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Abstract

Two separate lines of research indicate (a) that prenatal stress is associated with heightened behavioral and
physiological reactivity and (b) that these postnatal phenotypes are associated with increased susceptibility to both
positive and negative developmental experiences. Therefore, prenatal stress may increase sensitivity to the rearing
environment. We tested this hypothesis by manipulating prenatal stress and rearing-environment quality, using a cross-
fostering paradigm, in prairie voles. Results showed that prenatally stressed voles, as adults, displayed the highest
behavioral and physiological reactivity when cross-fostered to low-contact (i.e., low-quality) rearing but the lowest
behavioral and physiological reactivity when cross-fostered to high-contact (i.e., high-quality) rearing; non-prenatally
stressed voles showed no effect of rearing condition. Additionally, while neither prenatal stress nor rearing condition
affected oxytocin receptor binding, prenatally stressed voles cross-fostered to high-contact rearing showed the highest
vasopressin-la receptor binding in the amygdala. Results indicate that prenatal stress induces greater environmental
sensitivity, making it both a risk and an opportunity factor.
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Extensive evidence indicates that prenatal stress is a risk
factor for a variety of detrimental physical and mental
health outcomes (for a review, see Van den Bergh,
Mulder, Mennes, & Glover, 2005). Although such human
evidence suggests that prenatal stress disrupts “optimal”
development, we offer—and test using an animal model—
a radically different interpretation. On the basis of
research on human infants showing (a) that prenatal
stress is associated with heightened negative emotionality
and physiological reactivity and (b) that these postnatal
phenotypes are associated with increased susceptibility
to both positive and negative developmental experiences,
we hypothesized that prenatal stress programs postnatal
plasticity, making stressed voles most susceptible to
effects of both positive and negative rearing.

Prenatal Stress and Behavioral-
Physiological Dysregulation

Much research indicates that prenatal stress, measured
in a variety of ways (e.g., maternal anxiety, cortisol),

predicts greater behavioral and physiological dysregula-
tion in infancy and childhood. Concerning behavioral
dysregulation, prenatal stress is linked to increased dis-
plays of sadness, frustration, and fear, as well as a stable
disposition of negative emotional reactivity (Gartstein
& Rothbart, 2003; Glover, 2011). Maternal psychological
stress during pregnancy is associated with increased
behavioral reactivity of 4-month-olds (Davis et al., 2004),
irregular sleeping and eating patterns of 6-month-olds,
and heightened inhibition and negative emotionality of
5-year-olds (Martin, Noyes, Wisenbaker, & Huttenen,
1999). Relatedly, higher levels of cortisol in pregnant
women forecast greater infant negativity at 7 weeks (de
Weerth, van Hees, & Buitelaar, 2003) and 2 months of
age, even when controlling for maternal postnatal psy-
chological state (Davis et al., 2007).
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Concerning physiological functioning, evidence indi-
cates that prenatal stress is associated with dysregula-
tion of the hypothalamic-pituitary-adrenal (HPA) axis
in infants and children (Davis, Glynn, Waffarn, &
Sandman, 2011; Field et al., 2004), effects which extend
to even the first day of school (Gutteling, de Weerth,
& Buitelaar, 2005). Notably, a natural experiment
revealed that pregnant mothers positioned near the
New York City terrorist attacks on 9/11 who subse-
quently developed posttraumatic stress disorder had
infants with dysregulated diurnal cortisol rhythms at 1
year of age compared with infants of other mothers
(Maccari, Krugers, Morley-Fletcher, Szyf, & Brunton,
2014). Such findings are consistent with rodent experi-
ments indicating that prenatal stress promotes higher
baseline and reactive corticosterone levels in offspring
(Yehuda et al., 2005).

Postnatal Developmental Plasticity

The research just summarized linking prenatal stress with
early-life behavioral and physiological dysregulation
becomes especially intriguing when juxtaposed with
independent work showing that highly negatively emo-
tional children are not only more adversely affected than
other children by negative environmental exposures
(e.g., poverty) and developmental experiences (e.g.,
harsh parenting), but also benefit more from supportive
contextual conditions (e.g., sensitive-responsive parent-
ing; Belsky, Bakermans-Kranenburg, & Van Ijzendoorn,
2007; Belsky & Pluess, 2009, 2013). In fact, a recent
meta-analysis of observational studies found that early
negative emotionality moderates effects of various envi-
ronmental factors on a range of child-adjustment out-
comes (e.g., social competence, cognitive development;
Slagt, Dubas, Dekovié, & van Aken, 2016) in just such a
“for-better-and-for-worse" manner (Belsky et al., 2007).

Furthermore, children with heightened physiological
reactivity are more susceptible to environmental influ-
ences, again in a for-better-and-for-worse manner (Boyce
& Ellis, 2005). For example, heightened physiological
reactivity moderates the effects of marital conflict on
externalizing problems (Obradovi¢, Bush, & Boyce, 2011)
and family adversity on school achievement (Obradovic,
Bush, Stamperdahl, Adler, & Boyce, 2010). Additionally,
evaluations of experimental interventions (e.g., van den
Berg & Bus, 2014) show that more negatively emotional
or physiologically reactive children benefit more, some-
times exclusively, from such efforts than do other chil-
dren. In summary, more physiologically/behaviorally
reactive children prove most vulnerable to the negative
effects of contextual adversity and most likely to benefit
from environmental support.

Prenatal Programming of Postnatal
Plasticity

Consideration of both sets of evidence summarized
above—one indicating that prenatal stress is associated
with elevated behavioral and physiological dysregula-
tion and the other that such phenotypic functioning is
associated with heightened susceptibility to positive
and negative environmental influences—raises the
intriguing hypothesis first advanced by Pluess and
Belsky (2011) that prenatal stress fosters, promotes, or
“programs” postnatal developmental plasticity. If true,
this hypothesis could account for many of the adverse,
later-developing phenotypes associated with prenatal-
stress exposure. Perhaps the reason that prenatal stress
is associated with problematic functioning in childhood
and adolescence is because the very forces that engen-
dered stress in pregnancy (e.g., poverty, marital con-
flict) continue postnatally for many whose prenatal
experience fostered heightened developmental plastic-
ity. Thus, when children are exposed, postnatally, to
conditions of adversity that persist beyond pregnancy,
they prove especially responsive to them.

Current Study

Because it is unethical to experimentally test the propo-
sition that prenatal stress promotes developmental plas-
ticity in humans, we conducted an animal study. We
subjected pregnant prairie voles (Microtus ochrogaster)
to either high or low levels of stress, using a social-
stress paradigm, and then randomly cross-fostered their
offspring to rearing parents known to have previously
provided more or less supportive care (i.e., high- or
low-contact rearing) to their own offspring (see Fig. 1
for study design). We predicted that, after birth, prena-
tally stressed pups would display the highest frequency
of distress calls and the strongest rearing effects (i.e.,
the highest or lowest score, depending on condition)
on anxietylike behavior, corticosterone reactivity, and
vasopressin-1la receptor (V1aR) and oxytocin receptor
(OTR) densities in the amygdala. We focused on these
outcomes because (a) distress calls may be an early-life
indicator of behavioral reactivity like negative emotion-
ality in humans, (b) anxietylike behavior and corticos-
terone reactivity are well-studied indicators of
dysregulated functioning that have been linked to pre-
natal stress and rearing condition (Glover, 2011; Maccari
et al., 2003), and (¢) OTR and V1aR density in the
amygdala regulate social and anxiety behaviors (Carter,
Grippo, Pournajafi-Nazarloo, Ruscio, & Porges, 2008).

Prairie voles were studied because they, unlike rats
and mice, display key characteristics of social monogamy
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Fig. 1. Experimental design. Pregnant voles assigned to the prenatal-stress condition were
exposed to a social stressor 10 min per day for the last 5 days of gestation (G16-G21).
Within 24 hr of birth (P0-P1), voles were subject to a social-isolation (SD test and then
cross-fostered to either high- or low-contact parents for the rearing condition. During
adulthood (P70-80), subjects underwent a forced swim (FS) test to measure anxietylike
behavior and were sacrificed (SAC) 45 min later to collect plasma and brains. The proce-
dure for subjects in the control groups is not illustrated, but these subjects were similarly
cross-fostered to either high- or low-contact parents and underwent all procedures (with
the exception of prenatal stress) in the same timeline. G = gestational day; P = postnatal

day; PO = day of birth.

and selective social behavior, including preference for a
familiar partner, an emotional attachment to the pair-
mate, and male care of offspring. Additionally, prairie
voles naturally vary—in traitlike fashion across multiple
litters—in the amount of care they display toward their
pups (Perkeybile, Griffin, & Bales, 2013). Thus, prairie
voles are an optimal animal to use in cross-fostering
paradigms when testing hypotheses based on human
studies.

Method
Subjects

Subjects were laboratory-bred prairie voles (N = 78),
descendants of a stock originally wild-caught near
Champaign, Illinois. Breeder pairs were housed in large
polycarbonate cages (44 cm x 22 cm x 16 ¢cm). Food
(high-fiber Purina rabbit chow) and water were avail-
able ad libitum, and cotton squares were provided for
nesting material. After weaning on postnatal day 20,
weanlings were housed in same-sex pairs in small poly-
carbonate cages (27 cm x 16 cm x 16 cm). Animals were
maintained on a 14:10 light-dark cycle. All procedures
were reviewed and approved by the Institutional Ani-
mal Care and Use Committee of the University of Cali-
fornia, Davis.

Research design

Parental care. Prior to the start of the experiment,
both mother and father parenting behaviors (e.g., nurs-
ing, contact, licking, and grooming) were recorded
twice a day for 2 consecutive days after birth (4 total

observations) in order to quantify each breeder pair’s
natural level of parenting (Perkeybile et al., 2013). Mean
durations of each behavior were computed across the
four observations, and maternal and paternal means
were summed to produce a total parental-behavior score
for each breeder pair. Scores were then ranked into quar-
tiles on the basis of the amount of total contact directed
toward the pups. The top-ranked quartile became the
high-contact breeder group, the bottom quartile became
the low-contact breeder group, and those falling in between
became the medium-contact breeder group. High- and
low-contact breeders served as (postnatal) rearing par-
ents, whereas medium-contact breeders were subject to
variation in prenatal stress.

Prenatal stress. Medium-contact breeders were assigned
to either a prenatal-stress or control condition to avoid any
potential genetic confounds from high- or low-contact
breeders. For the prenatal-stress condition, pregnant voles
were transferred to a cage containing an unfamiliar and
lactating—hence, aggressive—female that was separated
by a divider for 10 min per day for 5 consecutive days dur-
ing the last week of pregnancy. This paradigm is known to
increase stress reactivity in offspring, both behaviorally
and physiologically (Brunton & Russell, 2010). Breeders in
the control condition were left undisturbed in their cages.
After a washout period of one litter, treatments crossed
over for a final litter so that medium breeders that received
prenatal stress the first time did not receive prenatal stress
the second time and vice versa.

Cross-fostering. Within 24 hr of birth, infants were
briefly removed from the nest and were weighed, sexes
were checked, and a social-isolation task was performed
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to assess negative emotionality (see below). If necessary,
litters were culled to four pups. Final litter size ranged
from two to four pups. Infants were then cross-fostered
to an unrelated breeder pair previously characterized as
providing high- or low-quality parental care. Both control
and prenatally stressed pups were handled for equal
amounts of time. For the prenatal-stress condition, 16 pre-
natally stressed voles were cross-fostered to high-contact
breeders (8 males, 8 females) and 23 to low-contact
breeders (11 males, 12 females). In the control group, 20
voles were cross-fostered to high-contact breeders (10 males,
10 females) and 19 to low-contact breeders (10 males, 9
females). Previous studies, using a cross-fostering design,
document significant rearing effects on developmental
outcomes based on similar sample sizes (e.g., Perkeybile
et al., 2013).

Outcome measurements

To avoid litter effects, we used only one male and one
female from each litter in subsequent measurements.
Subjects were assessed during two developmental time
points: immediately following birth and during adult-
hood. All measurements taken during adulthood were
past the age of sexual maturity for prairie voles, which
is 30 to 40 days for females and 35 to 45 days for males
(Stalling, 1990). In addition to the measures highlighted
for purposes of testing the hypothesis under consider-
ation, other behavioral measures were collected for
other reasons and thus are not reported.

Distress calls. During cross fostering (offspring postna-
tal days 0-1), subjects underwent a social-isolation task
in which they were removed from their home cage, one
at a time, and placed in an empty polycarbonate cage for
5 min. Social isolation has been shown to be an effective
stressor because maternal separation induces a stress
response, especially in highly social animals like prairie
voles. We recorded ultrasonic vocalizations in response
to social isolation as a behavioral measure of negative
emotionality. Neonatal rodents vocalize under stressful
situations, and in prairie voles, ultrasonic vocalizations
and corticosterone are correlated (Shapiro & Insel, 1990).
Temperature was maintained throughout the task using
heat lamps to prevent artifacts of thermal stress.

Forced swim test. As adults (offspring postnatal days
70-80), subjects underwent a forced swim test, which is
a moderate physical stressor. The swim stressor consisted
of 3 min of swimming in lukewarm water in a large plas-
tic cage (20 cm x 25 cm X 45 cm). The subjects could
neither touch the bottom nor climb out of the container.
Duration of swimming and of struggling behaviors (i.e.,
thrashing, displaying upward-directed movement of the

forepaws against the side of the container) were recorded
to assess anxietylike behavior. Previous work indicates
that more struggling behavior and less swimming during
a forced swim is associated with a more anxious pheno-
type (Varadarajulu et al., 2011). An anxietylike behavior
composite measure was created by subtracting mean
duration of swimming from struggling and was trans-
formed to reflect positive values; hence, higher scores
indicate greater anxietylike behavior.

Corticosterone reactivity. Following swimming, ani-
mals normally show approximately a doubling of corti-
costerone, with a maximum increase within approximately
45 min (Taymans et al., 1997), and levels remain elevated
for several hours. Thus to assess stress reactivity, we col-
lected blood 45 min following the forced swim test to
assay using radioimmunoassay for corticosterone. All
samples were assayed during the same session in dupli-
cate, and the intra-assay coefficient of variation was
3.21%.

OTR and V1aR autoradiography. Immediately after
blood collection, we deeply anesthetized voles using iso-
flurane gas and then euthanized them by cervical dislo-
cation and rapid decapitation. Brains were removed,
flash frozen, and stored at —80° C. Brains were sectioned
at 20 pm into six series, mounted onto Super-frost slides,
and stored at —80° C until assayed. Slides were allowed to
thaw at room temperature and were then fixed in 0.1%
paraformaldehyde (7.4 pH) and rinsed twice in 50 mM
Tris-HCl buffer solution (7.4 pH), followed by incubation
in the tracer buffer at room temperature for 60 min.
Tracer buffer consisted of 50 mM Tris-HCl buffer (7.4 pH)
with 10 mM MgCl,, 0.1% bovine serum albumin, and
50 pM of radiotracer. For OTR binding, [125I]-ornithine
vasotocin analog [(125DOVTA] [vasotocin, d(CH,)5[Tyr
(Me)2, Thr4, Orn8, (125DTyr9-NH2]; 2200 Ci/mmol] was
used (PerkinElmer, Waltham, MA). For V1aR binding,
125I-lin-vasopressin  [125I-phenylacetyl-D-Tyr(ME)-Phe-
Gln-Asn-Arg-Pro-Arg-Tyr-NH2] (PerkinElmer) was used.
Following the incubation period, unbound radioligand
was removed by 4 washes in 50 mM Tris buffer and 2%
MgCl,, pH 7.4, and then dipped in dH,0 and air dried.
Once dry, the slides were exposed to Kodak BioMaxMR
film (Kodak, Rochester, NY), with 125I microscale stan-
dards (American Radiolabeled Chemicals, St., Louis, MO)
for 96 hr.

The optical binding density (OBD) was quantified
using MCID Core Digital Densitometry system (Cam-
bridge, United Kingdom). OBD values from a set of 10
autoradiography standards (American Radiolabeled
Chemicals) were loaded into the software and used to
generate a standard curve from which OBD values for
the regions of interest (ROIs) were extrapolated. For
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each specimen, OBD values were calculated for each
ROI, as well as one background area where no binding
was detected. Three separate measurements for each
ROI were taken per specimen and averaged. For each
specimen, the average background binding value was
subtracted from each average ROI measurement to yield
normalized OBDs across specimens.

Data analysis

For all outcomes, we anticipated needing a minimum
of 15 animals per group to detect the expected interac-
tive effects. Power analysis for the 2 x 2 interaction with
o = .05, a moderate effect size, and a power of 0.8,
yields a sample size of 60 (15 per prenatal stressor per
cross-fostering environment). Estimating a moderate
effect size is reasonable on the basis of previous studies
of developmental effects in voles. Notably, research
using prairie voles has detected early-rearing effects
using sample sizes smaller than ours (e.g., Perkeybile,
Delaney-Busch, Hartman, Grimm, & Bales, 2015).

Prior to carrying out primary analyses, we evaluated
effects of litter, detecting only one significant effect—
for anxietylike behavior (p = .038). Importantly, control-
ling for this main effect left the two-way interaction
central to this investigation unchanged; in fact, the sta-
tistical significance of the two-way interaction actually
increased (from p = .037 to p = .019). All results are
thus reported without consideration of litter.

The first step in the primary analyses evaluated, by
means of an independent-samples ¢ test, whether
prenatal-stress and control-group pups differed on dis-
tress calls. For all other outcomes, we ran a 2 x 2 analy-
sis of variance to test for main and interactive effects
of prenatal stress and rearing condition. A three-way-
interaction between prenatal stress, rearing, and sex
was entered into the model but subsequently dropped
because of a lack of significance. All tests were two-
tailed, with significance levels set at p < .05. Lastly,
because of an inability to obtain adequate samples or
degradation of tissue, some subjects were dropped from
the corticosterone (7 = 18), OTR (# = 6), and V1aR
(n = 5) analyses because of this random error.

Results

Distress vocalizations

The independent-samples ¢ test failed to reveal a sig-
nificant difference between prenatally stressed and
control pups on frequency of ultrasonic vocalizations
during social isolation, #76) = —0.10, n? < .001, 95%
confidence interval (CD = [-124.97, 113.02], p = .92.

100 -
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Fig. 2. Results of anxietylike behavior for prenatal stress by rearing
conditions. There was a significant effect of rearing for voles that
were prenatally stressed; prenatally-stressed voles cross-fostered to
high-contact parents displayed the least anxietylike behavior but
the most when cross-fostered to low-contact parents. There was no
effect of high- or low-contact parents for voles in the control condi-
tion. Error bars represent standard errors of the mean. The asterisk
indicates a significant difference between rearing conditions (p < .05).

Anxietylike bebavior

Although neither the main effect of prenatal stress, F(1,
74) = 0.002, n? < .001, 95% CI = [-10.88, 10.38], p =
966, nor of rearing, F(1, 74) = 1.50, n? = .019, 95%
CI =[-4.11, 17.15], p = .225, was significant, the interac-
tion of these two experimental factors was significant,
F(1, 74) = 4.53, n* = .057, 95% CI = [0.73, 21.99], p =
.037 (see Fig. 2). For prenatally stressed voles, rearing
condition significantly predicted anxietylike behavior,
K(37) = 2.28, p = .028; stressed voles cross-fostered to
high-contact breeders displayed the least anxietylike
behavior of all animals, M = 43.94, SE = 11.68, whereas
stressed voles cross-fostered to low-contact breeders
displayed the most anxietylike behavior, M = 79.70,
SE = 9.74. For voles in the control group, rearing condi-
tion proved unrelated to anxietylike behavior, #(37) =
-0.72, p = 477, although, as already implied, these
voles scored in between the two groups of prenatally
stressed voles.

Corticosterone reactivity

The prenatal-stress condition proved unrelated to cor-
ticosterone, F(1, 56) = 0.86, n? = .013, 95% CI = [-118.73,
323.21], p = .358. Although the main effect of rearing
on corticosterone was significant, F(1, 56) = 5.58, n% =
.083, 95% CI = [39.71, 481.60], p = .022, with voles cross-
fostered to the low-contact condition evincing greater
corticosterone reactivity, this main effect was qualified
by a significant interaction between prenatal stress and
rearing, F(1, 56) = 5.00, n? = .074, 95% CI = [25.73,
467.68], p = .029 (see Fig. 3); and once again, rearing
predicted corticosterone levels, but only for prenatally
stressed voles, #(27) = 3.18, p = .004. Specifically, prenatally
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Fig. 3. Results of corticosterone reactivity for prenatal stress by
rearing conditions. There was a significant effect of rearing for voles
that were prenatally stressed; prenatally stressed voles cross-fostered
to high-contact parents displayed the least corticosterone reactiv-
ity but the most when cross-fostered to low-contact parents. There
was no effect of either high- or low-contact parents for voles in the
control condition. Error bars represent standard errors of the mean.
The asterisks indicate a significant difference between rearing condi-
tions (p < .01).

stressed voles showed the least corticosterone reactivity
of all animals when cross-fostered to high-contact
breeders, M = 1,751.9, SE = 235.65, but the most corti-
costerone reactivity when cross-fostered to low-contact
breeders, M = 2,766.7, SE = 212.41. For voles in the
control group, rearing did not predict corticosterone
reactivity, #29) = 0.09, p = .927, and once again, their
scores fell between those of the two groups of prena-
tally stressed voles.

OTR and V1aR density in the amygdala

Neither prenatal stress, F(1, 68) = 0.46, n? = .007, 95%
CI = [-177.84, 360.16], p = .501; rearing, F(1, 68) = 0.26,
n? =.006, 95% CI = [-199.70, 338.30], p = .609; nor their
interaction, (1, 68) = 0.67, n? = .006, 95% CI = [-379.70,
158.30], p = .414, was associated with OTR density in
the amygdala. As for V1aR, no significant main effects
of rearing, F(1, 69) = 2.31, n? = .030, 95% CI = [-479.92,
64.771, p = .133, or prenatal stress, F(1, 69) = 1.58, n° =
021, 95% CI = [-100.53, 444.16], p = .212, emerged.
However, the interaction between rearing and prenatal
stress was significant, F(1, 69) = 5.65, n? = .073, 95%
CI = [-596.85, —52.16], p = .020 (see Fig. 4), but in a
manner somewhat different from the previously
detected prenatal-stress-by-rearing effects. Prenatally
stressed voles cross-fostered to high-contact breeders
had greater V1aR density in the amygdala, M = 7,210.5,
SE = 306.75, but did not exhibit lower V1aR density if
cross-fostered to low-contact breeders, M = 6,146.3,
SE = 239.32, #(35) = -2.83, p = .008. Once again, no
such rearing effect emerging in the case of voles who
were not stressed prenatally, #(34) = 0.59, p = .559. Thus,
prenatally stressed voles were only more susceptible to

Fig. 4. Results of vasopressin-la receptor (V1aR) density in the
amygdala for prenatal stress by rearing conditions. There was a sig-
nificant effect of rearing for voles that were prenatally stressed; pre-
natally stressed voles cross-fostered to high-contact parents displayed
the greatest V1aR density in the amygdala, but voles cross-fostered
to low-contact parents did not have the lowest values. There was no
effect of high- or low-contact parents for voles in the control condi-
tion. Error bars represent standard errors of the mean. The asterisk
indicates a significant difference between rearing conditions (p <.05).

the positive rearing condition (i.e., high contact), result-
ing in them having the highest V1aR density.

Secondary analyses

In an effort to illuminate possible physiological mecha-
nisms responsible for observed anxietylike behavior,
we performed two secondary analyses. Specifically, we
controlled for the putative mechanism—corticosterone
reactivity or V1aR density in the amygdala (in two sepa-
rate analyses)—when predicting anxious behavior.
Even with corticosterone reactivity taken into account,
the interaction between prenatal stress and rearing
remained significant, F(1, 55) = 4.22, n? = .093, 95%
CI =[2.63, 29.77], p = .020. When, however, V1aR den-
sity in the amygdala was controlled, the interaction
between prenatal stress and rearing in predicting anxi-
etylike behavior was reduced to a nonsignificant trend,
H(1,58) =3.52, 1% = .054, 95% CI = [-0.82, 25.37], p =
.066, thus providing suggestive evidence for a plausible
mediating mechanism responsible for the heightened
postnatal plasticity discerned in the case of prenatally
stressed voles.

Discussion

The current experiment tested the hypothesis that pre-
natal stress promotes—or “programs”—heightened
developmental plasticity (Pluess & Belsky, 2011). This
hypothesis was based on prior human studies indicating
(a) that prenatal stress is linked to greater behavioral
and physiological reactivity during early life and (b)
that both of these phenotypes are associated with
increased responsiveness to both supportive and
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unsupportive rearing experiences (Belsky & Pluess,
2009, 2013). Some evidence emerged consistent with
the hypothesis that prenatally stressed voles would
show the strongest postnatal-rearing effects, scoring the
highest and lowest (depending on rearing condition)
on outcomes, while control voles would show the least.

Distress vocalizations

Given evidence linking prenatal stress with heightened
negative emotionality in humans, we expected prena-
tally stressed voles to manifest the most vocal distress.
However, this was not the case, perhaps because we
measured frequency of ultrasonic vocalizations in pups
only for a brief period of time and under highly stressful
conditions (i.e., social isolation). This approach con-
trasts with measurements used in human studies that
focus on a cross-situational, traitlike negative emotional-
ity (Slagt et al., 2016). Thus, future research should test
a more stable trait of negative emotionality in pups,
possibly by assessing ultrasonic vocalizations or corti-
costerone levels under less stressful conditions.

Bebavioral and pbhysiological reactivity

Despite the distress vocalization findings, many other
results proved consistent with the prenatal-programming
hypothesis. Recall that prenatally stressed voles cross-
fostered to high-contact breeders displayed the lowest
anxietylike behavior and corticosterone reactivity to a
stressor, while prenatally stressed voles cross-fostered
to low-contact breeders displayed the highest. For voles
in the control group, rearing condition proved unre-
lated to anxietylike behavior or corticosterone reactiv-
ity. These findings are consistent with those in the
human literature showing that anxiety (e.g., Slagt et al.,
2016) and physiological functioning (e.g., Dich, Doan,
& Evans, 2015) are both subject to for-better-and-for-
worse effects of environmental quality.

Neuroendocrine functioning

With respect to neuroendocrine functioning, we found
that prenatal stress resulted in a detectable rearing-
group effect on V1aR density, but not OTR density, in
the amygdala, an area critical for detecting and process-
ing emotional salience. Once again, no such rearing
effect appeared for control voles. Although oxytocin and
vasopressin are closely related peptides that often inter-
act, each has distinct effects on the development of com-
plex social behavior (Carter et al., 2008). Specifically,
vasopressin plays a critical role in regulating the HPA
axis. For example, rats treated with V1aR antagonists
show prolonged stress responses (Gray, Innala, & Viau,

2012). Further, a study using rats bred for high and low
anxiety found that vasopressin messenger RNA expres-
sion, but not oxytocin, played a central role in regulat-
ing anxious and depressive behavior (Wigger et al.,
2004). Given our results concerning anxietylike behav-
ior and stress reactivity, it is consistent that V1aR, but
not OTR, was affected by rearing in the case of prena-
tally stressed voles.

Additionally, some evidence suggests that the vaso-
pressin system may be more sensitive than the oxytocin
system to prenatal-stress effects. Consider research indi-
cating (a) that effects of prenatal stress on social mem-
ory in rats were mediated by V1aR mRNA expression
but not OTR (Grundwald, Benitez, & Brunton, 2016)
and (b) that prenatal exposure to vasopressin or caf-
feine, but not oxytocin, altered learning in female rats
(Swenson, Beckwith, Lamberty, Krebs, & Tinius, 1990).
Thus, the vasopressin system may be more affected by
prenatal or perinatal conditions, whereas the oxytocin
system may be more subject to factors in the early
postnatal environment. Future studies should investi-
gate this possibility.

Also worth considering is that prenatal-stress effects
on Vl1aR may be mediated through increases in fetal
androgen exposure. The vasopressin system is sexually
dimorphic and highly steroid responsive. For example,
castration results in a significant decrease of vasopres-
sin expression while testosterone replacement amelio-
rates such effects (DeVries, Buijs, Van Leeuwen, Caffé,
& Swaab, 1985). In humans, prenatal stress is tied to
higher fetal cortisol and, unlike in adults, fetal cortisol
and testosterone are positively correlated (Gitau,
Adams, Fisk, & Glover, 2005). Likewise, multiple studies
document effects of prenatal stress on masculinization
of brain and behavior, especially in females (Anderson,
Rhees, & Fleming, 1985). Although no sex differences
emerged in our work, further research may illuminate
whether fetal testosterone plays a role in programming
postnatal plasticity.

Potential mechanisms

We examined V1aR density and corticosterone reactivity
as potential mechanisms responsible for the prenatal-
stress-induced rearing effects on anxietylike behavior.
Some evidence showed that differences in V1aR, but
not corticosterone reactivity, may help explain how
prenatal stress promoted postnatal plasticity. Yet it
remains unclear whether variation in V1aR density
causes differences in anxietylike behavior or if the
experience of anxiety alters V1aR density. To address
this issue, future work could measure differences in
undisturbed animals’ V1aR density or administer a V1aR
antagonist pretesting to potentially eliminate observed
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effects. Other work by Hartman and Belsky (in press)
provide a more detailed consideration of potential bio-
logical mechanisms instantiating the prenatal program-
ming of postnatal plasticity.

Conclusion

In summary, the research presented here provides novel
evidence that prenatal stress fosters developmental
plasticity. Indeed, our results indicating that prenatal
stress operates as a risk factor in the face of adversity
(i.e., low-contact rearing) and an opportunity factor in
a supportive context (i.e., high-contact rearing) chal-
lenge the long-standing notion that prenatal stress
adversely affects development. And, in so doing, these
results may help account for why prenatal stress is
related to so many “negative” outcomes: Because pre-
natally stressed fetuses are programmed to be highly
responsive to postnatal rearing, they are especially vul-
nerable when stress continues postnatally.

To the extent that this speculative analysis is sound,
it raises the provocative possibility that one way to
foster developmental plasticity is to stress human
fetuses! But this would only prove sensible—and
humane—if the postnatal environment is likely to be
nurturing and supportive. Needless to say, before any
such steps are taken, far more work—with humans and
animals—is called for. Special emphasis should be
placed on illuminating how prenatal stress gets biologi-
cally embedded (e.g., epigenetics) to promote respon-
sivity to the postnatal environment.
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