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Dysregulation of the hypothalamic-pituitary-adrenal (HPA) stress response has been

suggested to play a role in vulnerability to stress-related disorders, such as depression.

Prenatal alcohol exposure (PAE) may result in HPA dysregulation, which in turn may

predispose individuals to the effects of stress exposure throughout life, and increase

their risk of developing depression compared to unexposed individuals. We examined

the immediate and delayed effects of chronic unpredictable stress (CUS) in adulthood on

behavior of PAE animals in the forced swim test (FST) and the neurocircuitry underlying

behavioral, emotional, and stress regulation. Adult male and female offspring from

PAE and control conditions were tested for 2 days in the FST, with testing initiated

either 1 day (CUS-1; immediate) or 14 days (CUS-14; delayed) post-CUS. Following

testing, c-fos mRNA expression of the medial prefrontal cortex (mPFC), amygdala,

hippocampal formation, and the paraventricular nucleus of the hypothalamus was

assessed. Our results indicate that PAE and CUS interact to differentially alter FST

behaviors and neural activation of several brain areas in males and females, and effects

may depend on whether testing is immediate or delayed post-CUS. PAE males showed

decreased time immobile (Day 1 of FST) following immediate testing, while PAE females

showed increased time immobile (Day 2 of FST) following delayed testing compared to

their respective control counterparts. Moreover, in males, PAE decreased c-fos mRNA

expression in the lateral and central nuclei of the amygdala in the non-CUS condition, and

increased c-fos mRNA expression in the CA1 in the CUS-14 condition. By contrast in

females, c-fosmRNA expression in the Cg1 was decreased in PAE animals (independent

of CUS) and decreased in all mPFC subregions in CUS-14 animals (independent of

prenatal treatment). Constrained principal component analysis, used to identify neural

and behavioral networks, revealed that PAE altered the activation of these networks and
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modulated the effects of CUS on these networks in a sex- and time-dependent manner.

This dysregulation of the neurocircuitry underlying behavioral, emotional and stress

regulation, may ultimately contribute to an increased vulnerability to psychopathologies,

such as depression, that are often observed following PAE.

Keywords: prenatal alcohol exposure, chronic unpredictable stress, medial prefrontal cortex, amygdala,

hippocampal formation, paraventricular nucleus of the hypothalamus, c-fos, forced swim test

INTRODUCTION

Data from both clinical and animal studies suggest that prenatal
alcohol exposure (PAE) induces a wide range of adverse neural,
cognitive, behavioral, and endocrine effects (Hellemans et al.,
2010a; Mooney and Varlinskaya, 2011; Riley et al., 2011;
Schneider et al., 2011; Valenzuela et al., 2012; Probyn et al., 2013).
Clinically, individuals prenatally exposed to alcohol also often
experience mental health problems; in particular, depression
and anxiety are disproportionately higher in these individuals
than in unexposed individuals (Streissguth et al., 1991, 2004;
Famy et al., 1998; O’Connor et al., 2002; O’Connor and Paley,
2009; Pei et al., 2011). Dysregulation of the stress response
system, the hypothalamic-pituitary-adrenal (HPA) axis, has been
suggested to play a role in vulnerability to stress-related disorders,
such as depression and anxiety (Nestler et al., 2002; Jacobson,
2014). As well, programming of the HPA axis by adverse
prenatal or early life events may mediate, at least in part, the
relationship between the developmental environment and later
life susceptibility to stress-related disorders (Phillips et al., 1998,
2000; Matthews, 2000; Meaney et al., 2007; Hellemans et al.,
2010a). The fetal HPA axis is highly susceptible to programming
by PAE, resulting in altered HPA activity and regulation. Indeed,
higher basal and stress cortisol levels have been reported in
infants (Ramsay et al., 1996; Jacobson et al., 1999; Haley et al.,
2006), and studies using animals have demonstrated increased
HPA activation and/or a delayed return to basal levels as well
as altered central HPA regulation in PAE compared to control
offspring in response to a wide range of stressors (Taylor et al.,
1982; Nelson et al., 1986; Weinberg, 1988; Lee et al., 1990,
2000; Redei et al., 1993; Lee and Rivier, 1996; Weinberg et al.,
2008). Moreover, individuals prenatally exposed to alcohol are
more likely than unexposed individuals to encounter stressful
life events (Streissguth et al., 1991, 2004; O’Connor and Paley,
2006). Whether these individuals show higher susceptibility to
the consequences of these stressful events is not fully understood.
However, it is possible that PAE-induced HPA dysregulation
may predispose these individuals to an increased vulnerability
to stress-related disorders following subsequent exposure to
stressors over the life course.

Using a rat model of PAE, we have previously found that
PAE differentially affects males and females in tasks that are
suggested to measure depressive-like behaviors—insensitivity
to a change in reward value of sucrose (in males), increased
immobility in the FST (in females) and altered social interaction
(in both males and females)—following chronic unpredictable
stress (CUS) in adulthood (Hellemans et al., 2010a,b). We
have also shown that these effects of CUS are associated with

changes in neural activation and/or mRNA expression of stress
neuropeptides in limbic-forebrain regions that are involved in
HPA regulation (Herman et al., 2005; Myers et al., 2012)—the
medial prefrontal cortex (mPFC), amygdala, hippocampus and
hypothalamus (Raineki et al., 2014; Lan et al., 2015). Specifically,
in the paraventricular nucleus (PVN) of the hypothalamus, CUS
increased corticotropin-releasing hormone (CRH) and arginine
vasopressin mRNA expression in PAE compared to C males
(Lan et al., 2015), and PAE males failed to show CUS-induced
reduction in neural activation in the amygdala and hippocampal
formation (Raineki et al., 2014). CUS also decreased basal CRH
mRNA expression and neural activation in the mPFC of PAE,
but not C, females (Raineki et al., 2014). Additionally, structural
and functional abnormalities of these brain areas in humans have
been associated with several mental health disorders, including
depression (Drevets et al., 2008; Krishnan and Nestler, 2010).
Using a neural network framework to investigate the effects of
PAE on the neural activity of these areas, we have found that
PAE male and female rats activate different neural networks than
control animals in response to the elevated plus maze, a stressor
that has an emotional or anxiety-related component (Raineki
et al., 2014). Moreover, CUS in adulthood differentially affected
neural networks in PAE compared to control males and females,
suggesting sexually-dimorphic effects of PAE and CUS (Raineki
et al., 2014).

In humans, the adverse effects of stress are in some cases
experienced immediately after stress exposure but in other cases
may not be experienced until days, weeks, or months after the
stress exposure has ended. Extensive studies in rats and mice
have shown that chronic exposure to mild stressors results in
the immediate manifestation of several behaviors related to a
depressive phenotype (Willner, 2005) as well as changes in several
neurochemical systems (Hill et al., 2012). However, animal
studies have also reported delayed effects following chronic
exposure to mild stressors or corticosterone, with changes in
behavior found at 2 weeks or more following termination of
stress exposure, along with concomitant alterations in several
neurotrophin-related signaling and heat shock proteins involved
in depression (Matuszewich et al., 2007; Gourley et al., 2008a,b).
Thus, brain and behavioral consequences of repeated or chronic
stress may be temporally dynamic, but in the context of PAE,
less is known about the immediate and persistent/delayed
effects of stress. Investigation of both the immediate and the
persistent/delayed impacts of chronic stress is highly relevant for
a more thorough understanding of the etiology of stress-related
disorders, such as depression, following PAE.

In the context of PAE, the present study aimed to examine
systematically immediate and persistent/delayed effects of
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adult CUS on behavior of male and female rats in the forced
swim test—a test often utilized to measure depressive-like or
passive coping behavior—and the neurocircuitry underlying
stress and emotional regulation. To determine possible
underlying neurobiological changes that may subserve PAE
and/or CUS effects, c-fos mRNA expression, as a measure
of neural activation, was assessed in the mPFC, amygdala,
hypothalamus, and hippocampal formation. Because of
the multiple brain and behavioral measures, in addition to
traditional univariate analyses, further analyses were carried
out using Constrained Principal Component Analysis (CPCA),
a multivariate exploratory and data reduction technique that
allowed us to identify potential neural activation networks
associated with interactive effects of PAE and CUS on behavior.

MATERIALS AND METHODS

Animals and Breeding
All animal use and care procedures were in accordance with the
National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and the Canadian Council on Animal Care,
and were approved by the University of British Columbia Animal
Care Committee. Adult virginmale (275–300 g) and female (265–
300 g) Sprague-Dawley rats were obtained from Charles River
Laboratories (St. Constant, PQ, Canada). The animal facility was
maintained on a 12:12 h light/dark cycle (lights on at 07:00 h),
under controlled temperature (21± 1◦C). Rats were pair-housed
by sex and given ad libitum access to standard laboratory chow
and water while they habituated to the facility for a 7–10 days
period. For breeding, males were singly housed, and a female and
male were paired. Presence of sperm in vaginal lavage samples
taken every morning at 08:00 h indicated day 1 of gestation
(GD 1).

Diets and Feeding
On GD 1, females were singly housed in a new colony room in
polycarbonate cages on ventilated racks with beta chip bedding.
Dams were randomly assigned to one of three treatment groups:
(1) Alcohol-fed (PAE; n = 13), receiving a liquid ethanol diet
with 36% ethanol-derived calories, 6.7% v/v; (2) Pair-fed (PF;
n = 11), receiving a liquid control diet with maltose-dextrin
isocalorically substituted for ethanol, in an amount consumed
by a PAE partner (g/kg body weight/day of gestation); and (3)
Ad libitum-fed control (C; n = 10), receiving a pelleted control
diet. All diet formulations provided optimal nutrition during
pregnancy (Weinberg/Keiver High Protein Ethanol [#710324]
and Control [#710109] liquid diets, and Weinberg/Keiver High
Protein Pelleted Control Diet [#710109] were prepared by Dyets,
Inc., Bethlehem, PA, USA) (Lan et al., 2006).

The diets were presented fresh daily, 1 h prior to lights off to
minimize shifts in the maternal corticosterone circadian rhythm
(Gallo andWeinberg, 1981), and at that time the volume of liquid
diet consumed since the previous night was recorded. All groups
also received ad libitum access to water. Liquid ethanol diets were
introduced gradually over the first 2 days of pregnancy with a 1:2
ratio of liquid ethanol to liquid control diet on GD 1 and a 2:1
ratio on GD 2 to facilitate the transition into a full liquid ethanol

diet beginning on GD 3. On GD 17, blood samples were collected
from the tail vein 3 h after lights off from a subset of PAE, PF, and
C dams (n = 3 each) and blood alcohol levels were determined
using an assay from Pointe Scientific Inc. (Canton, MI, USA).
Experimental diets continued through GD 21. Beginning on GD
22 and throughout lactation, dams received ad libitum access to
19% protein laboratory chow (Teklad Global #2019) and water.
At birth (postnatal day, PND 1), pups were weighed and litters
randomly culled to 12 (6 males, 6 females when possible). If
necessary to maintain litter size, pups born on the same day, from
the same prenatal treatment group, were fostered into a litter.
Dams and offspring were weighed weekly but were otherwise
undisturbed until weaning on PND 22, after which pups were
group housed by litter and sex until they were pair-housed at
∼PND 40. Animals of the same sex and from the same prenatal
treatment, but from different litters born ± 2 days apart were
paired. Weaned pups and adults were fed an 18% protein chow
(Teklad Global #2018) and housed on standard non-ventilated
racks.

A cohort of offspring that received the same prenatal
treatment was left undisturbed, except for weekly cage changing,
until termination.

Chronic Unpredictable Stress (CUS)
Paradigm
Animals from each experimental group were randomly assigned
to either stress (CUS) or no-stress (non-CUS) conditions. CUS
involved 10 days of twice daily unpredictable exposure to mild
stressors at variable time and order, with a minimum of 2 h
between stressors; by the end of the 10-day period, all CUS rats
experienced each stressor the same number of times. This is a
modified CUS protocol, shorter in duration than that described
in the literature (Willner et al., 1987; Hill et al., 2012) and
designed to produce primarily psychological stress. This is based
on findings that robust and reliable effects of CUS have been
suggested to present as early as 10 days following the onset of
stress exposure (Hill et al., 2012), and that the HPA axis of
PAE animals tend to be hyperresponsive to stressors (Hellemans
et al., 2010a); therefore, a shorter 10-day model was employed
to avoid potential ceiling effects in PAE subjects. Stressors used
included: Platform: Animals individually placed on 20 × 20 cm
transparent Plexiglas platforms elevated at a height of 90 cm.
Restraint: Animals individually restrained in PVC tubes (15 ×

6 cm for females and 19 × 7 cm for males) with ventilation holes
for 30min. Soiled Cage: Pairs of cage mates put in a cage with
soiled bedding from other animals for 1 h.Wet Cage: Pairs of cage
mates put in an empty cage containing 1 cm of room-temperature
water at the bottom for 1 h, without access to food or water. Social
isolation: 12 h of isolation beginning at lights off without food
and water, followed by 1 h of water deprivation in the home cage
in the morning; Wet bedding: Just before lights off, 400ml water
at room temperature was poured onto the bedding of the home
cage. Animals were left for 13 h beginning at lights off on damp
bedding and given a clean cage at the end. Body weights were
measured both on Day 1 and on the day following termination
of CUS.
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Behavioral Testing
Behavioral testing began 1 day or 14 days after the end of CUS
(CUS-1 and CUS-14, respectively). Habituation to the testing
room occurred 24 h prior to each behavioral test. All animals were
assessed on consecutive days, with a one-day break between tests,
in the open field, elevated plus maze, light-dark emergence, and
forced swim (FST) tests. This paper will focus on the behavior
from the FST.

The FST apparatus was a transparent Plexiglas cylinder (20 cm
diameter, 60.5 cm height). The cylinders were filled with 25
± 1◦C water to a 44.5 cm depth to prevent animals’ tails
from touching the bottom of the tank (Detke et al., 1995).
On Day 1, animals were placed in the cylinders for 15min
to experience the fact that escape was impossible, and on
Day 2, they were tested for 5min. Activity on both days
were recorded by a video camera placed directly facing the
cylinder for later scoring. Animals were towel-dried after each
exposure and returned to preheated home cages. Duration of
immobility, swimming, and climbing were measured, following
the criteria of Armario et al. (1988); i.e., immobility is when the
rat performs the minimum movement necessary to stay afloat,
swimming is when the rat moves horizontally around in the
cylinder, and climbing is when the forepaws actively break the
surface of the water as the rat attempts to climb against the
walls.

Testing occurred under dim lighting with white noise (30 dB)
in the background to dampen random noise during the light
phase of the circadian cycle. Behaviors in the FST were recorded
and scored using Observer 5.0 software (Noldus, Wageningen,
The Netherlands). All behaviors were analyzed by an observer
blind to the prenatal treatment and CUS conditions. For the FST,
n= 7–8/prenatal treatment/CUS condition/sex.

Tissue Collection
Whole brains of the cohort of animals that was left undisturbed
since being paired as cage mates were collected following
decapitation under basal conditions. That is, the brains were
collected in less than 3min from touching their cages. For all
other animals, whole brains were collected following decapitation
30min after the onset of testing on Day 2, based on time-course
studies demonstrating that c-fos mRNA expression generally
peak at 30min (Cullinan et al., 1995; Tang et al., 1997). Others
have also successfully measured c-fos mRNA at the 30-min
time point (da Costa et al., 1996; Torres et al., 1998; Ons
et al., 2004; Kearns and Spencer, 2013). Whole brains were
snap frozen on powdered dry ice and stored at −80◦C. The
brains of the 6 animals with the highest time immobile per
prenatal treatment/CUS condition/sex were processed for in situ
hybridization.

In Situ Hybridization
Twenty micrometer coronal sections were collected on a cryostat
at−16oC,mounted on slides (Superfrost slides, Fisher Scientific),
and stored at −80◦C. For all brain areas, n = 4–6/prenatal
treatment/CUS condition/sex. Samples from all animals for each
brain region were processed simultaneously.

Probe and Labeling
A ribonucleotide probe was used to detect c-fos mRNA in the
medial prefrontal cortex [mPFC; anterior cingulate (Cg1), and
prelimbic (PrL) and infralimbic (IL) cortices], amygdala (central,
medial, lateral, and basal nuclei), paraventricular nucleus of the
hypothalamus [medial parvocellular dorsal division (mpdPVN)],
and the hippocampal formation [dentate gyrus (DG), CA3, CA1,
and ventral subiculum]. The rat c-fos ribonucleotide probe was
prepared using a 2,116 bp template provided by Dr. Victor
Viau (Department of Cellular and Physiological Sciences, The
University of British Columbia, Canada). The ribonucleotide
probe was labeled with 35S-UTP (Amersham Biosciences, NJ,
USA) using Polymerase T7 and Promega Riboprobe System
(Promega Corporation, Madison, WI, USA). Micro Bio-Spin 30
Columns (Bio-Rad, CA, USA) was used to purify all probes.
Oxidation was prevented by the addition of 1M of DTT.

Hybridization
Thawed slides (20min) were fixed in formalin (30min),
and then pre-hybridized as previously described (Raineki
et al., 2014). Briefly, slides underwent a series of washes,
dehydrated through a series of increasing concentration of
ethanol, delipidated in chloroform, and finally air-dried.
After hybridization buffer mixed with the probe (activity
of 1 × 106 cpm/slide) was applied, slides were covered
with HybriSlips (Sigma-Aldrich, ON, Canada). Following
incubation overnight at 55◦C in humidified chambers (75%
formamide). HybriSlips were removed and slides were
rinsed through a series of washes, dehydrated through a
series of increasing concentration of ethanol, and air dried
overnight.

Kodak BioMax MR autoradiography film was exposed to
hybridized slides of the medial prefrontal cortex (mPFC) and
hippocampal formation. Exposure times were as follows: 6 days
for the mPFC, and 28 days for the hippocampal formation.
The exposed autoradiographic films were developed using Kodak
GBX developer and fixer.

Hybridized slides for the mpdPVN and the amygdala
were dipped in Kodak NTB2 autoradiography emulsion
(diluted 50:50 with distilled water) and exposed in
desiccated, sealed, and light-tight boxes (4◦C) for 86
days in the PVN, and 134 days in the amygdala. Slides
were developed using Kodak D19 developer and standard
Kodak fixer, counterstained with 0.1% Walpole Toluidine
Blue, and coverslipped with Permount (Fisher Scientific
Ltd.).

Densitometric Analysis
The autoradiographic films for mPFC and hippocampal
formation were scanned and analyzed using Scion Image
4.0.3.2 (National Institutes of Health, USA) according to
the Paxinos and Watson Stereotaxic Rat Brain Atlas, Fifth
edition (Paxinos and Watson, 2004). Two sections from the
left hemisphere and two from the right hemisphere for each
brain subregion were traced free-hand, the standard method in
our laboratory, resulting in a total of four measurements that
were acquired from each subregion of each animal. Background
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was measured on the same side from the forceps minor for the
mPFC and corpus callosum for the hippocampal formation.
Corrected mean gray values were obtained by subtracting the
background level from each of the four measurements and
the four measurements from each animal were then averaged
together for analysis.

In situ signals on the emulsion-dipped slides for PVN and
amygdala were visualized with a Q-imaging monochrome 12-
bit camera attached to a Zeiss Axioskop 2 motorized plus
microscope. Images were captured under dark field illumination
using Northern Eclipse v6.0 (Empix Imaging, Inc., Mississauga,
ON, Canada) and analyzed with ImageJ 10.3 software (National
Institutes of Health, USA) according to the Paxinos and Watson
Stereotaxic Rat Brain Atlas, Fifth edition (Paxinos and Watson,
2004). Two sections from the left hemisphere and two from
the right hemisphere for each brain subregion were traced–
with a fixed circle (diameter: 0.2mm; scale 496 pixels/mm) for
the mpdPVN or free-hand for the amygdala–for a total of four
measurements that were acquired from each subregion of each
animal. Background was measured, on the same side, from the
adjacent internal capsule for the PVN and optic tract for the
amygdala. Corrected mean integrated density was obtained by
subtracting the background from each of the four measurements
and these were then averaged together for analysis.

Statistical Analyses
Univariate analyses of variance (ANOVAs) were performed
using IBM Statistical Package for the Social Sciences (SPSS)
Statistics 20 software (IBM, Armonk, NY, USA) for the factors
of prenatal treatment, CUS condition, and sex. Because main
or interactive effects of sex were revealed for the behavioral
measures, all ANOVAs were then run separately for males
and females. Significant main effects (e.g., effects of prenatal
treatment independent of CUS, and effects of CUS independent
of prenatal treatment) and interactions (prenatal treatment ×
CUS exposure) were then examined using post-hoc pairwise
comparisons with Šídák correction. Differences were considered
significant at p ≤ 0.05.

Developmental data were analyzed using repeated-measures
ANOVA (RM-ANOVA), with prenatal treatments (C, PF, PAE)
as the between-subjects factor, and day of gestation or lactation
for the dams and postnatal day for the offspring as the within-
subjects factor. A separate one-way ANOVA was used to analyze
pup body weights on PND 1. For all developmental data,
degrees of freedom were adjusted using the Greenhouse-Geisser
estimates of sphericity.

Change scores of body weight (i.e., post-CUS minus pre-CUS
body weight of the same animal) were analyzed by ANOVAs
for the factors of prenatal treatments and CUS exposure (Non-
CUS, CUS).

Behavioral and c-fos mRNA data were analyzed using
ANOVAs for the factors of prenatal treatment and CUS exposure
(Non-CUS, CUS-1, CUS-14). Further analyses utilized planned
comparisons to test the a priori hypotheses that: (1) PAE will
alter depressive-like behavior and neural activation in response
to behavioral testing; (2a) CUS will differentially alter depressive-
like behavior and neural activity in PAE compared to C animals;

and (2b) the differential effects of CUS on brain and behavior in
PAE compared to C animals may depend on whether testing is
immediate or delayed following termination of CUS exposure.

Further analyses using Constrained Principal Component
Analysis (CPCA) were carried out to identify networks of
brain regions associated with behavioral changes induced by the
experimental conditions. CPCA is an exploratory multivariate
technique that combines multivariate least-squares multiple
regression and principal component analysis (PCA) to allow us
to identify potential neural activation networks associated with
interactive effects of PAE and CUS on depressive-like behavior.
CPCA was performed in two steps, an external analysis and an
internal analysis, and as for the univariate analyses, were run
separately for males and females.

In the first step, the external analysis uses multivariate
multiple regression to separate the overall variance of the data
(standardized using z-scores) with multiple dependent variables
(i.e., FST behavior on Day 2 and c-fos mRNA in multiple
brain areas) into what can be predicted by the experimental
manipulations (i.e., prenatal treatment and CUS exposure) from
what cannot. New independent variables were created using
dummy coding. That is, for each rat, “1” was assigned for
group membership and “0” for not (Hunter and Takane, 2002).
Specifically, three dummy variables were used for prenatal
treatment (C, PF, PAE) and three for stress condition (Non-CUS,
CUS-1, and CUS-14); 9 dummy variables—3 × 3 (3 dummy
variables for prenatal treatment × 3 for stress condition)—were
used to examine simple effects of treatment × CUS interaction.
This external analysis produced four matrices of predicted scores
that reflect the variance in brain and behavioral structures
attributable to main effects of prenatal treatment, CUS condition,
the overlap between prenatal treatment and CUS condition, and
the interaction effect of prenatal treatment × CUS. To test the
hypothesis that CUS will differentially alter behavior and neural
activity in response to behavioral testing in PAE compared to C
animals, only the matrix of the predicted scores of the variance
attributable to prenatal treatment × CUS interaction effects was
used for analysis in the second step of CPCA. This is the internal
analysis, which is a PCA, an exploratory data reduction technique
that transforms the predicted scores of our dependent variables
(i.e., FST behaviors on Day 2 and c-fos mRNA) into linear
components that explain the maximum amount of total variance.
Varimax with Kaiser normalization was used to rotate all PCA
solutions–the component loadings. To determine the number
of components to include, scree plots were inspected (Cattell,
1966; Cattell and Vogelmann, 1977). The component scores for
each component were then correlated with the experimental
condition to compute predictor loadings—which are correlation
coefficients—and these were tested for reliable differences from
0 with a t-test. Previously published manuscripts provide a
more detailed discussion of CPCA (Takane and Shibayama,
1991; Takane and Hunter, 2001; Hunter and Takane, 2002;
Woodward et al., 2006, 2013; Metzak et al., 2011; Lavigne et al.,
2013, 2015; Takane, 2013; Raineki et al., 2014; Liu et al., 2015;
Bodnar et al., 2017; Sanford and Woodward, 2017). CPCA
was carried out using MATLAB R2016a (Mathworks, Natick,
MA, USA).
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RESULTS

Developmental Data
Blood alcohol levels were 134.1 ± 23.5 mg/dl in PAE dams
and undetectable in PF and C dams. On GD 1, there were
no differences in body weight among C, PF, and PAE dams,
and all dams gained weight during pregnancy {Table 1; main
effect of day [F(1.5, 45.8) = 1,317.968, p < 0.001]}. However,
over the course of gestation (GD 7, 14, and 21), C weighed
more than both PF and PAE dams {treatment × day interaction
[F(3.1, 45.8) = 16.277, p < 0.001]}. In addition, C weighed more
than both PAE and PF dams on lactation day (LD) 1 {treatment
× day interaction [F(4.3, 67.4) = 14.945, p < 0.001]}; however, by
LD 8, body weights were no longer different among treatments.

There were no effects of prenatal treatment on litter size, total
litter mass, perinatal deaths, or birth weights (Table 1).

As expected, both male and female pups gained weight
from PND 1 to 22 {Table 1; main effect of day [males:

TABLE 1 | Dam and offspring body weights (g, mean ± SEM).

Body weight of dams Treatment during pregnancy

Control Pair-fed Alcohol-exposed

Pregnant dams (N) 10 11 13

Maternal death/illness (N) 0 0 0

Perinatal death 0.4 ± 0.2 0.36 ± 0.2 0.38 ± 0.2

Litter size 15.8 ± 0.8 14.7 ± 0.8 15.2 ± 0.7

Total litter mass 104.8 ± 4.4 101.3 ± 4.1 97.9 ± 3.8

DAM WEIGHT (g)

GD 1 287.1 ± 3.5 289.3 ± 3.5 289.5 ± 3.1

GD 7 331.5 ± 4.2 307.5 ± 4.2a 305.8 ± 3.7a

GD 14 387.8 ± 6.4 354.5 ± 6.4a 347.5 ± 5.6a

GD 21 497.0 ± 9.2 445.0 ± 9.2a 434.8 ± 8.1a

LD 1 393.6 ± 7.5 367.0 ± 7.2a 349.0 ± 6.6a

LD 8 381.4 ± 7.4 369.1 ± 7.1 374.3 ± 6.5

LD 15 378.8 ± 7.4 368.5 ± 7.0 381.4 ± 6.5

LD 22 347.4 ± 6.0 336.3 ± 5.7 350.8 ± 5.3

Body weight of offspring Prenatal treatment

Control Pair-fed PAE

MALES

PND 1 6.9 ± 0.2 7.1 ± 0.2 6.6 ± 0.2

PND 8 17.7 ± 0.6 18.7 ± 0.6 18.0 ± 0.5

PND 15 33.9 ± 2.0 35.3 ± 1.9 33.9 ± 1.8

PND 22 56.1 ± 1.5 57.5 ± 1.4 59.3 ± 1.3

Pre-CUS 548.3 ± 11.2 553.8 ± 11.2 561.4 ± 11.2

FEMALES

PND 1 6.7 ± 0.1 6.8 ± 0.1 6.4 ± 0.1

PND 8 17.1 ± 0.5 17.7 ± 0.5 17.4 ± 0.5

PND 15 33.0 ± 1.3 34.2 ± 1.2 35.2 ± 1.1

PND 22 54.9 ± 1.5 55.7 ± 1.4 56.7 ± 1.3

Pre-CUS 314.2 ± 6.5 311.1 ± 6.5 337.5 ± 6.5b

aPAE = PF < C. bPAE > C = PF.

F(1.8, 54.4) = 1,358.064, p < 0.001; females: F(1.3,40.1) = 2,988.417,
p< 0.001]}, and there were no differences in body weights among
treatments during the preweaning period.

Body Weight Pre- and Post-CUS
On Day 1 of CUS, body weights of adult male offspring
did not differ by prenatal treatment. By contrast, adult
PAE females weighed more than C and PF females
{Table 1; main effect of prenatal treatment [F(2, 69) = 4.995,
p= 0.009]}.

While all males gained weight over the 10-day period of
CUS, CUS males gained less weight than non-CUS males
{Figure 1A; main effect of CUS exposure [F(1, 66) = 135.729,
p < 0.001]}. By contrast, non-CUS females gained
weight over the 10 days, while CUS females lost weight
{Figure 1B; main effect of CUS exposure [F(1, 66) = 23.368,
p < 0.001]}.

FST
Immobility on Day 1
In males, CUS decreased total time spent immobile in the FST
regardless of whether testing was immediate (CUS-1) or delayed
(CUS-14) {Figure 2A; main effect of CUS [F(2, 63) = 5.781,
p = 0.005]}. Consequently, total time spent swimming in the
FST was increased in males under both CUS-1 and CUS-
14 conditions compared to males in the non-CUS condition
{Figure 2B; main effect of CUS [F(2, 63) = 7.345, p = 0.001]}.
Additionally, a priori analyses, based on our hypotheses, showed
that CUS-1 PAE males spent less time immobile {Figure 2A;
CUS-1 PAE < CUS-1C (p = 0.028)} and more time swimming
than CUS-1C males [Figure 2B; CUS-1 PAE > CUS-1C
(p = 0.014)]. There were no effects of prenatal treatment
or CUS on climbing (Figure 2C) in males. In females, there
were no effects of prenatal treatment or CUS on any behavior
(Figures 2D–F).

Behavior on Day 2
In males, CUS exposure overall decreased total time spent
immobile in the FST {Figure 3A; main effect of CUS
[F(2, 63) = 13.412, p < 0.001]}. Consequently, total duration
of swimming and climbing were increased following CUS
{Figures 3B,C; main effects of CUS exposure [swimming:
F(2, 63) = 9.356, p < 0.001; climbing: F(2, 63) = 3.369, p= 0.041]}.

In comparison to males, all females in the CUS-1
condition showed an increase in total time spent immobile
compared to non-CUS females {Figure 3D; main effect of CUS
[F(2, 61) = 4.451, p = 0.016]}, and consequently, these females
spent less total time swimming {Figure 3E; main effect of CUS
[F(2, 61) = 4.051, p = 0.022]}. By contrast, in the CUS-14
condition, only PAE females spent more total time immobile
than C females {Figure 3D; a priori analysis: CUS-14 PAE >

CUS-14C (p = 0.049)}. CUS-14 PAE females also spent less
total time climbing than their C and PF female counterparts,
and CUS-14 PF females spent less total time climbing than their
CUS-1 counterpart {treatment × CUS interaction [Figure 3F;
F(4, 61) = 3.450, p= 0.013]}.
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FIGURE 1 | Change in body weight following CUS exposure. Bars represent change scores (difference between pre- and post-CUS body weight; mean ± SEM)

following the 10-day period of CUS in control (C), pair-fed (PF), and prenatal alcohol-exposed (PAE) males (A) and females (B). # indicates a significant main effect of

CUS exposure, where animals exposed to CUS are different from non-CUS animals (non-CUS: n = 8/prenatal treatment/sex; CUS: n = 16/prenatal treatment/sex).

FIGURE 2 | Immediate (CUS-1) and delayed (CUS-14) effects of CUS and prenatal alcohol exposure (PAE) on behaviors in the FST on Day 1. Bars represent the total

time (mean ± SEM) control (C), pair-fed (PF), and PAE males and females spent immobile (A,D), swimming (B,E), and climbing (C,F) in the FST on Day 1. # Indicates

a significant main effect of CUS: CUS-1 and CUS-14 are different from Non-CUS for (A,B); a indicates that CUS-1 PAE is significantly different from CUS-1C based on

a priori comparisons (n = 7–8/prenatal treatment/CUS condition/sex).

c-fos mRNA Expression
c-fos mRNA expression from brains of the cohort of animals
collected under basal conditions was undetectable or very low
such that measurements could not be reliably performed.

Medial Prefrontal Cortex
There were no effects of prenatal treatment or CUS exposure on
c-fosmRNA expression in themPFC inmales (Figures 4A–C). By
contrast, in the Cg1, PAE females overall had lower c-fos mRNA
expression than their C counterparts {Figure 4D; main effect of
prenatal treatment [F(2, 46) = 3.335, p = 0.044]}. As well, CUS-
14 females overall had lower c-fos mRNA expression than both
CUS-1 and Non-CUS females {Figure 4D; main effect of CUS

[F(2, 46) = 4.470, p = 0.017]}. In the PrL, c-fosmRNA expression
was lower in CUS-14 females compared to females in the CUS-
1 and non-CUS conditions {Figure 4E; main effect of CUS
[F(2, 46) = 4.893, p = 0.012]}. In the IL, c-fos mRNA expression
was lower in CUS-14 than non-CUS females {Figure 4F; main
effect of CUS [F(2, 46) = 4.009, p = 0.025]}. A representative
image of an autoradiographic film of the mPFC is shown in
Figure 4G.

Amygdala
In males, ANOVA revealed no effects of prenatal treatment or
CUS exposure for any of the amygdala nuclei (Figures 5A–D).
However, a priori analyses indicated that c-fosmRNA expression
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FIGURE 3 | Immediate (CUS-1) and delayed (CUS-14) effects of CUS and prenatal alcohol exposure (PAE) on behaviors in the FST on Day 2. Bars represent the total

time (mean ± SEM) control (C), pair-fed (PF), and PAE males and females spent immobile (A,D), swimming (B,E), and climbing (C,F) in the FST on Day 2. # indicates

a significant main effect of CUS: CUS-1 and CUS-14 are different from Non-CUS for (A–C), and CUS-1 is different from Non-CUS for (D,E); significant treatment ×

CUS interaction; ∧ indicates that CUS-14 PF is different from CUS-1 PF; and x indicates that CUS-14 PAE is different from both CUS-14C and CUS-14 PF; a indicates

that CUS-14 PAE is significantly different from CUS-14C based on a priori comparisons; (n = 7–8/prenatal treatment/CUS condition/sex).

was lower in Non-CUS PAE males than their C counterparts in
both the lateral and central nuclei of the amygdala [Figures 5A,C;
Non-CUS PAE < Non-CUS C (lateral: p = 0.035 and central:
p= 0.039)].

In females, there were no effects of prenatal treatment or
CUS exposure on c-fosmRNA expression in any of the amygdala
nuclei (Figures 5E–H). Representative images of dark field
photomicrographs of the amygdala are shown in Figures 5I–L.

Hippocampal Formation
ANOVA revealed no effects of prenatal treatment or CUS
exposure on the CA3, DG, or ventral subiculum in either
males or females (Figures 6A,B,D–F,H). However, a priori
analyses showed that CUS-14 PAE males had higher c-fosmRNA
expression than their C counterparts in CA1 [Figure 6C; CUS-
14 PAE > CUS-14C (p = 0.023)]; inspection of Figure 6C

suggests that this was likely due to a directional (non-significant)
decrease in CA1 activity in C, but not PAE, males in the CUS-
14 compared to the non-CUS condition. There were no effects
of prenatal treatment or CUS on CA1 in females (Figure 6G).
A representative image of an autoradiographic film of the
hippocampal formation is shown in Figure 6I.

Hypothalamus
Neither prenatal treatment nor CUS exposure altered c-fos
mRNA expression in the mpdPVN in males and females
(Figure 7).

Constrained Principal Component Analysis
(CPCA)
Note: The interpretation of the correlations between component
scores and experimental group variables (prenatal treatment

× CUS condition interaction) depends on the direction of
component loadings (i.e., whether it is positive or negative).
For example, when c-fos mRNA expression of a specific
brain subregion positively loads on a component, a higher
component score is associated with a higher c-fos mRNA
expression. A subsequent positive correlation between the
component score and the experimental group variable thus
indicates that this experimental group is associated with higher
c-fos mRNA expression from this subregion (i.e., increased
activation), whereas a subsequent negative correlation indicates
decreased activation. By contrast, when a brain subregion
negatively loads on a component, a higher component score
is associated with lower c-fos mRNA expression. A subsequent
positive correlation then indicates decreased activation, whereas
a negative correlation indicates increased activation.

Males
The effects of prenatal treatment and CUS exposure combined
accounted for 19.11% of the overall variance in brain and
behavioral structures. Of that, 5.47% was due to the main effect
of prenatal treatment independent of CUS, 13.58% was due
to the main effect of CUS independent of prenatal treatment,
and the remaining 0.06% was due to the overlap between
prenatal treatment and CUS. The interaction between prenatal
treatment and CUS accounted for an additional 5.37% of the
overall variance in brain and behavioral structures. This variance
constrained to the interaction between prenatal treatment and
CUS was then further analyzed with a PCA, which revealed a
four-component solution. The third and fourth components were
not further analyzed because their component loadings were
below 0.23, which was established as the cut-off point prior to
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FIGURE 4 | c-fos mRNA expression in the medial prefrontal cortex (mPFC) following Day 2 of the FST in response to behavioral testing initiated 1- or 14-day

post-CUS (CUS-1 and CUS-14, respectively) in adult male and female control (C), pair-fed (PF), and prenatal alcohol-exposed (PAE) rats. Bars represent mean gray

value (mean ± SEM) of c-fos mRNA expression in the Cg1 (A,D), PrL (B,E), and IL (C,F). Free-hand delineations of the subregions are demonstrated in a

representative image of an autoradiographic film of the mPFC (G). *Indicates a significant main effect of prenatal treatment, where PAE is different from C—see inset

graph in (D); # indicates a significant main effect of CUS: CUS-14 is different from Non-CUS and CUS-1 for (D,E); CUS-14 is different from non-CUS for (F);

(n = 5–7/prenatal treatment/CUS condition/sex).

analysis. The first component explained 44.71% of the predictable
variance; it was defined as Medial prefrontal cortex because the
three subregions of the mPFC (i.e., PrL, IL, and Cg1) showed
the highest loadings, all in a negative direction. The second
component explained 32.78% of the predictable variance, and
was defined as Hippocampal formation, with the highest positive
loadings from all subregions of the hippocampal formation:
DG, CA3, CA1 and ventral subiculum. Behavioral measures did
not load with brain subregions in either of these components
(Table 2).

For the Medial prefrontal cortex network (Figure 8A),
correlations between component scores and experimental groups
showed opposite patterns for C and PAE animals. For C, there
was a negative correlation (increased activation) for the Non-
CUS (r = −0.41, p = 0.005), a positive correlation (decreased
activation) for the CUS-1 (r = 0.86, p < 0.001), and a negative
correlation (increased activation) for the CUS-14 condition
(r =−0.36, p= 0.015). By contrast, for PAE, there was a positive
correlation (decreased activation) for the Non-CUS (r = 0.40,
p = 0.006), a negative correlation (increased activation) for

the CUS-1 (r = −0.81, p < 0.001), and a positive correlation
(decreased activation) for the CUS-14 condition (r = 0.35,
p = 0.020). These opposing patterns suggest that PAE by itself
results in differential activation of the Medial prefrontal cortex
compared to C, and that CUS overall differentially affects PAE
and C males. There were no correlations for PF males, regardless
of CUS condition.

For the Hippocampal formation network (Figure 8B),
correlations between component scores and experimental
groups showed opposing patterns for C and PF males. For
C, there was a positive correlation (increased activation) for
both the Non-CUS (r = 0.61, p < 0.001) and CUS-1 (r = 0.31,
p = 0.039) conditions, but a negative correlation (decreased
activation) for the CUS-14 condition (r = −0.84, p < 0.001).
By contrast, for PF, there was a negative correlation (decreased
activation) for both the Non-CUS (r = −0.36, p = 0.016)
and CUS-1 (r = −0.52, p < 0.001) conditions, but a positive
correlation (increased activation) for the CUS-14 condition (r
= 0.83, p < 0.001). These opposing patterns suggest that PF
by itself results in differential recruitment of the Hippocampal
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FIGURE 5 | c-fos mRNA expression in the amygdala following Day 2 of the FST in response to behavioral testing initiated 1- or 14-day post-CUS (CUS-1 and

CUS-14, respectively) in adult male and female control (C), pair-fed (PF), and prenatal alcohol-exposed (PAE) rats. Bars represent mean integrated density (mean ±

SEM) of c-fos mRNA expression in the lateral (A,E), basal (B,F), central (C,G), and medial (D,H) nuclei of the amygdala. Free-hand delineations of the lateral (I), basal

(J), central (K), medial (L) nuclei are demonstrated in representative images of dark-field photomicrographs of a nuclear emulsion-dipped section of the amygdala.
a Indicates that non-CUS PAE is different from non-CUS C based on a priori comparisons (n = 5–6/prenatal treatment/CUS condition/sex).

formation network compared to C males, and CUS differentially
affects PF and C males. There were no correlations for PAE
males, regardless of CUS condition.

Females
The effects of prenatal treatment and CUS exposure combined
accounted for 9.80% of the overall variance in brain and
behavioral structures. Of that, 2.55% was due to the main effect
of prenatal treatment independent of CUS, 7.18% was due to
the main effect of CUS independent of prenatal treatment,
and the remaining 0.06% was due to the overlap between
prenatal treatment and CUS. The interaction between prenatal
treatment and CUS accounted for an additional 10.72% of the
overall variance in brain and behavioral structures. This variance
constrained to the interaction between prenatal treatment and
CUS was then further analyzed with a PCA, which revealed a
four-component solution. The fourth component was not further
analyzed because its component loadings were below 0.23. The
first component explained 50.26% of the predictable variance;
it was defined as FST behavior + Cg1 because total duration of
immobility, swimming, and climbing from Day 2 in the FST,
and Cg1 activity together showed the highest loadings. Duration
of immobility loaded negatively, while the other three variables
loaded positively in this component. The second component

explained 20.94% of the predictable variance, and was defined
as the Hippocampal formation, with CA1, CA3, and ventral
subiculum showing the highest positive loadings. The third
component explained 20.12% of the predictable variance, andwas
defined as PVN as the mpdPVN alone loaded negatively on this
component (Table 3).

For the FST behavior + Cg1 component (Figure 8C),
correlations between component scores and experimental groups
showed opposing patterns for PF and PAE females. For PAE,
there was a positive correlation (decreased immobility but
increased swimming, climbing, and Cg1 activation) for both
the Non-CUS (r = 0.54, p < 0.001) and CUS-1 (r = 0.37,
p = 0.013), and a negative correlation (increased immobility;
decreased swimming, climbing, and Cg1 activation) for the
CUS-14 condition (r = −0.87, p < 0.001), whereas for PF,
there was a negative correlation (increased immobility; decreased
swimming, climbing, and Cg1 activation) for the Non-CUS
(r= 0.54, p< 0.001), no correlation for the CUS-1, and a positive
correlation (decreased immobility but increased swimming,
climbing, and Cg1 activation) for the CUS-14 condition (r= 0.79,
p < 0.001). These opposing patterns suggest that PAE and PF
by themselves result in differential behavior and Cg1 activation
compared to C, and both their behavior and Cg1 activity are
differentially affected by CUS.
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FIGURE 6 | c-fos mRNA expression in the hippocampal formation following Day 2 of the FST in response to behavioral testing initiated 1- or 14-day post-CUS

(CUS-1 and CUS-14, respectively) in adult male and female control (C), pair-fed (PF), and prenatal alcohol exposed (PAE) rats. Bars represent mean gray value (mean

± SEM) of c-fos mRNA expression in the DG (A,E), CA3 (B,F), CA1 (C,G), and ventral subiculum (D,H). Free-hand delineations of the subregions are demonstrated in

a representative image of an autoradiographic film of the hippocampal formation (I). a Indicates that CUS-14 PAE is different from CUS-14C rats based on a priori

comparisons (n = 5–6/prenatal treatment/CUS condition/sex except n = 4 for CUS-1 PAE in (A); Non-CUS C, CUS-1 PAE in (B,C); Non-CUS C, CUS-1C, and

CUS-1 PAE in (D); and Non-CUS PF in (E–H).

For the Hippocampal formation network (Figure 8D), unlike
males, correlations between component scores and experimental
groups overall showed opposing patterns for C and PAE females.
For C, there was a positive correlation (increased activation)
for the Non-CUS (r = 0.35, p = 0.017), a negative correlation
(decreased activation) for the CUS-1 (r = −0.69, p < 0.001),
and a positive correlation (increased activation) for the CUS-
14 condition (r = 0.34, p = 0.023). By contrast, for PAE,
there was a negative correlation (decreased activation) for
the Non-CUS (r = −0.68, p < 0.001), a positive correlation
(increased activation) for the CUS-1 (r = 0.91, p < 0.001),
and no correlation for the CUS-14 condition. As well, for PF
females, there was a positive correlation (increased activation)
for the Non-CUS (r = 0.39, p = 0.008), but no correlations
for the CUS-1 or CUS-14 conditions in this component. These
opposing patterns suggest that PAE by itself results in differential
recruitment of the Hippocampal formation network compared
to C, and CUS overall differentially affects PAE, PF, and C
females.

For the PVN component (Figure 8E), correlations between
component scores and experimental groups showed opposing
patterns for C and PF females. For C, there was a positive
correlation (decreased activation) for the Non-CUS (r = 0.53,
p < 0.001), a negative correlation (increased activation) for the
CUS-1 (r = −0.67, p < 0.001), and no correlation for the
CUS-14C condition. By contrast, for PF, there was a negative
correlation (increased activation) for the Non-CUS (r = −0.59,

p < 0.001) and CUS-14 (r = −0.32, p = 0.031) conditions,
but a positive correlation (decreased activation) for the CUS-1
condition (r = 0.90, p < 0.001). These patterns suggest that PF
by itself causes differential recruitment of thempdPVN compared
to C and that CUS overall differentially affects PF and C females.
There were no correlations for PAE females, regardless of CUS
condition.

DISCUSSION

Individuals prenatally exposed to alcohol are at a
disproportionately higher risk than unexposed individuals
of developing mental health problems, with a high incidence of
depression reported. Brain areas implicated in the etiology of
depression—including, but not limited to, the mPFC, amygdala,
hypothalamus, and hippocampal formation—play a multiple
role in behavioral, emotional, and stress regulation. The fine
coordination of these interconnected brain regions supports
appropriate regulation, and dysfunction of any one of these
areas could result in maladaptive responses to stressors and/or
the emergence of psychopathologies. Our results indicate that
PAE and CUS interact to alter behavior in the FST, as well as
neural activation of several brain areas, with differential effects
in males and females. Our CPCA results suggest that PAE alters
the activation of neural and behavioral networks, and CUS
differentially affects the networks of PAE, PF and C animals
in a sex- and time-dependent manner. Overall, PAE-induced
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FIGURE 7 | c-fos mRNA expression in the mpdPVN following Day 2 of the FST in response to behavioral testing initiated 1- or 14-day post-CUS (CUS-1 and

CUS-14, respectively) in adult male and female control (C), pair-fed (PF), and prenatal alcohol exposed (PAE) rats. Bars represent mean integrated density (mean ±

SEM) of c-fos mRNA expression in males (A) and females (B). The mpdPVN was traced using a fixed circle as demonstrated in a representative image of a dark-field

photomicrograph of a nuclear emulsion-dipped section of the PVN (C) (n = 5–6/prenatal treatment/CUS condition/sex).

TABLE 2 | Component loadings for the predicted solution in males.

Variables Medial prefrontal cortex Hippocampal formation

Cg1 −0.23 −0.04

PrL −0.33 −0.08

IL −0.38 0.09

Lateral amygdala −0.10 0.04

Basal amygdala −0.09 0.02

Central amygdala −0.07 0.08

Medial amygdala −0.08 −0.07

DG 0.07 0.23

CA3 −0.03 0.25

CA1 −0.09 0.23

Ventral subiculum −0.10 0.23

mpdPVN −0.01 0.07

Immobile duration (Day 2) 0.04 −0.02

Swimming duration (Day 2) −0.03 0.06

Climbing duration (Day 2 −0.03 −0.08

Values ≥ 0.23 are set in bold.

alterations in the neurocircuitry involved in behavioral, stress
and emotional regulation, compounded with the impact of the
later-life challenge of CUS, may underlie the increased risk for
the development of depression in individuals prenatally exposed
to alcohol.

PAE and CUS Effects on Body Weight
Exposure to CUS in adulthood had an adverse impact on
body weight regardless of prenatal treatment: males gained less
weight while females lost weight compared to their non-CUS
counterparts. These results are in line with findings from other
studies showing that CUS exposure generally causes reduced
weight gain in males (Bielajew et al., 2002; Cox et al., 2011)
and are consistent with our previous data demonstrating that
CUS may reduce weight gain in males and induce weight loss
in females (Hellemans et al., 2008; Uban et al., 2013). Changes
in body weight following CUS also validate the effectiveness of
our CUS paradigm. Importantly, our data suggest that males
and females may be differentially responsive to the same CUS
procedure.

PAE and CUS Effects on FST Behavior
There was an overall effect of CUS, independent of prenatal
treatment, on behavior in the FST in both males and females,
and the effect varied depending on whether testing occurred
immediately or following a delay post-CUS. In males, CUS
exposure decreased time immobile on both days of FST testing
regardless of whether testing was immediate (CUS-1) or delayed
(CUS-14), whereas in females, there was an increase in time
immobile on Day 2, but only with immediate testing following
CUS (CUS-1). The short-term effects of chronic stress on
immobility has been variable in the literature: while most report
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FIGURE 8 | Correlations between the component scores and experimental groups extracted from the constrained principal component analysis. Bars represent the

correlation coefficients between component scores and experimental groups (i.e., simple effects of prenatal treatment × CUS exposure interaction) for males

(A,B) and females (C–E). ***p< 0.001; **p < 0.01; *p< 0.05. C, control; PF, pair-fed; and PAE, prenatal alcohol exposed.

TABLE 3 | Component loadings for the predicted solution in females.

Variables FST behavior

+ Cg1

Hippocampal

formation

PVN

Cg1 0.26 0.07 −0.15

PrL 0.00 0.08 −0.20

IL −0.03 −0.07 −0.06

Lateral amygdala −0.07 −0.07 0.13

Basal amygdala −0.07 −0.14 0.09

Central amygdala −0.02 −0.16 0.07

Medial amygdala 0.01 −0.11 0.13

DG 0.10 0.11 0.04

CA3 0.11 0.26 −0.01

CA1 0.10 0.30 −0.08

Ventral subiculum 0.15 0.29 −0.06

mpdPVN 0.01 0.03 −0.44

Immobile duration (Day 2) −0.51 −0.04 −0.01

Swimming duration (Day 2) 0.40 0.06 0.05

Climbing duration (Day 2) 0.51 0.02 −0.06

Values ≥ 0.23 are set in bold.

an increase, a few have reported a decrease in immobility in
the FST (reviewed in Willner, 2005). These differences may be
due to different stress procedures used (e.g., the duration of
exposure and types of stressors), the parameters of testing (e.g.,
the temperature of the water, size of apparatus, and depth of
water) (Detke and Lucki, 1996; Slattery and Cryan, 2012), as
well as strain of the subjects (Bielajew et al., 2003). Sex of the
animal may also influence FST behavior, as we and others have

also previously found that chronic stress induces differential
alterations in immobility behavior and reward sensitivity to
sucrose in males and females (Bielajew et al., 2003; Hellemans
et al., 2010a; Dalla et al., 2011; Sachs et al., 2014). We now
extend these findings to show that the effects of CUS can also be
temporally dynamic depending on the sex of the animal.

Importantly, we found that PAE and CUS interact to
differentially alter behavior of males and females in the FST. In
males, we found decreased time immobile in PAE compared to C
males on Day 1 with immediate testing post-CUS (CUS-1), but
no differences between groups on Day 2. By contrast, in females,
CUS had no effects on PAE animals on Day 1 of the FST, but
had an adverse delayed effect on Day 2: specifically, CUS-14 PAE
females showed an increase in time immobile compared to C
females. Our previous study showed that PAE males exhibited
lower immobility while PAE females exhibited higher immobility
than their respective C counterparts in response to immediate
testing following CUS, but these effects were observed on Day
2 of testing for males and on both Days 1 and 2 for females
(Hellemans et al., 2010b). The difference in results between
our previous and current studies may be due to the CUS
paradigm used. Nevertheless, our findings suggest differential
time-dependent alterations in FST behavior in PAE males and
females following CUS.

Immobility in the FST has been suggested to represent
“behavioral despair,” which arises after realizing escape is
impossible. This stems from the origin of the FST as a preclinical
screen for antidepressants; that is, antidepressants that are
effective in humans are found to decrease immobility in rats in
this task (Borsini and Meli, 1988; Cryan et al., 2005). However,
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behaviors in the FST can also be described as measures of
active-coping strategies, with immobility representing a passive
coping response (Slattery and Cryan, 2012; Commons et al.,
2017). That CUS selectively increased immobility, whether it
is a reflection of behavioral despair or passive coping, in PAE
female rats is consistent with clinical literature suggesting that
depression may be almost twice as common in women than
men, possibly due to increased susceptibility to environmental
factors, such as stress, that may trigger depression (Weiss et al.,
1999; Kessler, 2003; Altemus, 2006). On the other hand, the
decrease in immobility in PAE males may suggest decreased
behavioral despair or an increase in active coping. Regardless of
interpretation of the meaning of the behavior in the FST, our
findings indicate that CUS differentially affected the behavioral
response of PAE males and females compared to their control
counterparts to the acute stress of FST exposure.

PAE and CUS Effects on Neural Activation
Medial Prefrontal Cortex
Anatomical and electrophysiological studies suggest that the
rat mPFC is related to the primate anterior cingulate cortex
(ACC) and dorsolateral PFC (Heidbreder and Groenewegen,
2003; Seamans et al., 2008). The rat mPFC is involved in various
aspects of cognitive processing (e.g., working memory, attention,
behavioral flexibility, response initiation, motor planning, and
reward anticipation), as well as emotional regulation (Heidbreder
and Groenewegen, 2003; Seamans et al., 2008; Koenigs and
Grafman, 2009). In humans, hypofrontality in the PFC has been
associated with depression, with hypoactivation observed in the
pregenual ACC—the “affective subdivision” (Vogt et al., 1992;
Devinsky et al., 1995; Bush et al., 2000)—and the dorsolateral
PFC in individuals with depression (Baxter et al., 1989; Cohen
et al., 1989; Martinot et al., 1990; Yazici et al., 1992; Ito et al.,
1996; George et al., 1997; Mayberg et al., 1999; Hamilton et al.,
2012). We found that in females but not males, PAE caused
a reduction in c-fos mRNA expression in the Cg1 compared
to C and PF, independent of CUS exposure. This PAE-induced
hypoactivation is reminiscent of the observed hypofrontality in
individuals with major depression, and may therefore subserve
an overall predisposition or vulnerability to develop depressive-
like behavior.

CUS also resulted in an overall decrease in neural activation in
the female Cg1, PrL, and IL, but only with delayed testing post-
CUS, regardless of prenatal treatment. Our finding is temporally
inconsistent with our behavioral data, but it is possible that
while the behavioral consequence of CUS was more apparent
immediately, changes in neural activation showed a delayed
onset because of potential structural and neurobiological effects
of stress that may possibly take time to occur. For example,
levels of several neurotrophin-related signaling proteins that are
involved with depression, which are decreased in the PFC and
hippocampus of suicide patients (Dwivedi et al., 2003, 2009) and
of rats following chronic swim stress exposure (Qi et al., 2008),
show alterations in hippocampal expression at 2 weeks, but not
1 day following chronic corticosterone (Gourley et al., 2008b).
Future studiesmay help to elucidate the intracellularmechanisms
in the mPFC that may underlie the delayed effects of CUS on

neural activation. Nevertheless, our findings suggest that PAE
females may be more susceptible than C and PF females to the
effects of CUS on neural activation such that given the same
decrease in neural activity, depressive-like behavior increased in
PAE but not C females.

Amygdala
The amygdala is well known for its role in emotional processing
and regulation of the neuroendocrine stress response (Ulrich-
Lai and Herman, 2009; Myers et al., 2012), and dysregulation
of the amygdala has been associated with major depression
(Nestler et al., 2002; Ressler and Mayberg, 2007; Drevets et al.,
2008; Krishnan and Nestler, 2010). Sensory information from
thalamic and cortical inputs are initially processed and integrated
in the lateral nucleus (LeDoux et al., 1990; Li et al., 1996;
McDonald, 1998; Szinyei et al., 2000), which then transfers
integrated information, either directly or relayed through the
basal nucleus (Pitkänen et al., 1995; Savander et al., 1995), to
the central nucleus—the major output nucleus of the amygdala.
In the present study, we found no effects of PAE in females,
but in males, PAE reduced c-fos mRNA expression in the lateral
and central nuclei of the amygdala. Clinical studies find that in
individuals with depression, the amygdala is often hyperactive in
response to an emotional stimulus (Sheline et al., 2001; Drevets
et al., 2002, 2008; Carlson et al., 2006). Therefore, a decrease
in immobility in the FST would be expected to accompany the
PAE-induced decrease in neural activity; instead, we found that
PAEmales were not different from controls in the FST, regardless
of prior CUS. Although the changes in neural activation in the
amygdala do not appear to associate with our behavioral findings,
these findings suggest that the amygdala may receive (lateral
nucleus) and relay (central nucleus) information differently in
PAE compared to control males, which may subsequently alter
their response to environmental cues.

Hippocampal Formation
The hippocampal formation plays a major role in learning and
memory, as well as in emotional and stress regulation (Fanselow
and Dong, 2010), and clinically, has been suggested to play a role
in depression (Videbech and Ravnkilde, 2004; MacQueen and
Frodl, 2011).We found no differences among prenatal treatments
for females, but in males, PAE rats had higher c-fos mRNA
expression in the CA1 subregion relative to controls in response
to delayed testing. Furthermore, inspection of Figure 6C suggests
that the higher c-fos expression in PAE males may be due to the
small differential decrease in CA1 activity in C and PAE males
in the CUS-14 compared to the non-CUS condition, which is
consistent with previous findings in PAE compared to C males
in CA1 activity following stress (Raineki et al., 2014). Although
we did not observe behavioral differences in the FST between
C and PAE males, given that CA1 is a major output site of
the hippocampus, projecting to over 50 areas (Cenquizca and
Swanson, 2007), it is possible that we have unmasked a potential
deficit in PAE compared to Cmales in being able to appropriately
modulate hippocampal activity following CUS exposure.
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Paraventricular Nucleus of the Hypothalamus
The mpdPVN integrates stress-related input from, but not
exclusive to, the mPFC, amygdala and hippocampal formation
to mount an appropriate HPA response to stress (Adhikari
et al., 2010; Myers et al., 2012). We found that both male
and female PAE animals showed neural activity in the PVN
comparable to controls regardless of CUS history. These findings
are consistent with those from our previous study in which
no differences in c-fos mRNA expression in the mpdPVN were
found among prenatal treatment groups, regardless of CUS
exposure (Raineki et al., 2014). However, PAE has previously
been shown to increase neural activation of the PVN compared
to that in controls in response to stressors such as footshock (Lee
et al., 2000). It has been suggested that the magnitude and time
course of activation may be stressor-dependent (Cullinan et al.,
1995; Duncan et al., 1996). While we observed no differences
among prenatal treatment groups following FST, regardless of
CUS exposure, the possibility that the time course of activation
following FST may be different from that of footshock, or that
PAE may alter the pattern of activation cannot be ruled out.
Further investigations are needed.

Constrained Principal Component Analysis
(CPCA)
Extending our statistical analysis with CPCA allowed us to
move beyond examination of individual brain areas and identify
potential neural activation networks associated with interactive
effects of PAE and CUS, on FST behavior. CPCA highlighted
three important characteristics of our data. First, we found
different networks for males and females. Importantly, while
FST behaviors did not load with either brain network in males,
FST behaviors loaded along with Cg1 in the first component in
females. These CPCA findings suggest that PAE and CUS may
have greater impacts on FST behavior in females, and emphasize
that interactive effects of PAE and CUS are sexually dimorphic,
underscoring the importance of examining sex differences in
outcome.

Second, CPCA revealed altered activation of brain subregions
(e.g., mPFC, hippocampal formation, and mpdPVN) that the
univariate analyses did not readily expose. Furthermore, it
showed that the amygdala was not recruited in any of the
networks, suggesting that it is not uniquely affected by our
experimental conditions in either males or females. Identification
of these effects was possible because the external analysis step
of CPCA essentially removed irrelevant noise, permitting us to
focus on the portion of the overall variance that is predictable
from the interaction between prenatal treatment and CUS
condition.

Third, the neural activation patterns for each sex were
strikingly different among C, PF, and PAE animals. In males,
PAE and C showed opposite patterns of activation for theMedial
prefrontal cortex but not the Hippocampal formation network,
suggesting that the functionality of this network is fundamentally
altered by PAE.Moreover, CUS exposure differentially altered the
activity of this network in PAE and C males. Given the role of
the mPFC in cognitive processing and reappraisal/suppression of

negative emotion (Koenigs and Grafman, 2009), the differential
activation of the Medial prefrontal cortex network in PAE and
C males following CUS may confer a predisposition to develop
symptoms of stress-related disorders, such as depression, beyond
the “behavioral despair” measured in the present study.

Interestingly, PAE females differed from PF females in their
pattern of activation of the FST behavior + Cg1 network,
suggesting that the effects of PAE are not simply due to the
effects of reduced food intake and the concomitant effects of
that procedure, but are unique to alcohol exposure. PAE females
also differed from C females for the Hippocampal formation
network, suggesting that the functionality of this network is
fundamentally altered by PAE. Furthermore, CUS exposure
differentially altered the activity of both networks in PAE, PF, and
C females depending on whether testing occurred immediately
or following a delay. Overall, our findings indicate that PAE
females engage neural strategies different from those of both
PF and C animals. That differential effects of CUS on PAE, PF,
and C animals depended on the timing of testing suggests that
certain effects may take time to appear, while some effects may be
transient.

Pair-Feeding
In general, we found no effects of PF in the individual
behavioral and brainmeasures. However, CPCA revealed striking
differences in the pattern of neural network activation in PF
compared to both controls and PAE. Opposing patterns of
Hippocampal formation network activation were found for PF
and C males, opposing patterns of FST behavior + Cg1 network
activation were found for PF and PAE females, and opposing
patterns of PVN network activation were found for PF and
C females. The PF group, which receives a reduced ration
of a nutritionally optimal diet matched in amount to that of
an alcohol-consuming partner (Weinberg, 1984, 1985), is used
to control for the effects of typical reduction in consumption
of diets containing alcohol. However, as pair-feeding cannot
control for the nutritional impacts of alcohol, such as effects
on nutrients absorption and utilization, it is an imperfect
control group. Additionally, these animals likely experience a
component of prenatal stress because their daily rations, which
are less than would be presented if given ad libitum access, are
typically consumed within hours of food presentation, resulting
in food deprivation and likely hunger until feeding the next
day. Therefore, the behavioral, physiological, and neurological
effects of PF on offspring represent, at least partially, the
combined prenatal impact of mild stress and a reduced food
ration. Interestingly, we previously found that PAE and PF dams
differed in their maternal behavior, including nursing frequency,
as well as off-nest, self-directed, and negative behaviors, but no
differences in arched-back nursing, and licking and grooming
behavior (Workman et al., 2015). Thus, it is possible that some
of the differences in PAE and PF offspring may be mediated by
different mother-infant interactions (Workman et al., 2015). Our
CPCA findings that PF animals were in many ways different
from both their C and, more importantly, PAE counterparts,
provide support that PF is a treatment in itself and PAE effects on
behavior and brain are not simply due to the effects of reduced
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food intake, but unique to the effects of alcohol exposure during
prenatal development.

Summary and Implications
The present results build on and expand existing knowledge
of the impact of PAE on neural regulation of behavior,
stress and emotion that may underlie increased vulnerability
to psychopathologies such as depression. The sex-dependent
PAE-induced changes identified may also underlie the stress
dysregulation that is observed following PAE, which in itself
can contribute to psychopathologies. We also identified several
effects of CUS that may have a delayed onset, underscoring the
value of studying time-dependent effects of CUS in providing
a more comprehensive and clinically relevant understanding
of the effects of chronic stress. Importantly, the use of CPCA
allowed us to go beyond simple assessments of changes in
individual brain areas, and proved a powerful tool for identifying
sex-dependent changes in functional networks in PAE animals
compared to controls, and the differential recruitment of these
networks among prenatal treatment groups following CUS
exposure, thus allowing us to see a bigger picture in addition
to discrete examinations of individual brain areas. By examining
PAE- and CUS-induced differences in individual measures
of depressive-like behavior and neural activity along with a
network approach, we provide a more complete representation
of the adverse effects of the interaction between PAE and
CUS on brain and behavioral outcome, as well as insight
into the pathophysiology of depression. Taken together, our
findings suggest that PAE, in interaction with later life stress,
results in sexually-dimorphic dysregulation of the neurocircuitry

that subserves behavioral, emotional and stress regulation.
In turn, this dysregulation may ultimately contribute to an
increased vulnerability to psychopathologies, such as depression,
that are often observed in individuals prenatally exposed to
alcohol.

AUTHOR CONTRIBUTIONS

VL, CR, LE, and JW designed the experiment; VL, CR, LT, and
LE collected the data; VL analyzed the data, with the assistance
of TW for CPCA; VL and JW wrote the manuscript. All authors
edited the manuscript.

FUNDING

This research was funded by NIH/NIAAA grants R37 AA007789
and R01 AA022460, Kids Brain Health Network (Canadian
Networks of Centers of Excellence) grant 20R64153 to JW;
Canadian Foundation on Fetal Alcohol Research (CFFAR) to
CR and JW; Natural Sciences and Engineering Research Council
of Canada (NSERC) graduate scholarships and an IMPART
Fellowship (Canadian Institute of Health Research STIHR) to VL.

ACKNOWLEDGMENTS

We thank all members of the Weinberg laboratory for their
assistance with the animal work. We would like to especially
thank Erin Morgan for her help with slicing brains, and Melissa
Chiu for her help with obtaining measurements from the
autoradiographic films.

REFERENCES

Adhikari, A., Topiwala, M. A., and Gordon, J. A. (2010). Synchronized
activity between the ventral hippocampus and the medial prefrontal
cortex during anxiety. Neuron 65, 257–269. doi: 10.1016/j.neuron.2009.1
2.002

Altemus, M. (2006). Sex differences in depression and anxiety disorders:
potential biological determinants. Horm. Behav. 50, 534–538.
doi: 10.1016/j.yhbeh.2006.06.031

Armario, A., Gavald,à, A., and Martí, O. (1988). Forced swimming test in rats:
effect of desipramine administration and the period of exposure to the test
on struggling behavior, swimming, immobility and defecation rate. Eur. J.
Pharmacol. 158, 207–212. doi: 10.1016/0014-2999(88)90068-4

Baxter, L. R., Schwartz, J. M., Phelps, M. E., Mazziotta, J. C., Guze, B. H.,
Selin, C. E., et al. (1989). Reduction of prefrontal cortex glucose metabolism
common to three types of depression. Arch. Gen. Psychiatry 46, 243–250.
doi: 10.1001/archpsyc.1989.01810030049007

Bielajew, C., Konkle, A. T., and Merali, Z. (2002). The effects of chronic mild stress
on male Sprague–Dawley and Long Evans rats. Behav. Brain Res. 136, 583–592.
doi: 10.1016/S0166-4328(02)00222-X

Bielajew, C., Konkle, A. T. M., Kentner, A. C., Baker, S. L., Stewart, A.,
Hutchins, A. A., et al. (2003). Strain and gender specific effects in the
forced swim test: effects of previous stress exposure. Stress 6, 269–280.
doi: 10.1080/10253890310001602829

Bodnar, T. S., Taves, M. D., Lavigne, K. M., Woodward, T. S., Soma, K. K., and
Weinberg, J. (2017). Differential activation of endocrine-immune networks
by arthritis challenge: insights from colony-specific responses. Sci. Rep. 7:698.
doi: 10.1038/s41598-017-00652-4

Borsini, F., and Meli, A. (1988). Is the forced swimming test a suitable
model for revealing antidepressant activity? Psychopharmacology 94, 147–160.
doi: 10.1007/BF00176837

Bush,G., Luu, P., and Posner, M. I. (2000). Cognitive and emotional
influences in anterior cingulate cortex. Trends Cogn. Sci. 4, 215–222.
doi: 10.1016/S1364-6613(00)01483-2

Carlson, P. J., Singh, J. B., Zarate, C. A., Drevets, W. C., and Manji, H. K. (2006).
Neural circuitry and neuroplasticity in mood disorders: insights for novel
therapeutic targets. NeuroRx 3, 22–41. doi: 10.1016/j.nurx.2005.12.009

Cattell, R. B. (1966). The screen test for the number of factors.Multivariate Behav.

Res. 1, 245–276. doi: 10.1207/s15327906mbr0102_10
Cattell, R. B., and Vogelmann, S. (1977). A comprehensive trial of the scree and

KG criteria for determining the number of factors.Multivariate Behav. Res. 12,
289–325. doi: 10.1207/s15327906mbr1203_2

Cenquizca, L. A., and Swanson, L. W. (2007). Spatial organization of direct
hippocampal field CA1 axonal projections to the rest of the cerebral cortex.
Brain Res. Rev. 56, 1–26. doi: 10.1016/j.brainresrev.2007.05.002

Cohen, R. M., Semple, W. E., Gross, M., Nordahl, T. E., King, A. C., Pickar, D.,
et al. (1989). Evidence for common alterations in cerebral glucose metabolism
in major affective disorders and schizophrenia. Neuropsychopharmacology 2,
241–254. doi: 10.1016/0893-133X(89)90028-6

Commons, K. G., Cholanians, A. B., Babb, J. A., and Ehlinger, D. G.
(2017). The rodent forced swim test measures stress-coping strategy,
not depression-like behavior. ACS Chem. Neurosci. 8, 955–960.
doi: 10.1021/acschemneuro.7b00042

Cox, B. M., Alsawah, F., McNeill, P. C., Galloway, M. P., and Perrine, S. A. (2011).
Neurochemical, hormonal, and behavioral effects of chronic unpredictable
stress in the rat. Behav. Brain Res. 220, 106–111. doi: 10.1016/j.bbr.2011.01.038

Frontiers in Behavioral Neuroscience | www.frontiersin.org 16 March 2018 | Volume 12 | Article 42

https://doi.org/10.1016/j.neuron.2009.12.002
https://doi.org/10.1016/j.yhbeh.2006.06.031
https://doi.org/10.1016/0014-2999(88)90068-4
https://doi.org/10.1001/archpsyc.1989.01810030049007
https://doi.org/10.1016/S0166-4328(02)00222-X
https://doi.org/10.1080/10253890310001602829
https://doi.org/10.1038/s41598-017-00652-4
https://doi.org/10.1007/BF00176837
https://doi.org/10.1016/S1364-6613(00)01483-2
https://doi.org/10.1016/j.nurx.2005.12.009
https://doi.org/10.1207/s15327906mbr0102_10
https://doi.org/10.1207/s15327906mbr1203_2
https://doi.org/10.1016/j.brainresrev.2007.05.002
https://doi.org/10.1016/0893-133X(89)90028-6
https://doi.org/10.1021/acschemneuro.7b00042
https://doi.org/10.1016/j.bbr.2011.01.038
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Lam et al. Prenatal Alcohol: Depression and Neurocircuitry

Cryan, J. F., Valentino, R. J., and Lucki, I. (2005). Assessing substrates
underlying the behavioral effects of antidepressants using the modified
rat forced swimming test. Neurosci. Biobehav. Rev. 29, 547–569.
doi: 10.1016/j.neubiorev.2005.03.008

Cullinan, W. E., Herman, J. P., Battaglia, D. F., Akil, H., and Watson,
S. J. (1995). Pattern and time course of immediate early gene
expression in rat brain following acute stress. Neuroscience 64, 477–505.
doi: 10.1016/0306-4522(94)00355-9

da Costa, A. P., Wood, S., Ingram, C., and Lightman, S. (1996). Region-
specific reduction in stress-induced c-fos mRNA expression during pregnancy
and lactation. Brain Res. 742, 177–184. doi: 10.1016/S0006-8993(96)00
962-6

Dalla, C., Pitychoutis, P. M., Kokras, N., and Papadopoulou-Daifoti, Z. (2011). Sex
differences in response to stress and expression of depressive-like behaviours in
the rat. Curr. Top Behav. Neurosci. 2, 97–118. doi: 10.1007/7854_2010_94

Detke, M. J., and Lucki, I. (1996). Detection of serotonergic and noradrenergic
antidepressants in the rat forced swimming test: the effects of water
depth. Behav. Brain Res. 73, 43–46. doi: 10.1016/0166-4328(96)0
0067-8

Detke, M. J., Rickels, M., and Lucki, I. (1995). Active behaviors in the rat forced
swimming test differentially produced by serotonergic and noradrenergic
antidepressants. Psychopharmacology 121, 66–72. doi: 10.1007/BF02245592

Devinsky, O., Morrell, M. J., and Vogt, B. A. (1995). Contributions of
anterior cingulate cortex to behaviour. Brain 118 (Pt 1), 279–306.
doi: 10.1093/brain/118.1.279

Drevets, W. C., Price, J. L., Bardgett, M. E., Reich, T., Todd, R. D., and Raichle, M.
E. (2002). Glucose metabolism in the amygdala in depression: relationship to
diagnostic subtype and plasma cortisol levels. Pharmacol. Biochem. Behav. 71,
431–447. doi: 10.1016/S0091-3057(01)00687-6

Drevets, W. C., Price, J. L., and Furey, M. L. (2008). Brain structural and functional
abnormalities in mood disorders: implications for neurocircuitry models of
depression. Brain Struct. Funct. 213, 93–118. doi: 10.1007/s00429-008-0189-x

Duncan, G. E., Knapp, D. J., and Breese, G. R. (1996). Neuroanatomical
characterization of Fos induction in rat behavioral models of anxiety. Brain Res.
713, 79–91. doi: 10.1016/0006-8993(95)01486-1

Dwivedi, Y., Rizavi, H. S., Conley, R. R., Roberts, R. C., Tamminga, C. A., and
Pandey, G. N. (2003). Altered gene expression of brain-derived neurotrophic
factor and receptor tyrosine kinase B in postmortem brain of suicide subjects.
Arch. Gen. Psychiatry 60, 804. doi: 10.1001/archpsyc.60.8.804

Dwivedi, Y., Rizavi, H. S., Zhang, H., Mondal, A. C., Roberts, R. C., Conley,
R. R., et al. (2009). Neurotrophin receptor activation and expression in
human postmortem brain: effect of suicide. Biol. Psychiatry 65, 319–328.
doi: 10.1016/j.biopsych.2008.08.035

Famy, C., Streissguth, A. P., and Unis, A. S. (1998). Mental illness in adults with
fetal alcohol syndrome or fetal alcohol effects. Am. J. Psychiatry 155, 552–554.
doi: 10.1176/ajp.155.4.552

Fanselow, M. S., and Dong, H.-W. (2010). Are the dorsal and ventral
hippocampus functionally distinct structures? Neuron 65, 7–19.
doi: 10.1016/j.neuron.2009.11.031

Gallo, P. V., and Weinberg, J. (1981). Corticosterone rhythmicity in the rat:
interactive effects of dietary restriction and schedule of feeding. J. Nutr. 111,
208–218. doi: 10.1093/jn/111.2.208

George, M. S., Ketter, T. A., Parekh, P. I., Rosinsky, N., Ring, H. A., Pazzaglia, P. J.,
et al. (1997). Blunted left cingulate activation in mood disorder subjects during
a response interference task (the Stroop). J. Neuropsychiatry Clin. Neurosci. 9,
55–63. doi: 10.1176/jnp.9.1.55

Gourley, S. L., Kiraly, D. D., Howell, J. L., Olausson, P., and Taylor, J. R. (2008a).
Acute hippocampal brain-derived neurotrophic factor restores motivational
and forced swim performance after corticosterone. Biol. Psychiatry 64, 884–890.
doi: 10.1016/j.biopsych.2008.06.016

Gourley, S. L., Wu, F. J., Kiraly, D. D., Ploski, J. E., Kedves, A. T., Duman, R. S.,
et al. (2008b). Regionally specific regulation of ERK MAP kinase in a model
of antidepressant-sensitive chronic depression. Biol. Psychiatry 63, 353–359.
doi: 10.1016/j.biopsych.2007.07.016

Haley, D. W., Handmaker, N. S., and Lowe, J. (2006). Infant stress reactivity
and prenatal alcohol exposure. Alcohol. Clin. Exp. Res. 30, 2055–2064.
doi: 10.1111/j.1530-0277.2006.00251.x

Hamilton, J. P., Etkin, A., Furman, D. J., Lemus, M. G., Johnson, R. F., and Gotlib,
I. H. (2012). Functional neuroimaging of major depressive disorder: a meta-
analysis and new integration of baseline activation and neural response data.
Am. J. Psychiatry 169, 693–703. doi: 10.1176/appi.ajp.2012.11071105

Heidbreder, C. A., and Groenewegen, H. J. (2003). The medial prefrontal
cortex in the rat: evidence for a dorso-ventral distinction based upon
functional and anatomical characteristics.Neurosci. Biobehav. Rev. 27, 555–579.
doi: 10.1016/j.neubiorev.2003.09.003

Hellemans, K. G. C., Sliwowska, J. H., Verma, P., and Weinberg, J. (2010a).
Prenatal alcohol exposure: fetal programming and later life vulnerability to
stress, depression and anxiety disorders. Neurosci. Biobehav. Rev. 34, 791–807.
doi: 10.1016/j.neubiorev.2009.06.004

Hellemans, K. G. C., Verma, P., Yoon, E., Yu, W. K., Young, A. H., and Weinberg,
J. (2010b). Prenatal alcohol exposure and chronic mild stress differentially alter
depressive- and anxiety-like behaviors in male and female offspring. Alcohol.
Clin. Exp. Res. 34, 633–645. doi: 10.1111/j.1530-0277.2009.01132.x

Hellemans, K. G. C., Verma, P., Yoon, E., Yu,W., andWeinberg, J. (2008). Prenatal
alcohol exposure increases vulnerability to stress and anxiety-like disorders in
adulthood. Ann. N.Y. Acad. Sci. 1144, 154–175. doi: 10.1196/annals.1418.016

Herman, J. P., Ostrander, M. M., Mueller, N. K., and Figueiredo, H. (2005).
Limbic system mechanisms of stress regulation: hypothalamo-pituitary-
adrenocortical axis. Prog. Neuro Psychopharmacol. Biol. Psychiatry 29,
1201–1213. doi: 10.1016/j.pnpbp.2005.08.006

Hill, M. N., Hellemans, K. G. C., Verma, P., Gorzalka, B. B., and Weinberg, J.
(2012). Neurobiology of chronic mild stress: parallels to major depression.
Neurosci. Biobehav. Rev. 36, 2085–2117. doi: 10.1016/j.neubiorev.2012.07.001

Hunter, M. A., and Takane, Y. (2002). Constrained principal component
analysis: various applications. J. Educ. Behav. Stat. 27, 105–145.
doi: 10.3102/10769986027002105

Ito, H., Kawashima, R., Awata, S., Ono, S., Sato, K., Goto, R., et al. (1996).
Hypoperfusion in the limbic system and prefrontal cortex in depression:
SPECT with anatomic standardization technique. J. Nucl. Med. 37, 410–414.

Jacobson, L. (2014). Hypothalamic-pituitary-adrenocortical axis: neuropsychiatric
aspects. Compr. Physiol. 4, 715–738. doi: 10.1002/cphy.c130036

Jacobson, S. W., Bihun, J. T., and Chiodo, L. M. (1999). Effects of prenatal alcohol
and cocaine exposure on infant cortisol levels. Dev. Psychopathol. 11, 195–208.
doi: 10.1017/S0954579499002011

Kearns, R. R., and Spencer, R. L. (2013). An unexpected increase in restraint
duration alters the expression of stress response habituation. Physiol. Behav.
122, 193–200. doi: 10.1016/j.physbeh.2013.03.029

Kessler, R. C. (2003). Epidemiology of women and depression. J. Affect. Disord. 74,
5–13. doi: 10.1016/S0165-0327(02)00426-3

Koenigs, M., and Grafman, J. (2009). The functional neuroanatomy of depression:
distinct roles for ventromedial and dorsolateral prefrontal cortex. Behav. Brain
Res. 201, 239–243. doi: 10.1016/j.bbr.2009.03.004

Krishnan, V., and Nestler, E. J. (2010). Linking molecules to mood: new
insight into the biology of depression. Am. J. Psychiatry 167, 1305–1320.
doi: 10.1176/appi.ajp.2009.10030434

Lan, N., Hellemans, K. G. C., Ellis, L., and Weinberg, J. (2015). Exposure to
chronic mild stress differentially alters corticotropin-releasing hormone and
arginine vasopressin mRNA expression in the stress-responsive neurocircuitry
of male and female rats prenatally exposed to alcohol. Alcohol Clin. Exp. Res.
39, 2414–2421. doi: 10.1111/acer.12916

Lan, N., Yamashita, F., Halpert, A. G., Ellis, L., Yu, W. K., Viau, V., et al.
(2006). Prenatal ethanol exposure alters the effects of gonadectomy on
hypothalamic-pituitary-adrenal activity in male rats. J. Neuroendocrinol. 18,
672–684. doi: 10.1111/j.1365-2826.2006.01462.x

Lavigne, K. M., Hofman, S., Ring, A. J., Ryder, A. G., and Woodward,
T. S. (2013). The personality of meaning in life: associations between
dimensions of life meaning and the big five. J. Posit. Psychol. 8, 34–43.
doi: 10.1080/17439760.2012.736527

Lavigne, K. M., Metzak, P. D., and Woodward, T. S. (2015). Functional brain
networks underlying detection and integration of disconfirmatory evidence.
Neuroimage 112, 138–151. doi: 10.1016/j.neuroimage.2015.02.043

LeDoux, J., Cicchetti, P., Xagoraris, A., and Romanski, L. (1990). The lateral
amygdaloid nucleus: sensory interface of the amygdala in fear conditioning. J.
Neurosci. 10, 1062–1069.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 17 March 2018 | Volume 12 | Article 42

https://doi.org/10.1016/j.neubiorev.2005.03.008
https://doi.org/10.1016/0306-4522(94)00355-9
https://doi.org/10.1016/S0006-8993(96)00962-6
https://doi.org/10.1007/7854_2010_94
https://doi.org/10.1016/0166-4328(96)00067-8
https://doi.org/10.1007/BF02245592
https://doi.org/10.1093/brain/118.1.279
https://doi.org/10.1016/S0091-3057(01)00687-6
https://doi.org/10.1007/s00429-008-0189-x
https://doi.org/10.1016/0006-8993(95)01486-1
https://doi.org/10.1001/archpsyc.60.8.804
https://doi.org/10.1016/j.biopsych.2008.08.035
https://doi.org/10.1176/ajp.155.4.552
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1093/jn/111.2.208
https://doi.org/10.1176/jnp.9.1.55
https://doi.org/10.1016/j.biopsych.2008.06.016
https://doi.org/10.1016/j.biopsych.2007.07.016
https://doi.org/10.1111/j.1530-0277.2006.00251.x
https://doi.org/10.1176/appi.ajp.2012.11071105
https://doi.org/10.1016/j.neubiorev.2003.09.003
https://doi.org/10.1016/j.neubiorev.2009.06.004
https://doi.org/10.1111/j.1530-0277.2009.01132.x
https://doi.org/10.1196/annals.1418.016
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1016/j.neubiorev.2012.07.001
https://doi.org/10.3102/10769986027002105
https://doi.org/10.1002/cphy.c130036
https://doi.org/10.1017/S0954579499002011
https://doi.org/10.1016/j.physbeh.2013.03.029
https://doi.org/10.1016/S0165-0327(02)00426-3
https://doi.org/10.1016/j.bbr.2009.03.004
https://doi.org/10.1176/appi.ajp.2009.10030434
https://doi.org/10.1111/acer.12916
https://doi.org/10.1111/j.1365-2826.2006.01462.x
https://doi.org/10.1080/17439760.2012.736527
https://doi.org/10.1016/j.neuroimage.2015.02.043
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Lam et al. Prenatal Alcohol: Depression and Neurocircuitry

Lee, S., Imaki, T., Vale, W., and Rivier, C. (1990). Effect of prenatal
exposure to ethanol on the activity of the hypothalamic-pituitary-adrenal
axis of the offspring: importance of the time of exposure to ethanol
and possible modulating mechanisms. Mol. Cell. Neurosci. 1, 168–177.
doi: 10.1016/1044-7431(90)90022-V

Lee, S., and Rivier, C. (1996). Gender differences in the effect of
prenatal alcohol exposure on the hypothalamic-pituitary-adrenal axis
response to immune signals. Psychoneuroendocrinology 21, 145–155.
doi: 10.1016/0306-4530(95)00038-0

Lee, S., Schmidt, D., Tilders, F., and Rivier, C. (2000). Increased activity of the
hypothalamic-pituitary-adrenal axis of rats exposed to alcohol in utero: role of
altered pituitary and hypothalamic function. Mol. Cell. Neurosci. 16, 515–528.
doi: 10.1006/mcne.2000.0890

Li, X. F., Stutzmann, G. E., and LeDoux, J. E. (1996). Convergent but temporally
separated inputs to lateral amygdala neurons from the auditory thalamus
and auditory cortex use different postsynaptic receptors: in vivo intracellular
and extracellular recordings in fear conditioning pathways. Learn. Mem. 3,
229–242. doi: 10.1101/lm.3.2-3.229

Liu, Z., Braunlich, K., Wehe, H. S., and Seger, C. A. (2015). Neural
networks supporting switching, hypothesis testing, and rule application.
Neuropsychologia 77, 19–34. doi: 10.1016/j.neuropsychologia.2015.0
7.019

MacQueen, G., and Frodl, T. (2011). The hippocampus in major depression:
evidence for the convergence of the bench and bedside in psychiatric research?
Mol. Psychiatry 16, 252–264. doi: 10.1038/mp.2010.80

Martinot, J. L., Hardy, P., Feline, A., Huret, J. D., Mazoyer, B., Attar-Levy, D.,
et al. (1990). Left prefrontal glucose hypometabolism in the depressed state:
a confirmation. Am. J. Psychiatry 147, 1313–1317. doi: 10.1176/ajp.147.10.1313

Matthews, S. G. (2000). Antenatal glucocorticoids and programming of the
developing CNS. Pediatr. Res. 47, 291–300. doi: 10.1203/00006450-200003000-
00003

Matuszewich, L., Karney, J. J., Carter, S. R., Janasik, S. P., O’Brien,
J. L., and Friedman, R. D. (2007). The delayed effects of chronic
unpredictable stress on anxiety measures. Physiol. Behav. 90, 674–681.
doi: 10.1016/j.physbeh.2006.12.006

Mayberg, H. S., Liotti, M., Brannan, S. K., McGinnis, S., Mahurin, R. K., Jerabek,
P. A., et al. (1999). Reciprocal limbic-cortical function and negative mood:
converging PET findings in depression and normal sadness. Am. J. Psychiatry

156, 675–682.
McDonald, A. J. (1998). Cortical pathways to the mammalian

amygdala. Prog. Neurobiol. 55, 257–332. doi: 10.1016/S0301-0082(98)0
0003-3

Meaney, M. J., Szyf, M., and Seckl, J. R. (2007). Epigenetic mechanisms of perinatal
programming of hypothalamic-pituitary-adrenal function and health. Trends
Mol. Med. 13, 269–277. doi: 10.1016/j.molmed.2007.05.003

Metzak, P., Feredoes, E., Takane, Y.,Wang, L.,Weinstein, S., Cairo, T., et al. (2011).
Constrained principal component analysis reveals functionally connected load-
dependent networks involved in multiple stages of working memory. Hum.

Brain Mapp. 32, 856–871. doi: 10.1002/hbm.21072
Mooney, S. M., and Varlinskaya, E. I. (2011). Acute prenatal exposure to ethanol

and social behavior: effects of age, sex, and timing of exposure. Behav. Brain
Res. 216, 358–364. doi: 10.1016/j.bbr.2010.08.014

Myers, B., McKlveen, J. M., and Herman, J. P. (2012). Neural regulation of the
stress response: the many faces of feedback. Cell Mol. Neurobiol. 32, 683–694.
doi: 10.1007/s10571-012-9801-y

Nelson, L. R., Taylor, A. N., Lewis, J. W., Poland, R. E., Redei, E., and Branch,
B. J. (1986). Pituitary-adrenal responses to morphine and footshock stress
are enhanced following prenatal alcohol exposure. Alcohol. Clin. Exp. Res. 10,
397–402. doi: 10.1111/j.1530-0277.1986.tb05112.x

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., and
Monteggia, L. M. (2002). Neurobiology of depression. Neuron 34, 13–25.
doi: 10.1016/S0896-6273(02)00653-0

O’Connor,M. J., and Paley, B. (2006). The relationship of prenatal alcohol exposure
and the postnatal environment to child depressive symptoms. J. Pediatr.

Psychol. 31, 50–64. doi: 10.1093/jpepsy/jsj021
O’Connor, M. J., and Paley, B. (2009). Psychiatric conditions associated

with prenatal alcohol exposure. Dev. Disabil. Res. Rev. 15, 225–234.
doi: 10.1002/ddrr.74

O’Connor, M. J., Shah, B., Whaley, S., Cronin, P., Gunderson, B., and
Graham, J. (2002). Psychiatric illness in a clinical sample of children
with prenatal alcohol exposure. Am. J. Drug Alcohol Abuse 28, 743–754.
doi: 10.1081/ADA-120015880

Ons, S., Marti, O., and Armario, A. (2004). Stress-induced activation of the
immediate early gene Arc (activity-regulated cytoskeleton-associated protein)
is restricted to telencephalic areas in the rat brain: relationship to c-fos mRNA.
J. Neurochem. 89, 1111–1118. doi: 10.1111/j.1471-4159.2004.02396.x

Paxinos, G., and Watson, C. (2004). The Rat Brain in Stereotaxic Coordinates, 5th

Edn. San Diego: Elsevier Academic Press.
Pei, J., Denys, K., Hughes, J., and Rasmussen, C. (2011). Mental health

issues in fetal alcohol spectrum disorder. J. Ment. Health 20, 438–448.
doi: 10.3109/09638237.2011.577113

Phillips, D. I., Walker, B. R., Reynolds, R. M., Flanagan, D. E., Wood, P. J.,
Osmond, C., et al. (2000). Low birth weight predicts elevated plasma cortisol
concentrations in adults from 3 populations. Hypertension 35, 1301–1306.
doi: 10.1161/01.HYP.35.6.1301

Phillips, D. I. W., Barker, D. J. P., Fall, C. H. D., Seckl, J. R., Whorwood,
C. B., Wood, P. J., et al. (1998). Elevated plasma cortisol concentrations: a
link between low birth weight and the insulin resistance syndrome? J. Clin.

Endocrinol. Metab. 83, 757–760.
Pitkänen, A., Stefanacci, L., Farb, C. R., Go, G.-G., Ledoux, J.

E., and Amaral, D. G. (1995). Intrinsic connections of the
rat amygdaloid complex: projections originating in the lateral
nucleus. J. Comp. Neurol. 356, 288–310. doi: 10.1002/cne.9035
60211

Probyn, M. E., Parsonson, K. R., Gårdebjer, E. M., Ward, L. C., Wlodek, M. E.,
Anderson, S. T., et al. (2013). Impact of low dose prenatal ethanol exposure
on glucose homeostasis in Sprague-Dawley rats aged up to eight months. PLoS
ONE 8:e59718. doi: 10.1371/journal.pone.0059718

Qi, X., Lin,W., Li, J., Li, H., Wang,W.,Wang, D., et al. (2008). Fluoxetine increases
the activity of the ERK-CREB signal system and alleviates the depressive-like
behavior in rats exposed to chronic forced swim stress. Neurobiol. Dis. 31,
278–285. doi: 10.1016/j.nbd.2008.05.003

Raineki, C., Hellemans, K. G. C., Bodnar, T., Lavigne, K. M., Ellis, L., Woodward,
T. S., et al. (2014). Neurocircuitry underlying stress and emotional regulation
in animals prenatally exposed to alcohol and subjected to chronic mild stress in
adulthood. Front. Endocrinol. 5:5. doi: 10.3389/fendo.2014.00005

Ramsay, D. S., Bendersky, M. I., and Lewis, M. (1996). Effect of prenatal alcohol
and cigarette exposure on two- and six-month-old infants’ adrenocortical
reactivity to stress. J. Pediatr. Psychol. 21, 833–840.

Redei, E., Halasz, I., Li, L. F., Prystowsky, M. B., and Aird, F. (1993).
Maternal adrenalectomy alters the immune and endocrine functions
of fetal alcohol-exposed male offspring. Endocrinology 133, 452–460.
doi: 10.1210/endo.133.2.8344191

Ressler, K. J., and Mayberg, H. S. (2007). Targeting abnormal neural circuits in
mood and anxiety disorders: from the laboratory to the clinic. Nat. Neurosci.
10, 1116–1124. doi: 10.1038/nn1944

Riley, E. P., Infante, M. A., and Warren, K. R. (2011). Fetal alcohol
spectrum disorders: an overview. Neuropsychol. Rev. 21, 73–80.
doi: 10.1007/s11065-011-9166-x

Sachs, B. D., Ni, J. R., and Caron, M. G. (2014). Sex differences in
response to chronic mild stress and congenital serotonin deficiency.
Psychoneuroendocrinology 40, 123–129. doi: 10.1016/j.psyneuen.2013.11.008

Sanford, N., and Woodward, T. S. (2017). Symptom-related attributional biases
in schizophrenia and bipolar disorder. Cogn. Neuropsychiatry 22, 263–279.
doi: 10.1080/13546805.2017.1314957

Savander, V., Go, C.-G., Ledoux, J. E., and Pitkänen, A. (1995). Intrinsic
connections of the rat amygdaloid complex: projections originating in the basal
nucleus. J. Comp. Neurol. 361, 345–368. doi: 10.1002/cne.903610211

Schneider, M. L., Moore, C. F., and Adkins, M. M. (2011). The effects of prenatal
alcohol exposure on behavior: rodent and primate studies. Neuropsychol. Rev.
21, 186–203. doi: 10.1007/s11065-011-9168-8

Seamans, J. K., Lapish, C. C., and Durstewitz, D. (2008). Comparing the prefrontal
cortex of rats and primates: insights from electrophysiology. Neurotox Res. 14,
249–262. doi: 10.1007/BF03033814

Sheline, Y. I., Barch, D. M., Donnelly, J. M., Ollinger, J. M., Snyder, A. Z., and
Mintun, M. A. (2001). Increased amygdala response to masked emotional faces

Frontiers in Behavioral Neuroscience | www.frontiersin.org 18 March 2018 | Volume 12 | Article 42

https://doi.org/10.1016/1044-7431(90)90022-V
https://doi.org/10.1016/0306-4530(95)00038-0
https://doi.org/10.1006/mcne.2000.0890
https://doi.org/10.1101/lm.3.2-3.229
https://doi.org/10.1016/j.neuropsychologia.2015.07.019
https://doi.org/10.1038/mp.2010.80
https://doi.org/10.1176/ajp.147.10.1313
https://doi.org/10.1203/00006450-200003000-00003
https://doi.org/10.1016/j.physbeh.2006.12.006
https://doi.org/10.1016/S0301-0082(98)00003-3
https://doi.org/10.1016/j.molmed.2007.05.003
https://doi.org/10.1002/hbm.21072
https://doi.org/10.1016/j.bbr.2010.08.014
https://doi.org/10.1007/s10571-012-9801-y
https://doi.org/10.1111/j.1530-0277.1986.tb05112.x
https://doi.org/10.1016/S0896-6273(02)00653-0
https://doi.org/10.1093/jpepsy/jsj021
https://doi.org/10.1002/ddrr.74
https://doi.org/10.1081/ADA-120015880
https://doi.org/10.1111/j.1471-4159.2004.02396.x
https://doi.org/10.3109/09638237.2011.577113
https://doi.org/10.1161/01.HYP.35.6.1301
https://doi.org/10.1002/cne.903560211
https://doi.org/10.1371/journal.pone.0059718
https://doi.org/10.1016/j.nbd.2008.05.003
https://doi.org/10.3389/fendo.2014.00005
https://doi.org/10.1210/endo.133.2.8344191
https://doi.org/10.1038/nn1944
https://doi.org/10.1007/s11065-011-9166-x
https://doi.org/10.1016/j.psyneuen.2013.11.008
https://doi.org/10.1080/13546805.2017.1314957
https://doi.org/10.1002/cne.903610211
https://doi.org/10.1007/s11065-011-9168-8
https://doi.org/10.1007/BF03033814
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Lam et al. Prenatal Alcohol: Depression and Neurocircuitry

in depressed subjects resolves with antidepressant treatment: an fMRI study.
Biol. Psychiatry 50, 651–658. doi: 10.1016/S0006-3223(01)01263-X

Slattery, D. A., and Cryan, J. F. (2012). Using the rat forced swim test to
assess antidepressant-like activity in rodents. Nat. Protoc. 7, 1009–1014.
doi: 10.1038/nprot.2012.044

Streissguth, A. P., Aase, J. M., Clarren, S. K., Randels, S. P., LaDue, R. A., and
Smith, D. F. (1991). Fetal alcohol syndrome in adolescents and adults. JAMA

265, 1961–1967. doi: 10.1001/jama.1991.03460150065025
Streissguth, A. P., Bookstein, F. L., Barr, H. M., Sampson, P. D., O’Malley,

K., and Young, J. K. (2004). Risk factors for adverse life outcomes in fetal
alcohol syndrome and fetal alcohol effects. J. Dev. Behav. Pediatr. 25, 228–238.
doi: 10.1097/00004703-200408000-00002

Szinyei, C., Heinbockel, T., Montagne, J., and Pape, H. C. (2000). Putative cortical
and thalamic inputs elicit convergent excitation in a population of GABAergic
interneurons of the lateral amygdala. J. Neurosci. 20, 8909–8915.

Takane, Y. (2013). Constrained Principal Component Analysis and Related

Techniques. Boca Raton, FL: CRC Press.
Takane, Y., and Hunter, M. A. (2001). Constrained principal component analysis:

a comprehensive theory. Appl. Algebr. Eng. Commun. Comput. 12, 391–419.
doi: 10.1007/s002000100081

Takane, Y., and Shibayama, T. (1991). Principal component analysis with
external information on both subjects and variables. Psychometrika 56, 97–120.
doi: 10.1007/BF02294589

Tang, Y.-P., Murata, Y., Nagaya, T., Noda, Y., Seo, H., and Nabeshima, T.
(1997). NGFI-B, c-fos, and c-jun mRNA expression in mouse brain after
acute carbon monoxide intoxication. J. Cereb. Blood Flow Metab. 17, 771–780.
doi: 10.1097/00004647-199707000-00007

Taylor, A. N., Branch, B. J., Liu, S. H., and Kokka, N. (1982). Long-term effects
of fetal ethanol exposure on pituitary-adrenal response to stress. Pharmacol.

Biochem. Behav. 16, 585–589. doi: 10.1016/0091-3057(82)90420-8
Torres, G., Horowitz, J., Laflamme, N., and Rivest, S. (1998). Fluoxetine

induces the transcription of genes encoding c-fos, corticotropin-releasing
factor and its type 1 receptor in rat brain. Neuroscience 87, 463–477.
doi: 10.1016/S0306-4522(98)00147-X

Uban, K. A., Comeau, W. L., Ellis, L. A., Galea, L. A. M., and Weinberg, J.
(2013). Basal regulation of HPA and dopamine systems is altered differentially
in males and females by prenatal alcohol exposure and chronic variable stress.
Psychoneuroendocrinology 38, 1953–1966. doi: 10.1016/j.psyneuen.2013.02.017

Ulrich-Lai, Y. M., and Herman, J. P. (2009). Neural regulation of endocrine
and autonomic stress responses. Nat. Rev. Neurosci. 10, 397–409.
doi: 10.1038/nrn2647

Valenzuela, C. F., Morton, R. A., Diaz, M. R., and Topper, L. (2012). Does moderate
drinking harm the fetal brain? Insights from animal models. Trends Neurosci.
35, 284–292. doi: 10.1016/j.tins.2012.01.006

Videbech, P., and Ravnkilde, B. (2004). Hippocampal volume and depression:
a meta-analysis of MRI studies. Am. J. Psychiatry 161, 1957–1966.
doi: 10.1176/appi.ajp.161.11.1957

Vogt, B. A., Finch, D. M., and Olson, C. R. (1992). Functional heterogeneity in
cingulate cortex: the anterior executive and posterior evaluative regions. Cereb.
Cortex 2, 435–443. doi: 10.1093/cercor/2.6.435-a

Weinberg, J. (1984). Nutritional issues in perinatal alcohol exposure. Neurobehav.
Toxicol. Teratol. 6, 261–269.

Weinberg, J. (1985). Effects of ethanol and maternal nutritional
status on fetal development. Alcohol. Clin. Exp. Res. 9, 49–55.
doi: 10.1111/j.1530-0277.1985.tb05049.x

Weinberg, J. (1988). Hyperresponsiveness to stress: differential effects of prenatal
ethanol on males and females. Alcohol. Clin. Exp. Res. 12, 647–652.
doi: 10.1111/j.1530-0277.1988.tb00258.x

Weinberg, J., Sliwowska, J. H., Lan, N., and Hellemans, K. G. C. (2008).
Prenatal alcohol exposure: foetal programming, the hypothalamic-pituitary-
adrenal axis and sex differences in outcome. J. Neuroendocrinol. 20, 470–488.
doi: 10.1111/j.1365-2826.2008.01669.x

Weiss, E. L., Longhurst, J. G., and Mazure, C. M. (1999). Childhood sexual abuse
as a risk factor for depression in women: psychosocial and neurobiological
correlates. Am. J. Psychiatry 156, 816–828. doi: 10.1176/ajp.156.6.816

Willner, P. (2005). Chronic mild stress (CMS) revisited: consistency
and behavioural-neurobiological concordance in the effects of CMS.
Neuropsychobiology 52, 90–110. doi: 10.1159/000087097

Willner, P., Towell, A., Sampson, D., Sophokleous, S., and Muscat, R. (1987).
Reduction of sucrose preference by chronic unpredictable mild stress, and
its restoration by a tricyclic antidepressant. Psychopharmacology 93, 358–364.
doi: 10.1007/BF00187257

Woodward, T. S., Cairo, T. A., Ruff, C. C., Takane, Y., Hunter, M. A., and
Ngan, E. T. C. (2006). Functional connectivity reveals load dependent
neural systems underlying encoding and maintenance in verbal working
memory. Neuroscience 139, 317–325. doi: 10.1016/j.neuroscience.2005.
05.043

Woodward, T. S., Feredoes, E., Metzak, P. D., Takane, Y., and Manoach, D.
S. (2013). Epoch-specific functional networks involved in working memory.
Neuroimage 65, 529–539. doi: 10.1016/j.neuroimage.2012.09.070

Workman, J. L., Raineki, C., Weinberg, J., and Galea, L. A. M. (2015).
Alcohol and pregnancy: effects on maternal care, HPA axis function, and
hippocampal neurogenesis in adult females. Psychoneuroendocrinology 57,
37–50. doi: 10.1016/j.psyneuen.2015.03.001

Yazici, K.M., Kapucu, O., Erbas, B., Varoglu, E., Gülec, C., and Bekdik, C. F. (1992).
Assessment of changes in regional cerebral blood flow in patients with major
depression using the 99mTc-HMPAO single photon emission tomography
method. Eur. J. Nucl. Med. 19, 1038–1043. doi: 10.1007/BF00180865

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Lam, Raineki, Takeuchi, Ellis, Woodward and Weinberg. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 19 March 2018 | Volume 12 | Article 42

https://doi.org/10.1016/S0006-3223(01)01263-X
https://doi.org/10.1038/nprot.2012.044
https://doi.org/10.1001/jama.1991.03460150065025
https://doi.org/10.1097/00004703-200408000-00002
https://doi.org/10.1007/s002000100081
https://doi.org/10.1007/BF02294589
https://doi.org/10.1097/00004647-199707000-00007
https://doi.org/10.1016/0091-3057(82)90420-8
https://doi.org/10.1016/S0306-4522(98)00147-X
https://doi.org/10.1016/j.psyneuen.2013.02.017
https://doi.org/10.1038/nrn2647
https://doi.org/10.1016/j.tins.2012.01.006
https://doi.org/10.1176/appi.ajp.161.11.1957
https://doi.org/10.1093/cercor/2.6.435-a
https://doi.org/10.1111/j.1530-0277.1985.tb05049.x
https://doi.org/10.1111/j.1530-0277.1988.tb00258.x
https://doi.org/10.1111/j.1365-2826.2008.01669.x
https://doi.org/10.1176/ajp.156.6.816
https://doi.org/10.1159/000087097
https://doi.org/10.1007/BF00187257
https://doi.org/10.1016/j.neuroscience.2005.05.043
https://doi.org/10.1016/j.neuroimage.2012.09.070
https://doi.org/10.1016/j.psyneuen.2015.03.001
https://doi.org/10.1007/BF00180865
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Chronic Stress Alters Behavior in the Forced Swim Test and Underlying Neural Activity in Animals Exposed to Alcohol Prenatally: Sex- and Time-Dependent Effects
	Introduction
	Materials and Methods
	Animals and Breeding
	Diets and Feeding
	Chronic Unpredictable Stress (CUS) Paradigm
	Behavioral Testing
	Tissue Collection
	In Situ Hybridization
	Probe and Labeling
	Hybridization

	Densitometric Analysis
	Statistical Analyses

	Results
	Developmental Data
	Body Weight Pre- and Post-CUS
	FST
	Immobility on Day 1
	Behavior on Day 2

	c-fos mRNA Expression
	Medial Prefrontal Cortex
	Amygdala
	Hippocampal Formation
	Hypothalamus

	Constrained Principal Component Analysis (CPCA)
	Males
	Females


	Discussion
	PAE and CUS Effects on Body Weight
	PAE and CUS Effects on FST Behavior
	PAE and CUS Effects on Neural Activation
	Medial Prefrontal Cortex
	Amygdala
	Hippocampal Formation
	Paraventricular Nucleus of the Hypothalamus

	Constrained Principal Component Analysis (CPCA)
	Pair-Feeding
	Summary and Implications

	Author Contributions
	Funding
	Acknowledgments
	References


