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Abstract

Background—Maternal stress during pregnancy can have deleterious consequences, increasing
risk for prematurity and low birth weight, as well as postnatal effects on emotional regulation and
neuromotor development. It is less clear, however, whether moderate and brief gestational
disturbances have similar effects.

Objective—To determine the impact of a delimited period of moderate maternal stress on infant
growth, emotional reactivity and neurobehavioral maturity in a nonhuman primate model.

Methods—Eighty-three infant rhesus monkeys were generated from disturbed pregnancies,
either Early or Late Gestation, and compared with 51 Undisturbed infants. Maternal stress was
induced with an acoustical startle protocol for 25% of gestation. Infant weights, anthropometrics,
and neurobehavioral data were obtained. Analyses focused on differential effects of prenatal stress
on male and female infants.

Results—The disturbance manipulation elevated cortisol levels acutely in the gravid females and
they gained less weight by term. Nevertheless, female infants from the Early Stress condition were
significantly larger at birth. This differential growth trajectory was then sustained through 6
months of age. Infants from stress conditions were more emotionally reactive and evinced
immature neuromotor reflexes, especially when gestated by Late Stress mothers.

Conclusions—Even moderate maternal disturbance impacted infant temperament and
neuromotor development in this nonhuman primate model. Effects on fetal and infant growth
differed from typical reports of growth inhibition, both in other animal species and human studies.
The findings convey the importance of considering the duration and severity of prenatal insults,
and the potential for fetal plasticity and recovery, permitting compensatory growth responses.
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Introduction

Clinical research and studies in animals have demonstrated that the emotional and physical
state of a pregnant female can have both immediate and enduring effects on infant
development. When severe and sustained, prenatal stress increases the risk for premature
birth and low birth weight, and has also been correlated with a predisposition for later health
concerns, including obesity, poor glucoregulation and cardiovascular disease [1]. In addition,
maternal stress in animals can affect neurobehavioral and motor development and increase
stress reactivity [2,3]. However, a close review of this literature indicates the type of
disturbance, including severity, and timing, influences the extent of the impact, issues
addressed further in the following study.

Prenatal stress research in humans has often focused on extremely stressful events, including
natural disasters, catastrophic incidents, and domestic violence [4,5]. By necessity, many
analyses are opportunistic and retrospective, and it was not possible to control the onset and
intensity with respect to gestational stage. Therefore, further investigation is still needed on
more moderate maternal disturbance, which may occur during just one discrete stage of
pregnancy. Studies on nutritional deprivation and teratogen exposure have indicated the
effects are different depending on whether they occurred during early and late gestation
[6,7]. In addition, when fetal stress is discrete there is some capacity for compensatory
adjustments and recovery when restricted just to early or later gestation [8,9]. The following
experiment was designed to compare the developmental effects of moderate stress during
either early or late pregnancy, both of which were followed by a period without disturbance
during the remaining weeks of pregnancy.

Another area requiring further resolution is whether the sex of the fetus influences the
vulnerability to prenatal disturbance. The extant literature tends to highlight the differential
susceptibility of male infants [10,11], but this conclusion is dependent upon the type of
prenatal insult and the outcome measures. In addition, findings are likely to be different in
litter-bearing species that gestate many male and female siblings simultaneously [12]. Thus,
a second aim was to take advantage of the singleton pregnancies characteristic of rhesus
monkeys in order to investigate differential effects on males and females.

Female rhesus monkeys were exposed to controlled stress lasting 5-6 weeks, either early or
late during their 24-week pregnancy. The immediate impact was assessed by determining
maternal cortisol levels at the end of the daily manipulations. Activation of the pituitary-
adrenal axis, and placental transfer of maternal cortisol, is the endocrine pathway commonly
implicated as a mediator of prenatal stress, although it is known that other metabolic,
placental and growth processes can be affected [13]. Our analyses then focused on infant
growth trajectories and also their behavioral and emaotional state at birth.
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Male and female infants (N=134) were generated from multiparous rhesus monkeys
(Macaca mulatta). The adult females were healthy, between 5-18 years of age (mean age:
11.3 £+ 3.1 years) from an established breeding colony.

Animal husbandry and experimental procedures were approved by the institutional Animal
Care and Use Committee.

Females were mated with a single male for a 4-7 day period to verify paternity and date of
conception. They were then returned to their home cages and assigned to gestational
conditions. If assigned to the disturbance condition, they were relocated acutely on a daily
basis for 5-6 weeks of their 24-week pregnancy, but then only minimally disturbed for cage
cleaning and one blood sampling session two weeks before term.

Prenatal Manipulations

Eighty-three females were assigned to early and late disturbance conditions (34 and 49,
respectively). An acoustical startle paradigm was used, and a moderate stress response
verified by obtaining blood for cortisol determinations at 2-week intervals during the
disturbance period. Females were briefly relocated daily between 1430 and 1600 to a
darkened room. Three 110-dB sounds were broadcast for 1 sec at random intervals during
the 10 min protocol. It was repeated 5 times per week during either early or late gestation
(1.6 — 3.0 or 4.0 - 5.1 months post-conception). Fifty-one infants (21 females, 30 males)
served as Undisturbed Controls. The mothers were not manipulated other than to measure
their basal cortisol levels.

Maternal Variables

Maternal weight was determined prior to conception, bimonthly during pregnancy and at
delivery to evaluate if gestational disturbance affected maternal weight gain or was related to
infant birth weight.

Blood samples were assayed for cortisol levels prior to the stress manipulation, and at 2-
week intervals at the end of the disturbance. Control females were sampled at the same 2-
week intervals, either during early or late gestation. Blood (1 mL) was collected quickly by
saphenous venipuncture, and plasma frozen at —60°°C until analyzed by iodinated
radioimmunoassay (Incstar, Stillwater, MN, U.S.A.).

Infant Growth

Infants were weighed at 1-3 days after birth (mean 1.3 £ 1.0 days), and at 2 weeks, and 2, 4,
and 6 months of age. All infants were full-term, natural deliveries, and weighed within the
normal range (490.6 + 59.6 g). Crown-rump length, measured from the top of the head to the
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rump, was used to calculate Body Mass Index (BMI, weight/height?). Infant growth was
indexed by weight, as well as rate of growth, measured as the slope of weight gain between
birth and 6 months.

Behavioral Analyses

For 119 infants (77 disturbed and 42 undisturbed pregnancies), emotionality and neuromotor
maturity were determined at 2 weeks postpartum with the Infant Behavioral Assessment
Scale (IBAS) [14]. A total of 49 neuromotor reflexes, attention to visual cues and sounds,
responses to vestibular and tactile stimulation, and emotionality and arousal were scored.
Data from this 15-min test battery were combined into four composite subscales based on a
previous factor analysis of 29 informative items [15]. The 4 subscales were: 1) Temperament
Regulation, 2) Motor Maturity, 3) Sensory Sensitivity, and 4) Orientation. Temperament
regulation captured emotional reactivity and state regulation during the test, with lower
scores indicating irritability and difficult to console. Motor Maturity assessed muscle tone,
coordination, balance, and spontaneous movement through normative reflexes, motor
activity, and speed of responding. Sensory Sensitivity captured reactions to vestibular and
tactile stimulation, while Orientation assessed tracking of visual and auditory stimuli. Low
scores on these subscales indicate immature or impaired responses.

Data Analysis

Statistical tests were conducted with the Statistical Package for the Social Sciences, \ersion
21.0 (SPSS) and R (R Core Team, 2015). P-P plots were used to check for skew, and non-
normally distributed variables log-transformed to stabilize variances. Analysis of variance
was used to compare the 3 prenatal conditions with infant sex as a between factor when
appropriate. When sex was not significant, it was not included in the final analysis. In case
of significant main effects or interactions, post hoc analysis was employed to identify
significant differences. Exploratory post hoc testing was conducted for one interaction of
Pregnancy Condition and Infant Sex when the p-value was < .06. Repeated measure tests
were adjusted with the Fisher's protected LSD, and relationships between variables assessed
with the Pearson test.

Results

Pregnancy conditions

The disturbance manipulation resulted in significantly higher cortisol levels in pregnant
females, both during the Early and Late Stress periods, as compared to the Undisturbed
Controls (F[2,131]=41.45, p<.01). Cortisol in the stressed females were also acutely elevated
at the end of the startle protocol as compared to their prior baseline levels (fig. 1). While
similarly elevated in both periods, post hoc tests indicated the mean increment was larger
during Early Gestation as compared to Late Gestation (p<.02). Maternal cortisol was not
influenced by the sex of the fetus.

Maternal Weight, Gestational Weight Gain, and Gestation Length

Preconception weight did not vary by pregnancy condition in keeping with the random
assignment. However, mothers who became pregnant with female fetuses were slightly
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larger (0.3 kg) than those who bore males, a difference that reached statistical significance
(F[1, 127]=4.23, p<.05). Females gained a mean 1.8 kg across pregnancy, (95% confidence
interval [CI] = 1.65-1.92 kg). After accounting for preconception weight, the magnitude of
the weight gain reflected an influence of the pregnancy manipulations and sex of fetus, (F[2,
127]=5.10, p<.01). The lowest maternal weight gains were in the Early Stress condition for
mothers carrying a female fetus. On average, they gained 0.62 kg less than the Undisturbed
Controls and 0.24 kg less than mothers in the Late Gestation condition with a female fetus.
Overall, the inhibitory effect of the stress manipulation on weight gain was more evident
when gestating a female infant than for mothers of males (Table 1).

Mean pregnancy length was 168 days (95% CI = 167.2 — 168.8), with male infants gestating
an average 1.8 days longer. Early Stress condition infants gestated 2 days longer than Late
Stress infants. However, there was not a main effect of pregnancy condition when also
considering infant sex (F[2, 130]=2.41, p=.09; Table 1).

Birth Weight and Growth

Prenatal stress affected the birth weight and growth of female infants. At birth, the statistical
interaction between pregnancy condition and infant sex reached significance (F[2,
128]=3.08, p=.05) (fig. 2A). On average, female infants from the Early Stress pregnancies
were 47 g larger than Undisturbed Control females and 50 g larger than female infants from
the Late Stress condition. Signs of this interaction between Pregnancy Condition and Sex of
Infant were still present at 6 months of age (F[2, 128]=2.95, p<.06). Female infants from the
Early Stress Condition now weighed a mean 97 g more than Control females and 130 g more
than females from Late Stress pregnancies (fig. 2B). As expected, there was a main effect for
infant sex. Males weighed approximately 29 g more than females at the time of birth (F[1,
128]=5.62, p<.02) and 71 g more than females at 6 months of age (F[1, 128]=5.72, p<.02).

There was an overall main effect of pregnancy condition on infant BMI at birth (F[2,
128]=3.68, p<.03; Table 1). Post hoc analyses indicated infants exposed to the Early
disturbance had significantly larger BMIs than Control infants (p<.01). Additionally, there
was an interaction between Pregnancy Condition and Sex, which was driven by the
substantially larger BMIs of Early Stress females (F[2, 128]=3.09, p<.05). These effects
were maintained when controlling for gestation length. Differences in BMI were not due to
an effect on linear growth; crown-rump length was not significantly affected by maternal
disturbance.

There was also a significant interaction between Pregnancy Condition and Infant Sex on
growth rate (F[2, 128]=3.17, p=.05). Growth rates of Early Stress females surpassed both
Undisturbed Control and Late Stress females. However, overall males still increased their
weights at a significantly faster rate than females (F[1, 128]=4.92, p<.03).

Infant Behavioral Assessment Scale

Infants from the 3 pregnancy conditions differed on the Temperament Subscale, (F[2,

116]=4.67, p<.01), driven primarily by Late Stress infants scoring a mean 3 points less on
emotional control and state regulation than Control infants (fig. 3A). Motor Maturity also
differed significantly across the three pregnancy conditions (F[2, 116]=4.25, p<.02). Post
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hoc testing indicated Late-exposed infants displayed significantly less neuromotor maturity
than infants from Undisturbed pregnancies (Figure 3B). Neither Sensory Sensitivity nor
Orientation revealed an effect of prenatal disturbance. Male and female infants did not differ
significantly on any IBAS subscale, and the effects of prenatal disturbance was manifest
similarly in both sexes.

Discussion

This study replicates research showing that stress experienced by a pregnant female
influences fetal growth and neurobehavioral development [2,3]. Even moderate disturbance
for just 25% of pregnancy impaired motor performance, reduced attention span, and
increased emotionality. These findings are consistent with human studies linking maternal
anxiety during pregnancy to a more difficult temperament and to attention deficit
hyperactivity disorder in older children [10,16]. Many have hypothesized these
developmental sequelae are mediated, in part, by the placental transfer of maternal cortisol
[13]. Our manipulations did acutely increase maternal cortisol levels. In addition, previous
studies using this stress model documented that fetal cortisol secretion may be suppressed in
the final weeks of gestation after the disturbance ends and postnatally the response to
dexamethasone is different indicating a shift in regulatory set points for glucocorticoid
feedback [17,18].

The findings on infant growth differ from reports of smaller birth weights [1]. A stunting of
growth and reduction in number of pups is common in rodent experiments, which may
reflect the dual influence of more severe stressors and fetal competition for resources in
litter-bearing species [12,19]. In contrast, female infants from the Early Stress condition had
significantly larger birth weights, larger BMIs, and an enhanced growth trajectory sustained
through 6 months of age. Three explanations may account for this effect: 1) compensatory
increase in placental size, as found in some nutritionally challenged pregnancies, 2)
metabolic shift in the gravid female similar to the diabetic pregnancy, which also results in
larger infants, and 3) a rebound period of accelerated growth, as observed in some small-for-
gestational age and premature infants [1,8,20]. In keeping with the hypothesis of placental
modification, maternal conditions during early development can influence placental
vasculature and functioning, including through epigenetic modifications that affect gene
transcription [21,22]. Resolving this question further in primates would require C-section
delivery to acquire the placenta, because the mothers typically engage in placentophagia at
delivery [23].

Although similar effects on neuromotor maturation and emotionality were found in both
sexes and after both stress periods, the enhanced growth was sex-specific and observed only
after stress early in pregnancy. Male infants are often thought to be more impacted by
prenatal insults, and this vulnerability is reflected in the higher prevalence of
neurodevelopmental and learning disorders among boys [11,24]. However, a number of
papers have reported larger effects on specific measures in female offspring [8,25]. Prior
studies in primates have yielded inconsistent results; many find no sex differences, while
others have detected resilience in the female fetus. In our study, the preconception weight of
mothers who bore female infants was slightly heavier (0.3 kg). Because preconception
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weight is correlated with infant birth weight, the gravid dams’ larger size may have enabled
female fetuses to maximize growth during or after the period of early gestational stress.
There is also precedent in humans for sex-specific responses to pregravid maternal weight as
well as to adiponectin and insulin levels in the third trimester [26]. Other experiments
suggest a female fetus may adapt more readily to intrauterine adversity through
modifications of placental gene and protein expression [20,27]. In humans, the placenta of
females is also more responsive to maternal glucocorticoid levels early in gestation [25],
consistent with our finding of a sex-specific increase after Early Stress. One study also
indicated exposure to glucocorticoids at critical stages of placental development can increase
the efficiency of nutrient transfer to the fetus [20], which when coupled with the possibility
of sexually dimorphic placental adaptations, could account for larger female infants despite
lower maternal weight gain after Early Stress.

In conclusion, a delimited period of maternal stress during pregnancy affected
neurobehavioral development in infant monkeys, evinced by immature motor reflexes and
greater emotionality. These effects were seen in infants born at typical birth weights, as well
as in females larger than normal. This enhanced growth for females from the Early Stress
pregnancies resulted in a 10% difference by delivery, and their faster growth trajectories
were maintained through 6 months of age. This study also highlights the importance of
distinguishing between moderate gestational stress and chronic challenges that span the
entire pregnancy. After a delimited period of early disturbance, there may be compensatory
adaptations that promote resilience and even complete recovery.
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Fig. 1.

Maternal cortisol response to acute disturbance during Early and Late Gestation. Stress
manipulations significantly increased cortisol from Baseline levels. Cortisol levels were
significantly higher in the Stressed females as compared to Undisturbed Control females
sampled at identical 2-week intervals.
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(A) Female infants from the Early Stress condition were significantly larger at birth than
females from both the Control and Late Stress conditions (p < 0.01 and p< 0.01,
respectively). (B) At 6 months of age, female infants from the Early Stress condition
continued to be significantly larger than females from both Control and Late Stress
pregnancies (p < 0.05 and p < 0.01, respectively). Early Stress condition contained 17 males
and 17 females; Late Stress contained 19 males and 28 females. Mean +/— SEM values are
portrayed. *p < 0.05 difference between pregnancy conditions.
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Motor Maturity Subscale
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o- B

Pregnancy
Condition
Control
5.0- Early Stress
Late Stress
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0.0

Early 'Stress Late étress

Control

Pregnancy Condition

Temperament and Motor Maturity ratings from the Infant Behavior Assessment Scale
(IBAS). (A) Infants exposed to Late Gestational disturbance were more reactive and evinced
less emotional regulation (p < 0.05). (B) They also had immature motor responses (p < 0.03)
as compared to infants from undisturbed Control pregnancies. Mean +/- values are
portrayed. *p < 0.05 significantly different than Control infants.
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Table 1
Maternal pregnancy and infant growth parameters

Condition Control Early Late Condition Interaction
Maternal Age (years) 11.1+04 114+05 11.4+05 NS NS
Pregnancy Weight Gain (kg)

Male Infant 1.7+01 21+%0.2 15+0.2

Female Infant 21+02 15+ 0.2%¢ 18+0.1 NS <01 s
Gestation Length (days) 167.8 + 0.6 169.4 +0.7 167.4+0.6 NS NS
Weight (9)

Birth Weight 483.7+8.1 506.9 + 10.0 1866 + 8.5b NS _057‘

6m Weight 1398.9+20.6 1447.4+256 1394.0 + 21.817 NS <.06
BMI at Birth

Male Infant 129+0.3 129+04 13.2+0.3 <03 * <03 f

Female Infant 121+03 b

138+047 128+03

Mean + SEM values are shown.

Preconception weight was controlled when examining the influence of pregnancy condition and infant sex on pregnancy weight gain.

*
Significant main effect of Pregnancy Conditions

TSignificant interaction of Pregnancy Condition and Infant Sex

aSignificantIy different from Controls at p< .05

bSignificantIy different from Early Stress at p< .05

cSignificantIy different from Early Stress males at p < .05
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