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A B S T R A C T

Endocrine-disrupting chemicals (EDCs) can act upon a developing organism to change its endocrine health and
behavior in adulthood. Beyond actions on the exposed individuals, transgenerational effects of several EDCs
have been reported. This study assessed the combinatorial impact of EDC-altered maternal care and transge-
nerational inheritance on F3 male and female offspring. Pregnant rats were exposed to EDCs with different
modes of action: the weakly estrogenic polychlorinated biphenyl (PCB) mixture Aroclor 1221, the anti-andro-
genic fungicide vinclozolin (VIN), or the vehicle (6% dimethylsulfoxide in sesame oil; VEH) during embryonic
development. The F1 male and female offspring were bred through the paternal- or maternal-lineage with un-
treated partners to generate F2 offspring. This process was repeated through both maternal and paternal lineages
to create the F3 generation. Maternal care of F2 dams towards their F3 offspring was altered in a lineage-
dependent manner, particularly in PCB paternal-lineage animals. When F3 pups were recorded for ultrasonic
vocalizations (USVs) following separation from the mother, the rate of neonatal USVs in F3 offspring were
decreased in PCB paternal-lineage pups. In adulthood, anxiety-like behaviors of the F3 rats were tested, with
only small effects of EDCs detected. These interactions of maternal behaviors and EDC effects across generations,
especially via the paternal lineage, has implications for health and environmental responses in wildlife and
humans.

1. Introduction

Adverse early life experiences often dictate an individual's sus-
ceptibility to future stressors and disease in adulthood, and can increase
propensity for behavioral and psychiatric disorders such as depression,
anxiety, and schizophrenia (Shonkoff et al., 2009). A key player in this
experience is parental care. For example, in humans, the detrimental
effects of childhood poverty, among others, can be mitigated with ap-
propriate parental care (Conger et al., 1994). In mammals, variations in
maternal care in particular are associated with differences in offspring
health outcomes (Champagne et al., 2003; Meaney, 2001), and can
persistently program the function of the hypothalamic-pituitary-adrenal
axis in response to stress (Macrì et al., 2008; Plotsky et al., 2005).
Offspring of high-care rodent mothers have lower levels of anxiety-like
responses (Champagne and Meaney, 2006), and high-care mothers
beget high-care mothering in the next generation (Champagne and
Meaney, 2001). Therefore, maternal behavior can serve as a

nongenomic mode of transmission of traits and effects from one gen-
eration to the next (Francis et al., 1999).

The neuroendocrine regulation of maternal care involves the ap-
propriate hormonal milieu, including estrogen and progesterone sig-
naling (Numan and Sheehan, 1997). These signaling systems are es-
tablished during perinatal development and are susceptible to
endogenous or exogenous perturbation. Endocrine-disrupting chemi-
cals (EDCs) are one such perturbation: exposures during critical periods
early in life can affect neurodevelopment and interfere with hormone-
sensitive behaviors (Gore et al., 2015, Gore et al., 2018). EDCs are
ubiquitous in our environment and include legacy chemicals such as
polychlorinated biphenyls (PCBs) that were banned decades ago in
most countries, but persist in the environment due to their resistance to
degradation. We are also exposed to contemporary-use EDCs including
vinclozolin (VIN), a commercially available fungicide commonly used
in viniculture (Schneider et al., 2011), as well as many other com-
pounds such as bisphenols, phthalates, flame retardants, and pesticides.
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Exposure of a dam during pregnancy (F0 generation) to EDCs and
other environmental factors directly affects her children (F1 – exposed
as the fetus) and grandchildren (F2 – exposed as developing germ cells
within the F1 fetus). Beginning with the F3 generation, any effects of
EDC inheritance must be imparted through context- or germline-de-
pendent epigenetic modifications (Anway and Skinner, 2006; Crews
et al., 2012; McCarrey, 2012; Wolstenholme et al., 2012; Xin et al.,
2015). Multigenerational effects observed to date in the F3 generation
include physiological, morphological, hormonal, and behavioral

alterations (Anway and Skinner, 2008; Berger et al., 2016; Crews et al.,
2007; Gillette et al., 2014; Kirchner et al., 2010; Steinberg et al., 2008;
Xin et al., 2015). Our lab recently showed that Aroclor 1221 (A1221), a
weakly estrogenic PCB mixture, had transgenerational physiological
effects that were propagated in a maternal or paternal lineage-specific
manner (Mennigen et al., 2018). Extensive work on VIN demonstrated
its transgenerational inheritance of disruptions in behavior, physiology,
and gene expression and DNA methylation in the brain (Anway and
Skinner, 2008; Crews et al., 2007; Gillette et al., 2014, 2018). These
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Fig. 1. Breeding paradigm (a) and experimental timeline (b). Pregnant dams were exposed to vehicle (VEH), Aroclor 1221 (PCB) or vinclozolin (VIN) from E8-18.
This exposes the F1 generation as fetuses, and the F2 generation as germ cells, with effects on the F3 individuals due to epigenetic (molecular or context-dependent)
inheritance. (b) The experimental timeline for F2 mating and maternal behavior, and F3 developmental and behavioral outcomes, is shown.
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EDCs, in long use in our laboratory, were selected because they inter-
fere with gonadal-hormone mediated effects on developmental brain
sexual differentiation.

Few studies have investigated how EDCs interact with other en-
vironmental factors and contextual life stressors (Crews et al., 2014;
Gillette et al., 2014; Johnson et al., 2015; Kundakovic et al., 2013;
Rosenfeld, 2015). Here, we investigated the combinatorial effects of
maternal behavior and EDC inheritance on the F3 generation female
and male offspring during development and in adulthood. We further
hypothesized that each EDC from different classes would lead to unique
behavioral trajectories.

2. Methods

2.1. EDC treatment

The PCB mixture Aroclor 1221 (AccuStandard, New Haven, CT, C-
221N-50MG, 083-166) and vinclozolin (VIN; Chem Service Inc., West
Chester, PA N-13745-250MG, 4054200) both at 1mg/kg, were dis-
solved in vehicle (VEH; 6% dimethylsulfoxide, Sigma #D4540; Sigma,
St Louis, Missouri) in sesame oil. Each dam received a daily in-
traperitoneal injection of the same compound from embryonic day (E) 8
to 18. This spans the period of germline demethylation and re-
methylation (Smallwood and Kelsey, 2012), as well as the beginning of
the period of brain sexual differentiation (Lenz et al., 2012). Previous
research has shown that these dosages of EDCs are relevant to circu-
lating levels in humans and at or below the acceptable daily intake for
human health (Alyea et al., 2014; Dickerson et al., 2011; Fitzgerald
et al., 2008; Steinberg et al., 2007). The dosages were also selected to
match previous work (Gillette et al., 2018; Krishnan et al., 2018).

2.2. Animal husbandry & physiological measures

All animal protocols were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee (IACUC) at The
University of Texas at Austin. Sprague-Dawley rats were purchased
from Harlan Laboratories (Houston, Texas & Indianapolis, Indiana),
housed in a temperature- and humidity-controlled room with a 10:14
partially reversed light cycle (lights off at 11:30 a.m.) and maintained at
21–23 °C. Animals were housed together (2–3 per cage, same sex) in
polycarbonate cages (43× 21×25 cm) with bedding and a PVC tube
for enrichment. All rats were fed ad libitum with a low phytoestrogen
diet (Harlan-Teklad, Indianapolis, Indiana).

In adulthood (3–4months old), females were bred with adult male
rats (~6months old). Vaginal smears were checked on the morning
after mating, and sperm-positive dams were singly housed. The day of
mating was designated as embryonic day 0 (E0). Dams were weighed
daily from E8 to E18 and injected i.p. with ~0.1mL of VEH, PCB or VIN
depending on body weight, ~2 h prior to the onset of the dark cycle.
Several days prior to their expected date of parturition, dams were
provided with nesting material. On postnatal day 1 (P1), the day after
birth, F1 litters were checked and culled to 10 pups of equal sex ratio by
removing those with extreme (longest/shortest) anogenital index
measures (Gillette et al., 2017). After weaning on P21, individuals were
housed with same-sex littermates. In adulthood (~P80), at least two F1
males and two F1 females from each litter were bred with untreated
stimulus animals (purchased from Harlan) using the same protocol
(Fig. 1a) to form the paternal and maternal lineages of the F2 genera-
tion. Adult paternal males and maternal females from the F2 generation
were bred with untreated mates to produce the F3 generation. The
primary focus of this experiment was the maternal behavior of the F2
females towards their F3 generational offspring, and F3 physiological
and behavioral outcomes (Fig. 1b).

The body weight and anogenital distance of each F3 individual was
measured at birth and then weekly thereafter until P21. F3 pups were

then weaned and re-housed (2–3 per cage) with same-sex littermates.
To determine age of puberty, females were checked daily for vaginal
opening beginning on P28, and males were checked for preputial se-
paration beginning on P35. The individuals in each litter continued to
be weighed weekly until P100. Behaviors conducted on these rats, and
euthanasia, are described below.

2.3. Litter usage and sample size

The number of dams and litters is shown in Fig. 1a. For birth out-
comes and developmental milestones of the F3 generation, we used
data from all five animals per sex per litter when available (Maternal
females: VEH=27, PCB=20, VIN=39; Maternal males: VEH=35,
PCB=36, VIN=63; Paternal females: VEH=25, PCB=20,
VIN=45; Paternal males: VEH=43, PCB=42, VIN=68). For pri-
mary endpoints (behavior, physiology) of F3 animals, 2–3 males and
females per litter were used. In all cases, we used litter as a covariate
and determined that there were no litter effects in any of the physio-
logical or behavioral endpoints measured.

2.4. Serum hormones of the F3 rats

At euthanasia in adulthood, trunk blood was collected from F3 rats
and centrifuged at 3000×g for 5min. Serum was collected and stored
at −80 °C until analysis. Corticosterone was selected as a primary
target based on its role as a stress hormone (Gillette et al., 2014), and
estradiol (E2) was selected based on previous work highlighting its
disruption by EDCs (Bell et al., 2016). Standards and samples for both
assays were run in duplicate, and concentrations were calculated as an
average of two duplicates from each individual. Serum corticosterone
was measured in 10 μL serum from individual rats in an RIA (MP Bio-
medicals; Corticosterone 125I RIA, RCBK1720). The intra-assay coeffi-
cient of variation (CV) was 1.58% and assay sensitivity was 25 ng/mL.
Serum E2 was measured in 200 μL serum from individual rats in an RIA
(Beckman-Coulter, Estradiol 125I RIA, 170717C). The intra-assay CV
was 2.3% and assay sensitivity was 5 pg/mL.

2.5. Adrenosomatic and gonadosomatic indices of the F3 rats

Adrenals and gonads were removed from all F3 carcasses at eu-
thanasia. Once cleaned of fat and weighed, paired adrenals and gonads
were normalized to the individual's body weight and multiplied by
1000 and 100 respectively, to obtain the adrenosomatic (ASI) and go-
nadosomatic (GSI) indices (Crews et al., 2012; Reilly et al., 2015).

2.6. Behavioral testing

2.6.1. F2 maternal behavior
Dams were monitored for two 60-minute observation periods each

on postnatal day 3 (P3) and 6 (P6) by trained individuals (~94% in-
terrater reliability). Behaviors are described in Table 1. Observations
occurred once during the light (8:30 a.m.) and once during the dark
(12:30 p.m.) phase of the light/dark cycle. During each observation

Table 1
Maternal care behavior.

Behavior Description

On nest Total time spent on the nest
Time nursing Total time spent nursing in any position
Active nursing Nursing in an arched back, legs fully extended

position
Passive nursing Nursing prone, supine, or on her side
Licking & grooming (LG) Total time spent licking & grooming the pups
Pup retrieval test Time to retrieve the first pup after scattering across

the nest

K. Krishnan et al. Hormones and Behavior 107 (2019) 96–109

98



period, each mother was scored once every minute for the following
behaviors: mother on the nest, licking/grooming pups, retrieving pups,
and nursing pups. The mother's posture was also observed: the arched-
back position (outstretched legs to facilitate access to nipples), a
blanket position (laying on the pups), or in a passive position [(lying on
her back or her side); Fig. 2a]. For the purpose of this experiment, any
nursing position other than the active arched-back position was re-
ferred to as a passive nursing position. Note that the paternal lineage
mothers are untreated stimulus females who were bred with F2 males
exposed to EDCs, while maternal lineage mothers are F2 females who
descended directly from EDC- or vehicle-treated progenitors and were
mated with untreated stimulus males (Fig. 1a). This is important, as the
paternal lineage females have not been directly exposed to EDCs; ra-
ther, they are the recipients of courtship, mating behavior, and ejacu-
late of the EDC male descendants.

2.6.2. F3 pup ultrasonic vocalizations
Pup ultrasonic vocalizations were recorded on P3 and P6, im-

mediately after the period of maternal observation during the lights-on
phase of the lighting cycle. For each session, one male and one female
pup were randomly selected from the nest. They were rapidly trans-
ported (< 5mins) to the ultrasonic vocalization (USV) room, where
they were recorded for USVs for 5mins while in isolation in clean
mouse cages. USVs were recorded by a CM16/CMPA microphone
(Avisoft, Berlin, Germany) suspended 10 cm above the floor of the cage.
Calls were recorded with UltraSoundGate hardware and software and
analyzed with SasLab Pro (Avisoft, Berlin, Germany). Recordings were
played at 512 FFT-length and 75% overlap. Whistle tracking element
separation, optimized to our apparatus and conditions, was used to
automatically detect calls. The number of flat [< 5 kHz change in
frequency] and frequency-modulated [> 5 kHz change in frequency]
calls were counted, and a sample spectrogram is shown in Fig. 2b for
each call type. Spectrogram properties quantified for each call were
duration, power (average amplitude), bandwidth, and mean frequency
(pitch) as per (Bell et al., 2016; Krishnan et al., 2018).

2.6.3. Retrieval of F3 pups by their F2 dams
Immediately after recording USVs from the pups, the dams were

tested for latency to pup retrieval. First, the dam was removed from the
cage for approximately 30 s. During this time, pups were scattered
around the home cage. Once the dam was reintroduced to the home
cage, she was timed for latency to retrieve the first pup.

2.6.4. F3 adult anxiety-like behaviors
In adulthood (P75–100), 2–3 F3 females and 2–3 F3 males from

each litter were randomly selected for behavioral testing in the open
field test and the light:dark box. The tests were performed at least 48 h
apart. Females were monitored for their estrous cycles, but were tested
in the open field and light:dark box on a random day of their cycle.
Cycle status was previously included as a covariate in statistical analysis
in our lab, and had no effect on similar behavioral outcomes (Gillette
et al., 2017). Behaviors from both tests were recorded using the Any-
Maze automated tracking software.

2.6.4.1. Open field test of F3 adults. The open field test measures
aversion to explore brightly lit areas. The apparatus is a square arena,
digitally divided into an inner (center) area, an outer area, and four
corner areas. The outer area consisted of a 10 cm border around the
center open-field. Each corner of the arena was 10 cm×10 cm. The
animals' position, speed, and time immobile were recorded, as were
total time in the corners and the center.

2.6.4.2. Light:dark box test of F3 adults. The Stoelting light:dark
apparatus is a rectangular box bisected into two chambers, one clear
and one opaque black Plexiglas (50 cm×50 cm each), connected by a
passageway. The light portion of the box was diffusely illuminated with
a 60W incandescent bulb ~3m from the top of the apparatus. The dark
portion of the box was covered with a black Plexiglas transparent lid.
Observation and video recording of the animal in the dark box was
possible because the lid permitted red light to pass. To begin the
light:dark box test, the animal was placed in the passageway, facing the
light field, and tracked for 5min. The time in each box, mean speed,
and time immobile were recorded.

Fig. 2. Representative images of (a) maternal care postures in rats such as active (arched back) nursing, passive nursing, and licking/grooming of pups, are shown.
(b) A pup ultrasonic vocalization spectrogram is shown, demonstrating a flat call (left) and a frequency-modulated call (right).
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2.7. Statistical analyses

Behavioral and physiological data were analyzed using a one-way
analysis of variance (ANOVA) within each sex and lineage or lineage
and day combination to test for main effects of treatment. For measures
taken repeatedly over time in the same animals (body weight and an-
ogenital distance) a repeated-measures statistic was used. Tukey's HSD
was used for post-hoc analyses, as it corrects for multiple statistical
comparisons. The data were tested for normality and homoscedasticity
using the Shapiro-Wilk and Bartlett's test respectively. If the data failed
these assumptions, they were transformed (log, square, or square-root)
and analyzed with a similar factorial ANOVA. If the transformations did
not resolve these issues, the data were analyzed using the non-para-
metric Kruskal-Wallis test (KW; given by the Η statistic) to determine
main effects of EDC treatment, lineage, and sex. Since this test does not
determine an interaction effect, we conducted post-hoc analysis of any
main effects by pairwise comparisons using the Steel-Dwass method.
For ANOVAs, effect sizes for each factor were calculated as eta-squared
(η2), which represents the proportion of variance that is accounted for
by the factor being tested. An η2 of 0.14 or greater is considered large,
whereas an η2 between 0.06 and 0.13 is considered medium. For KW
tests, effect sizes were calculated as epsilon squared (ε2), using similar
parameters as η2. An effect was considered significant at p < 0.05.

2.7.1. Correlation matrices
We analyzed the relationships between F2 and F3 generation be-

haviors and serum hormone levels using correlation matrices. Pearson's
r correlation coefficients are reported in Supplemental Table 1.
Correlations were classified as strong, moderate or weak based on the
correlation coefficient. Multiple comparisons were corrected using the
Bonferroni method.

3. Results

3.1. Birth outcomes and development of the F3 generation

3.1.1. Body weight and AGI of the F3 generation
Body weight was analyzed in three distinct life phases, as in our

previous studies (Gillette et al., 2017; Mennigen et al., 2018): pre-
puberty (P1–P21), adolescence (P28–P63), and adulthood (P70–P98).
Repeated measures analysis revealed significant differences in body
weight in prepuberty in 3 of the 4 lineages, but these differences did not
persist into adolescence or adulthood; effect sizes were small to medium
(Fig. 3). In the prepubertal phase, maternal lineage females differed by
treatment (F2, 146= 3.98, p=0.02, η2= 0.05), with VIN animals
weighing significantly less than PCB (p=0.01). Paternal lineage pre-
pubertal females also differed by treatment (F2, 151= 8.62, p < 0.001,
η2= 0.11); PCB (p < 0.001) and VIN (p=0.002) descendants
weighed less than their VEH counterparts. In prepubertal males, the
maternal lineage also differed between treatment groups (F2,
140= 3.74, p=0.026, η2= 0.05) in that PCB males weighed more than
both VIN (p=0.002) and VEH (p=0.034) males.

Anogenital index (AGI) was altered in maternal females (F2,
150= 6.46, p=0.002, η2= 0.09) and paternal males (F2, 158= 8.98,
p < 0.0001, η2= 0.11) in the first two weeks of life (P1, P7, P14; data
not shown). In maternal females, both PCB (p=0.002) and VIN
(p=0.03) animals had smaller AGIs than VEH; paternal PCB males had
smaller AGIs than VEH (p=0.03) and VIN (p < 0.0001) animals.

3.1.2. Age at puberty in the F3 generation
Age at puberty was determined based on vaginal opening and pre-

putial separation for both females and males respectively. There were
no treatment effects in F3 males (preputial separation at ~44 days of
age in all groups), or in paternal-lineage females (vaginal opening at
~35 days of age). Maternal lineage females descended from ancestrally
EDC groups experienced puberty ~2.5 days earlier than their VEH

counterparts [VEH: 35.2 ± 0.3; PCB: 33.7 ± 0.3; VIN: 33.7 ± 0.3; (Η
(2, N= 141)=18.22, p < 0.0001, ε2= 0.13)].

3.2. Adult physiological outcomes in the F3 generation"

3.2.1. Adrenosomatic and gonadosomatic index in the F3 generation
Adrenosomatic index (Fig. 4a) differed between treatments in pa-

ternal lineage females (F2, 66= 4.13, p=0.020, η2= 0.13), with VIN
descendants having adrenals that were smaller than their PCB coun-
terparts (p=0.035). Paternal lineage males were significantly affected
by treatment (F2, 66= 3.47, p=0.036, η2= 0.10), but post-hoc ana-
lyses did not identify significant differences between specific groups.

Ovarian index (Fig. 4b) in females was unaffected by treatment in
either lineage. Maternal lineage males showed significant treatment
effects (F2, 67= 3.72, p=0.029, η2= 0.11). Specifically, PCB des-
cended males had smaller testes relative to their VEH controls
(p=0.039).

3.2.2. Serum hormones in the F3 generation
Although serum corticosterone concentrations (Fig. 5a) did not

significantly differ between treatment groups in the paternal lineage
males, the effect size was large (F2, 24= 3.22, p=0.057, η2= 0.27).
Serum estradiol concentrations (Fig. 5b) only differed between treat-
ments in paternal lineage females (F2, 25= 4.20, p=0.026, η2= 0.34),
with significantly higher circulating estradiol levels in PCB then VEH
descended females (p=0.028).

3.3. Behaviors in F2 dams and their F3 offspring

3.3.1. F2 maternal care
Maternal care was scored for 1 h during the lights-on phase, and 1 h

during the lights-off phase, when pups were P3 and P6. Because no
significant effects were observed on P6, we will only describe statistics
for P3 maternal behaviors. Data are presented separately for the lights-
on (Fig. 6) and lights-off periods (Fig. 7). During lights-on, the F2
maternal line females did not differ in the number of observations
scored on the nest (Fig. 6a). They also did not differ significantly when
nursing their offspring although this had a large effect size (F2,
25= 3.01, p=0.067, η2= 0.24; Fig. 6b). Significant effects of treat-
ment were detected for the number of observations of maternal females
in the active nursing position [Η (2, N=29)= 6.28, p=0.045,
ε2= 0.22; Fig. 6c] with PCB < VEH (p < 0.05). No differences were
found in the passive nursing position (Fig. 6d). F2 maternal females also
differed in numbers of observations of licking and grooming (LG) their
pups (F2, 30= 5.03, p=0.013, η2= 0.34), with VIN females greater
than both PCB (p=0.028) and VEH (p=0.032) females (Fig. 6e).

Some differences were also found for the paternal lineage F2 dams.
It is notable that these were the untreated breeder females who mated
with F2-lineage males. Paternal lineage females differed significantly in
number of observations on the nest (F2, 30= 8.12, p=0.001,
η2= 0.54; Fig. 6a) and total nursing (F2, 24= 4.16, p=0.02, η2= 0.35;
Fig. 6b). For both of these behaviors, PCB females had fewer observa-
tions than their VEH (on nest: p=0.001; LG: p=0.04) and VIN
(p=0.01 and p=0.04) counterparts. The number of observations
passive nursing was also affected in paternal females (F2, 32= 5.55,
p=0.008, η2= 0.35), with PCB < VEH (Fig. 6d, p=0.007).

Maternal behavior during the dark phase (Fig. 7) occurred at lower
frequencies. Again, treatment differences were found only on P3. A
significant effect of treatment was found in maternal females for
numbers of observations on the nest (F2, 26= 6.18, p=0.006,
η2= 0.48, Fig. 7a), with VIN > VEH (p=0.01) and VIN > PCB
(p=0.02). These females also differed in active nursing, with a large
effect size [Η (2, N= 29)=9.09, p=0.01, ε2= 0.30, Fig. 7c], al-
though post-hoc analyses did not identify differences between specific
groups. There were differences between maternal line females for LG
pups (F2, 26= 3.16, p=0.05, η2= 0.24, Fig. 7e); although the effect
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size was large, post-hoc analyses were non-significant. In the paternal
lineage, females differed significantly in numbers of observations nur-
sing [Η (2, N= 28)=7.77, p=0.02, ε2= 0.26], with PCB < VIN
(p=0.02, Fig. 7b). These females also differed in observations of the
active nursing position [Η (2, N= 29)=16.52, p < 0.01, ε2= 0.50,
Fig. 7c], with VIN > VEH (p=0.005) and VIN > PCB (p=0.003).
Passive nursing was significantly affected by treatment with a large
effect size [Η (2, N= 28)=6.28, p=0.04, ε2= 0.20, Fig. 7d], but
post-hoc analyses could not resolve differences between treatment
groups.

3.3.2. F3 pup retrieval test by the F2 dams
The time taken for the F2 dam to retrieve the first pup did not differ

between treatment groups by lineage or day (p > 0.05 for all).

3.3.3. F3 pup ultrasonic vocalizations
One male and one female pup per litter were scored for USV calls on

P3 and P6. There were no sex differences between male and female
pups in all aspects of their vocalizations (data not shown), therefore we
analyzed pup vocalizations collapsed across sexes. Maternal lineage
pups did not differ by treatment for call numbers or power (Fig. 8a–c),
but they differed in call durations on P6 (F2, 46= 4.32, p=0.015,
η2= 0.13), with VIN < VEH (p < 0.05). Mean call frequency in the
maternal lineage did not differ significantly on P6, with a medium ef-
fect size (F2, 46= 3.09, p=0.054, η2= 0.13; Fig. 8e). Paternal lineage

pups differed solely in the number of calls that they emitted. On P6,
compared to their VEH counterparts, PCB pups from the paternal
lineage emitted significantly fewer total calls (F2, 51= 4.56, p=0.015,
η2= 0.18; Fig. 8a) and frequency-modulated (FM) calls (F2, 51= 3.30,
p=0.044, η2= 0.13; Fig. 8b), with no significant difference in flat calls
(F2, 49= 2.57, p=0.087, η2= 0.11; Fig. 8c).

3.4. F3 adult anxiety-like behaviors

3.4.1. Open field
Both paternal- and maternal-lineage females differed by treatment

in specific aspects of the open field test. For females, the time spent in
the corners was not significantly affected (Fig. 9a), but time spent in the
center of the apparatus differed significantly (F2, 48= 3.49, p=0.036,
η2= 0.12, Fig. 9b), with VIN < VEH (p < 0.05). Mean speed was also
affected in maternal females (F2, 59= 3.19, p=0.048, η2= 0.11,
Fig. 9c) with VIN faster than VEH rats (p < 0.05). Time immobile was
unaffected in females (Fig. 9d). For the paternal lineage females, there
were no significant treatment effects on time spent in the corners or the
center of the apparatus (Fig. 9a, b), but there was a significant effect on
speed (F2, 72= 3.51, p=0.026, η2= 0.10), with paternal VIN females
being significantly slower than PCB descendants (p < 0.05).

Among males, only the maternal line was affected: for speed (F2,
67= 4.32, p=0.034 η2= 0.13, Fig. 9c) with VIN faster than VEH
(p < 0.05), and time spent immobile (F2, 66= 3.36, p=0.031,
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η2= 0.10, Fig. 9d), with VIN > VEH males (p < 0.05).

3.4.2. Light:dark box
The only difference in the light:dark box test (Fig. 9b) was in the

time spent immobile in paternal lineage females, for which VIN females
spent significantly more time immobile than VEH females (F2,
68= 3.21, p=0.036, η2= 0.09).

3.5. Correlations

In a companion study (Krishnan et al., 2018) we found that in F2
adult animals, particularly males from the paternal lineage, there were
effects of EDCs on numbers and acoustic properties of their USVs, as
well as serum estradiol and testosterone concentrations. The F2 females
from that study were observed for their maternal care in the current
study; the maternal F2 females were those exposed in the germline to
EDCs, and the paternal F2 females were untreated but bred to F2 males
exposed in the germline to EDCs.

To relate F2 adult physiology (previous study) and maternal beha-
viors (this study) to those of their F3 offspring (this study), we con-
ducted correlation analyses for F2 adult USVs, F2 maternal care, F3 pup
USVs, F3 offspring anxiety-like behaviors, and F2 and F3 serum hor-
mone concentrations. Pearson correlations were performed as: 1) F2
within-individual correlations, or 2) F2 individuals correlated with
their own F3 offspring. The complete dataset is presented in
Supplemental Table 1. In this results section, we focus on that subset of
data for which correlations were strong and/or significant.

3.5.1. Correlations between adult USV properties and maternal care
Strong, but non-significant correlations only occurred in paternal

lineage F2 dams (Fig. 10a & b). Within F2 paternal PCB animals, the
duration of USVs was negatively correlated with the amount of time
spent LG pups (r=−0.81; Fig. 10a). In F2 VIN animals of the paternal
lineage, the power of the USVs was positively correlated with both the
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time spent on the nest (r=0.76; Fig. 10b) and the time spent in the
active nursing position (r=0.71; data not shown). Mean bandwidth of
F2 VEH adult USVs were positively correlated with the amount of time
spent on the nest (r=0.72; data not shown).

3.5.2. F2 adult USVs and F3 offspring USVs
The average duration of calls was strongly but non-significantly,

negatively correlated between F2 adults and their F3 offspring in the
maternal lineage VEH (r=−0.91) and PCB groups (r=−0.86;
Fig. 10c). However, no other treatment groups exhibited this correla-
tion. The mean frequency of vocalizations emitted by paternal PCB F2
adults were strongly negatively correlated with total (r=−0.86) and
flat calls (r=−0.88; Supplemental Table 1) emitted by their F3 off-
spring, although these relationships were non-significant as well
(Fig. 10d).

3.5.3. F2 maternal care and F3 offspring USVs
Strong correlations between F2 maternal care and F3 pup USVs only

occurred on P3. In F2 maternal lineage VIN animals, the strong negative
correlation between time spent LG pups and duration of F3 pup voca-
lizations (r=−0.87) was non-significant (Fig. 11a). The time that F2
maternal lineage VEH animals spent in the active nursing posture was
strongly inversely (but not significantly) correlated with the number of
total (r=−0.91; Fig. 11b), FM (r=−0.81; Supplemental Table 1) and
flat calls (r=−0.80; Supplemental Table 1) emitted by their F3

offspring.

3.5.4. F2 maternal care and F3 adult anxiety-like behavior
There was a strong, positive, and significant correlation between

maternal care displayed by F2 maternal lineage PCB animals and their
F3 offspring for light:dark box behavior. The time that F3 PCB animals
spent immobile in the light:dark box apparatus was strongly correlated
with the time that their F2 PCB parent spent nursing (r=0.90;
Fig. 11c) and on the nest (r=0.92; Fig. 11d).

3.5.5. F2 and F3 serum hormone levels
Male and female serum corticosterone and estradiol concentrations

were each analyzed for correlations across generations. Only one sig-
nificant correlation emerged: for the F2 VEH paternal dams, in which
serum estradiol was significantly and strongly negatively correlation
with estradiol concentrations in F3 VEH females (Supplemental
Table 1).

4. Discussion

Research on transgenerational effects of EDCs is predicated on the
assumption that EDC exposures cause germline changes, especially
DNA methylation, that can be heritable (Anway and Skinner, 2008;
Crews et al., 2007; Gillette et al., 2014; Gillette et al., 2018). However,
it is equally important to consider the broader environmental context.
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For example, maternal care influences the epigenome of the offspring's
brain, leading to behavioral differences that may in turn be propagated
to further generations (Champagne and Meaney, 2001). Our study in-
vestigated the potential for the experience of maternal care to interact
with EDC inheritance (germline) to affect offspring physiology, devel-
opmental milestones, and anxiety-like behavior.

4.1. EDCs alter F2 maternal behavior in early F3 postnatal care

Maternal care is crucial to normal offspring physiological and psy-
chosocial development. Rodent maternal care is susceptible to disrup-
tion by environmental stressors (Carini et al., 2013; Moussaoui et al.,
2016; Nephew and Bridges, 2011), food restriction (Sabau and Ferkin,
2013), as well as stressors in their own early development (Del Cerro
et al., 2015). To date, few studies have documented the effects of EDCs
on maternal care in rodents (Johnson et al., 2015; Kougias et al., 2018;
Rosenfeld, 2015), with divergent results. Dams consuming a high fat
diet together with phthalate ingestion had increased licking and
grooming behavior towards their offspring (Kougias et al., 2018). Stu-
dies in mice and rats showed that bisphenol A (BPA) decreased
(Johnson et al., 2015; Della Seta et al., 2005), increased (Kundakovic
et al., 2013), or did not alter (Boudalia et al., 2014) maternal care
behaviors, depending on the duration and dosage of the exposure.

To our knowledge, our study is the first to examine how exposure of
the F2 generation females to EDCs as germ cells (i.e., within the de-
veloping F1 embryos) alters those individuals' maternal behavior as
adults (maternal line), and whether an adult male with germ cell ex-
posure may alter an unexposed females' maternal care to her offspring
(paternal line). In the maternal F2 lineage, PCB dams spent significantly
less time in the active nursing position. This arched-back position al-
lows for more efficient milk letdown from the mammary glands
(Lonstein et al., 1998). Maternal F2 VIN females spent more time
licking and grooming their pups, linked to lower stress responses in
adult offspring (Champagne and Meaney, 2001).

In our paradigm, untreated females who mated with F2 PCB males
(paternal line) had fewer observations on the nest and nursing, speci-
fically in a passive nursing position on P3. These paternal line effects
via altered maternal investment are noteworthy since these males
previously exhibited changes in USV and mating behavior, potentially
signaling diminished mate quality and reproductive potential. The
transmission of effects to the F3 generation could also indicate a
germline epigenetic change inherited in the offspring of the paternal
lineage.

It is possible that the unexposed females displaying the maternal
care might adjust their reproductive investment towards their offspring
depending on such environmental factors that influence reproductive
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fitness, as postulated (Curley et al., 2011). For example, food restriction
of male mice prior to natural mating caused females to alter their
maternal investment in their offspring (Mashoodh et al., 2018). How-
ever, transfer of embryos fertilized by these same males did not produce
any changes in the females' maternal care, suggesting that the mating
interaction, rather than the genetic and epigenetic material in the em-
bryo, influenced the females' behavior. Thus, we speculate that the le-
gacy of EDC exposure in the male occurs via decreases in maternal
behavior, especially since these females were not allowed to choose
their reproductive partner. The reproductive compensation hypothesis
suggests that females paired with unattractive males would increase
their investment to mitigate any disadvantages that the offspring may
inherit from their father (Sheppard et al., 2013). Our results suggest
that other forms of mitigation could be taking place, given that females
exposed to the paternal lineage males reduce the time they spend in-
teracting with the offspring. Furthermore, we cannot eliminate the
possibility that as-yet to be determined factors in the sperm/semen may
convey information that leads to adjustments in maternal behavior,
something that could be tested in cross-fostering experiments.

4.2. EDCs and F2 maternal care alter F3 pup USVs and developmental
outcomes

Pup USVs have many functional similarities to human infant voca-
lizations. Just as human infant cries hasten maternal care and retrieval,
so do pup USVs (Bowers et al., 2013; Hofer et al., 2002; Rosenblatt
et al., 1979). Rodent pup USVs are believed to denote negative affective
states such as distress, as they decrease with the administration of an-
xiolytic drugs like benzodiazepines (Miczek et al., 1995; Zimmerberg
et al., 1994). Consistent with this, isolation from the mother leads to
potentiation of USV calls from the pups, indicating a state of anxiety or
distress (Hofer et al., 2002; Shair et al., 2015).

Unlike maternal care, which was solely altered on P3 in our study,
pup USVs were almost exclusively altered on P6. At this age in the
maternal lineage, call duration was significantly shorter in maternal
VIN than VEH pups. Antidepressant drugs administered in early

postnatal life reduce the duration of USVs (Hodgson et al., 2008), so the
longer duration calls in the VIN pups in our paradigm could be re-
presentative of greater distress. Given the strong (albeit non-significant)
correlation between maternal lineage LG behavior and pup USV dura-
tion in VIN animals (see Supplemental Table 1), it is possible that the
duration of the offspring vocalizations on P3 drives the LG behavior to
increase, resulting in lower levels of stress reactivity, and therefore
shorter call lengths, in the offspring on P6. Further work is needed to
test this hypothesis.

We also detected fewer calls from paternal PCB F3 pups than VEH
after a period of separation, indicating either a baseline difference in
the number of calls, or that these PCB pups experienced less distress
when separated from their mother. Although the decline in calling
could be a consequence of the decreased time that F2 PCB mothers
spent on the nest and nursing on P3, other studies have shown that a
decrease in maternal care behaviors resulted in greater anxiety-like
behaviors in the offspring (Bowers et al., 2013; Shair et al., 2015). The
F3 paternal lineage PCB pups, although devoid of direct exposure to
EDCs, could inherit altered epigenetic marks via the mature sperm in
the paternal germline as well (Probst et al., 2009), causing alterations
in vocalization behavior of the offspring and subsequently altering the
dam's maternal care behaviors. Since offspring are not passive re-
cipients of the care they receive, it is possible that the decline in their
calling drives the reduction in maternal care, thereby influencing their
own development (Curley et al., 2011).

4.3. EDC-altered F2 maternal care modulates F3 adult anxiety-like
behavior

The impact of altered maternal care and prenatal environments on
offspring anxiety-like behavior is well documented (Champagne et al.,
2003; Champagne and Meaney, 2006; Weaver et al., 2006). Effects of
ancestral EDC exposure in our paradigm were relatively modest, and
not as strong as our pup USV results. In our study, regardless of sex or
lineage, VIN animals differed in their anxiety-like behaviors; no sig-
nificant differences were found with PCB animals. In the open field test,
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maternal lineage VIN females moved more quickly and spent less time
in the center of the chamber than VEH females, suggesting higher stress
reactivity. Maternal lineage VIN males also moved more quickly but
spent less time immobile than VEH males, which suggests lower levels
of stress reactivity.

Although F2 maternal care towards F3 offspring was altered in early
postnatal development, the anxiety-like effects in F3 offspring did not
persist into adulthood. Correlations between F2 maternal care and F3
adult offspring were few, but those that were found were significant –
the time that PCB mothers spent on the nest and nursing was strongly,
significantly, and positively correlated with the offspring's time spent
immobile in the light:dark box. This was unexpected, as greater nursing
and nesting patterns traditionally result in less anxiety behavior in the
adult offspring (Caldji et al., 1998; Champagne et al., 2003). However,
the decreased care that we observed from paternal line PCB mothers
could contribute to the physiological phenotype of higher corticos-
terone levels, lower estradiol levels, and smaller adrenals that we saw in
our F3 PCB adult offspring. These outcomes indicate disruption of the
hypothalamic-pituitary-adrenal axis, although our behavioral para-
digms do not reflect the same. Future research utilizing more sensitive
behavioral tests measuring anxiety- and depressive-like behaviors could
better clarify potential behavioral alterations in stress reactivity in
these individuals.

4.4. Conclusions and implications

The present data show the lineage-dependent impact of ancestral
EDC exposure on F2 maternal care, as well as the combinatorial effects
of transgenerational EDC exposure and altered maternal care on F3
physiology and behavior. In a companion study (Krishnan et al., 2018)
we reported that F2 paternal lineage males exposed to PCBs were
phenotypically different from their VEH counterparts. Although a single
strong phenotype did not emerge in the F3 generation as it did in the
F2, the alteration of F2 maternal behavior and F3 offspring outcomes in
the paternal lineage PCB animals was particularly interesting.

Transgenerational transmission of EDC effects via the paternal line
has previously been documented with high doses of VIN (Anway et al.,
2005; Anway and Skinner, 2008), with F3 animals at increased risk for
kidney disease, infertility and immune abnormalities at least four
generations beyond the initial exposure. Behavioral work using this VIN
model also found that females prefer males from non-EDC exposed
lineages in a mate preference paradigm (Crews et al., 2007), indicating
significant impacts of paternal lineage EDC transmission on re-
productive success. Moreover, the individuals' responses to stress
during adolescence was altered in F3 animals of the VIN lineage (Crews
et al., 2012), showing that the predisposition to a maladaptive stress
response can be programmed generations earlier by EDC exposure.
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Although our study establishes maternal care as a potential context-
dependent mechanism by which EDC effects are propagated transge-
nerationally, it does not exclude germline-dependent mechanisms of
action. This point is underscored by baseline differences in vehicle
control groups of maternal and paternal lineages, notable for serum
corticosterone concentrations in F3 males (Fig. 5A), serum estradiol in
F3 females (Fig. 5B), and some maternal behaviors (Figs. 6 and 7). We
speculate that these lineage differences are due to differences in the
timing of the original exposures to the EDCs, from gestational days
8–18 in the F1 generation. The developing germ cells (future F2 gen-
eration) undergo massive changes in epigenetic marks such as DNA
methylation, with a complete erasure of marks in both sexes. However,
the re-establishment of germline methylation marks is completed before
birth in males, but not until puberty in females (Seisenberger et al.,
2012) leading to maternal and paternal lineage differences in the F3
generation.

To tease apart context and germline dependent mechanisms, cross-
fostering the F3 EDC lineage offspring with untreated mothers (and
vice-versa) would be necessary. However, context-dependent mechan-
isms other than maternal care could also be involved in this transmis-
sion, such as intrauterine position, pre- and postnatal sex ratio of the
litter, prenatal nutrition, etc. (de Medeiros et al., 2010; Lumey et al.,
2011; Ryan and Vandenbergh, 2002).

The mechanisms for molecular epigenetic transmission of effects of

EDCs across generations are incompletely understood (Skinner et al.,
2013). Despite the waves of demethylation and remethylation that
occur during germline development, some paternally methylated im-
printed genes are exempt from demethylation and are transmitted to
the next generation (Lane et al., 2003; Olek and Walter, 1997). To truly
establish a role of epigenetic mechanisms in both paternal and maternal
transmission of EDC effects, future studies must investigate the epige-
netic modifications in the germ cells, the mechanism by which these
modifications are inherited from one generation to the next, and the
potential role of context in the phenotypic outcomes.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yhbeh.2018.12.009.
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