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Endocrine disrupting chemical (EDC) exposures during critical periods of development may influence neuronal
development and the manifestation of sexually dimorphic sociability and social novelty behaviors in adulthood.
In this study, we assessed the effects of gestational exposure to PCBs on the social behavior of males and females
later in adulthood. A weakly estrogenic PCB mixture, Aroclor 1221 (A1221, 0.5 or 1 mg/kg) was administered to
pregnant Sprague–Dawley rat dams. Both a positive control (estradiol benzoate; EB, 50 μg/kg) and negative con-
trol (dimethylsulfoxide; DMSO in sesame oil vehicle) were similarly administered to separate sets of dams. The
sexes responded differently in two tasks essential to sociality. Using a three-chamber apparatus that contained a
caged, same-sex, gonadectomized stimulus animal and an empty stimulus cage, we found that both sexes
showed a strong preference for affiliating with a stimulus animal (vs. an empty cage), an effect that was much
more pronounced in themales. In the second task, a novel and a familiar stimulus animal were caged at opposite
ends of the same apparatus. Females displayed a higher degree of novelty preference than themales. During both
tests, females had significantly higher social approach behaviors while male engaged in significantly more inter-
active behaviors with the conspecific. Of particular interest, males born of dams that received prenatal A1221
(0.5 mg/kg) exhibited an overall decrease in nose-to-nose investigations. These behavioral data suggest that
the males are more sensitive to A1221 treatment than are females. In addition to behavioral analysis, serum cor-
ticosterone was measured. Females born of dams treated with A1221 (0.5 mg/kg) had significantly higher con-
centrations of corticosterone than the DMSO female group; males were unaffected. Females also had
significantly higher corticosterone concentrations than did males. Overall, our results suggest that the effects
of gestational exposure to PCBs on adult social behavior are relatively limited within this particular paradigm.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Prenatal exposure to endocrine disrupting chemicals (EDCs) can dis-
rupt the neuroendocrine system, leading to alterations in adult social
and sociosexual behaviors in a sexually-dimorphic manner. Most re-
search has been conducted for bisphenol A (BPA), exposure to which
causes a decrease in the territorial marking of male mice (Williams
et al., 2013), as well as female-specific alteration of one-on-one social
interactions in juvenile mice (Wolstenholme et al., 2011) and prairie
voles (Sullivan et al., 2014). BPA also perturbs social recognition in
mice (Wolstenholme et al., 2013). Exposure to other EDCs such as atra-
zine (mice: Belloni et al., 2011), PCBs (rats: Jolous-Jamshidi et al., 2010),
and chlorpyrifos (mice: Venerosi et al., 2012) are associated with
perturbations of normal social interactions. Polychlorinated biphenyls
(PCBs) – including the Aroclor 1221 mixture (A1221) used in the
ore).
current study – also disrupt sexual behavior in female rats (Chung and
Clemens, 1999; Steinberg et al., 2007). However, beyond this work,
studies of EDC effects on social affiliation (individual preference to asso-
ciate with a conspecific) and social novelty (individual choice to affiliate
with a strange versus a familiar conspecific) are limited. Research has
shown sex differences in these behaviors, as male rats tend to spend
more time interacting with an unfamiliar, same-sex conspecific than
do females (Carrier and Kabbaj, 2012; Slamberová et al., 2011; Stack
et al., 2010). However, to our knowledge there are no studies investigat-
ing the effects of gestational exposure to PCBs on this paradigm.

The purpose of this studywas to provide a thorough characterization
of the social behavioral phenotype caused by gestational EDC exposure.
We assessed how treatment of a pregnant rat dam with A1221 during
the third trimester of gestation affected the social behavior of male
and female offspring later in adulthood. Two dosages of A1221 (0.5
and 1 mg/kg) were administered during the last trimester of gestation,
during a critical period of sexual differentiation of the hypothalamus
(Davis et al., 1996; Jacobson et al., 1980). Both positive control (estradiol
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Fig. 1. A diagram of the 3-chamber apparatus, with a representative tracking profile from
ANY-maze for an individual rat, is shown for the Sociability (A) and Social novelty
(B) tests. In Sociability (A), the stimulus rat (Stim 1) was a same-sex, gonadectomized
rat, and the other cage was empty. In Social novelty (B), the same animal (Stim 1) was
used again as the familiar rat, together with an unfamiliar same-sex, gonadectomized
rat in the other cage (Stim 2).
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benzoate; EB) and negative control (DMSO vehicle) groups were used
for comparison. Using this model, we were able to address hypotheses
about sex differences in performance in two types of socially relevant
tests, and to test the hypothesis that prenatal exposure to EDCs in
these responses would have sex-specific effects. Because it is known
that male and female rats differ in their basal concentrations of cortico-
sterone (Kitay, 1961; Gillette et al., 2014) and, further, that circulating
levels of corticosterone influence social behaviors in rats (Veenit et al.,
2013), we also measured concentrations of this hormone in our exper-
imental rats.

Materials and methods

Experimental design

Sprague–Dawley rats were purchased fromHarlan Sprague–Dawley
(Houston, TX), and all animal procedures were conducted in compli-
ance with protocols approved by IACUC at the University of Texas at
Austin. Theywere housed in a colony roomwith controlled temperature
(22 °C) and light cycle (12:12 dark:light, lights on at 24:00). Virgin fe-
males were mated with sexually experienced males. The day following
successful mating, as indicated by a sperm-positive vaginal smear, was
termed embryonic day 1 (E1). Male and female stimulus rats were pur-
chased as young adults from Harlan, and gonadectomized under
isoflurane anesthesia. Stimulus animals were not treated with EDCs or
vehicle.

Pregnant rats were exposed to one of four treatments, administered
via intraperitoneal injections, on E16 and E18, the beginning of the pe-
riod of brain sexual differentiation (Davis et al., 1996; Jacobson et al.,
1980). The dosages used were based on prior work conducted in the
Gore lab that showed physiological, behavioral, and neuroendocrine ef-
fects (Steinberg et al., 2007, 2008; Dickerson et al., 2011a; Walker et al.,
2013a, 2013b): (1) Vehicle (3% DMSO/sesame oil mix), (2) Estradiol
benzoate (EB; 50 μg/kg), (3) Aroclor 1221 (A1221, 0.5 mg/kg), or
(4) A1221 (1 mg/kg). The number of litters per treatment was 11, 11,
10, and 10, respectively. Although we did not measure body burden or
tissue content in the exposed offspring, the literature suggests that ma-
ternal–fetal transfer results in an exposure to approximately 1–2 μg/kg
A1221, and 100 ng/kg EB, in the fetuses (Takagi et al., 1986).

The day of parturition was called postnatal day 0 (P0). At P1, the
newborn pups were weighed and their anogenital distance measured;
litters were culled to 4 males and 4 females. The pups were monitored
daily for eye opening, while body weights and anogenital distance
were taken weekly following birth. The pups were weaned at P21 and
rehoused in same-sex groups where they were monitored daily for
signs of pubertal development: vaginal opening in females and prepu-
tial separation in males (Steinberg et al., 2007;Walker et al., 2012). Fol-
lowing vaginal opening, daily vaginal smears were taken and cell
cytology was examined as a measure of estrous cyclicity in the females.
Beginning at P60 animals were subjected to a battery of the following
tests in random order: sociability and social novelty, mate preference,
open field and elevated plus maze; fear conditioning always was the
last test. The total number of behaviorally characterized animals was
82 females and 80 males. Order of testing had no effect on behavioral
outcomes. Experimental rats were weighed and euthanized 30 days
after testing was completed, and bloods centrifuged and frozen for hor-
mone assay, and adrenals and gonads removed and weighed.

Hormone radioimmunoassay

Around P90, animals were euthanized by rapid decapitation and
trunk bloodwas collected; females were euthanized in proestrus. In ad-
dition, animals from the same litters that were not behaviorally tested
were used to increase sample size; this resulted in a total number of
158 females and 153 males. 10 μl of sample from each individual was
used to measure serum corticosterone concentration in a single non-
human radioimmunoassay (MP Biomedicals; Corticosterone 125I RIA —
07120103). Assay sensitivity was 7.7 ng/ml, and intra-assay variability
was 4.1%.

Behavioral paradigm

A three-chamber social apparatus (100 cm × 100 cm; Stoelting,
Fig. 1) was used as the testing arena (Crews et al., 2012; Moy et al.,
2004). Testing was conducted under dim red light during the dark peri-
od of their light–dark cycle, approximately 2 following lights out. The
experimental animal was placed in the middle chamber of the appara-
tus, with doors to the two side chambers closed. For females, estrous
cycle status on the day of testing was recorded to identify any potential
differences relating to the behaviors examined. Same-sex gonadecto-
mized stimulus animals were placed in a 7 cm × 15 cm cylindrical
stimulus cage located in a corner of the lateral chambers; bars allowed
for nose-to-nose investigation but did not permit further contact.

Sociability and social novelty

Afiveminute habituation periodwasused to allow the experimental
rats access to the center chamber only. The doorswere then opened and
the experimental animal allowed to freely move around the entire ap-
paratus for the two 10 min periods. All behaviors were video recorded
throughout the testing. The entire apparatus was dismantled and all
surfaces wiped clean with a 70% ethanol solution between each test.

During the first Sociability test, one of the stimulus cages, randomly
selected, held a novel same-sex (untreated by EDCs, and gonadecto-
mized in adulthood) rat while the other stimulus cage remained
empty (Fig. 1A). At the test's conclusion, the experimental animal was
removed from the apparatus and temporarily placed in a holding cage.
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Fig. 2. Circulating concentrations of corticosterone are shown for adult males and females
receiving prenatal exposure to the vehicle (DMSO), estradiol benzoate (EB) or Aroclor
1221 (A1221, 0.5 or 1 mg/kg). Females had significantly higher corticosterone concentra-
tions than males (p b 0.0001). Within females, A1221 (0.5 mg/kg) rats had significantly
higher concentrations of serum corticosterone than the DMSO females. Data shown are
mean ± standard error, with individual values shown as circles. ⁎p b 0.05. N's values are
indicated below each bar.
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The original stimulus rat, and a novel same-sex, gonadectomized stim-
ulus animal, were each placed into stimulus cages and were randomly
placed into opposite sides of the testing arena. The experimental animal
was then reintroduced to the center chamber, marking the beginning of
Social Novelty. The experimental animal was then allowed to interact
with the now-familiar and novel stimulus animals for 10 min (Fig. 1B).

ANY-maze (Stoelting Co.) was used to track behaviors. Automated
computer-scored measures were: total distance traveled, and average
speed throughout the entire apparatus. The time in proximity (defined
as one body length) to the stimulus cage was also determined by the
program. The video recordings of the tests were manually scored for
the following behaviors: nose touching (the time each experimental an-
imal spent in direct nose-to-nose contact with the stimulus animals),
stimulus rat investigation (the time spent investigating the stimulus an-
imal, but not necessarily nose-touching), grooming (time spent self-
grooming), and rearing (time spent on hind legs without support from
any walls).

Statistical analyses

Because of non-homogeneity of behavioral datasets, the Kruskal–
Wallis test was used to compare effects of treatment within sexes. A
generalized extreme studentized deviate (ESD) test was used to detect
outliers, limited to a maximum of two per group. Any animals that
were outstanding outliers across multiple endpoints were removed
from the analyses. Post hoc analyses included t-test for sex effects,
Tukey HSD for treatment effects within sexes, or Steel–Dwass for treat-
ment effects within sexeswhen the data did not satisfy the assumptions
for parametric analyses. Cohen's d analysis was used to determine the
effect size, within each group, for the Social Novelty data. An effect
size of 0.8 or higher is equivalent to Cohen's standard LARGE, and indi-
cates that themeanof the control group (Familiar) is at the 79th percen-
tile and sharing 69% overlap with the comparison group (Novel). The
hormone data were homogeneous and a two-way ANOVA identified
main effects of treatment and sex; subsequent one-way ANOVA was
performed to determine the effects of treatment within sexes. Initial
statistical analyses were used to identify any potential cohort or litter
effects within groups; none were identified, and therefore, analysis
was conducted using individuals within a litter as separate datapoints
(no more than 2 per sex per litter). This resulted in 10–11 litters per
treatment, with 20–22 males and 20–22 females per endpoint for
behaviors.

Results

There were no significant effects of female estrous cycle status,
corticosterone concentration, litter, or cohort on any of the behavioral
measures examined for Sociability or Social novelty.

Corticosterone

A two-way ANOVA indicated a sex difference (F1, 312 = 114.01, p b

0.0001),with females having a significantly higher serum concentration
than males (Fig. 2). Subsequent analyses of effects of treatment within
each sex showed significant differences in females (F3, 154 = 4.13,
p b 0.009); a Tukey HSD post hoc test found the A1221 (0.5 mg/kg)
group to have significantly higher corticosterone concentrations
than the DMSO group. There were no significant differences among
the male treatment groups.

Body weight

A Student's t-test indicated that males (x = 415 g) weighed sig-
nificantly more than females (x = 264 g), regardless of treatment
(p b 0.0001). A one-way ANOVA within each sex revealed that rats
that were prenatally treated with either dosage of A1221 had
significantly greater body weight (p b 0.001) at the age at euthanasia
(~P90; Table 1).
Adrenal gland weight

A two-way ANOVA (Sex × Treatment) indicated amain effect of sex,
with females (x = 0.06 g) having heavier adrenals than males (x =
0.05 g), regardless of treatment (p b 0.0001; Table 1). However, there
were no significant effects of treatment on adrenal weight in either sex.
Gonad weight

One-way ANOVAwithin each sex indicated no effect of treatment on
ovarian weight in females, or testicular weight in males (Table 1).
Sociability test

Sociability tests were completed on 82 females and 80 males. Three
animals (all male) that never entered the chamber containing the stim-
ulus animal during the first stage (Sociability) had to be excluded, as
they had never interacted with the animal and could therefore not dis-
tinguish a novel from a familiar conspecific. The computer-generated
data for the diagnostic behaviors of the Sociability tests are shown in
Table 2A, and investigator-scored data related to behaviors that took
place in proximity to a stimulus animal are shown in Table 3A. Main ef-
fects of sex were determined by grouping the treatment groups within
each sex and running a Student's t-test, with results shown in Tables 2A
and 3A. Females traveled a greater distance, were faster, and engaged in
more grooming and rearing than males. Males had longer latencies to
investigate the stimulus animal and to engage in the first nose touch,
than did females. Males also spentmore time investigating the stimulus
animal and nose touching than females. The sexes were equivalent in
time spent in proximity to the stimulus rat. Although rats spent more
time in the chamber containing a stimulus animal than the empty
chamber, regardless of sex or treatment (H=197.40; p b 0.0001), with-
in each sex there were no treatment effects. Two representative behav-
iors are shown in Fig. 3 for latency to investigate the stimulus animal,
and time spent nose touching, illustrating the sex difference but no
significant treatment effects.



Table 1
Somatic measures in prenatally exposed rats.

Measure Sex Treatment Mean SEM Sex diff.

Body weight (g) Females DMSO 257 ±4 F b M p b 0.0001
EB 263 ±3
A1221 (0.5) 270 ±2
A1221 (1) 265 ±3

Males DMSO 400 ±9
EB 413 ±6
A1221 (0.5) 427 ±7
A1221 (1) 419 ±4

Adrenal gland weight (g) Females DMSO 0.057 ±1.7 × 10−3 F N M p b 0.0001
EB 0.059 ±1.8 × 10−3

A1221 (0.5) 0.065 ±2.5 × 10−3

A1221 (1) 0.062 ±1.5 × 10−3

Males DMSO 0.048 ±1.4 × 10−3

EB 0.05 ±1.1 × 10−3

A1221 (0.5) 0.049 ±1.2 × 10−3

A1221 (1) 0.052 ±2.1 × 10−3

Gonad weight (g) Females DMSO 0.13 ±4.7 × 10−3 N/A
EB 0.13 ±4.0 × 10−3

A1221 (0.5) 0.13 ±3.7 × 10−3

A1221 (1) 0.13 ±5.0 × 10−3

Males DMSO 4.0 ±5.0 × 10−2 N/A
EB 4.2 ±6.5 × 10−2

A1221 (0.5) 4.0 ±5.7 × 10−2

A1221 (1) 4.1 ±5.0 × 10−2

Body weight, adrenal weight, and gonad weight were sexually dimorphic. Prenatal treatment with vehicle (DMSO), estradiol benzoate (EB), and Aroclor 1221 at 0.5 or 1 mg/kg did not
affect these endpoints. Data shown are mean ± SEM.
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Social novelty

The computer-generated data for the diagnostic behaviors of the So-
cial novelty tests are summarized in Table 2B and investigator-scored
Table 2
Sociability and social novelty diagnostic behaviors.

A. Sociability

Measure Sex Treatment Mean SEM Sex diff.

Distance (m) Females DMSO 53.0 ±2.6 F N M p b 0.0001
EB 53.0 ±2.2
A1221 (0.5) 52.0 ±2.6
A1221 (1) 57.4 ±4.7

Males DMSO 37.7 ±2.8
EB 48.4 ±4.9
A1221 (0.5) 46.0 ±2.4
A1221 (1) 39.0 ±2.4

Speed (cm/s) Females DMSO 8.8 ±0.4 F N M p b 0.0001
EB 8.9 ±0.3
A1221 (0.5) 8.7 ±0.4
A1221 (1) 9.6 ±0.8

Males DMSO 6.3 ±0.4
EB 8.1 ±0.8
A1221 (0.5) 7.7 ±0.4
A1221 (1) 6.3 ±0.4

Grooming (s) Females DMSO 6.6 ±1.2 F N M p b 0.05
EB 8.1 ±1.9
A1221 (0.5) 6.3 ±1.3
A1221 (1) 4.1 ±0.7

Males DMSO 3.6 ±1.1
EB 4.7 ±1.0
A1221 (0.5) 3.3 ±0.9
A1221 (1) 5.7 ±1.5

Rearing (s) Females DMSO 6.2 ±1.3 F N M p b 0.03
EB 4.2 ±1.2
A1221 (0.5) 5.5 ±1.5
A1221 (1) 4.2 ±1.0

Males DMSO 2.8 ±0.9
EB 3.3 ±0.9
A1221 (0.5) 1.9 ±0.4
A1221 (1) 2.3 ±1.6

Behaviors are shown thatwere computer-scored and used as diagnosticmeasures in the two soc
P-values are provided when sexes were significantly different from one another. Data shown a
data related to behaviors that took place in proximity to a stimulus an-
imal are shown in Table 3B. Similar to the Sociability test, in the Social
novelty test there were many significant sex differences: females trav-
eled a greater distance, were faster, and engaged in more grooming
B. Social novelty

Measure Sex Treatment Mean SEM Sex diff.

Distance (m) Females DMSO 46.6 ±2.3 F N M p b 0.0001
EB 48.4 ±3.1
A1221 (0.5) 45.5 ±2.4
A1221 (1) 48.6 ±2.6

Males DMSO 33.9 ±2.1
EB 33.7 ±2.2
A1221 (0.5) 41.0 ±3.0
A1221 (1) 36.6 ±2.2

Speed (cm/s) Females DMSO 7.9 ±0.4 F N Mp b 0.0001
EB 8.1 ±0.5
A1221 (0.5) 7.6 ±0.4
A1221 (1) 8.1 ±0.4

Males DMSO 5.6 ±0.3
EB 5.6 ±0.4
A1221 (0.5) 6.9 ±0.4
A1221 (1) 6.1 ±0.4

Grooming (s) Females DMSO 13.8 ±2.1 F N M p b 0.003
EB 15.4 ±2.7
A1221 (0.5) 16.5 ±2.8
A1221 (1) 11.3 ±2.2

Males DMSO 11.3 ±2.9
EB 11.3 ±1.5
A1221 (0.5) 10.8 ±1.7
A1221 (1) 8.6 ±1.9

Rearing (s) Females DMSO 20.5 ±5.2 F N M p b 0.0001
EB 9.4 ±2.3
A1221 (0.5) 11.4 ±3.2
A1221 (1) 10.5 ±2.7

Males DMSO 2.4 ±0.8
EB 3.9 ±1.1
A1221 (0.5) 4.1 ±1.3
A1221 (1) 4.2 ±1.6

ial behavioral tests. Sex differences and direction of change are indicated for each behavior.
re mean ± SEM.



Table 3
Sociability and social novelty behaviors in proximity to the stimulus animal.

A. Sociability B. Social novelty

Measure Sex Treatment Chamber Sex diff. Measure Sex Treatment Chamber Sex
diff.

Social NonSocial Familiar Novel

Mean SEM Mean SEM Mean SEM Mean SEM

Time in proximity to stimulus
animal (s)

Females DMSO 221 ±17.7 82 ±7.6 F = M Time in proximity to stimulus
animal (s)

Females DMSO 96 ±8.7 147 ±11.9 F b M p b 0.004
EB 199 ±9.4 83 ±9.6 EB 97 ±12.6 146 ±14.1
A1221 (0.5) 201 ±18.5 68 ±6.8 A1221 (0.5) 92 ±12.7 154 ±21.5
A1221 (1) 220 ±17.7 68 ±9.0 A1221 (1) 110 ±12.3 129 ±12.6

Males DMSO 218 ±19.7 45 ±7.0 Males DMSO 121 ±17.0 169 ±15.8
EB 216 ±16.4 52 ±5.5 EB 98 ±12.1 194 ±19.3
A1221 (0.5) 226 ±13.7 59 ±6.8 A1221 (0.5) 107 ±12.1 138 ±13.0
A1221 (1) 262 ±25.6 34 ±4.7 A1221 (1) 122 ±14.4 175 ±11.4

Time spent investigating
stimulus animal (s)

Females DMSO 133 ±12.2 44 ±4.8 F b M p b 0.004 Time spent investigating
stimulus animals (s)

Females DMSO 54 ±6.5 74 ±9.2 F b M p b 0.001
EB 127 ±9.2 46 ±6.5 EB 50 ±5.5 76 ±8.2
A1221 (0.5) 113 ±10.2 35 ±4.6 A1221 (0.5) 54 ±9.1 70 ±7.6
A1221 (1) 131 ±12.8 37 ±5.7 A1221 (1) 57 ±7.2 68 ±8.7

Males DMSO 144 ±16.1 23 ±3.8 Males DMSO 78 ±11.7 95 ±10.4
EB 148 ±12.5 28 ±3.5 EB 63 ±9.0 118 ±11.3
A1221 (0.5) 159 ±12.1 33 ±4.4 A1221 (0.5) 66 ±8.4 87 ±9.2
A1221 (1) 167 ±21.5 16 ±3.0 A1221 (1) 78 ±11.8 101 ±11.2

Latency to investigate stimulus
animal (s)

Females DMSO 55 ±11.2 N/A N/A F b M p b 0.005 Time spent nose touching (s) Females DMSO 2.8 ±0.5 5.2 ±0.9 F b M p b 0.001
EB 51 ±10.7 N/A N/A EB 3.3 ±0.6 5.2 ±0.7
A1221 (0.5) 48 ±48.5 N/A N/A A1221 (0.5) 2.9 ±0.5 4.4 ±0.8
A1221 (1) 40 ±7.0 N/A N/A A1221 (1) 3.4 ±0.8 3.8 ±0.5

Males DMSO 128 ±34.1 N/A N/A Males DMSO 4.4 ±1.0 10.1 ±1.7
EB 78 ±26.2 N/A N/A EB 5.7 ±1.3 10.4 ±1.1
A1221 (0.5) 81 ±17.5 N/A N/A A1221 (0.5) 3.6 ±0.8 6.1 ±1.1
A1221 (1) 76 ±26.5 N/A N/A A1221 (1) 3.7 ±0.8 7.8 ±1.1

Time spent nose touching (s) Females DMSO 7.6 ±1.0 N/A N/A F b M p b 0.0001 Latency to first nose touch (s) Females DMSO 100 ±21.0 45 ±12.1 F = M
EB 9.9 ±1.3 N/A N/A EB 138 ±25.9 41 ±18.3
A1221 (0.5) 7.6 ±1.2 N/A N/A A1221 (0.5) 136 ±31.6 44 ±14.4
A1221 (1) 8.8 ±1.4 N/A N/A A1221 (1) 109 ±25.0 38 ±19.4

Males DMSO 13.4 ±2.3 N/A N/A Males DMSO 68 ±29.2 52 ±8.5
EB 11.1 ±1.4 N/A N/A EB 121 ±26.7 49 ±11.9
A1221 (0.5) 13.9 ±1.5 N/A N/A A1221 (0.5) 170 ±33.1 52 ±14.0
A1221 (1) 12.9 ±2.0 N/A N/A A1221 (1) 138 ±22.9 39 ±15.7

Latency to first nose touch (s) Females DMSO 58 ±11.5 N/A N/A F b M p b 0.001
EB 48 ±8.9 N/A N/A
A1221 (0.5) 65 ±13.8 N/A N/A
A1221 (1) 72 ±23.0 N/A N/A

Males DMSO 133 ±34.0 N/A N/A
EB 79 ±25.6 N/A N/A
A1221 (0.5) 91 ±17.5 N/A N/A
A1221 (1) 90 ±30.2 N/A N/A

Behaviors are shown that were investigator-scored that took place in relationship to the stimulus animal, within at least one body length. Sex differences and direction of change are indicated for each behavior. P values are providedwhen sexeswere
significantly different from one another. Data shown are mean ± SEM.
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Fig. 3. Sociability test results are shown for the latency to investigate the stimulus animal
(A), and the time spent nose touching (B). Thesemeasures were both sexually dimorphic,
and higher inmales than females (p b 0.005, 0.0001, respectively). However, no significant
treatment effects within each sex were found. Data shown are mean ± standard error,
with individual values shown as circles. N's values are indicated below each bar.

Table 4
Cohen's d effect size for behaviors.

Cohen's d effect size Percentile standing Overlap (%)

A. Time in proximity to stimulus animal
Females

DMSO 1.0 84 62
EB 1.6 95 42
A1221 (0.5) 0.8 79 69
A1221 (1) 0.3 62 88

Males
DMSO 0.7 76 73
EB 1.3 90 52
A1221 (0.5) 0.5 69 80
A1221 (1) 0.9 82 65

B. Time investigating stimulus animal
Females

DMSO 0.7 76 73
EB 0.7 76 73
A1221 (0.5) 0.5 69 80
A1221 (1) 0.2 58 92

Males
DMSO 0.2 58 92
EB 1.2 88 55
A1221 (0.5) 0.6 73 76
A1221 (1) 0.5 69 80

C. Time spent nose touching
Females

DMSO 1.4 92 48
EB 0.5 69 80
A1221 (0.5) 0.4 66 84
A1221 (1) 0.5 69 80

Males
DMSO 0.9 82 65
EB 0.8 79 69
A1221 (0.5) 0.5 69 80
A1221 (1) 1.0 84 62

Cohen's d effect size was calculated for time spent in proximity to, investigating, and nose
touching with, the familiar vs. the novel stimulus animal, in the Social novelty test. An ef-
fect size of 0.8 or higher (in bold) is equivalent to Cohen's standard LARGE,which indicates
that the mean of the control group (Familiar) is at the 79th percentile and sharing 69%
overlap with the comparison group (Novel).
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and rearing thanmales (Table 2B). Males spentmore time investigating
the stimulus animal and nose touching than females, as well as time in
proximity to the stimulus rat. The sexes were equivalent in the latency
to the first nose touch (Table 3B).

For the behaviors that took place in proximity to the stimulus
animals, the dataset violated the assumptions for parametric analy-
ses, despite any attempts at transformation. Student's t-test identi-
fied significant effects of sex for these behaviors (Table 3B), and
overall the expected preference to engage in behaviors with a
novel over a familiar animal was observed. Further analysis by
Cohen's d effect size test revealed that this was altered in a sex-
and dose-specific manner (Table 4). For the time spent in proximity
to the stimulus animal (Fig. 4A; Table 4A), three groups' effect sizes
[females (A1221, 1 mg/kg) and males (DMSO; A1221, 0.5 mg/kg)]
did not meet Cohen's d LARGE effect cut-off. For total time investi-
gating the stimulus animal (Fig. 4B; Table 4B), a LARGE effect size
was only observed in EB males. Lastly, for time spent in direct
nose-to-nose contact (Fig. 4C; Table 4C), all non-vehicle female
groups had a disrupted novelty preference; a LARGE effect size in
the DMSO group was lost in the EB, and both A1221 groups.
Among males, only the A1221 (0.5 mg/kg) group had an altered
preference from DMSO. There was also an effect of treatment in
the males, for which the A1221 (0.5 mg/kg) group spent significant-
ly less time in direct nose-to-nose contact than both male control
groups (p b 0.05; Fig. 4C).
Discussion

This study tested effects of prenatal PCB exposures on suites of be-
haviors exhibited in tests of sociability and social novelty. Significant
sex differences in these behaviors were observed. In the Sociability
test, both sexes showed a strong preference for affiliating with a stimu-
lus animal (vs. an empty cage), though in general, experimental males
exhibited more interactions with the stimulus males than did experi-
mental females with the stimulus females. In the Social Novelty test,
there were several sexually dimorphic responses, but treatment result-
ed in few differences within each sex.

During the Sociability test, though the preference to spend time as-
sociating with the stimulus animal (vs the empty stimulus cage) was
present in both sexes, the degree to which the animals interacted dif-
fered. Females were quicker to initiate contact with the stimulus ani-
mals than males; however, males spent more time investigating and
interacting with the stimulus animal. While the increased interactions
in male rats have been previously observed (Meaney and Stewart,
1979), to our knowledge the reported differences in latency-to-
investigation are novel. Consistentwith the literature on social behavior
in this particular paradigm (Choleris et al., 2006; Engelmann et al.,
1995), there was a strong social preference, with the experimental
animals spending more time in the chamber containing the stimulus
animal than the chamber containing an empty stimulus cage.

During the Social novelty test, sexual dimorphisms were again ob-
served; males had longer latencies to initiate interactions, but ultimate-
ly interacted with both stimulus animals more so than did the females.
Both sexes tended to associate and interact more with the novel
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Fig. 4. Three measures involving social interactions during Social Novelty are shown for time spent in proximity to the stimulus animal (A), time exploring the stimulus animal (B), and
time spent nose touching (C). In (A), for females the Cohen's d LARGE effect size was found for DMSO, EB, and A1221 (0.5 mg/kg), but not for A1221 (1 mg/kg). In males, the Cohen's d
LARGE effect sizewas found for EB and A1221 (1mg/kg) but not DMSO or A1221 (0.5mg/kg). In (B) Cohen's d LARGE effect sizewas found only in themale EB group. In (C), in females, the
Cohen's d LARGE effect size was found only in the DMSO group, whereas inmales, the LARGE effect size was found in DMSO, EB, and A1221 (1mg/kg) animals but not A1221 (0.5mg/kg).
In addition, total time spent nose touching was significantly different in the male A1221 (0.5 mg/kg) compared to male DMSO or EB groups (p b 0.05 for both). Data shown are mean ±
standard error, with individual values shown as circles. ⁎p b 0.05. Groupswith an identified Cohen's d LARGE effect size are indicated by a, and those without this effect by b. N's values are
indicated below the bars for each group and are the same for A, B, and C.
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conspecific compared to the familiar, in accordance with the literature
(Cox and Rissman, 2011; Nadler et al., 2004; Wolstenholme et al.,
2011). Our data suggest that (1) treatment does not alter the ability to
acquire familiarity during the Sociability stage, and (2) all animals are
able to recognize and distinguish between the familiar and novel animal
during the Social novelty test.
Although most groups exhibited a strong novelty preference, there
were exceptions, namely, the A1221 (1 mg/kg) female and the A1221
(0.5mg/kg)male groups. This suggests thatmales and females have dif-
ferent sensitivities to A1221. Our laboratory has previously reported
other sexually dimorphic changes due to gestational PCB exposure:
only females have an increased postnatal body weight; only males
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exhibit an increased anogenital distance (Dickerson et al., 2011b;
Walker et al., 2013a, 2013b). Developmental EDC exposure can also
lead to sex-specific changes in behavior (Jacobsen et al., 2012;
Kundakovic et al., 2013; Sobolewski et al., 2014; Williams et al., 2013).
The male A1221 (0.5 mg/kg) group in our study also showed signifi-
cantly less nose-to-nose interactions than vehicle males during Social
novelty, which was not seen in any of the female treatment groups.
The degree of nose-touching that the A1221 (0.5 mg/kg) males
displayed could be due to feminization of the brain areas involved in
this behavior, as the behaviors were more similar to those observed in
females. This also suggests that the males have an increased sensitivity
of A1221-induced changes to adult social behaviors when compared to
females. The EB groupswere the only animals to lack the strong concor-
dance of effect sizes when comparing the time spent in proximity and
nose touching. EB animals in both sexes had the largest novelty prefer-
ence in the time spent in proximity to the two stimulus animals but not
in the nose-to-nose interactions, for which the female EB group lost the
LARGE effect size comparison. This suggests that EB treatment, regard-
less of sex, amplifies the tendency toward social approach, rather than
interactive behavior.

Overall, the females showed significantly higher locomotor behav-
iors (average speed, distance, grooming, and rearing) than the males.
The behaviors scored in proximity to the stimulus animals (time near
the stimulus animal and cage, time investigating the stimulus animal
and cage, time actively nose touching the stimulus animal), indicative
of an interaction with the conspecific, were significantly higher in the
males. When these same animals were presented with opposite sex
stimulus animals during mate preference in a separate study, it was
the males that displayed more approach than the females, the latter
which were the more interactive sex (Topper et al., 2013). This dis-
crepancy illuminates how these interactions depend upon the
context.

There was a sex- and dose-specific increase in the concentration of
serum corticosterone in our experimental animals. Adrenal weights
were heavier in females than in males, consistent with observations of
Richter (1956) and our previous work using a transgenerational EDC
(vinclozolin) exposure and evaluation of F3 descendants (Gillette
et al., 2014). Circulating corticosterone concentrations were also higher
in females relative tomales. Within the females, the A1221 (0.5 mg/kg)
group had a significantly higher concentration of this hormone, the lat-
ter unlikely to be due to a larger adrenal size as therewere no treatment
effects on this latter endpoint within each sex. This sex-specificity is
parallel to a similar observation made for vinclozolin, another EDC
that led to a female-only increase in corticosterone concentration in
the F3 descendants (Gillette et al., 2014). Though A1221 is known to
be weakly estrogenic, differences with the EB group in the present
study suggest an alternate (non-estrogenic) mechanism. It is known
that the female rat is most sensitive to stress during proestrus
(Viau and Meaney, 1991); thus, the increase observed only in the
A1221 (0.5 mg/kg) females may be due to an altered hormonal phe-
notype at the time of euthanasia, during which all females were in
proestrus.

Previous studies indicate that prenatal exposure to Bisphenol A, di-
ethylstilbestrol, and organophosphate insecticides result in changes in
the social, anxiety, exploratory, and sex behavior (reviewed in Frye,
2014). However, many of the studies that found alterations in behavior
lacked a positive control group. Using large sample sizes and a thorough
characterization of the social behavioral phenotype in our experimental
rats, we revealed relatively few differences between negative control
(DMSO), positive control (EB), and two dosages of A1221. The sexually
dimorphic nature of the changes observed, though few, demonstrate
that the neurobiological mechanisms underlying the sex differences
may present a means of varying vulnerabilities to the organizational
processes leading to the acquisition of normal social behavior. This
dichotomymust be accounted for when assessing the effects of any en-
vironmental toxicant.
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