dekel et al.,
2010; Erlebacher, 2010; Mor  et al., 2011; Trowsdale and Betz,
2006). In addition, placental infection is a known risk factor for
poor birth outcomes and fetal brain damage (e.g., Cardenas et al.,
2010; Grether and Nelson, 1997; Leviton et al., 1999). Stress may
increase susceptibility to infectious agents and promote greater
inflammatory responses upon infection, thereby exacerbating neg-
ative sequelae. Finally, genetic polymorphisms which promote
proinflammatory cytokine production may  contribute to individ-
ual differences in stress-induced dysregulation of inflammatory
processes at both the local and the systemic level. Some such
polymorphisms may  differentially affect African Americans versus
European Americans (Ness et al., 2004; Simhan et al., 2003).
However, extensive research indicates that the direct contribu-
tion of genetic factors to racial health disparities is secondary
to social and environmental exposures (Institute of Medicine,
2003; Sankar, 2006; Sankar et al., 2004). Thus, the study of
genetic factors should carefully account for gene/environment
interactions.

6. Conclusions

A  substantial literature now demonstrates that psychosocial
stress has meaningful effects on maternal health, birth outcomes,
and fetal development. Such effects have particular relevance
to understanding substantial and intractable racial disparities in
perinatal health outcomes. Biological mechanisms linking stress
with maternal and fetal health have only begun to be delineated.
Although it is widely proposed that inflammatory processes con-
tribute to the association of psychosocial stress with preterm birth,
studies to-date have focused almost exclusively on potential neu-
roendocrine mediators. As outlined, research is needed to delineate
effects of stress on adaptation of inflammatory processes across
pregnancy at the level of (1) circulating cytokines levels, (2) inflam-
matory responses to in vivo and in vitro immune triggers and (3)
inflammatory responses in the context of psychosocial stressors. In
addition, effects of stress on wound healing, cellular immune func-
tion, and antibody responses to vaccination in pregnancy are largely
unstudied. The application of well-established psychoneuroim-
munology research models to the context of pregnancy has great
promise for elucidating mechanisms underlying risk of adverse
perinatal health outcomes and providing a basis for individualized
health care services.
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