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ARTICLE INFO ABSTRACT

Keywords: The endocrine disruptor, Bisphenol-A (BPA), alters many behavioral and neural parameters in rodents. BPA
Adolescence administration to gonadally intact adolescent rats increases anxiety, impairs spatial memory, and decreases
Bisphenol-A dendritic spine density when measured in adulthood. Since BPA's action seems to be mediated through gonadal
Esig:gizlmpus steroid receptors, the current experiments were done in ovariectomized (OVX) female rats to examine the effects

on behavior and spine density of adolescent BPA exposure under controlled hormone conditions. OVX (postnatal
day, PND, 21) female Sprague-Dawley rats (n = 66) received subcutaneous injections of BPA (40 ug/kg/body-
weight), 173-Estradiol (E2, 50 pg/kg/bodyweight), or saline during adolescence (PND 38-49). Following the last
injection brains were processed for Golgi impregnation (Expl), behavioral and spine density in adolescence
(Exp2), or in adulthood (Exp3). In Expl, E2 increased spine density in CA1 pyramidal cells and BPA decreased
spine density in granule cells of the dentate gyrus (DG). In Exp2, BPA impaired spatial memory on the object
placement (OP) task, E2 increased spine density in CA1, BPA decreased spine density in the DG and the medial
prefrontal cortex (mPFC). When measured in adulthood (Exp3), BPA impaired OP and object recognition (OR)
performance, E2 increased spine density in CA1, and BPA decreased spine density in CA1, the mPFC and the DG.
Results provide novel data on the effects of adolescent BPA in an OVX model and are compared to data in intact
animals and within the context of understanding the importance of the profound neuronal alterations occurring
during adolescent development.
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1. Introduction

Bisphenol-A (BPA), is a synthetic compound commonly found in
plastics and other materials which has been demonstrated to have be-
havioral effects in laboratory animals and humans (for review see
Mhaouty-Kodja et al., 2018). It has been suggested that the endocrine
disrupter properties of BPA are primarily due to its ability to bind to
both estrogen and androgen receptors in the CNS (Ahmed et al., 2018;
Mhaouty-Kodja et al., 2018; Nesan et al., 2018). However it must be
noted that BPA has also been shown to antagonize thyroid effects at the
receptor level (Moriyama et al., 2002) as well as altering other endo-
crine systems (reviewed by Negri-Cesi, 2015). Many studies have de-
monstrated that administration of BPA to pre and postnatal rats results
in impaired memory (Bowman et al., 2015; Diaz Weinstein et al., 2013;
Eilam-Stock et al., 2012; Goncalves et al., 2010; Inagaki et al., 2012;
Mhaouty-Kodja et al., 2018; Wang et al., 2014). The importance of
synaptic plasticity in mediating the well-established effects of estrogen
on memory (Frick et al., 2015; Luine et al., 2018; Luine, 2014; Tuscher

et al., 2015) suggests that the mechanism underlying the behavioral
effects of BPA also involve synaptic plasticity, which is supported in the
literature (Elsworth et al., 2015; Hu et al., 2017; Mhaouty-Kodja et al.,
2018; Ogiue-Tkeda et al., 2008). Moreover, several studies demonstrate
that BPA can block gonadal steroid induction of dendritic spines in both
the hippocampus (CA1) and the medial prefrontal cortex (mPFC) in the
rat (Inagaki et al., 2012), and inhibit synaptogenesis in CA1 and the
mPFC in both rats (Leranth et al., 2008b; MacLusky et al., 2005) and
primates (Leranth et al., 2008a), two regions of the brain critical to
memory.

Most studies on BPA have been conducted during the perinatal
period. Our studies are designed to assess the potential effects of BPA
exposure during the adolescent period when the brain is undergoing
rapid neurodevelopmental changes and may be extremely vulnerable
(Juraska et al., 2013; Schneider, 2013; Shapiro et al., 2017). To date we
have assessed the effects of short-term, low-dose levels of BPA exposure
during adolescent development, below the current reference safe daily
limit of 50 pg/kg/day set by the United States Environmental Protection
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Fig. 1. Overview of experimental research design timeline.

Agency, (United States Environmental Protectional Agency, 1993) on
intact adolescent and adult male and female rats. When administered
and assessed in adolescence, BPA increased anxiety, impaired spatial
memory (Diaz Weinstein et al., 2013) and decreased dendritic spine
density in the mPFC and CAl of both male and female rats (Bowman
et al.,, 2014). Except for some sex differences, the behavioral and
morphological changes observed in adolescence were maintained when
adolescent BPA exposed subjects were assessed in adulthood (Bowman
et al., 2015; Bowman et al., 2014).

Importantly, our previous studies were conducted in gonadally in-
tact rats, which precluded assessing whether previously observed ef-
fects were due to BPA or natural fluctuations in gonadal hormones.
Additionally, estrogen manipulation alters many aspects of brain
structure and function including memory and dendritic spine density in
adult and aging rats (Galea et al., 2017; Luine, 2016; Luine and
Frankfurt, 2013; Luine, 2014; Scharfman et al., 2007). However, es-
trogen replacement studies in adolescence in ovariectomized (OVX) rats
are limited. Thus, we investigated the effects of adolescent BPA ex-
posure on behavioral measures and dendritic spine density in OVX fe-
male rats. The present series of studies was designed to directly com-
pare the adolescent effects of BPA or estradiol on both behavior and
dendritic spine density in adolescent and adult OVX female rats. In
addition, since it is often hard to determine whether behavior alters
spine density or the reverse, rats in the first experiment were sacrificed
immediately after their last injection. Specifically, we examined ado-
lescent BPA or estradiol exposure on the following: (1) dendritic spine
density in the adolescent brain in the absence of behavior, (2) on be-
havioral measures and dendritic spine density in adolescence, and (3)
behavioral measures and dendritic spine density in adulthood.

2. Materials and methods
2.1. Subjects

Experimentally naive Sprague Dawley female rats (n = 66) were
obtained from Charles River Laboratories (Raleigh, NC, USA). All sub-
jects were bilaterally ovariectomized (OVX) under anesthesia (keta-
mine, 80 mg/kg bodyweight, and xylazine, 10 mg/kg bodyweight) by
the vendor on post-natal day (PND) 21, allowed to recover, and arrived
PND28. Subjects were double housed according to treatment condition
in a common animal colony room, with temperature at 21.1°C and
maintained on a 12/12-h light/dark cycle (lights on 7:00 am), weighed
weekly, had free access to rat chow (Harlan 2018 Teklad Global) and
water (Glass water bottles, Ancare Corporation, Bellmore, NY). All ex-
perimental procedures were approved by the Sacred Heart University
Institutional Animal Care and Use Committee and in accordance with
the NIH Guide for the Care and Use of Animals.
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2.2. Injections

Subjects were randomly assigned to a control (vehicle control), BPA,
or 173-Estradiol (E2) treatment group. BPA (=99% purity grade) and
E2 (=98% purity grade) were obtained from Sigma-Aldrich Corp (St.
Louis, MO). Each rat received daily subcutaneous (SC) injections of BPA
(40 ng/kg/bodyweight), 17p-Estradiol (E2, 50 ug/kg/bodyweight), or
saline during adolescence (PND 38-49). The BPA and E2 were initially
dissolved in ethanol and diluted with saline (BPA) or corn oil (E2) for
the stock solutions (final ethanol concentration < 0.006%, Inagaki
et al., 2012). In the present study SC injections of BPA were used be-
cause it has been shown that circulating BPA levels in neonatal mice are
the same following oral or SC exposure (Taylor et al., 2008) and no
differences were observed between SC and oral administration of BPA
on the reduction in spine synapses in hippocampus and prefrontal
cortex in adult rats (Hajszan and Leranth, 2010). Furthermore, the
dosing paradigm used in the current study is the same as all of our
previous BPA-related work (Bowman et al., 2015; Bowman et al., 2014;
Diaz Weinstein et al., 2013). The internal dose equivalent associated
with our dosing paradigm is approximately three ng/ml based on the
Taylor et al. (2008) study.

2.3. Experimental timeline

Fig. 1 illustrates the overall research design timeline for the three
experiments. In Experiment 1, a cohort of animals (n = 18) was sacri-
ficed immediately following injections on PND 49. As described below,
brains were processed for Golgi impregnation. In Experiment 2
(n = 24), injections were immediately followed by behavior testing
during adolescence on PND 49-58. Subjects were sacrificed PND 59 and
brains were processed for Golgi impregnation. In Experiment 3, subjects
(n = 24) were aged until young adulthood and received behavioral
testing PND 77-86. Subjects were sacrificed PND 87 and brains were
processed for Golgi impregnation.

2.4. Behavioral measures

Behavioral measures were conducted in designated behavioral
testing rooms (21.1 °C, 431m/m?) and all behavioral testing occurred
between 9:00 and 14:00 h. Animals received one behavioral test/day
for ten days. The elevated plus maze (EPM) testing was conducted first
(behavioral testing day 1), followed by open field (behavioral testing
day 2), and object placement (OP, behavioral testing days 3-6) and
object recognition (OR, behavioral testing day 7-10) trials. To minimize
olfactory cues, all behavioral equipment was wiped down with disin-
fectant spray and allowed to dry between each individual trial/animal.
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2.5. Elevated plus maze

Anxiety was measured using the EPM, which is 50.8 cm high and
consists of two open arms, 50.8 X 12.7 cm, and two enclosed arms,
50.8 X 12.7 x 40.6 cm, with an open top. The two open arms and the
two closed arms are arranged opposite one another around a 10.2 cm
square center. Each rat received one trial on the EPM lasting 5min
during which the number of entries and duration of time spent in open
and closed arms was recorded. An entry occurred when the animal
placed both forelimbs and more than half of their trunk into the arm.
The number of visits to and duration of time spent in open arms is used
as an anxiety index, with fewer open arm visits and/or decreased time
spent on open arms being indicative of increased anxious behavior.

2.6. Open field

All animals were tested on the OF for measures of locomotor activity
(peripheral grid visits) and anxiety-related behaviors (central grid
visits) (Tovote et al., 2015). Rats were placed one at a time in the OF
from a common starting area of a 117 X 70 X 45 cm wooden open top
box, with the floor divided into 23 cm square grids (5 X 3). Activity in
the field was scored for 6 min. Behaviors recorded included the number
of peripheral grid visits (movements across squares and a measure of
general locomotor activity), central grid visits (an anxiety-related be-
havior), and total grid visits. Grid visits were scored when the subjects'
full body, excluding tail, entered a grid.

2.7. Object placement and object recognition trials

Spatial memory was assessed using the OP task. All trials were
conducted in an enclosed arena measuring 70 X 70 X 40 cm. The arena
was wood with an open top. Three walls were painted grey and one wall
was painted black and white striped which provided an intra-maze
spatial cue. Trials consisted of a sample trial (T1) and a retention trial
(T2), separated by an inter-trial delay. In T1, two identical objects were
placed at one end of the open field and amount of time spent exploring
the two objects was recorded for 3 min. For T2, one object was moved
to a novel location within the field. In T2, the time spent exploring the
object at the old location and the new location was recorded for 3 min.
Thus, the percentage of time spent with the object in the new location
during the total exploration time during T2 is used as an index of OP
performance, (time with new location) / (time with old location + time
with new location) X 100. This measure is referred to as Ratio. All
animals received a 1 min delay acclimation trail (data not shown) and
then were tested for OP memory with 10 min, 30 min, and 1 h inter-trial
delays.

Non-spatial, visual memory was assessed using the OR task. The
testing field was identical to that used for the OP trials with the ex-
ception that all four walls were painted grey. The OR task is identical to
the OP procedure, except that during T2, the retention trial, one of the
original objects is replaced with a new distinct object. Thus, the per-
centage of time spent with the novel object during the total exploration
time during T2 is used as an index of OR performance. Subjects received
a 1 min delay acclimation trail (data not shown) and were then tested
for object recognition memory with 10 min, 30 min, and 1 h inter-trial
delays.

During OP and OR trials, object exploration was defined as subjects
sniffing, whisking, or visually examining the object from no > 2cm
away. The objects used for trials included identical pairs of bottles,
cans, ceramic and glass figures. The new location/object was counter-
balanced across treatment.

2.8. Golgi impregnation

Dendritic spine density was measured in brain regions known to be
involved in spatial memory (the hippocampus) and visual working
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memory (the mPFC). At sacrifice, brains were removed from subjects,
cut into an anterior block (anterior to the optic chiasm) and posterior
block (between the optic chiasm and the brainstem), and placed in
solutions provided in the Rapid Golgi Stain Kit (FD NeuroTechnologies,
Ellicott City, MD). Golgi impregnation was performed as previously
described (Frankfurt et al., 2011; Inagaki et al., 2012). Secondary basal
dendrites and tertiary apical dendrites were analyzed blindly from
pyramidal cells from the CAl region of the dorsal hippocampus and
layer II/11I of the prelimbic portion of the mPFC and granule cells of the
suprapyramidal blade of the dentate gyrus (DG). Six cells per region/
brain were included in the analysis and approximately 6 brains were
quantified per group. Neurons in all areas were chosen for analyses as
follows: (1) cell bodies and dendrites were well impregnated; (2) den-
drites were clearly distinguishable from adjacent cells and continuous.
Spines were counted under oil (100 X ) using a hand counter and den-
dritic length measured using the Olympus CellSens 1.16 software and
an Olympus BX-41 microscope. Spine density was calculated by di-
viding spine number by the length of the dendrite and data expressed as
number of spines/10 um dendrite.

2.9. Data analysis

Data were analyzed using NCSS software (Kaysville, UT, USA). One-
way (treatment), between-subject ANOVAs were used to test for group
differences. Type I error rate was set at 0.05. Effect sizes were calcu-
lated using Eta-squared and Tukey-Kramer Multiple-Comparison Tests
were used for post-hoc analysis, where appropriate.

3. Results
3.1. Experiment 1

In experiment 1, subjects were sacrificed immediately following the
last injection (PND49) in adolescence.

3.1.1. Golgi analysis

As shown in Fig. 2, adolescent hormonal manipulations altered
dendritic spine density in a region-specific manner. In the hippocampus
on pyramidal cells in CA1, spine density was significantly increased by
E2 treatment compared to CON and BPA groups, on both basal, F
(2,16) = 7.49, p < 0.006 n*>=0.52, and apical dendrites, F
(2,16) = 6.89, p < 0.008 1 = 0.50. In the DG, BPA decreased den-
dritic spine density on granule cells when compared to CON and E2
groups, F(2,16) = 9.43, p < 0.003 n% = 0.57. No significant changes
were observed in the mPFC, p > 0.05.

3.2. Experiment 2

In experiment 2, adolescent exposure to E2, BPA, or CON was fol-
lowed by behavioral testing PND 49-58. Subjects were sacrificed in
adolescence, PND 59.

3.2.1. Behavioral measures

3.2.1.1. Elevated plus maze. Asshown in Table 1, there were no differences
between the groups for the number of visits to open, F(2,22) = 0.27,
p=0.77 1> = 0.03, or closed arms, F(2,22) = 2.91,p = 0.08 n* = 0.23.
There were also no significant differences in the amount of time spent on
open, F(2,22) =1.11, p=0.35 n?>=0.09, or closed, F(2,22) = 0.71,
p = 0.50 n? = 0.07, arms.

3.2.1.2. Open field. Also shown in Table 1, is the OF data. There were no
significant effects of adolescent hormone exposure on the number of
peripheral, F (2,23) = 2.22, p = 0.13 nz = 0.17, central, F(2,23) = 1.31,
p=029 n?=0.11, or total, F(2,23) = 2.16, p = 0.14 n* = 0.17, grid
crossings.
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Fig. 2. Effects of adolescent hormone exposure on dendritic spine density in
adolescence, in the absence of behavioral testing. Entries are the average #
spines/10um * SEM. All significant effects are p < 0.05 and group differ-
ences are denoted by *. (Panel A) Adolescent E2 exposure led to increased spine
density on both basal and apical dendrites in CAl. (Panel B) BPA decreased
dendritic spines on granule cells. There were no significant effects of adolescent
hormone exposure in mPFC (Panel C).

3.2.1.3. Object placement. There were no differences in exploration
times during the sample (T1) or retention (T2) trials between the
groups for any of the OP inter-trial delays (data not shown, p > 0.05).
Fig. 3A shows percentage of time spent with the object in the new
location (ratio) across inter-delay trials. While there were no effects of
adolescent hormone exposure on spatial memory at the 10 min inter-
trial delay, BPA exposure significantly impaired spatial memory
compared to the CON and E2 groups at the 30 min, F(2,22) = 6.45,
p =0.007 1% =0.39, and 1h, F(2,22) = 9.13, p = 0.002 1> = 0.48
delays.

3.2.1.4. Object recognition. There were no differences in exploration
times during the sample (T1) across any of the OR inter-trial delays
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(data not shown, p > 0.05); however, as shown in 3B, a significant
treatment effect was observed during the retention (T2) trials of the
10 min, F(2,21) = 4.23, p < 0.03 nz = 0.31, and 1h, F(2,20) = 4.47,
p = 0.03 1 = 0.33, inter-trial delays. Post-hoc testing revealed that E2
decreased T2 exploration times compared to CON (10 min delay) and
both CON and BPA (1 h delay). Fig. 3B shows percentage of time spent
with the new object (ratio) across the inter-delay trials. All groups had
intact non-spatial working memory (i.e., ratios above chance
performance) and there were no significant group differences,
p > 0.05, regardless of adolescent hormone exposure. Thus, E2
treatment altered T2 exploration but did not alter performance of the
OR task.

3.2.2. Golgi analysis

Fig. 4 is a photomicrograph illustrating Golgi impregnated dendrites
on granule cells in BPA and CON treated subjects and Fig. 5 shows the
region-specific effects of adolescent hormone treatment exposure on
dendritic spine density following adolescent behavior testing. The same
pattern in dendritic spine density observed in experiment 1 was ob-
served in experiment 2 (Fig. 5). E2 treatment significantly increased
spine density in CA1 compared to CON and BPA groups on both basal, F
(2,23) =5.36, p < 0.02 n>=0.34, and apical, F(2,23) = 16.57,
p < 0.0001 n? = 0.61, dendrites. In the DG, BPA decreased dendritic
spine density compared to CON, but not E2 groups, F(2,16) = 4.4,
p < 0.03 n?=0.39. BPA exposure decreased spine density in the
mPFC on both basal, F(2,21) = 33.87, p < 0.0001 1> = 0.78, and
apical, F(2,21) = 80.56, p < 0.0001 1 = 0.90, compared to both CON
and E2 groups.

3.3. Experiment 3

In experiment 3, adolescent exposure to E2, BPA, or CON was fol-
lowed by behavioral testing in young adulthood PND 77-86 and sub-
jects were sacrificed PND 87.

3.3.1. Elevated plus maze

As shown in Table 1, adolescent hormone treatment exposure did
not impact the number of visits to open F(2,22) = 3.12, p = 0.07
n% = 0.23, or closed arms, F(2,22) = 0.79,p = 0.47 n* = 0.07, or the
amount of time spent on open arms, F(2,22) = 1.7, p = 0.21 1* = 0.15
and closed arms, F(2,22) = 3.32, p = 0.11 n? = 0.20.

3.3.2. Open field

Also shown in Table 1, is the OF data. There were no significant
effects of adolescent hormone exposure on the number of peripheral, F
(2,23) = 1.87, p = 0.18 n® = 0.15, central, F(2,23) = 0.38, p = 0.68
n% = 0.04, or total, F(2,23) = 1.76, p = 0.20 n* = 0.14, grid crossings
when measured in adulthood.

3.3.3. Object placement

There were no differences in exploration times during the sample
(T1) or retention (T2) trials between the groups for any of the OP inter-
trial delays (data not shown, p > 0.05). Fig. 6A shows percentage of
time spent with the object in the new location (ratio) across inter-delay
trials. BPA exposure significantly impaired spatial memory compared to
the CON and E2 groups at the 10min, F(2,23) = 8.35, p = 0.002
r]2 = 0.44, but not the 30 min (p = 0.068) or 1 h (p = 0.065) delays.

3.3.4. Object recognition

There were no differences in exploration times during the sample
(T1) or retention (T2) trials between the groups for any of the OR inter-
trial delays (data not shown, p > 0.05). Fig. 6B shows percentage of
time spent with the new object (ratio) across inter-delay trials. There
were no differences between the treatment groups at the 10 min inter-
trial delay; however, adolescent BPA exposure lowered non-spatial
working memory performance at both the 30min, F(2,23) = 5.05,
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Table 1
Adolescent hormone exposure does not alter EPM and OF behaviors in adolescence (exp 2) and young adulthood (exp 3).
Elevated plus maze Open field
Number of visits Time spent (secs) Number of grid crossings
Open arms Closed arms Open arms Closed arms Peripheral Central Total
Experiment 2:
CON 3.89 = 0.9 11.0 = 0.7 36.8 = 8.8 200.0 = 8.8 104.5 = 11.3 59 = 1.2 110.4 = 125
E2 3.63 = 0.8 7.25 = 1.3 60.8 = 14.3 186.9 = 10.0 63.4 = 15.0 2.4 + 0.8 65.8 = 15.7
BPA 457 £ 1.1 8.86 = 1.3 45.6 = 11.4 201.9 = 10.5 789 = 15.2 53 * 2.4 83.9 = 17.3
Experiment 3:
CON 271 =+ 0.4 89 + 1.1 39.1 + 9.7 197.0 = 12.4 85.6 = 11.1 31 + 1.2 88.8 + 11.7
E2 5.13 = 0.9 10.3 = 0.8 69.4 = 12.9 155.6 = 9.4 97.0 = 135 4.3 £ 2.2 101.3 = 15.1
BPA 5.25 = 0.9 10.6 = 1.2 58.3 = 11.2 179.5 = 16.1 65.9 = 9.7 24 = 0.8 68.3 = 10.3

Data is the average = SEM number of entries made and the time spent in the open versus closed arms during a 5 min EPM trial and the number of grid crossings
made during a 6 min OF trial. Adolescent hormone exposure did not alter any EPM or OF measures when measured in adolescence (Experiment 2) or adulthood
(Experiment 3), all p > 0.05.
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Fig. 3. OR and OP performance when measured in adolescence. Data are expressed as the percent of total T2 time spent with the object in the new location (OP, Panel
A) and as the percent of total T2 time spent with the new object (OR, Panel B). All significant effects are p < 0.05 and significant differences between groups are
denoted by *. Adolescent BPA exposure decreased object placement (Panel A), but not object recognition (Panel B) performance.

p = 0.02 1> = 0.32, and 1h, F(2,23) = 19.31, p = 0.0001 1 = 0.65,
inter-trial delays.

3.3.5. Golgi analysis

Fig. 7 shows the region-specific effects of adolescent hormone
treatment exposure on dendritic spine density following behavior
testing in adulthood. CA1 basal dendritic spine density was increased
by E2 and decreased by BPA exposure compared to CON, F
(2,15) = 11.9, p < 0.001 n? = 0.65. CA1 apical dendritic spine density
was decreased by BPA, F(2,15) = 5.59, p < 0.02 n% = 0.46, compared
to E2 but not CON. In the DG, the same effect in experiment 2 was
observed, BPA decreased dendritic spine density on granule cells
compared to CON, but not E2 groups, F(2,22) =4.3, p < 0.03
n% = 0.30. No group differences in spine density where observed on
mPFC basal dendrites (p > 0.05); however, BPA exposure decreased
apical dendritic spine density, F(2,17) = 9.4, p < 0.002 n? = 0.56,
compared to E2 but not CON.

4. Discussion

In the present study, OVX rats were used to assess the effects of
adolescent BPA or E2 in three experiments. In the first experiment,
spine density was assessed in the absence of behavior. In the next two
Fig. 4. Photomicrograph illustrating Golgi impregnated dendrites on granule experiments, the effects of adolescent BPA or E2 on behavior and
cells from experiment 2. Top: BPA, Bottom: Control. Taken under oil at 100 X . dendritic spine density were analyzed at two developmental time points
Arrows denote spines. (adolescence versus adulthood). The overall results demonstrate that
BPA administration in adolescence in the OVX rat has similar effects to
those we have previously described for gonadally intact rats for
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Fig. 5. Adolescent hormone exposure effects on dendritic spine density when
measured following adolescent behavioral testing. Entries are the average #
spines/10um * SEM. All significant effects are p < 0.05 and group differ-
ences are denoted by *. (Panel A) E2 exposure increased CA1 basal and apical
dendritic spine density. (Panel B) BPA decreased dendritic spines on granule
cells compared to CON. (Panel C) Basal and apical mPFC dendritic spine density
was decreased by BPA exposure.

memory and dendritic spine density (Bowman et al., 2015; Bowman
et al., 2014; Diaz Weinstein et al., 2013) as well as some differences that
are discussed below (see Table 2). As described in the Methods, beha-
vioral testing was conducted during the light phase in order to remain
consistent with all previously reported BPA data from our lab (Bowman
et al.,, 2015; Bowman et al., 2014; Diaz Weinstein et al., 2013) and
should be interpreted with this in mind. The present results also suggest
that the interaction between E2 and BPA differs in the adolescent and
adult brain.

In intact females, we have previously demonstrated that exposure to
BPA during adolescence increased anxiety, impaired spatial memory in
OP, and decreased dendritic spine density in the mPFC and CA1 when
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measured during adolescence (Bowman et al., 2015; Diaz Weinstein
et al., 2013). Results in the OVX model (data from experiment 2) differ
from the intact females in that OVX rats show no group differences on
any measure of anxiety or activity (EPM and OF) after BPA. This sug-
gests that the E2 present in intact animals might increase anxiety or that
there is a complex interaction between E2 and adolescent brain de-
velopment that is not clear. Studies by Juraska and colleagues (re-
viewed in Juraska and Willing, 2017) have shown that female rats
exhibit a larger decrease in the number of neurons in the PFC, as well as
dendritic complexity than male rats during puberty. Thus, in the pre-
sent study, the fact that exogenous administration of E2 to OVX rats
also had no effect on anxiety may result from a complex process of
hormonal influences during puberty that cannot be replicated in the
OVX model by simply replacing E2.

Unlike the measures of anxiety, spatial memory was impaired fol-
lowing adolescent BPA exposure at both the 30 min and 1 h inter-trial
delays in the OVX rats, which is similar to the BPA effect observed in
intact animals (Diaz Weinstein et al., 2013). Furthermore, the current
results show that E2 treated OVX females have spatial memory per-
formance that does not differ from controls. The importance of E2 in
enhancing spatial memory is well documented (Luine et al., 2018;
Luine, 2014) and the intact performance of spatial memory in E2
treated OVX subjects is indicative of this effect. In adult rats, OVX
without E2 replacement impairs spatial memory (Wallace et al., 2006)
and this differs from the results in the present study in which OVX rats
without E2 replacement did not show any spatial memory impairments.
It is interesting to speculate that differences between adolescent and
adult females after OVX might be due to differences between organi-
zational and activational effects of E2 (Koebele and Bimonte-Nelson,
2015), such that in intact rats there is a lasting organizational effect of
estrogen on the brain. Alternatively, this may be an example of the
complex interaction between E2 and the adolescent brain that requires
further investigation.

In contrast to spatial memory, OR performance was intact for all
treatment groups across all trials. This is a novel finding, as OR was not
assessed in our previous study on intact female rats (Diaz Weinstein
et al., 2013) and, to date, no other reports on adolescent BPA or E2
treatment effects on adolescent measures of OR have been reported. In
general OR has been associated with the prefrontal cortex which un-
derdoes plasticity for longer periods than other brain areas (Kolb et al.,
2012) and it seems conceivable that the lack of group differences ob-
served in adolescent rats may be due to the ongoing prefrontal cortex
development. It is possible that the extensive neural plasticity during
adolescence is potentially masking BPA or E2 effects. This possibility is
supported by the results in experiment 3 where both the CON and E2
OVX groups performed even better than in adolescence. The average
OR ratio across trials increased by 4% and 11%, for CON and E2 groups,
respectively in adulthood (compared to average performance when
measured in adolescence) and there was a significant BPA induced
decrease in OR (see below).

As previously stated, spatial memory performance in adulthood
continued to be impaired by adolescent BPA exposure when examined
at the 10-min inter-trial delay, and while not significant (p = 0.07) the
same trend was observed at longer delays (similar to experiment 2).
Thus, adolescent BPA in OVX subjects impairs spatial memory in ado-
lescence and, while modified, these impairments persist into adulthood.
The effects of BPA on spatial memory in OVX adults are similar to those
in adult intact animals in that the impairment of spatial memory is no
longer significant in adulthood when measured at longer delays (e.g.,
30 min) (Bowman et al., 2015). Overall, it appears that adolescent BPA
exposure impairs spatial memory in adolescence and these impairments
persist only at short inter-trial delays in adulthood, for both intact and
OVX females. One possible explanation is that BPA's deleterious effects
on spatial memory are declining over time and future studies might
address this possibility by aging adolescent exposed subjects longer
prior to behavioral testing to examine when/if BPA's effect attenuate
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Fig. 6. OP and OR performance when measured in adulthood. Data are expressed as the percent of total T2 time spent with the object in the new location (OP, Panel
A) and as the percent of total T2 time spent with the new object (OR, Panel B). All significant effects are p < 0.05 and significant differences between groups are
denoted by *. Adolescent BPA exposure decreased object placement at short, but not long delays (Panel A), and decreased the percentage of time spent with the new

object during both the 30 min and 1h OR trials (Panel B).

across time.

Because E2 is known to enhance spatial memory, the finding that
OVX controls continue to successfully discriminate between the old and
new locations (in the long-term absence of E2) it is of particular in-
terest. Future studies in our lab will consider the role of non-ovarian
sources of E2, such as adipose tissue. Due to the sustained spatial
memory performance of the controls, there is no enhancing effect of E2
and this is the same effect observed when measured in adolescence
(experiment 2).

Adult OR performance was impaired by adolescent BPA treatment,
an effect not seen when measured in adolescence (experiment 2). This
BPA impairment in OVX subjects is different from that in intact adults
in which BPA treated males, but not females, were unable to dis-
criminate between the old and new objects at a 30 min inter-trial delay
(Bowman et al., 2015). In the context of the present data, the difference
between OVX female adolescent and adult OR performance supports
the idea that maturation of the prefrontal cortex may be important for
non-spatial working memory. The difference between OVX and intact
females suggests that in adult intact female rats BPA and E2 interact
differently than in adolescence.

The neural basis for this differential effect of BPA on memory per-
formance in intact vs. OVX and in adolescence vs. adulthood is un-
known, but changes in dendritic spine density may be a contributing
factor. In all three experiments in this study, E2 increased dendritic
spines on CA1 pyramidal cells. This E2 replacement effect in CA1 has
been demonstrated in adult rats following OVX (Frankfurt and Luine,
2015; Gould et al., 1990) and therefore it is interesting to note the same
effect when female rats are OVX at such an early age.

BPA had no effect on CA1 dendritic spine density in Experiment 1 or
Experiment 2 (adolescence) but decreased spine density in CAl in
adulthood. The BPA induced decrease in adults OVX rats is consistent
with earlier reports in adult intact male and female rats (Bowman et al.,
2015; Bowman et al., 2014; Eilam-Stock et al., 2012) and OVX adult
rats (Inagaki et al.,, 2012). BPA also induced decreases in synaptic
density in CA1 in both adult rats (MacLusky et al., 2005) and monkeys
(Elsworth et al., 2013) when administered in the prenatal period. In-
terestingly, BPA administration to juvenile monkeys did not alter sy-
napse density in CAl or the prefrontal cortex (Elsworth et al., 2013)
supporting the idea that the interaction between development and go-
nadal state are critical factors to BPA effects. However, it is important to
note that there may be other factors confounding the BPA results ob-
tained during adolescent exposure after OVX. The process of ovar-
iectomy at day 21 may have more profound effects on adolescence than
simply removing estrogens. The stress of the surgical procedure and/or
the exposure to anesthetic may alter spine density. In addition, the rats
in the present experiment were fed rat chow that contains
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phytoestrogens which may counteract the effects of OVX. Thus, the
actual effects of OVX on the adolescent brain require further in-
vestigation and may confound our BPA results.

BPA decreased dendritic spine density in CAl in intact rats during
adolescence (Bowman et al., 2014) but not in OVX rats in adolescence.
In contrast, BPA decreased spine density in both OVX and intact adults
(Bowman et al., 2015) suggesting that development may be more im-
portant than gonadal state with respect to BPA. In support of this, Chen
et al. (2018) recently found that extensive dendritic remodeling occurs
in CAl pyramidal cells from day 35 to 55 in intact female rats. In ad-
dition, although the number of spines was unchanged, there were more
mature spines later in later adolescence than early adolescence. An-
other important consideration is that BPA effects may be mediated by
other endocrine systems such as the thyroid axis (Moriyama et al.,
2002) Taken together it appears that development of CA1 during ado-
lescence may not be dependent on E2 and that the effects of BPA in the
adolescent brain are not necessarily E2 dependent in every situation.
Future studies will address the potential interaction between E2 and
BPA in OVX adolescent rats.

Results in the mPFC are somewhat different to those in CAl. In the
current study E2 had no effect on dendritic spine density in mPFC when
measured immediately in experiment 1 and decreased dendritic spine
density in both adolescence and adulthood when behavior was tested
(experiments 2 and 3, respectively). The decreased spine density after
BPA in the PFC in OVX rats is similar to what was seen in adolescent
intact rats (Bowman et al., 2014) but differs from our results in adult
intact rats where BPA had no effect (Bowman et al., 2015). In apparent
contrast to the present BPA induced decrease in spine density in the
adolescent mPFC, no change in synaptic density was seen in the pre-
frontal cortex in juvenile monkeys treated with BPA (Elsworth et al.,
2013). This may reflect differences between assessing spine and synapse
density or may be related to evolutionary differences in prefrontal
cortex circuitry.

Observed differences between adolescent and adult effects of BPA
on dendritic spines may be due to the ongoing pruning that occurs in
the prefrontal cortex (Kolb et al., 2012). Indeed, Shapiro et al. (2017)
have recently reviewed the changes that occur in several cytoskeletal
proteins associated with synaptic plasticity in the prefrontal cortex in
female mice. During adolescence there were differential changes in
TRKb receptors, BDNF, PSD -95 and synaptophysin in different pre-
frontal cortex sub regions. This is of particular interest because many
cytoskeletal proteins have been shown to be altered by estrogens (Frick,
2015) and therefore one may speculate that differences between BPA's
effects on intact and OVX rats may be due to gonadal steroid interaction
with pruning in the mPFC during adolescence.

Unlike CA1 and the mPFC, spine density in the DG following BPA
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pared to CON. (Panel C) Apical dendritic spine density was decreased by BPA
compared to E2 and there were no effects on basal dendrites.

has not been well studied. In all three experiments in the present study,
adolescent BPA decreased spine density compared to both CON and E2
groups. This decrease in spine density is consistent with the finding that
perinatal BPA decreases synaptic density in a dose dependent manner in
both intact adult male and female rats (Liu et al., 2016). However, to
our knowledge, this is the first report of BPA induced decreases in spine
density in the DG in the adolescent brain. Moreover, the BPA effect on
the DG was consistent with and without behavior in all three experi-
ments. The DG is a region that is known to exhibit active neurogenesis
which may explain why it is more vulnerable to BPA.

Lastly the potential effects of behavior on spine density,
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Table 2
Comparison of BPA effects on intact and OVX females in adolescence and
adulthood.

Behavior Adolescent  Adult Spine Adolescent Adult No behavior
density

[0)%:¢
EPM NC 1 CAl NC | NC
OF NC NC PFC | | NC
oP | (30 and | DG | | |

60 min) (10 min)
OR NC | (30 and

60 min)

Intact
EPM 1 anxiety® NC¢ CAl P 1 NA
OF 1 anxiety® NC* PFC 1° NC* NA
oP 1® NC* DG NA" NA NA
OR NA NC*©

NC = no change, NA = not assessed.
2 Diaz Weinstein et al., 2013.
> Bowman et al., 2014.
¢ Bowman et al., 2015.

independent of BPA must be addressed. In both the DG and CA1 spine
density was the same independent of behavior. Not so in the PFC, where
decreases in spine density were only seen after behavior. Although this
may be due to regional differences in behavior mediation it may also be
further evidence that the maturation of the mPFC during adolescence
makes it particularly sensitive to stimuli.

5. Conclusion

Together, adolescent BPA appears to have differential effects on
spatial versus non-spatial working memory and these effects are
maintained in intact and OVX rats. In addition, BPA exposure has dif-
ferential effects on spatial memory in adolescence and adulthood.
While it is difficult to reconcile alterations in spine density with every
behavioral effect, spine density in key regions is decreased by adoles-
cent BPA but the decreases in spine density seem to be tempered during
the complex process of neural plasticity that occurs though adolescence.
As recent studies show that urinary BPA is detectable in > 95% of
sampled Americans (Lehmler et al., 2018) it seems imperative to better
understand the behavioral and neuronal implications of low-dose ex-
posure during adolescence when the brain is particularly devel-
opmentally vulnerable.
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