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D E V E L O P M E N T A L  N E U R O S C I E N C E

Gestational low-dose BPA exposure impacts 
suprachiasmatic nucleus neurogenesis and circadian 
activity with transgenerational effects
Dinushan Nesan1,2,3, Kira M. Feighan1,2,3, Michael C. Antle3,4,5, Deborah M. Kurrasch1,2,3*

Critical physiological processes such as sleep and stress that underscore health are regulated by an intimate inter-
play between the endocrine and nervous systems. Here, we asked how fetal exposure to the endocrine disruptor 
found in common plastics, bisphenol A (BPA), causes lasting effects on adult animal behaviors. Adult mice exposed to 
low-dose BPA during gestation displayed notable disruption in circadian activity, social interactions, and associ-
ated neural hyperactivity, with some phenotypes maintained transgenerationally. Gestational BPA exposure in-
creased vasopressin+ neurons in the suprachiasmatic nucleus (SCN), the region that regulates circadian rhythms, 
of F1 and F3 generations. Mechanistically, BPA increased proliferation of hypothalamic neural progenitors ex vivo 
and caused precocious neurogenesis in vivo. Co-antagonism of both estrogen and androgen receptors was 
necessary to block BPA’s effects on hypothalamic neural progenitors, illustrating a dual role for these endocrine 
targets. Together, gestational BPA exposure affects development of circadian centers, with lasting consequences 
across generations.

INTRODUCTION
Bisphenol A (BPA) is a common plasticizer and controversial 
endocrine-disrupting chemical that has affinity for all estrogen re-
ceptors (ERs) (1–3), as well as androgen (AR), thyroid (TH), and per-
haps glucocorticoid receptors (4–7). In humans, BPA is detected in 
maternal and fetal serum (8, 9) and readily transfers to offspring 
across the placenta and via breast milk (8, 10). Gestational and early-
life BPA exposure correlates with a variety of neurodevelopmental 
disorders, including attention deficit hyperactivity disorder (ADHD), 
autism spectrum disorder (ASD), depression, and anxiety (11–13), 
conditions that often copresent with sleep disorders (14, 15). How-
ever, the mechanistic underpinnings linking early-life BPA and be-
havioral outcomes later in life has lagged behind these findings (10).

BPA is deemed safe at environmental levels by various govern-
mental bodies, including the U.S. Environmental Protection Agen-
cy (16), Health Canada (17), and the European Chemicals Agency 
(18). Historically, the reference dose (RfD) for BPA, considered the 
acceptable daily human intake, was 50 g/kg body weight (BW) per 
day, based on a thousand-fold dilution of the lowest observable ad-
verse effect level (LOAEL) (19). In 2008, Health Canada revised its 
recommended total daily intake (TDI) to 25 g/kg BW and main-
tained this level in an updated guideline in 2012, concluding that 
“dietary exposure to BPA through food packaging uses is not ex-
pected to pose a health risk to the general population, including 
newborns and young children” (17). Most recently, the European 
Food and Safety Agency published a scientific opinion that recom-
mended a temporary TDI (t-TDI) of only 4 g/kg BW while simul-
taneously reconfirming “that there is no health concern for BPA at 
the estimated [current] levels of exposure” (20). A “no observable 
adverse effect level,” the standard measure normally used to determine 

the RfD, has yet to be calculated for BPA since adverse effects are 
observed at even the lowest tested doses (19). Animal studies have 
documented a variety of effects at doses below the LOAEL and/or 
below the RfD level (21–23).

Gestational BPA exposure in animal models demonstrates that 
the hypothalamus is a particularly susceptible brain region (10, 24), 
one that is also responsible for the regulation of neuroendocrine 
interactions and a variety of behaviors including feeding, social 
associations, and circadian rhythms (25, 26). The hypothalamus 
consists of 11 nuclei populated with hypothalamic neurons and glia 
that arise from neural stem and progenitor cells (NSPCs, also called 
radial glial cells) that line the third ventricle (25). These NSPCs 
divide at the third ventricle and differentiated daughter cells then 
migrate outward to populate the developing hypothalamic paren-
chyma (25, 26). The hypothalamic suprachiasmatic nucleus (SCN) 
uniquely consists of the pacemaker cells that rhythmically express 
clock genes to regulate daily cycles (27). Structurally, the SCN is 
located in the ventral hypothalamus with two bilateral nuclei sur-
rounding the third ventricle that are classically divided into two 
subdomains—the core and the shell—that display differential 
gene expression to underscore their unique roles (28, 29). The core 
contains the retinal-responsive neurons that express vasoactive 
intestinal peptide (VIP), as well as calbindin, calretinin, and 
gastrin-releasing peptide, and it rhythmically oscillates the expres-
sion of the clock genes that drives daily rhythms (27). In contrast, 
the shell primarily expresses arginine vasopressin (AVP) as well as 
angiotensin II and met-enkephalin to a lesser extent (28, 30, 31), 
and it predominantly regulates rhythmic signaling to other regions 
of the brain and body using the input it receives from the core. The 
shell is also responsible for synchronizing the SCN master clock 
with peripheral clocks in other brain regions and throughout the 
body (31). Developmental disruption to either the core (e.g., alter-
ing pacemaker performance) or the shell (e.g., compromising the 
linkages to peripheral pacemakers around the body) disrupts the 
daily rhythmicity of a variety of bodily functions, most obviously 
activity and sleep, but also impedes other aspects of body chemistry 
such as blood pressure, serum cortisol levels, and a variety of complex 
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neurological and physiological processes such as mental focus and 
feeding, among many others (27).

Given that gestational BPA exposure can have lasting effects on 
behaviors that are comorbid with sleep disruptions, we asked 
whether fetal BPA exposure affects SCN development and function. 
We determined that vasopressin neurons in the SCN are particularly 

susceptible to gestational BPA exposure and showed that increased 
hypothalamic neurogenesis had lasting effects on circadian activity, 
neural hyperactivity, and social interactions that persisted across 
multiple generations. We further characterized hypothalamic NSPC 
behavior following both ex vivo and in vivo BPA exposures and de-
termined that BPA caused increased proliferation and decreased 
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Fig. 1. Gestational BPA exposure alters behaviors. In open-field testing [representative tracking images in (A)], BPA mice exhibited increased time away from the wall 
(B), zone transitions (C), and total distance (D). In the elevated plus maze [representative tracking images in (E)], BPA mice spent more time in the open arms (F) and again 
exhibited increased zone transitions (G). In forced swim testing, time to initial immobility was unchanged (H), but BPA mice exhibited higher total movement time (I). The 
rotarod test indicates that locomotion is unaffected as measured by time to failure (J) or maximum speed achieved (K). In three-chamber testing, BPA mice interacted 
longer with a stranger mouse versus an empty cage [representative tracking images in (L) and quantification in (M)] or a littermate (N). Unexposed F3 mice descended 
from F1 BPA dams also displayed altered behavior, interacting less with a stranger animal versus an empty cage (O) while displaying higher activity (P), although this 
activity effect was only found in males (Q) as female F3 mice were indistinguishable from controls (R). Similar effects were observed against a littermate. F3 BPA mice 
entered the stranger zone less (S) but traveled more distance (T), again entirely due to male F3 BPA mice (U) not females (V). WT, wild type.
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stemness. Moreover, we characterized BPA molecular targets and 
revealed that both ER and AR are required to mediate fetal BPA effects. 
Our findings point to an unappreciated sensitivity of developing 
circadian centers to embryonic BPA exposure and, perhaps, other 
endocrine-disrupting chemicals more broadly.

RESULTS
We first established a mouse paradigm for gestational BPA expo-
sure with the goal of modeling human exposure levels. Although we 
initially characterized two BPA-laced diets, 50 mg of BPA per kg 
diet and 50 g of BPA per kg diet, representing a “high dose” and 
“low dose,” respectively, nearly identical behavioral and neurogenic 
results were observed with both diets. High-dose results are shown 
in fig. S4, including data on high-dose BPA effects on neurogenesis, 
neurosphere proliferation and self-renewal, and first generation (F1) 
offspring behavior from control and BPA-fed dams.

Enzyme-linked immunosorbent assays (ELISAs) were used to 
measure serum BPA in both dams and postnatal day 0 (P0) pups 
following maternal ingestion of the 50 g/kg BPA diet. Pups from 
BPA-fed dams had approximately 25-fold higher BPA (~0.08 ng/
ml) than controls (P = 0.006, n = 5 to 7 pools of serum from inde-
pendent litters of 10 to 14 pups; fig. S1A), whereas dams fed this diet 
displayed ~134-fold higher BPA levels (~0.4 ng/ml) in their blood 
than control dams (fig. S1B). We measured the amount of food con-
sumed by pregnant dams fed either control or BPA diet (50 g/kg) 
and observed no difference in diet intake by dams from these two 
groups (fig. S1C). In addition, we observed no obesogenic effects in 
the offspring from gestational BPA at this dosage, with no signifi-
cant change in body mass between BPA-exposed F1 mice either as 
adults (fig. S1D) or during the early growth phase from P5 to P35 
(fig. S1E). Using the average daily diet intake, we calculated the ap-
proximate dose of BPA to the dams (fig. S1F) as ~2.25 g/kg BW, 
which was approximately 22 times lower than the “safe” human 
RfD of 50 g/kg BW and lower still than the proposed safe t-TDI 
of 4 g/kg BW (20). As far as correlating serum levels, in hu-
man studies, BPA in maternal serum can vary considerably (up to 
~22 ng/ml) (32), but mean values are generally in the low nano-
grams per milliliter range, with specific studies reporting 0.46 ng/ml 
(33), 1.4 ng/ml (9), 4.4 ng/ml (8), and 5.9 ng/ml (32). These values 
are all higher (1.15- to 14.75-fold) than the ~0.4 ng/ml level (fig. 
S1A) measured in our BPA-fed dams. Moreover, human fetal se-
rum levels range between 0.62 ng/ml (33), 2.18 ng/ml (34), 2.2 ng/ml 
(9), and 2.9 ng/ml (8). Again, values are all significantly higher 
(7.75- to 36.25-fold) than the ~0.08 ng/ml (fig. S1B) we observed 
in newborn pup serum using our gestational BPA exposure model 
as measured by ELISA. We confirmed our ELISA measurements 
via liquid chromatography–mass spectrometry (LC-MS) on a dif-
ferent set of serum samples from newborn pups. These analyses 
showed that the concentration of BPA in the serum of gestation-
ally exposed F1 pups is ~0.125 ng/ml (fig. S1I), which is ~4.96- to 
23.2-fold lower than the reported human fetal serum values noted 
above. Last, we used LC-MS to measure BPA in newborn pup brains 
and confirmed that our low-dose BPA diet significantly elevated 
brain BPA content at birth (fig. S1J). Combined, these data con-
firm that murine maternal ingestion of 50 g/kg BPA-laced diet 
facilitates an exposure to the developing fetus at levels lower than 
governmental BPA RfDs and reported BPA levels in human adult 
and fetal serum.

Gestational BPA exposure alters behavior 
in 12-week-old mice
Next, we asked whether our gestational exposure model led to last-
ing consequences by using a variety of well-established behavioral 
tests that inform on phenotypes consistent with neurodevelopmen-
tal disruptions. In the open-field test, when compared to control 
mice, fetal BPA-exposed mice of both sexes (i) spent significantly 
more time in the center of the testing area (representative tracking 
images in Fig. 1A and quantification in Fig. 1B; 2.2-fold increase, 
P = 0.012), (ii) moved more between the designated zones (1.9-fold 
increase, P = 0.0007; Fig. 1C), and (iii) traveled a significantly great-
er distance during the testing period (1.2-fold increase, P = 0.022; 
Fig. 1D). These data indicate higher overall activity and potentially 
more adventurous and/or less anxious behavior in BPA-exposed 
offspring relative to controls.

In the elevated plus maze, designed to test anxiety-like behav-
iors, gestational BPA exposure caused mice of both sexes to spend 
significantly more time in the open arms of the maze (representa-
tive tracking images in Fig. 1E and quantification in Fig. 1F; 1.9-fold 
increase, P = 0.0016) and likewise displayed an increased likelihood 
of crossing from one zone to another (1.6-fold increase, P = 0.002; 
Fig.  1G). These data support the generalized findings from the 
open-field test whereby BPA-exposed F1 mice appeared less anx-
ious than control animals.

We next used the forced swim test to assess whether gestational 
BPA exposure had any effects on depressive tendencies. We ob-
served no BPA effect on the primary measure of this test: the time to 
initial immobility (Fig. 1H); however, we did detect that over the 
course of the test, BPA mice of both sexes were more likely to be-
come mobile again and renew efforts to escape the water, leading to 
a significant increase in total time spent moving (2.4-fold increase, 
P < 0.0001; Fig. 1l).

As a control for gross motor defects or cerebellar deficiencies 
that might have inadvertently influenced other behavioral tests, we 
used the rotarod apparatus to test for errors in spatiomotor control. 
We observed no significant effects of gestational BPA exposure on 
either the time that mice were able to walk on the rotating rod as it 
increased in speed over 4 min (Fig. 1J) or the maximum speed they 
were able to achieve (Fig. 1K). This finding, along with the qualita-
tive observations of all mice across the various behavioral tests, sug-
gests no defects in cerebellar or locomotor circuits that might have 
impaired or compromised other tests. In addition, we used the 
Barnes maze and Morris water maze tasks to assess learning and 
memory and observed no significant differences in F1 mice as a re-
sult of gestational BPA exposure (fig. S2, A and B).

Last, to determine whether gestational BPA exposure impeded 
social interactions, we placed either a control or gestationally exposed 
BPA mouse into a three-chamber apparatus that contained a wild-
type stranger (never previously encountered) mouse in one cham-
ber and either an empty cage (representative tracking images in 
Fig. 1L with location of stranger mouse marked with red X; quantifi-
cation in Fig. 1M) or a littermate (Fig. 1N) in the opposite chamber. In 
both scenarios, BPA-exposed mice of both sexes spent significantly 
more time investigating the unknown mouse than control mice, ex-
hibiting a 1.2-fold increase in time spent with the unknown mouse 
relative to an empty cage (P = 0.021; Fig. 1M) and a 1.4-fold increase 
in time with the unknown mouse relative to a littermate (P = 0.0002; 
Fig. 1N), also consistent with the notion that gestational BPA expo-
sure might decrease anxiety.
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Gestational BPA exposure has transgenerational effects
Given the alterations in behavior and activity in our F1 mice and the 
known epigenetic effects of BPA in other organs and systems (35), 
we examined behavior in F2 and F3 animals. Of note, we consider 
BPA-induced changes intergenerational for the adult female (F0), 
first generation of offspring (F1), and second generation of off-
spring (F2) since the adult, the fetus, and the primordial germ cells 
were all directly exposed to BPA. We deem any BPA effects trans-
generational for the subsequent generations (F3 or later) since BPA 
exposure is absent. All nonsignificant behavioral changes in F2 and 
F3 mice are described in fig. S2.

The most significant behavioral effect observed in the F3 mice 
included alterations in social behavior using both methodologies of 
the three-chamber task. Specifically, when animals were presented 
with a stranger mouse in one region and an empty cage control in the 
other, F3 mice descended from BPA-exposed F1s spent significantly 
less time investigating the unknown animal than mice from control 
F1 lineages (0.83-fold change, P = 0.018; Fig. 1O) and traveled more 
distance in total, investigating the entire apparatus (1.5-fold increase, 
P = 0.006; Fig. 1P); however, this response was sexually dimorphic 
whereby this behavioral change increased only in males (1.8-fold 

increase, P = 0.026; Fig. 1Q) with no significant difference observed 
in females (Fig. 1R). Similarly, when the mice were given the option 
of a stranger mouse versus a sex-matched littermate, descendants of 
BPA-exposed F1 mice entered the stranger zone less than descendants 
of control F1 mice (0.62-fold change, P = 0.019; Fig. 1S), and these 
mice also traveled more distance overall than control mice during the 
testing exposure (1.66-fold increase, P = 0.006; Fig. 1T). Again, when 
sex was taken into account, this behavioral effect was observed only in 
male animals (2.5-fold increase, P = 0.007; Fig. 1U) and not female 
animals (Fig. 1V). Overall, these data demonstrate that gestational 
BPA exposure may have transgenerational effects on social behaviors.

Prenatal BPA exposure alters circadian rhythms
Given that sleep disruption is comorbid with ADHD and other neu-
rodevelopmental disorders with behavioral phenotypes akin to 
those observed above (14, 15), we next examined whether gestation-
al BPA exposure alters circadian rhythms. We continuously moni-
tored the wheel-running activity of singly housed F1 mice of both 
sexes over the course of 2 months in both a 12:12-hour light-dark 
(LD) environment and in constant darkness (DD), representative 
actograms are displayed in Fig. 2A. In LD conditions, we observed 
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Fig. 2. Gestational BPA exposure alters circadian rhythms. Activity was monitored in both 12:12-hour LD and 24-hour DD conditions. Representative actograms are 
displayed [(A) gray, dark hours; white, light hours; black marks represent activity, each row is 24 hours). In LD conditions, BPA mice exhibited higher total daily activity 
(B), were active for a longer duration following the start of the dark period (C), and exhibited less anticipatory onset of activity before LD transition (D) than control mice. 
Increased total daily activity was due to significantly higher activity throughout the dark period (E) (data grouped in 6-hour intervals, n = 6 to 7 mice per treatment). 
When animals were entrained to 24-hour darkness, BPA-exposed mice still displayed higher total activity (F) as well as a shorter circadian period (G) and longer activity 
duration (H). When tracked activity was aligned at like circadian times, BPA mice displayed significantly more activity within the first 12 hours (I) (data grouped in 6-hour 
intervals, n = 6 to 7 mice per treatment). When animals were exposed to two 15-min light pulses, BPA-exposed mice displayed less of a phase shift than control mice in 
response to the unexpected light cue (J). (No comparison is made across time within a given treatment for time series).
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an increase in the total daily activity of BPA mice (1.6-fold increase, 
P = 0.008; Fig. 2B) and a longer activity duration in these animals 
(~90 min longer; 1.14-fold increase, P = 0.036; Fig. 2C) relative to 
controls. BPA-exposed F1 mice also exhibited an alteration in activity 
onset, showing less of an anticipatory increase in behavior before 
the dark period (Fig. 2D). Specifically, control mice became active 
an average of 15  min ahead of the dark period, while gestational 
BPA-exposed mice only became active an average of 2 min ahead of 
the dark period (P = 0.026; Fig. 2D). Last, given the increase in total 
daily activity in fetal BPA-exposed mice, we plotted the data to yield 
a 24-hour time course of activity and then compared the activity 
differences between control and BPA-exposed mice in 4-hour seg-
ments. We observed no difference in activity during the first 12 hours 
of the light period but found a significant increase in activity in BPA 
mice during both the first (P = 0.03; Fig. 2E) and second 4-hour 
increments of the dark period (P = 0.027; Fig. 2E) but no significant 
difference in the final 4-hour portion of the dark period as animals 
from both groups showed a marked decline in activity. Next, we 
analyzed circadian patterns in the DD condition to observe the ef-
fects of BPA on activity rhythms in the absence of a normalizing 
light entrainment. As with LD conditions, we observed a significant 
increase in total daily activity for gestational BPA-exposed F1 mice 
in total darkness compared to controls (1.35-fold increase, P = 0.007; 
Fig. 2F). We also examined the free-running circadian period for 
these animals in the DD condition and observed that gestational 
BPA-exposed mice displayed a significantly shorter intrinsic day than 
control animals (~15 min less; P = 0.008; Fig. 2G). Similar to LD 
conditions, fetal BPA-exposed mice housed in total darkness were 
active for a longer duration than control animals (more than 2.5-hour-
longer average duration; P = 0.02; Fig. 2H), and when data were 
organized to synchronize each animal’s activity onset [set to circa-
dian time (CT) 12] and then plotted into a 24-hour activity time 
course, we again observed a significant increase specifically in the 
first and second sets of 4-hour increments (P = 0.004 and P = 0.018, 
respectively; Fig. 2I) of activity but no change in the final 4-hour 
segment. Last, we observed the resultant phase shift in circadian ac-
tivity after exposure of mice to a 15-min light exposure 4 hours after 

activity onset (i.e., at CT16) and noted that, gestationally, BPA-
exposed mice were less responsive to the light pulse, shifting their 
activity of, on average, ~2.2 hours compared to a shift of ~3.4 hours 
for control animals (P = 0.025; Fig. 2J). Last, we analyzed the activity 
curves of all animals (full data in Table 1) and observed no signifi-
cant effect of treatment on the activity mesor (P = 0.827), amplitude 
(P = 0.594), acrophase (P = 0.36), or acrophase amplitude (P = 0.926), 
as assessed by two-way analysis of variance (ANOVA). Combined, 
these data demonstrate that gestational BPA exposure affects circa-
dian behaviors.

BPA accelerates hypothalamic neurogenesis
To ascertain the underlying cellular changes conferred by fetal BPA 
exposure, we next examined whether neurogenesis within the hypo
thalamus, the brain region that regulates circadian behaviors, was 
altered. Previously, we showed that hypothalamic neurogenesis 
commences at approximately embryonic day 9 (E9), peaks at E12 to 
E13, and ends by ~E15 (36). Here, birthdating revealed that gesta-
tional BPA caused precocious neurogenesis in the F1 pups, resulting 
in the peak of neurogenesis to shift from E12-E13 to E11-E12 
(Fig. 3A). This shift in peak neurogenesis is revealed both by quan-
tification (Fig. 3A) and in viewing representative images (Fig. 3B, 
red boxes; n = 5 to 6 mice from different litters per time point; 
double-positive cells that cross the threshold after processing are shown; 
high-magnification representative images in Fig. 3C; see Materials 
and Methods for details and see fig. S3A for raw color images) from 
the tuberal hypothalamus. We performed a two-way ANOVA to 
analyze the data and found statistically significant effects of both 
time (P < 0.0001) and treatment (P = 0.0001), as well as significant 
interactions (P < 0.0001). We used Tukey’s post hoc test to compare 
and identify statistically significant differences between treatments 
at each time point. Specifically, gestational BPA exposure increased 
the number of neurons born at E9.5 by 2-fold (P = 0.03), at E10.5 by 
1.8-fold (P < 0.0001), at E11.5 by 1.7-fold (P < 0.001), and at E12.5 
by 1.15-fold [not significant (n.s.), P = 0.46]. Concomitantly, in the 
later stages of neurogenesis, pups from BPA-fed dams exhibited a 
0.79-fold reduction at E13.5 (P = 0.026), 0.62-fold reduction at 

Table 1. Activity rhythm analyses. 

Animal Sex Treatment Mesor Amplitude Acrophase (hours) Acrophase 
amplitude

BPA-F1 F BPA 5.7005 22.9714 16.28702 7.688

BPA-F2 F BPA 6.1907 20.9857 16.97199 8.492

BPA-F3 F BPA 6.8206 23.5 16.63125 9.5107

BPA-F4 F BPA 9.2086 27.3857 17.33631 12.7518

BPA-M1 M BPA 5.7212 19.7429 16.27929 8.7901

BPA-M2 M BPA 3.1872 17.9143 15.80129 3.671

BPA-M3 M BPA 4.5932 23.2571 16.04463 5.9749

CON-F1 F Control 7.0091 21.8714 18.59813 8.7794

CON-F2 F Control 4.6302 21.5714 16.47778 5.7203

CON-F3 F Control 6.9877 24.3286 16.62251 10.7644

CON-M1 M Control 5.247 18.8857 17.21187 7.1306

CON-M2 M Control 7.4759 21.8714 16.50297 9.6499

CON-M4 M Control 4.2123 19.3286 15.53207 5.9592
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E14.5 (P = 0.015), and 0.61-fold reduction at E15.5 (n.s., P = 0.98), 
suggesting that the progenitor pool was prematurely reduced by the 
increased neurogenesis during the early phase. In addition, birth-
dating experiments from the same time points in the neighboring 
thalamic region showed no significant differences following gesta-
tional BPA exposure (fig. S3, B and C). We also confirmed that the 
accelerated neurogenesis did not result in an alteration of the total 
number of hypothalamic neurons by counting neuronal nuclei-
positive (NeuN+) cells in P0 pup sections from the tuberal hypo-
thalamus as a proportion of 4′,6-diamidino-2-phenylindole–positive 
(DAPI+) nuclei. We observed no significant change between control 
(26.2%) and BPA (25.4%) pups (measured by the sum of cells from 
three tuberal hypothalamic sections each ~100 m apart; n = 5 
animals; P  =  0.78, unpaired t test). These data indicate that the 
overall proportion of neurons in the hypothalamus is not affected by 
the acceleration in neurogenesis due to BPA exposure.

Gestational BPA exposure specifically affects progenitors 
in the developing SCN
Given the effects of fetal BPA exposure on circadian activity, we 
next asked whether progenitors in the SCN were particularly sensitive 
to BPA’s effects and, if so, which neuronal phenotypes were affected. 
We used birthdating to quantify SCN neurogenesis in F1 mice at P0 
after labeling from E9.5 to E15.5, as per above. Two-way ANOVA 
revealed significant effects of both time (P < 0.0001) and treatment 
(P = 0.0042), as well as significant interactions (P < 0.0001). The 
early phase of SCN neurogenesis was shifted in BPA-exposed ani-
mals, consistent with precocious neurogenesis of early-born neurons, 
whereas no change in later-born neurons was observed (represent
ative images in Fig. 4A). Specifically, significantly more neurons 
were born in the SCN of BPA-exposed animal at E10.5 (3.15-fold 
increase, P = 0.035; Fig. 4B) and E11.5 (1.58-fold increase, P = 0.0044; 
Fig. 4B) and E12.5 (1.4-fold increase, P = 0.0002; Fig. 4B) than con-
trol animals. Very few SCN neurons were born in either group at 
E9.5 or E15.5, and there were no significant differences observed in 
neuronal birth at E13.5 or E14.5 (Fig. 4B).

To determine the phenotype of these precocious SCN neurons in 
gestationally exposed pups, we first examined AVP neurons due to 
their key role in circadian signaling (29, 30, 37, 38). We observed a 
significant increase in the number of AVP+ neurons both at P0 (rep-
resentative images are shown in Fig. 4C and quantification in 
Fig. 4D; 1.4-fold increase, P = 0.036) and in the adult animal (repre-
sentative images are shown in Fig. 4E and quantification in Fig. 4F; 
1.4-fold increase, P = 0.036; 1.7-fold increase, P = 0.01) of gestational 
BPA-exposed animals relative to controls, suggesting a lasting in-
crease in AVP+ neurons in the SCN following prenatal BPA expo-
sure. We observed a significant increase in AVP+ neurons in the shell 
(Fig. 4G; 1.5-fold increase, P = 0.0012) and the core (Fig. 4G; 1.75-fold 
increase, P = 0.037). We also quantified the mean pixel intensity of 
AVP fluorescence in the adult animal as a measure of the total expres-
sion of AVP both in cells and fibers since we observed abundant AVP 
expression in projections throughout the SCN shell, and found a sta-
tistically significant increase in fetal BPA-exposed animals compared 
to control mice (Fig. 4H; 2.5-fold increase, P = 0.0006).

Moreover, AVP+ neurons were observed in the ventral SCN 
core, a region normally expressing minimal AVP, which was con-
firmed by coexpression of the core marker VIP (representative 
images are shown in Fig. 4I). We quantified AVP+/VIP+ neurons in 
BPA-exposed animals and observed that BPA increased the total 

number of dual-positive neurons (Fig. 4J; 4.6-fold increase, P = 0.016), 
which were generally absent in control animals. Combined, these 
data indicate an effect of gestational BPA exposure on AVP+ neu-
rons within the SCN.

This increase in AVP+ expression in the SCN core of gestational 
BPA-exposed mice could occur via two mechanisms (not mutually 
exclusive): (i) a neuronal change such that core SCN neurons ac-
quired an AVP fate at the expense of other neuronal phenotypes or 
(ii) AVP expression is ectopic, such that extraneous AVP+ neurons 
are now localized in the core region. To distinguish between these 
two possibilities, we quantified the number of Sox2+ cells, a known 
regulator of core signaling in Period2 neurons (39). We observed a 
reduction in Sox2 expression in BPA-treated mice at P0 (represent
ative images are shown in Fig. 4K and quantification in Fig. 4L; 
0.6-fold change, P = 0.005) and in the adult animal (representative 
images are shown in Fig. 4M and quantification in Fig. 4N; 0.6-fold 
change, P = 0.036) relative to controls, perhaps due to core neurons 
acquiring an AVP fate at the expense of Sox2. We also examined 
whether this change in neuronal specification would affect SCN 
neuronal activity as measured by the expression of cFos in the SCN 
of animals following a brief 72-hour adjustment to DD conditions 
followed by a 1-hour light exposure at CT16 (to maximize cFos ex-
pression). We observed a significant reduction in cFos+ neurons in 
BPA-exposed animals relative to controls (representative images 
are shown in Fig. 4O and quantification in Fig. 4P; 0.6-fold change, 
P = 0.018), indicating that the ability of the SCN to respond to light 
cues is compromised when an increased number of AVP+ neurons 
reside in the core.

To determine whether this change in AVP expression persisted 
transgenerationally, we quantified AVP expression in the SCN of F3 
animals. We observed significantly more AVP+ neurons (represent
ative images are shown in Fig. 4Q and quantification in Fig. 4R; 
2.6-fold increase, P = 0.005) and mean pixel intensity (Fig. 4S; 2.4-
fold increase, P = 0.0049). In addition, AVP+ neurons were increased 
in both the shell (representative images shown in Fig. 4T, arrow-
heads, and quantification in Fig. 4U; 1.4-fold increase, P = 0.002) 
and the core (1.8-fold increase, P = 0.041; Fig. 4U) in the SCN of F3 
descendants of BPA-exposed mice than in those from control ani-
mals, suggesting that gestational BPA exposure may cause lasting 
epigenetic changes in hypothalamic neural progenitors.

BPA acts on hypothalamic progenitors
To elucidate the molecular changes by which BPA might direct this 
increase in AVP+ specification, we used the neurosphere assay that 
serves as a primary culture model of hypothalamic NSPCs that al-
lows the study of NSPC activation, proliferation, self-renewal 
(stemness), and differentiation (40). To start, we examined the ef-
fects of exogenous BPA on naïve hypothalamic NSPCs. BPA treat-
ment (10 nM) in culture [chosen to approximate the commonly 
found human fetal serum BPA levels of ~2 ng/ml (8, 9, 34)] signifi-
cantly increased the number of primary neurospheres observed 
(representative images in Fig. 5A and quantification in Fig. 5B; 1.6-
fold increase, P < 0.0003) relative to vehicle treatment, indicating 
that BPA increased sphere-forming capacity and/or NSPC activa-
tion. BPA treatment also resulted in a higher proportion of large 
(>200 M) spheres compared to vehicle only (representative images 
in Fig. 5A and quantification in Fig. 5C; 2.4-fold increase, P = 0.0022), 
consistent with an increase in NSPC proliferation by BPA treatment. 
After dissociation and replating, a decrease was observed in the 
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quantified in (B)] and size [representative images in (A) and quantified in (C)] of primary neurospheres. BPA (10 nM) decreased the number [representative images in 
(D) and quantified in (E)] but increased the size [representative images in (D) and quantified in (F)] of secondary neurospheres. We observed significant reduction in 
sphere-forming cells in tertiary (G) and quaternary (H) cells but not in the fifth culturing (I). Differentiated 10 days in vitro (DIV) BPA-treated cells expressed higher NeuN 
[representative images in (J) and quantified in (K)] and lower Sox2 [representative images in (L) and quantified in (M)] than controls. Gestational BPA exposure increased 
primary neurosphere number without direct BPA treatment [graphical experimental explanation in (N) and quantification in (O)] even when BPA diet was only given in 
the past [quantification in (P)]. Use of fulvestrant (Fulv) and flutamide (Flut) indicates that dual ER/AR antagonism is required for phenotypic rescue of primary sphere 
number [representative images in (Q) and quantified in (R), ANOVA] and size [representative images in (Q) and quantified in (S), ANOVA]. Combined antagonism also 
reversed BPA effects on secondary sphere number [representative images in (T) and quantified in (U), ANOVA] and size [representative images in (T) and quantified in 
(V), ANOVA]. NS, neurospheres; n.s., no significance.
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number of secondary neurospheres that reformed from BPA-treated 
cells relative to vehicle controls (representative images in Fig. 5D 
and quantification in Fig. 5E; 0.71-fold reduction, P = 0.022), indi-
cating a loss of self-renewal capacity and a bias toward cell cycle exit 
in BPA-treated NSPCs. Despite fewer secondary spheres following 
BPA treatment, those that did form were larger than non–BPA-
exposed spheres (representative images in Fig. 5D and quantifica-
tion in Fig. 5F; 1.87-fold increase, P = 0.0044), further evidence that 
NSPC proliferation was BPA responsive. To confirm that the loss of 
self-renewal capacity observed in secondary neurosphere formation 
was not transient, we performed three more passages and found a 
significant reduction of sphere-forming cells after the third (Fig. 5G; 
0.79-fold reduction, P = 0.021) and fourth (Fig. 5H; 0.7-fold reduc-
tion, P  =  0.015) passages, but not after the fifth passage (Fig.  5I; 
0.72-fold reduction, P = 0.081). To confirm that BPA-treated hypo-
thalamic NSPCs were exiting the cell cycle, we dissociated primary 
hypothalamic neurospheres and replated the cells in the absence of 
growth factors [epidermal growth factor (EGF) and fibroblast growth 
factor (FGF)], which unleashes differentiation programs. BPA treat-
ment resulted in a marked increase in neuronal differentiation, de-
termined by higher numbers of NeuN+ cells (representative images 
in Fig. 5J and quantification in Fig. 5K; 2.5-fold increase, P = 0.023), 
and a notable loss of multipotency shown by reduced Sox2+ neural 
progenitors (representative images in Fig. 5L and quantification in 
Fig. 5M; 0.56-fold change, P = 0.006) relative to vehicle-treated con-
trols. Given that it is not possible to isolate SCN NSPCs from overall 
hypothalamic progenitors, we could not access the effects of exoge-
nous BPA treatment on SCN AVP neuronal formation per se. BPA 
treatment selectively conferred a neuronal fate since no change in 
astrocyte [i.e., glial fibrillary acidic protein–positive (GFAP+)] or 
oligodendrocyte [i.e., platelet-derived growth factor receptor –
positive (PDGFR+)] cell numbers was observed (fig. S5).

To determine whether hypothalamic NSPCs exposed to BPA 
in vivo displayed similar properties, we isolated E12.5 fetal hypo-
thalamic NSPCs from dams fed either control or BPA diet (50 g/
kg) under two scenarios. In the first scenario, dams were grouped 
(and groups never interchanged; see Fig. 5N) and fed either control 
or BPA diet during gestation for two breeding cycles with 6- to 
8-week rest times on regular diet in between breeding rounds. On 
their third round of breeding, pregnant dams were placed on control 
or BPA diets, E12.5 pups were collected, and hypothalamic NSPCs 
were harvested and cultured with no additional BPA treatment. 
Gestational BPA exposure in vivo increased hypothalamic NSPC 
sphere-forming capacity (1.65-fold increase, P = 0.0057; Fig. 5O), 
consistent with exogenous BPA treatment. In the second scenario, 
dams were grouped and bred as shown (Fig. 5N); except in the third 
round of breeding, the BPA group was instead kept on the control 
diet. Perhaps unexpectedly, an increase in sphere-forming capacity 
was observed in hypothalamic NSPCs from pups never exposed to 
BPA themselves but collected from dams that received BPA diet 
during two previous pregnancies (Fig.  5P; 1.45-fold increase, 
P = 0.0029), perhaps demonstrating that maternal BPA exposure can 
affect future pregnancies.

Antagonism of both ER and AR is required to block 
BPA’s effects
To determine the molecular targets of BPA in NSPCs, we focused 
on the steroid receptors, ER and AR, which are expressed in NSPCs 
(41, 42). ER and AR are recognized to be agonized and antagonized 

by BPA, respectively (1–5, 24), although we previously showed that 
AR can be agonized by BPA in hypothalamic progenitors (24). Using 
our neurosphere assay, we treated hypothalamic NSPCs with an-
tagonists for ER [i.e., fulvestrant (Fulv); 1 M] or AR [i.e., flutamide 
(Flut); 1 M] or both. Antagonist concentrations were previously 
established in our laboratory during the development of our hypo-
thalamic neurosphere technique (40) to reliably block receptor acti-
vation while testing seeding densities. As per above, BPA treatment 
increased the number of primary spheres formed (representative 
images in Fig. 5Q and quantification in Fig. 5R, 1.4-fold above vehi-
cle). Individually, each inhibitor partially blocked the BPA-mediated 
effects (Fulv, 1.13-fold increase above vehicle; Flut, 1.16-fold increase 
above vehicle; Fig. 5R), but only dual antagonism of ER and AR 
was sufficient to fully reverse BPA effects on NSPCs to control lev-
els (1.04-fold increase above vehicle; Fig. 5R). Fulv treatment, while 
statistically indistinguishable from vehicle (Fig. 5R; P = 0.098), was 
simultaneously not significantly different from BPA treatment only 
(P = 0.088), indicating that it was not sufficient to completely rescue 
the BPA effects. Moreover, the size of primary hypothalamic neuro-
spheres treated with BPA was also reduced to vehicle levels follow-
ing dual antagonism of ER and AR (1.26-fold increase over vehicle; 
Fig. 5S). Flut alone reduced the proportion of large spheres to the 
level of vehicle treatment (P = 0.16) but to a lesser extent than the 
combined treatment (representative images in Fig. 5Q and quanti-
fication in Fig.  5S; 1.7-fold increase over vehicle versus 2.85-fold 
increase over vehicle) and was not statistically significantly different 
from BPA treatment alone (P = 0.09).

For secondary hypothalamic neurospheres, only the combined 
treatment of Fulv and Flut in BPA-treated cultures restored the number 
of secondary spheres formed to the level of vehicle (representative 
images in Fig. 5T and quantification in Fig. 5U; 0.98-fold change 
from vehicle for combined treatment versus 0.72-fold change for 
BPA treatment only). Concomitantly, dual antagonism of both ER 
and AR in BPA-treated cultures was the only treatment able to restore 
hypothalamic NSPC neurosphere size to vehicle levels (1.2-fold in-
crease over vehicle; Fig. 5V), further demonstrating that ER and AR 
are both required to mediate BPA’s effects on hypothalamic progen-
itor behaviors.

DISCUSSION
Here, we examine the effects of an environmentally relevant dose of 
BPA on murine hypothalamic development and associated behaviors 
and report a particular sensitivity of vasopressin neuronal precur-
sors to this plasticizer. Specifically, by using a BPA dose below what 
is considered safe for human exposure by the Food and Drug Ad-
ministration (FDA), Health Canada, and the European Food Safety 
Authority, we observe accelerated embryonic neurogenesis in the 
BPA-exposed offspring that manifests as ectopic specification of 
AVP neurons in the SCN and associated altered circadian activity, 
among other behavioral abnormalities. Using an ex vivo culture model 
of hypothalamic NSPCs, we show that BPA treatment increases the 
activation, proliferation, and neuronal-specific differentiation of these 
progenitors in an ER and AR codependent manner. Last, we present 
evidence that AVP ectopic expression and behavioral changes per-
sist for multiple generations despite the lack of further BPA exposure, 
underscoring the lasting effects of BPA action on hypothalamic 
NSPCs. Combined, these findings serve as additional evidence that 
low-dose BPA exposure has transgenerational effects on developing 
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brains and provides further impetus to revisit the current BPA RfD 
and LOAEL levels, in addition to government-recommended TDIs.

Neurodevelopment is a protracted series of steps influenced by 
an extensive niche of developmental factors (10, 26) such that premature 
hypothalamic neuronal birth can lead to aberrant specification, mi-
gration, and/or circuit establishment that undermines hypothalamic 
function. The changes in SCN development described here are a 
compelling example of this type of disruption. For example, gesta-
tional BPA exposure induces precocious SCN neurogenesis specifi-
cally in the early neurogenic window (E10 to E12), which we propose 
influences some SCN progenitors to specify ectopic AVP neu-
rons at the expense of other SCN neuronal phenotypes, such as 
Sox2+ cells in the SCN core. This misexpression of AVP leads to 
consequences on SCN-mediated physiologies, including alterations 
in free-running period and light entrainment. Notably, AVP is a 
critical regulator of circadian signaling from the SCN shell to other 
brain regions (29, 31), with expression of the clock gene Bmal1 in 
AVP neurons regulating aspects of circadian signaling such as light 
entrainment (38) and synchronizing the pacemaker cells (37, 43), 

making misexpression of this neuropeptide likely to disrupt SCN 
function. In addition, spatial AVP distribution within the SCN ap-
pears to be critical to clock gene coordination (44), and there is evi-
dence that spatial VIP organization is also needed for clock rhythmicity 
(45). These linkages indicate that BPA-mediated alterations in SCN 
neuronal specification and spatial organization are likely causes of 
the altered daily activity rhythms in BPA-exposed mice. At the same 
time, however, Sox2 is a transcriptional regulator of the clock gene 
Per2 in SCN neurons (39), also making it likely that the loss of Sox2+ 
cells in the SCN results in at least some of the deficiencies observed 
in the BPA-exposed mice. It is unclear whether the ectopic expression 
of AVP neurons in the core, the loss of other core neuronal phenotypes, 
or both ultimately explains the irregular circadian activity observed in 
BPA-exposed offspring, although the decrease in cFos signaling within 
core neurons suggests that core AVP+ neurons have not adopted the 
physiological role of neurons intended for this subdomain.

Beyond circadian activity, gestational BPA exposure also affects 
a wide range of behaviors in both the offspring and transgenera-
tionally, raising the intriguing notion that defects in SCN-mediated 
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diurnal activity may explain some of the more unusual behavior 
results in tests such as the elevated plus maze and forced swim tests, 
where our findings contradict established literature from higher-dose 
BPA studies. Further, defects in SCN development might lead to an 
overall more active phenotype across the behavioral tests, con-
founding the emotional/behavioral factors the test is intended to 
assess. For example, we observe a robust increase in hyperactivity in 
F1 BPA-exposed mice as measured by distance traveled in a variety 
of tests, a lowering of anxiety-like and depressive behaviors, and 
altered social interaction with a stranger mouse. Hyperactivity is 
perhaps the most common behavioral phenotype observed in ani-
mal BPA studies (10), and a recent meta-analysis of research in both 
rodents and humans indicated a clear correlation between early 
BPA exposure and hyperactivity (46). Depressive and anxiety be-
havior effects are more mixed in animal models, with higher-dose 
studies indicating an increase in these behaviors with gestational 
and/or lactational exposure (47), perinatal exposure (48, 49), and 
chronic exposure in males (50), but no effect of low-dose exposure 
was found in the primary report from the Consortium Linking Ac-
ademic and Regulatory Insights on BPA Toxicity (CLARITY-BPA) 
program (51). A variety of social behaviors are perturbed by BPA 
exposure, including parental attachment and sociosexual behaviors 
(52), with one study (using a 100× higher dose) showing a similar 
effect on behavior in rodent juveniles as we did in adults. Specifical-
ly, F1 BPA-exposed juvenile mice are more interested in an unknown 
animal, an effect that persists to the F3 generation (53), although, 
instead, we observe less interest in a stranger animal in the F3 adults. 
Social interactions are complex, and the necessarily simplified traits 
measured by the three-chamber tasks are difficult to translate to 
human cohort data. Are our F1 mice more interested in social in-
teractions so they spend more time with the unknown animal, or 
are they slower to acclimate to an unknown animal due to reduced 
social ability so they spend more time investigating this strange new 
mouse? Both social interaction (despite the opposing effect) and re-
lated hyperactivity (although restricted to males) persist to the F3 gen-
eration in our study, consistent with an epigenetic modification that 
may be occurring during gestation. BPA causes epigenetic modifi-
cations in a variety of studies, so this finding is not particularly un-
expected (35), and is supported by other reports using higher BPA 
dose as well (53). In human studies, BPA levels are correlated with 
increased incidence of a variety of neurodevelopmental and mood 
disorders, especially ADHD and ASDs (11–13), making our findings 
of BPA-mediated hyperactivity consistent. It is also noteworthy that 
the social behavior phenotypes shifted across the BPA-exposed gen-
erations. For example, gestationally exposed BPA F1 animals dis-
play increased time with the unknown conspecific, whereas the BPA F2 
lineage animals show no social behavior phenotypes and the BPA 
F3s display decreased time with the unknown conspecific. Transgen-
erational epigenetic inheritance is one explanation for environmen-
tal effects across generations (54, 55); however, one would expect the 
ensuing phenotypes to be consistent if a conserved epigenetic mod-
ification(s) was the underlying cause. Discordant multigenerational 
behaviors are not entirely novel since maladaptation of the neuro-
endocrine system can lead to disparate phenotypes. For example, 
high maternal stress can adversely prime the hypothalamic-pituitary 
axis during development such that the offspring display hypoactive 
stress responses later in life (56, 57). In addition, we propose a third 
consideration that might contribute to this changing transgenera-
tional phenotype: changes to maternal care. Notably, maternal care 

is mediated at least in part by the vasopressin system  (58), which we 
show here is disrupted by BPA. Moreover, low-dose BPA exposure 
alters maternal care in both gestationally exposed F1 and unexposed 
F2 generations (59, 60), and since disrupted maternal behaviors are 
linked to altered anxiety-like behaviors and social interactions in 
the offspring (61, 62), it is possible that maternal care is different 
across the BPA generations, causing this change in social behaviors 
causing this change in social behaviors in offspring. Future studies 
are needed to investigate this intriguing notion that low-dose gesta-
tional BPA exposure disrupts the development of hypothalamic cir-
cuits that underlie maternal care, thereby leading to lasting effects 
in the offspring that manifest as changes in social behaviors.

Historically, one of the challenges of BPA animal studies is the 
relevance of exposure dose relative to environmental levels of the 
average human, and this is especially true for gestational exposure 
models. Previous challenges to measuring actual BPA urine or se-
rum levels in animals hindered the translation of the findings back 
to humans. Here, we use ELISAs and LC-MS to determine the con-
centration of serum BPA in newborn pups exposed gestationally 
and found levels to be ~0.08 and ~0.125 ng/ml, respectively, which 
is ~8- to 35-fold and ~5- to 20-fold lower, respectively, than BPA 
concentrations consistently reported in human fetal cord blood 
(8, 9, 34). Moreover, we determine the approximate BPA dosage 
consumed by the pregnant dams ~2.25 g/kg BW per day, which is 
nearly 25-fold lower than what is considered the safe TDI in humans 
in North America. Further, this amount of BPA ingestion elevates 
serum BPA in the dams to ~0.4 ng/ml (ELISA) and which is 1.15- to 
14.75-fold (ELISA) or lower than recorded human blood serum lev-
els of mothers at birth (8, 9, 32, 33), providing additional support to 
the relevance of our gestational exposure paradigm. Coincidentally, 
this ~2.25 g/kg BW per day dietary dose delivered by our BPA diet 
nearly matches the lowest dose delivered to rats as part of the 
CLARITY-BPA studies (63), which shows a variety of brain-specific 
BPA effects including changes in volume of the anteroventral 
periventricular nucleus of the hypothalamus (64), hypothalamic 
oxytocin receptor expression (65), and gene expression in the hypo-
thalamus and other brain regions (66,  67). Combined, given the 
nonmonotonic dose-response curve of BPA action (68), as well as 
the demonstration that BPA exposure models in animals matches 
human environmental exposure levels, it is becoming more evident that 
low-dose BPA affects our bodies and especially developing brains.

Several studies have now demonstrated that BPA can influence 
neural progenitors to perturb neurogenesis. For example, low-dose 
waterborne BPA exposure [~8-fold lower than the estimated average 
surface waters value of 12 g/liter and up to ~1000-fold lower than 
high-risk watersheds (69)] causes precocious hypothalamic neuro-
genesis in zebrafish embryos (24), whereas higher exposures of 
20 mg/kg and 200 g/kg BW BPA doses in mice impair hippocampal 
(70) and neocortical neurogenesis (71), respectively. To understand 
the hypothalamic mechanistic pathways disrupted by BPA, we used 
our neurosphere assay that serves as an ex vivo model to probe 
hypothalamic NSPC behaviors, including activation, proliferation, 
differentiation, and self-renewal capacity. We hypothesized that hypo-
thalamic NSPCs must (i) rapidly proliferate to produce daughter 
neurons, (ii) display reduced self-renewal capacity properties, and 
(iii) initiate neuronal differentiating programs. We used our neuro-
sphere assay (40) at the window of peak hypothalamic neurogenesis 
(E12.5), when neurogenic progenitor division is maximized, to test 
these hypotheses, with our culturing and treatment paradigm designed 
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to mimic the in utero environment whereby these NSPCs would be 
bathed in constant BPA exposure. Both ex vivo and in vivo BPA 
treatments of hypothalamic NSPCs induce these behaviors. These 
findings are in agreement with studies in cultured rat hypothalamic 
progenitors whereby BPA delivered to pregnant dams via drinking 
water increases neural proliferation and expression of proneural 
markers in BPA-treated NSPCs (72). An unexpected finding of our 
study is that hypothalamic NSPCs display increased proliferative 
behaviors even when the fetal brain was not exposed to BPA during 
the current gestational period but, instead, the pregnant dam was 
exposed during previous pregnancies. These data suggest that per-
haps BPA can accumulate in maternal fat to deliver a steady low 
dose to the fetus even in the absence of consumption of BPA during 
that isolated pregnancy, which may occur concomitantly with epi-
genetic changes.

Notably, estrogen signaling can induce neural proliferation and 
alter the neuron-to-glia ratio of cultured rat embryonic neural stem 
cells (42), suggesting that BPA is estrogenic in neural progenitors. 
However, here, BPA effects on hypothalamic NSPCs are blocked only 
when both ER and AR signaling are pharmacologically inhibited. 
These findings are perhaps unpredicted because although BPA is 
classically considered estrogenic, it is also thought to be antiandro-
genic (4, 5). However, our previous study found that AR signaling 
was required for BPA-mediated precocious hypothalamic neuro-
genesis in zebrafish embryos (24). It is possible that hypothalamic 
NSPCs are unique in their sensitivity to BPA-mediated AR activa-
tion during developmental time points, although further studies in 
other brain regions are needed. The dual requirement of ER and AR 
for BPA-induced hypothalamic NSPC proliferation (as measured 
by primary and secondary neurosphere size) is more robust than its 
effects on activation (primary number) and self-renewal capacity 
(secondary number) since the combined antagonist treatment still 
did not completely rescue the size effects. It is possible that BPA-
mediated proliferation involves other unidentified pathways, which 
is perhaps not unexpected given that BPA can bind TH (6) and 
potentially glucocorticoid (7) receptors in addition to ER and 
AR. Together, we propose a model whereby maternal BPA ingestion 
crosses the placenta and travels via fetal circulation to the develop-
ing brain, where it binds ER and AR in the NSPCs and induces 
changes in developmental programs that cause neural progenitors 
to induce precocious neurogenesis (Fig. 6).

There is timeliness to our study given the release of the government/
academic collaborative National Institute of Environmental Health 
Sciences/FDA CLARITY-BPA Core Study report, which concluded 
that no significant effects of BPA are found at levels below recom-
mended safe doses (63). However, data not included in the govern-
ment’s final analyses have since been published independently by 
CLARITY-BPA partner academic laboratories and demonstrate 
many cases of low-dose BPA effects across a variety of tissues, in-
cluding the brain (22, 64, 66, 67, 73). An arm’s length, secondary 
analysis of data from both the government and academic laborato-
ries concludes that adverse outcomes from low-dose BPA should 
not be dismissed and that the brain was the most consistently re-
sponsive organ studied (74). Furthermore, a recent study raises the 
possibility that researchers may be inadvertently underestimating 
BPA levels in human fluids when indirect analytical methods are 
used (75) since direct measurement shows a 19-fold higher level of 
BPA in human fluids, which is 44-fold higher than the most recent 
mean exposure value cited from the U.S. National Health and 

Nutrition Examination Survey (76). Thus, our study here is apropos 
to this larger discussion given our use of a BPA dose that is ~30-fold 
lower than commonly reported levels in newborn cord blood 
(8, 9, 34). Our results are in agreement with published reports from 
CLARITY academic partners and supportive of ongoing examina-
tion of safe BPA exposure levels.

In summary, we present a comprehensive study of the neuro-
developmental effects of gestational low-dose BPA that includes 
behavioral, cellular, and molecular end points. The resulting accel-
erated hypothalamic neurogenesis and the disruption in timing of 
neuronal birth likely alter the specification and integration of af-
fected hypothalamic neurons, which is known to be spatiotemporally 
driven. Our study provides additional evidence that the developing 
hypothalamus is particularly susceptible to endocrine disruption by 
BPA, even at very low doses, and may provide mechanistic insights 
into the established correlations between early-life BPA exposure 
and neurodevelopmental disorders in humans.

MATERIALS AND METHODS
Experimental design
This study was designed to assess the effects of gestational exposure 
to environmentally relevant doses of BPA delivered via maternal diet 
to mimic human exposure levels, on the developing hypothalamus. 
All animal and experimental protocols were approved by the 
University of Calgary Animal Care Committee and followed the 
Guidelines for the Canadian Council of Animal Care. The number 
of samples was determined on the basis of experimental approach, 
availability, and feasibility required to obtain definitive results and 
is specified below in the detailed methods or alongside results. All 
experiments were carefully controlled. All behavioral and circadian 
experiments used both male and female animals. Behavioral exper-
iments used, at most, two animals from a given litter; social inter-
actions only involved animals that had previously interacted if 
specifically described (e.g., a littermate). For neurogenesis and 
immunohistochemistry experiments, only one animal was analyzed 
from a given litter. For neurosphere experiments, technical repli-
cates were performed in triplicate within a culturing experiment 
from pooled fetal hypothalamic tissue. All data were included for 
analysis, and wherever feasible, all data points are displayed in 
figures. Researchers were not blinded for either data collection 
or analysis.

Mouse husbandry and breeding
Mice were housed and maintained at the University of Calgary An-
imal Resource Centre, fed our laboratory standard chow diet (chow; 
LabDiet Pico-Vac Lab Rodent Diet, 5061), and watered ad libitum. 
All material used for housing, feeding, and water were BPA free. 
Wild-type C57bl6 mice from Charles River were paired and females 
were monitored daily for breeding success. Pregnant dams were placed 
on either a 7% corn oil diet (control or CON; Envigo diet code 
TD.120176) or 500 parts per billion (50 g/kg) BPA diet (BPA; 
Envigo diet code TD.160491). Dams were used one to three times 
for breeding rounds (most dams were bred twice), but never switched 
feeding groups, and were rested for 6 to 8 weeks postweaning and 
fed only chow diet before being bred again. Diet intake for the ges-
tational period was measured, and after pups were born, the diet 
was replaced with chow diet. Pups were weaned to separate cages at 
P21. A subset of pups were weighed at P5, P10, P15, P21, P28, and 
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P35, and adult mice were weighed at ~6 months old. Serum BPA 
was measured by ELISA (Abnova), dams were euthanized after giving 
birth, and blood was collected by cardiac puncture; newborn pups 
were decapitated, and blood was pooled together from all pups. 
Blood was collected in heparinized polystyrene tubes and centri-
fuged at 2000g at 4°C to separate cells. Serum was collected in glass 
vials and frozen until analysis. ELISA was performed as per the 
manufacturer’s instructions.

Female F1 mice were outcrossed at ~P115 to wild-type males to 
generate F2 mice. F2 female mice were again outcrossed at ~P115 to 
new wild-type males to generate F3 mice for analysis of behavior 
and SCN neuropeptide expression. F1, F2, and F3 mice were fed only 
chow diet at all times and were not subjected to any other BPA ex-
posure other than the original diet fed to F0 dams during pregnancy.

Wild-type CD1 mice were housed, fed chow diet only with no 
BPA diet exposure, and bred as above, but pregnant dams were eu-
thanized on E12.5 and fetal pup brains were microdissected for iso-
lation of the presumptive hypothalamic NSPCs for ex vivo culture 
in the neurosphere assay, as we have previously established (see below 
for details) (40).

Quantification of neurogenesis
Pregnant C57 dams fed diets were injected with the thymidine ana-
log 5-bromo-2′-deoxyuridine (BrdU; 10 mg/ml, 200 l of injection 
volume, n = 5 to 6 dams per time point) on one of E9.5 to E15.5 to 
label neurons born on each day. Pups were euthanized at P0; brains 
were removed and fixed in 4% paraformaldehyde (PFA) for 48 hours, 
transferred to 20% sucrose for 48 hours, then embedded in optimal 
cutting temperature (OCT) compound, and frozen at −80°C. Adult 
brains were fixed and frozen as above, except that the animal was 
anesthetized and perfused first with saline and then with 4% PFA 
before the 48-hour whole fixation step. Frozen brains were sliced 
into 12- to 14-m sections.

For quantification of BrdU and neuropeptides in P0 brains in 
the tuberal hypothalamus or the central SCN, sections were washed 
in phosphate-buffered saline (PBS), PBS with 0.1% Triton X-100 
(PBST), and PBS with 1% Triton X-100, incubated with 2 N of HCl 
at 37°C for 45 min and then blocked in PBST and 5% normal donkey 
serum for 1 hour. Primary antibodies (rat anti-BrdU, Abcam, 1:200; 
rabbit anti-HuC, Invitrogen, 1:100; rabbit anti-AVP, Abcam, 1:400; 
rabbit anti-Sox2, EMD Millipore, 1:400) were incubated for 12 hours 
overnight at 4°C. The next day, sections were washed in PBST and 
incubated with secondary antibody (Alexa Fluor 488 donkey anti-
mouse, 1:500; Alexa Fluor 555 donkey anti-rabbit, 1:500) for 2 hours 
at room temperature, washed again in PBST, and lastly stained with 
DAPI nuclear stain (5 min, room temperature) before final washes 
and mounting. Slides were imaged with a Zeiss Axioplan 2 fluores-
cent microscope. Brightness and/or contrast of the entire image was 
adjusted using Adobe Photoshop CC 2018 where necessary to remove 
background or improve visibility. For BrdU+/HuC+ double-positive 
cells, Fiji image processing software was used to threshold for 
dual-positive cells, the images were then converted to grayscale and 
cells were counted. Neurogenesis counts were averaged from three 
sections (each ~100 m from the others) of the tuberal hypothala-
mus (as marked by landmarking and confirmed by the presence of 
the ventromedial nucleus marker FezF1 in adjacent sections). The 
hypothalamic/thalamic border was defined by the hypothalamic 
sulcus. Each data point consists of an n of five mice, all from differ-
ent litters.

Behavior
F1, F2, and F3 pups were raised to ~12 weeks of age and then under-
went behavioral testing for 7 to 10 days. All tests were done in accordance 
with University of Calgary Cumming School of Medicine Optoge-
netics Facility behavioral protocols. Briefly, mice were acclimated in 
behavioral rooms for at least 1 hour before testing. For the open-
field test, elevated plus maze, and three-chamber tests, mice were 
monitored via an overhead camera for the duration of the test and 
evaluated via the Panlab Smart 3.0 Video Tracking software pack-
age (F1 and F2 animals) or the ANY-maze software package (F3 
animals). The open-field test was 10 min in duration, elevated plus 
maze was 5 min in duration, and the three-chamber and novel ani-
mal tests were 10 min each after a 10-min acclimation period to an 
empty apparatus (no other mice present). The forced swim test and 
rotarod test were monitored manually. For the forced swim, mice 
were placed in a 2-liter beaker filled with ~1.7  liter of 25°C water 
and were individually monitored for more than 5 min to record the 
time to immobility and the total movement time. For the rotarod 
test of motor control, mice were trained on the apparatus for more 
than 4 days with increasing speed (4, 7, 10, and 12 rpm), followed by 
a final day of testing where the rod increased speed over time and 
the mice were monitored for up to 5 min to determine the length of 
time maintained on the apparatus and the maximum rpm achieved. 
For all behavioral assays, both male and female mice were used in 
approximately equal numbers, and no more than two animals were 
from the same litter.

Circadian testing
A subset of F1 mice aged 4 months old (four males and three fe-
males for both control and BPA mice) were monitored for daily ac-
tivity in a separate, light-controlled facility equipped for constant 
measurement of wheel-running activity. Mice were singly housed in 
cages equipped with a wheel, acclimated in a 12:12-hour LD envi-
ronment for 10 days. After acclimation, 19 days of wheel-running 
activity was selected for analysis. Animals were then switched to a 
24-hour DD environment and acclimated again for 10 days, followed 
by a subsequent 14 days of activity used for analysis. The ClockLab 
analysis package (Actimetrics) was then used to quantify total activity, 
circadian period (dark only), activity duration, activity onset, and a 
time series of daily activity in each of the lighting conditions. Last, 
dark-acclimated animals were subjected to a 15-min light pulse at 
CT16 (CT12 defined as each animal’s daily activity onset), followed 
by assessment of the shift in their circadian rhythm over the 
next 4 days.

Neurosphere assay
We have adapted the neurosphere assay for use during the window 
of peak neurogenesis in the fetal mouse hypothalamus (40). Briefly, 
pregnant CD1 dams (fed only chow diet at all times) were eutha-
nized on E12.5 and fetuses were removed, and the developing hypo-
thalamic region was microdissected from each fetus and pooled 
together, triturated, strained, and grown in suspension culture at 
5000 cells/ml in 24-well plates for treatment. Cells were treated with 
vehicle only, 10 nM BPA only, or 10 nM BPA with Fulv, Flut, or a 
combination of both (1 M). Cells were incubated for 10 days in vitro 
(DIV) at 37°C with 5% CO2, with 50% media replenishment 
at 5 DIV. At 10 DIV, primary neurospheres were counted and im-
aged; then dissociated in sterile media, counted, and replated at 
1000 cells/ml; and cultured again for 10 days (until 20 DIV, media 
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were replenished at 15 DIV) as above for secondary neurosphere 
formation. For differentiation assays, growth factors (EGF and FGF) 
were removed, and cells were allowed to differentiate for more than 
7 days in culture and then fixed in 2% PFA in NeuroCult media. Dif-
ferentiation was measured by staining for NeuN, GFAP, and PDG-
FR (primary antibodies: rabbit anti-NeuN, Abcam, 1:200; rabbit 
anti-GFAP, Dako, 1:500; goat anti- PDGFR, R&D Systems, 1:200; 
secondary antibody: Alexa Fluor 488 donkey anti-rabbit or donkey 
anti-goat, 1:500) and Sox2 as noted above for embryonic brain sections.

Adult hypothalamic immunohistochemistry
Adult F1 mice were euthanized at ~P200 and brains were fixed in 
4% PFA, cryoprotected in 20% sucrose, and then transferred to 
OCT before sectioning. Sections (10 m) were stained for AVP, VIP 
(1:100; guinea pig anti-VIP, Peninsula Labs), cFos (1:700; rabbit anti-
cFos, Synaptic Systems), and Sox2 as noted above for embryonic 
brain sections. Adult F3 mice were euthanized at ~P135, fixed, sec-
tioned, and stained for AVP and VIP as above. Sections were imaged 
using a Zeiss Axioplan 2 fluorescent microscope, images were pro-
cessed in Adobe Photoshop CC software, and mean pixel intensity 
quantification or cell counts were performed with the FIJI image 
processing package. In all image subfigures, scale bars on micrograph 
indicate the same size unless specifically noted. For all analyses, 
male and female mice were used in approximately equal numbers 
(two each when n = 4; one extra female when n = 3 or 5).

Statistics
All data are presented as means ± SEM. Data were assessed using 
the GraphPad Prism software package; statistics were performed on 
raw data and are described in the figure legends. Briefly, unpaired 
t tests or ANOVAs (with Tukey’s post hoc test for multiple compar-
isons) were used to analyze data. Except where specified in the text 
or figure legends, the statistical comparison was an unpaired t test. 
For all tests,  = 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabd1159/DC1

View/request a protocol for this paper from Bio-protocol.
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