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Abstract

Maternal care is critical for the survival, development and long-term success of offspring. Despite
our current understanding of the role of endogenous estrogen in both maternal behavior and the
maternal brain, the potential effects of exogenous estrogens on these endpoints remain poorly
understood. Here, pregnant CD-1 mice were exposed to low doses of 17a-ethinyl estradiol (EE2),
commonly used as a positive control in studies of other xenoestrogens, from day 9 of pregnancy
until weaning. Using traditional maternal behavior assays, we document no significant changes in
maternal behavior throughout the lactational period. However, EE2 induced increases in repetitive
tail retrieval, which may indicate a stereotypy or obsessive compulsive (OCD)-like behavior. We
also observed a significant reduction in tyrosine hydroxylase (TH) immunoreactivity in the ventral
tegmental area (VTA), a region important for maternal motivation. These results suggest that
pregnant adult females are not immune to the effects of this compound.
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Introduction

Maternal responsiveness is critical for the development and long-term success of offspring,
and represents a complex and multimodal integration of physiological, endocrine and neural
systems [1-4]. In rodents, the quality of maternal care has lasting effects on offspring
behaviors into adulthood, including multigenerational effects on maternal behavior itself
[5-7]. In humans, mistreatment and neglect during childhood can have long-term
neurobiological and behavioral consequences [8-11]. Childhood maltreatment is also
associated with increased vulnerability to a number of diseases including heart disease and
cancer [12].

Research investigating the hormonal underpinnings of maternal behavior has demonstrated
that in the rat, the onset of maternal behavior at parturition is induced by withdrawal of
progesterone followed by elevation of 17p-estradiol (E2) and is maintained by prolactin,
oxytocin and thereafter through tactile interactions with offspring [13-19]. In the mouse, the
role of estrogen in the establishment of maternal behavior is less well understood [20].
Nulliparous female laboratory mice spontaneously demonstrate maternal behavior after brief
exposure to pups, in contrast to wild caught virgin females [21] and nulliparous rats, the
latter of which require an exposure of six to eight days [22-26]. Due to the spontaneous
display of maternal care in laboratory mice, the onset of maternal behavior in these females
has long been considered to be relatively free from hormonal control [26, 27]. However,
when ovariectomized prior to the onset of puberty, fewer mice will display maternal
behavior in adulthood, suggesting a role for estrogen during development for the later
display of maternal behavior [28]. Additionally, ovarian hormones have been demonstrated
to influence maternal responsiveness in parturient females [29] and ERa knockout females
display poor maternal behavior when tested with surrogate pups [30, 31].

There is evidence that dopaminergic neural circuits act on the medial preoptic area (MPOA)
of the forebrain, a brain region required for the onset of maternal behavior [32, 33];
conditional silencing of ERa in MPOA neurons abolishes maternal behavior [34]. It has
been proposed that E2 and dopamine may interact or act via similar intracellular
mechanisms to mediate MPOA output for maternal behavior [35, 36]. The ventral tegmental
area (VTA) is also critical for maternal behavior; lesion of the VTA interferes with the
display of maternal behavior [37-39] and can lead to infanticide [37]. More specifically, 6-
Hydroxydopamine lesion of dopaminergic neurons in the VTA reduces pup retrieval [39].
Numan et al. propose that MPOA projections to the VTA activate dopaminergic input to the
nucleus accumbens to regulate “motivational” aspects of maternal behavior [35, 38] and
there is additional evidence that the neurons that project from the MPOA to the VTA are
sensitive to estrogen [40, 41].

A number of studies have demonstrated that endocrine disrupting chemicals (EDCs) with
estrogenic properties can disrupt maternal behavior in both mice and rats (reviewed in [42,
43]). Our recent work demonstrated that the ER agonist bisphenol S (BPS) alters maternal
behaviors in female mice exposed during pregnancy and lactation, as well as in their
daughters exposed during gestational and perinatal development [44]. However, it is not yet

Reprod Toxicol. Author manuscript; available in PMC 2019 July 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Catanese and Vandenberg Page 3

Methods

Animals

clear if the effects of EDCs, including BPS, are due to their estrogenic activity, and if these
effects can be expected from other compounds with similar modes of action.

17a-ethinyl estradiol (EE2) is the active synthetic estrogen in female contraceptive pills,
used by an estimated 100 million women worldwide [45-47]. EE2 is excreted into
wastewater after its use, is found in surface waters and can induce reproductive changes in
aquatic animals [48]. EE2 is widely used as a positive control for estrogenicity in both
endocrinology and toxicology studies and was recently included in a NIEHS-US FDA
collaboration exploring the effects of bisphenol A (BPA) on a range of endpoints [49-51].
However, the usefulness of EE2 as an estrogenic control for BPA and other EDCs remains to
be resolved, as dissimilar effects have been found when comparing BPA with either estradiol
or EE2. For example, BPA has been shown to have divergent effects on ER compared to
estradiol [52] and to have different effects on behavior [53] and neural endpoints [54]
compared to EE2. Additionally, in spite of its acknowledged estrogenic properties, there are
relatively few studies examining the effects of EE2 at low doses; many studies that use it as
a positive control examine high doses, including doses that induce overt signs of toxicity
[55, 56]. For this reason, additional evaluations to determine the suitability of EE2 as a
positive control for a/f estrogenic chemicals are needed, and these evaluations should assess
the effects of low doses.

A small number of studies have examined the effects of EE2 on maternal behavior [57-59].
In two of these studies, conducted by the same research group, female rats were exposed to
15 pg EE2/kg/day from pregnancy days 9-14, which induced significant reproductive
toxicity. In the first study, EE2-treated dams retrieved fewer pups and the latency to retrieve
was longer when compared to controls [57]. In the follow-up study, surprisingly, the authors
observed a reduced latency to retrieve pups in EE2-treated dams relative to controls and
increased pup directed behaviors, which the authors characterized as improved maternal
behavior [59]. The authors hypothesized that differences in lighting in the first study may
have induced a stress response leading to maternal anxiety-like behavior that could explain
the differing effects they observed between their two studies [59]. Neither of these studies
examined potential effects of EE2 on the maternal brain.

Here, we investigated the effects of low doses of EE2 on maternal behavior. Because
maternal behavior changes across the postpartum period as the needs of the pups shift during
development [4, 60-63], we chose three time points representative of early, mid and late
postpartum to test potential effects of EE2 on well-characterized maternal behaviors. We
also examined ERa expression in the MPOA due to its critical importance for the display of
maternal behavior in mice, and tyrosine hydroxylase (TH) immunoreactivity in the VTA,
given its importance for maternal motivation and its connectivity with the MPOA.

Timed pregnant female CD-1 mice (Charles River Laboratories, Raleigh, NC) were
acclimated for at least two days and individually housed in polysulfone cages with one
cotton nestlet. Food (ProLab IsoDiet) and tap water (in glass bottles) were provided ad
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libitum. The animals were maintained in temperature (23 £ 2°C), humidity (45 * 15%) and
light controlled (12h light, 12h dark, lights on at 0800 h) conditions at the University of
Massachusetts, Amherst Central Animal Facility. All experimental procedures were
approved by the University of Massachusetts Institutional Animal Care and Use Committee.

Beginning on pregnancy day eight, female mice were weighed daily and randomly allocated
to treatment groups using statistical software designed to normally distribute mice in
treatment groups based on body weight. EE2 dosage was adjusted daily for body weight.
From pregnancy day 9 — lactational day [LD] 20, dams were provided a small wafer
(Nabisco, East Hanover, NJ) treated with EE2 (Sigma Aldrich, St. Louis, MO; >98% purity)
or vehicle alone (70% ethanol, allowed to dry to completion prior to feeding). Wafers were
dosed with solutions designed to deliver 0.01 or 1 pg EE2/kg/day (n=12-16 for each dose).
The 0.01 pg/kg/day dose was selected because it has previously been shown to disrupt
estrogen-sensitive endpoints in exposed offspring [64]. The higher 1 pg/kg/day dose was
selected because it can induce uterotrophic responses in pubertal females and is ~2x higher
than the concentrations in prescription birth control pills [65].

Wafers were administered in the afternoon, after any planned behavioral assays were
completed. During the administration of wafers, dams were transferred to clean cages for a
brief period until the dam consumed the entire wafer. After the pups were born, time away
from the home cage was closely monitored in order to avoid separation effects [66]. Pups
were not handled during wafer administration to avoid potential handling effects. Dams were
allowed to deliver naturally (birth designated LDO). Litters were culled to 10 pups on LD1.

Maternal behavior assays

Maternal behavior was assessed on LD 2, 7, and 14 by independent observers. First,
spontaneous maternal behavior was observed for a period of 90-minutes at the beginning of
the light phase. Without disturbing the dams or litters, observations were recorded every
three minutes for the following measures: dam position on/off nest, nursing posture, pup
licking and grooming, nest repair and non-pup directed behaviors designated “self-care”
(self grooming, eating, and drinking) by observers blinded to treatment groups.

At the end of the observational period, nest size and quality were measured. The dam and
pups were carefully removed from the cage and the nest dimensions were measured. The
internal volume of the nest was calculated from the average inner nest diameter (measured
using the internal walls constructed from a single cotton nestlet) and nest depth. External
volume of the nest was calculated from the average outer nest diameter (measured as the
outer extremes of the walls constructed from a single cotton nestlet) and nest depth. Two
independent observers scored the nest quality using a 5-point scale adapted from the Hess
Scale (further described in [43]).

Following nest measurement, dams were assessed using a pup retrieval assay. The pups and
dams were separated during nest assessment, after which pups were scattered in the cage on
the opposite side from the nest and the dam was returned to the nest. The latency to touch
the first pup and return pups to the nest was recorded for a period of ten minutes. Data
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reported for time to retrieve pups is only reported for dams that successfully retrieved at
least one pup.

Open Field Behavioral Assay

The open field test is a standard behavioral measure of anxiety and locomotion. Dams were
tested on pregnancy day 16 and LD 10 or 11 using a standard open field apparatus 40 cm x
40 cm x 40 cm [67]. Testing was recorded with a camera positioned above the arena,
connected to a computer using EthoVision xT10 software (Noldus, Wageningen,
Netherlands). The software quantified distance traveled, mean velocity, and time spent in the
center 5 cm x 5 cm. Additional measures were scored by independent observers blind to
treatment group including rearing against the walls, rearing away from the walls, freeze/
stops, and grooming events.

Immunohistochemistry

On LD 21, brains were collected from dams and fixed in Neutral Buffered Formalin (10%)
(Fisher Scientific, Pittsburgh, PA) using methods previously optimized in our laboratory [44,
68]. Briefly, brains were cut in 40 um transverse sections and the MPOA and VTA were
identified using a mouse brain atlas [69, 70]. Free-floating sections were processed for ERa
or tyrosine hydroxylase (TH, a marker for catecholamine biosynthesis, found in dopamine
neurons) immunoreactivity. Antigen retrieval was performed using 0.01 Citric Acid Buffer
(pH 6.0) and endogenous peroxidases were quenched using 3% hydrogen peroxide in
methanol. Sections were washed, blocked with normal goat serum in 1.5% milk, and
incubated overnight at 4°C with rabbit anti-ERa antibody directed against the C-terminus of
the rat ERa (1:20,000 anti-ERalpha C1355, Fisher Scientific) or a polyclonal antibody for
TH (1:2000, Abcam, Cambridge, MA, ab112). Sections were then washed and incubated
with biotin labeled secondary antibody (goat anti-rabbit Ab 64256, Abcam) followed by
streptavidin peroxidase complex (Ab64269, Abcam). A colorimetric detection method was
performed using diaminobenzidene (DAB) chromogen and substrate (ab64238, Abcam).
Sections were rinsed in tap water, stored in PBS with 0.1% Tween-20 until mounted on
slides, dehydrated and coverslipped.

One image per section was collected using a Zeiss Axiolmager microscope (120x
magnification for the MPOA; 100x for the VTA) and Zeiss high-resolution color camera.
Using ImageJ software (National Institutes of Health), the image was converted from RGB
color to 8 bit, background was subtracted followed by automatic thresholding, as well as
masking and watershed functions,. Cells expressing ERa in the MPOA and TH in the VTA
were counted on anatomically matched sections. While we observed differences in staining
intensity across sections, due to theoretical limitations in the quantification of DAB signal
we did not assess staining intensity; coloration is not linearly related to amount of protein
[71, 72]. For feasibility reasons, ERa positive cells were quantified in two MPOA sections
per animal; one from the rostral MPOA (~0.14 mm from Bregma), one from the caudal
MPOA (~0.02 mm from Bregma), by an observer blind to treatment. The central MPOA
was identified using neuroanatomical landmarks as described in [73]. The VTA was
identified using neuroanatomical landmarks [69, 70] and TH immunoreactivity as
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demonstrated in [74]. TH-positive cells were counted on two anatomically matched sections
(-2.92 and ~3.08 from Bregma).

Statistical Analysis

Both behavioral and immunohistochemical analyses were conducted by experimenters blind
to treatment groups. Data were analyzed using SPSS Version 22. For assessments of
maternal behavior, continuous variable data were analyzed using 2-way ANOVA General
Linear Model analyses with lactational day and treatment group as independent variables,
followed by Bonferroni posthoc tests. Open field data were analyzed using 1-way ANOVA
with treatment group as the independent variable. Categorical data were analyzed using Chi
Square. Data were considered statistically significant at p<0.05. Graphs illustrate means +
standard error unless otherwise stated. Sample sizes for behavioral analyses and MPOA
counts were: control (n=16), 0.01 ug EE2/kg/day (n=16) and 1 ug EE2/kg/day (n=12).
Samples sizes for VTA counts were: control (n=5), 0.01 pg EE2/kg/day (n=7) and 1 ug
EE2/kg/day (n=6).

Results

Low dose EE2 exposure does not induce developmental toxicity

Pups were counted, sexed and weighed on postnatal day (PND1), prior to litter culling.
There were no treatment-related effects on litter size, sex ratio, litter weight, or average pup
weight (Table 1). Poorly cleaned pups were observed in one litter from a dam treated with
0.01 ug EE2/kg/day.

Mortality was also very low in the F1 generation. Only two pups died after culling and prior
to weaning; both were from litters treated with 0.01 pg EE2/kg/day (Table 1). Furthermore,
overt birth defects were not observed in any pups in any treatment group although one
female treated with 1 ug EE2/kg/day developed severe hydroencephaly in adulthood and had
to be euthanized.

EE2 exposure does not alter time spent on the nest, nursing, grooming pups, or non-pup
directed self-care

To assess the effects of EE2 exposure on maternal behavior, dams were observed in their
home cage without any experimental interventions. On LD2, dams in both EE2 treatment
groups as well as the control group spent >70% of observed time on the nest, with no
significant differences between groups (Figure 1A). Throughout the lactational period
assessed, the time dams spent on the nest decreased (ANOVA p<0.001), but no effects of
EE2 were observed. Similar patterns were seen for time spent grooming pups (Figure 1B)
and time spent on self-care (Figure 1C), which were affected by lactational period but not
EE2.

EE2-treated dams spend more time retrieving their own tails to the nest during home cage
observations

During home cage observations, we quantified a behavior that is not well documented in
rodents, repetitive tail retrieval. In the display of this behavior, occurring usually while the
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dam was in the home cage and off the nest, a female would repeatedly circle, grasp her own
tail with her mouth, and retrieve it to the nest (Supplemental video). This behavior was
observed in all treatment groups at LD2 and LD7, but in only one dam at LD14 (Table 2);
more treated dams displayed tail retrieval compared to control dams, but these increases
were not statistically significant. Examining the frequency of this behavior in females that
displayed this behavior, dams from both EE2 treatment groups spent significantly more time
(ANOVA, p=0.021) engaged in this behavior compared to controls (Figure 2).

EE2 treatment does not influence nest size or quality

To determine whether EE2 treatment altered nesting parameters, quantitative and qualitative
measures were collected from nests built from one cotton nestlet. Although lactational day
affected inner nest diameter and nest quality (ANOVA, p<0.01, data not shown), EE2
treatment did not affect either parameter at LD2, LD7 or LD14 (data not shown). Neither
lactation day nor EE2 treatment affected external nest volume (data not shown).

EE2 treatment did not alter pup retrieval across the early to mid-lactational period

To determine the influence of EE2 on mouse dams' abilities to retrieve their pups to the nest,
standard pup retrieval assays were conducted at LD2, LD7, and LD14. The number of dams
that successfully retrieved at least one pup is indicated in Table 3. Although lactational stage
affected time to retrieve (ANOVA, p<0.001), no significant differences were found based on
EE2 treatment in the time to first touch the pups (Figure 3A) or retrieve the first pup (Figure
3B). Notably, only EE2-treated dams retrieved pups on LD14; retrieval at this age was
striking due to the size and overall mobility of the pups.

Tail retrieval was again observed during the pup retrieval assay (Table 2). At LD2, tail
retrieval was observed in all treatment groups during pup retrieval assays, and although it
was more common in both of the EE2 treatments, these increases were not statistically
significant. By LD7, tail retrieval was only observed in the two EE2 groups, and by LD14, it
was observed in a single dam exposed to 0.01 ug EE2/kg/day. Importantly, although there
was some overlap, dams that retrieved their tails in the pup retrieval assay were not
necessarily the same dams that retrieved their tails in the home cage.

Results from open field assays are not consistent with EE2-induced anxiety-like behavior
or effects on locomotion

In order to evaluate potential effects of exposure on anxiety-like behaviors or locomotion,
we conducted open field tests on dams at pregnancy day 16 and LD 10-11. Overall, no
significant differences were noted for average velocity or total distance traveled, although
there was a statistical trend (p<0.1) for an increase in the % time spent in the center of the
open field in the dams treated with 0.01 pg EE2/kg/day at pregnancy day 16 (Figure 4).
Increased time spent in the center of the open field is typically associated with lower
measures of anxiety [75-80]. No significant differences were observed for rears, grooming
events, or number of freeze/stops (data not shown).
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ERa expression in the MPOA is not affected by EE2 exposures in dams

To determine whether expression of ERa in neurons in the MPOA is altered by EE2
exposure, brains were collected from dams on LD21, approximately 20 hours after the last
administered EE2 dose. Following immunohistochemical analyses, cells expressing ERa
were quantified in two matched sections of the central MPOA, a specific sub-region in the
MPOA found to be essential for pup retrieval in the mouse using excitotoxic lesion studies
[73]. One section was selected from the rostral central MPOA and the second was selected
from the caudal central MPOA. No significant differences were observed in ERa expression
in either region based on treatment (Figure 5).

TH-immunoreactivity in the VTA is reduced after EE2 exposure in dams

Discussion

Because the VTA is important for maternal behavior and dopamine in the MPOA may
interact with E2 in output circuits to this region [35], we quantified TH-immunoreactive
cells in the VTA in two anatomically matched sections. These evaluations were also
conducted in brains were collected from dams on LD21. There was a statistically significant
decrease in TH-immunoreactivity in the VTA in the 1 ug EE2/kg/day group (Figure 6). No
effect was seen in dams exposed to the lower EE2 dose.

Here, we have demonstrated that low doses of EE2 do not appear to induce disruptions to
maternal behavior in mice exposed during pregnancy and lactation. Two prior studies
examining the effects of EE2 on pregnant females injected 15ug EE2/kg/day, i.p., inducing
significant reproductive and developmental toxicity; ~50% of dams aborted and ~50% of
neonates did not survive [57, 59]. This high level of toxicity as well as the small sample
sizes (3-8 dams/treatment) likely confounded the analysis of maternal responses.

We specifically examined low doses of EE2, which were selected to avoid reproductive and
developmental toxicity. Our high dose (1pug EE2/kg/day) is similar to those used to induce
estrogenic effects in adult females (i.e. a uterotrophic response, see [81]) and approximately
twice as high as the dose found in typical oral contraceptives. The low dose (0.01 g
EE2/kg/day) has been shown to induce effects on estrogen-sensitive endpoints in mice
exposed during prenatal development [64]. Not only did we anticipate that these low doses
would avoid overt signs of toxicity, but we also selected these doses because they are more
appropriate to evaluate whether relatively minor alterations to estrogen levels could affect
maternal outcomes [82].

Counter to our predictions based on our prior studies of other xenoestrogens [44], we did not
observe any effects of EE2 on traditional measures of pup-retrieval, pup grooming, time
spent on the nest or on maternal self-care. We also did not observe effects of EE2 on
quantitative measures of nest size or nest quality, considered sensitive to hormones during
pregnancy [43]. We were surprised by these findings, as EE2 is considered a positive control
for estrogenicity, and many other studies of estrogenic EDCs have demonstrated effects on a
range of maternal behaviors (see [42, 43]). Additional evaluations are needed to determine
how different estrogenic compounds, all known to bind to ER, could induce such different
effects.
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It is also plausible that EE2 affects subtle aspects of maternal behavior that we did not
evaluate, or affects maternal behavior at more active times of day (e.g., during the dark
phase). We did observe effects of BPS during the light phase [44], and thus found it
surprising that EE2 did not have effects during this less-active period. However, prior work
revealed differences in maternal behavior in response to the estrogenic pesticide
methoxychlor in the dark compared to light phases [83]. Thus, future studies are necessary
to investigate potential effects of EE2 on maternal behavior during the dark phase.

We did identify significant increases in a repetitive behavior, tail retrieval, in EE2-exposed
dams during lactation (Figure 2). Importantly, this behavior was observed during the home
cage observations when the dam was undisturbed and the pup retrieval assay, suggesting that
this behavior can manifest during both stressful and relatively stress-free periods. Tail
retrieval is not well documented in the literature, and its interpretation remains unresolved,;
anecdotally, researchers report that mice and rats will retrieve odd objects during pup
retrieval assays, but this behavior has rarely been quantified. Further, these behaviors are
typically evaluated when foreign objects are added to the cage, whereas we observed these
effects without disrupting the dams. One group posits that tail retrieval behaviors may
indicate preparation for maternal behavior in dams during late pregnancy but this hypothesis
has not yet been tested [84].

It is possible that tail retrieval represents a form of perseverative or obsessive compulsive
disorder (OCD)-like behavior or stereotypy. This hypothesis should be assessed in future
work using tests for repetitive behaviors, insistence on sameness modeling or a signal
attenuation test [85-89]. We found that tail retrieval behaviors first manifested late in
pregnancy or shortly after parturition and was extinguished in most dams by LD14. In
humans, postpartum depression is a focus of major research efforts, and there is mounting
evidence that postpartum OCD develops early in parenthood [90-93]. The late pregnancy
and early postpartum period is thought to be associated with increased preoccupations in
both mothers and fathers [94]. Elevated vigilance to protect a newborn from harm is thought
to drive repeated behaviors such as constant, unnecessary checking on the baby; neural
regions that respond to the cry of one's own baby were shown to change across the
postpartum period and may be similar to circuits involved in OCD [94-97]. Initially
considered relatively uncommon, a recent study demonstrated that about 11% of women
who became new mothers presented with symptoms of OCD at two weeks postpartum, and
half of these women's symptoms persisted 6 months post-partum [98].

EE2 treatment did not influence ERa expression in the MPOA, which is critical for maternal
behavior in both rats and mice [30, 34, 99-101]. Our prior study demonstrated that BPS
increased expression of ERa in the MPOA in females after the same exposure period used in
this study [44]. Future studies in both rats and mice will need to examine the effects of EE2
on the MPOA at earlier lactational time points. It is also possible that ERa gene expression
rather than ERa immunoreactivity is affected by EE2 in the MPOA, or that EE2 acts on
other hormone receptors in this region. However, because no effects of EE2 were observed
on maternal behaviors even in the early postpartum period, it is plausible and perhaps even
likely that no effects on the MPOA occurred, even at earlier time points.
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Conclusions

We observed a reduction in TH-immunoreactivity in the VTA in the 1 pg EE2/kg/day group.
Dopaminergic neurons in the VTA play a role in motivation and reward and the VTA is
involved in a number of neural circuits with connections to the prefrontal cortex in the
mesocortical system, and the anteromedial caudate-putamen, nucleus accumbens, as well as
other ventral striatal areas in the mesostriatal system [102-106]. The observed reduction in
TH-immunoreactivity may be due to decreased TH gene expression or may reflect decreases
of TH-immunoreactivity in cell bodies falling below the limit of antibody detection. Future
studies are necessary to distinguish between these possibilities as well as to investigate if
reduction in TH-immunoreactivity is due to cell loss [107, 108]. It is also possible that the
observed reduction in TH-immunoreactivity in the VTA in the 1 ug EE2/kg/day group is due
to a treatment related suppression of an upregulation of the TH phenotype that may naturally
occur during this postpartum period.

Contrary to our expectations, we did not observe statistically significant differences in
traditional measures of maternal behavior such as pup retrieval or pup-directed behaviors
after low dose EE2 treatment. Numerous other studies have demonstrated effects of EDCs
and synthetic estrogens on traditional measures of maternal behavior [43]. Our failure to
observe effects of EE2 may be a result of differences in study design and doses selected,
however, because EE? is frequently used as an estrogenic control in EDC studies, these
discrepancies may instead suggest that estrogenic EDCs disrupt maternal behaviors via
unique interactions with ER, or via non-ER-mediated mechanisms.

Our study focused on the effects of EE2 on maternal behavior and brain in the parental
generation, e.g., in females exposed in adulthood only. Many studies of estrogenic EDCs
have shown more potent effects after developmental exposures compared to the effects
observed on exposed mothers [109-111]. Thus, future studies should examine estrogen-
sensitive endpoints, including those relevant to maternal behaviors, in the F1 generation.
Although many studies focus on effects of maternal EDC exposures on offspring outcomes,
evaluating the effect of treatment on the maternal brain and behavior of the mother is
important, as alterations in maternal care may contribute to effects that are observed in
offspring [112-114].

Understanding the neuroendocrine basis for maternal behavior, as well as how it can be
disrupted by hormonally active compounds, is an important area of scientific inquiry as
deficient parental care has important implications for physiological and psychological
development of offspring, with deleterious effects lasting into adulthood [8-11, 115]. Our
experiments indicate that low doses of a synthetic estrogen are sufficient to alter the
maternal brain in exposed adult females and exacerbate stereotypy or repetitive behavior,
suggesting that adults are not immune to the disruptive effects of these types of compounds.
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. There are conflicting results on effects of ethinyl estradiol on maternal
behavior
. Maternal exposures to EE2 did not affect pup survival, care, or retrieval
. EE2 induced increased repetitive tail retrieval, a stereotypy or OCD-like effect
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Figure 1. EE2 exposure does not alter time spent on the nest, grooming pups, or non-pup
directed self-care

(A) On LD2, dams in both EE2 treatment groups as well as the control group spent >70% of
observed time on the nest, with no significant differences between treatment groups. The
time dams spent on the nest decreased significantly as the lactational period progressed, but
no effects of EE2 were observed. (B) On LD2, dams exposed to 0.01 pg EE2/kg/day spent
approximately 30% more observed time grooming their pups compared to controls, however,
this difference was not statistically significant. The observed time spent grooming pups
decreased significantly across the lactational period, with no differences observed between
treatment groups. (C) Although there were significant differences in non-pup directed
behaviors in early and late lactation, there were no significant differences between treatment
groups. In all panels, blue = vehicle control, red = 0.01 pg EE2/kg/day, green = 1 ug EE2/kg/
day. * indicates significant effects of lactational age, 2-way ANOVA with Bonferroni
posthoc tests. [figure can be prepared in B&W for print version]
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Figure 2. EE2-treated dams spend more time retrieving their own tails to the nest in the home

cage

Time spent on tail retrieval was quantified at all three periods of lactation at three minute
intervals throughout the 90 minute observational period. Dams from both EE2 treatment
groups spent more observed time engaged in this behavior, which was not extinguished in
one dam from the low EE2 group by LD14. In all panels, blue = vehicle control, red = 0.01
ug EE2/kg/day, green = 1 ug EE2/kg/day. * indicates p<0.05 compared to controls of the
same lactational age, Bonferroni posthoc test, after significant 2-way ANOVA. [figure can

be prepared in B&W for print version]
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Figure 3. EE2 treatment has no effect on time to touch or retrieve pups
(A) Time to retrieve pups was affected by postpartum stage but not EE2 at any stage

examined. (B) Time to retrieve pups was calculated only in dams with litter sizes of 9-10
pups that retrieved at least one pup, i.e. “active” mothers. There were no significant
differences in the time to retrieve the first pup based on EE2 treatment, although notably,
only treated dams retrieved pups on LD14. In all panels, blue = vehicle control, red = 0.01
ug EE2/kg/day, green = 1 ug EE2/kg/day. * indicates significant effects of lactational age, 2-
way ANOVA with Bonferroni posthoc tests. [figure can be prepared in B&W for print
version]

Reprod Toxicol. Author manuscript; available in PMC 2019 July 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Catanese and Vandenberg Page 21

0t . , .

preg day 16 LD 10-11

= s
o LX)

average velocity (cm / sec)
(-1 -1

»

L]

distincejravellal:l {em)
- 8888 % 8§
|
|
]

preg day 16 LD 10-11

s o
g B

time spent in center
o
8

preg day 16 LD10-11

B control [l 0.01 ug EE2/kg/day [ 1 ug EE2/kg/day

Figure 4. Results from open field assays are not consistent with EE2-induced anxiety-like
behavior or alterations to activity levels

Open field tests were conducted on gestational day 16 and lactational day 10 — 11. (A) No
effect of treatment was observed for average velocity. (B) Total distance travelled was
similarly not affected by EE2. (C) No significant differences were observed for any of the
automated measures collected during open field tests (average velocity, total distance
traveled, time spent in the center) although there was a non-significant increase in the %
time spent in the center of the open field in dams treated with 0.01 pg EE2/kg/day at
pregnancy day 16 (2 indicates a trend, p < 0.1 compared to controls, ANOVA with
Bonferroni posthoc test). In all panels, blue = vehicle control, red = 0.01 g EE2/kg/day,
green = 1 ug EE2/kg/day. [figure can be prepared in B&W for print version]
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Figure 5. EE2 does not alter expression of ERa in the central MPOA at lactational day 21
ERa-immunoreactive cells were quantified in two matched sections, a rostral (A) and caudal

(B) section of the central MPOA. AC = anterior commissure, 3V = third ventricle. Inset
shows higher magnification view of ERa-positive neurons. C) No effects of EE2 were
observed in ERa-positive neurons in either region of the MPOA. Blue = vehicle control, red
= 0.01 ug EE2/kg/day, green = 1 ug EE2/kg/day. [figure can be prepared in B&W for print
version]
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Figure 6. EE2 treatment reduced TH-immunoreactivity in the VTA
(A) TH-positive cells were counted in two matched sections of the VTA. Inset shows higher

magnification view of TH-positive neurons. (B) Shown are representative examples of VTA
samples from dams of all three treatment groups. (C) Quantification of TH-immunoreactive
cells in two VTA sections revealed significant decreases in dams exposed to 1 ug EE2/kg/
day. * indicates significant effects of treatment, 1-way ANOVA with Bonferroni posthoc test
p<0.05. [figure can be prepared in B&W for print version]

Reprod Toxicol. Author manuscript; available in PMC 2019 July 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Catanese and Vandenberg

Page 24

Table 1
Litter outcomes indicate no developmental toxicity in F1 pups associated with low dose
EE2 treatment
Control 0.01 ug EE2/kg/day | 1 pg EE2/kg/day

Litter size (live pups on PND1)@ 1250+0.78 | 12.63+0.54 12.17+0.55
Total litter weight (g) on PND1 @ | 2384135 | 2432103 24.06 +1.13
Average pup weight (g) on PND1 @ | 1.93£0.038 | 1.94+0.061 1.98 % 0.040
Sex ratio (% males) @ 49.3+42 50.2+3.2 45429
Mortality rate £ 0 (07200 pups) | 1% (2/202 pups) 0 (0/146 pups)

aNo significant differences were noted using 1-way ANOVA.

bNo significant differences were noted using Chi Square.
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Table 3
Number of dams that retrieved at least one pup during pup retrieval assays

Control 0.01 pg EE2/kg/day | 1 ug EE2/kg/day

LD2 14/16 88% 14/16 88% 10/12 83%
LD7 12/16 75% 12/16 75% 10/12 83%
LD14 0/16 0% 2/16 13% 2/12 17%

Retrieval of at least one pup was observed in all treatment groups on LD2 and LD7, and declined sharply by LD14.
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