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Abstract

The developing brain is highly sensitive to the hormonal milieu, with gonadal steroid hormones 

involved in neurogenesis, neural survival, and brain organization. Limited available evidence 

suggests that endocrine‐disrupting chemicals (EDCs) may perturb these developmental processes. 

In this study, we tested the hypothesis that prenatal exposure to a mixture of polychlorinated 

biphenyls (PCBs), Aroclor 1221, would disrupt the normal timing of neurogenesis in two 

hypothalamic regions: the ventromedial nucleus (VMN) and the preoptic area (POA). These 

regions were selected because of their important roles in the control of sociosexual behaviors that 

are perturbed in adulthood by prenatal EDC exposure. Pregnant Sprague–Dawley rats were 

exposed to PCBs from Embryonic Day 8 (E8) to E18, encompassing the period of neurogenesis of 

all hypothalamic neurons. To determine the birth dates of neurons, bromo-2-deoxy-5-uridine 

(BrdU) was administered to dams on E12, E14, or E16. On the day after birth, male and female 

pups were perfused, brains immunolabeled for BrdU, and numbers of cells counted. In the VMN, 

exposure to PCBs significantly advanced the timing of neurogenesis compared to vehicle‐treated 

pups, without changing the total number of BrdU+ cells. In the POA, PCBs did not change the 

timing of neurogenesis nor the total number of cells born. This is the first study to show that PCBs 

can shift the timing of neurogenesis in the hypothalamus, specifically in the VMN but not the 

POA. This result has implications for functions controlled by the VMN, especially sociosexual 

behaviors, as well as for sexual selection more generally.
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1 | INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of endocrine-disrupting chemical (EDC) 

present in the bodies of humans and wildlife due to widespread environmental 

contamination (Woodruff, Zota, & Schwartz, 2011). PCBs are known neurotoxicants, and 

exposure in humans is associated with deficits in cognitive behaviors (language, memory, 

and reaction time) and increases in affective disorders such as depression and anxiety 

(Boucher et al., 2012; Boucher, Muckle, & Bastien, 2009; Caspersen et al., 2016; Fitzgerald 

et al., 2008; Gaum et al., 2017; Newman et al., 2006; Patandin et al., 1999; Plusquellec et 

al., 2010; Schantz, Widholm, & Rice, 2003; Šovčíková et al., 2015). Widespread 

contamination of the environment with PCBs places a measurable economic burden on 

society due to the increase of individuals with intellectual disabilities (Bellanger, Demeneix, 

Grandjean, Zoeller, & Trasande, 2015). Studies conducted in both laboratory animals and 

wildlife also show behavioral perturbations, including social and sociosexual behaviors, that 

could impair reproductive success and sexual selection (Gore, Holley, & Crews, 2018; Gore, 

Krishnan & Reilly, 2019).

Exposures to PCBs during developmental periods of life when hormonally sensitive neural 

circuits are becoming organized are particularly important in determining neuroendocrine 

outcomes later in life. Indeed, early life exposures of rats or mice to PCBs led to increased 

anxiety-like behaviors and reduced or altered social and sociosexual interactions in 

adolescents and adults (Bell, Thompson, Rodriguez, & Gore, 2016; Gillette et al., 2017; 

Jolous-Jamshidi, Cromwell, McFarland, & Meserve, 2010; Karkaba, Soualeh, Soulimani, & 

Bouayed, 2017; Reilly et al., 2015; Steinberg, Juenger, & Gore, 2007; Topper et al., 2019; 

Wang, Fang, Nunez, & Clemens, 2002). In a few studies, these behavioral outcomes were 

associated with changes to gene and/or protein expression measured in the same adolescent 

or adult animals (Bell et al., 2016; Topper et al., 2019), but the mechanism for how the PCBs 

might cause these changes is unknown.

Among the brain organizational processes that PCBs and other EDCs may perturb is 

neurogenesis because of the sensitivity of this process to prenatal hormones, especially 

estrogens (Kinch, Ibhazehiebo, Jeong, Habibi, & Kurrasch, 2015; Martínez-Cerdeño, 

Noctor, & Kriegstein, 2006; Okada et al., 2008; Ruiz-Palmero et al., 2016; Scerbo et al., 

2014). A very limited number of studies have investigated effects of EDCs (but not PCBs) 

on brain neurogenesis (Fini et al., 2017; Fritsche, Cline, Nguyen, Scanlan, & Abel, 2005; 

Kinch et al., 2015; Naveau et al., 2014; Okada et al., 2008; Tofighi et al., 2011). Several 

studies suggest PCBs promote neural differentiation through actions on the neural stem cell 

niche, although results have been mixed (Fritsche et al., 2005; Naveau et al., 2014; Tofighi et 

al., 2011).

Previously, we showed that prenatal exposure to the PCB mixture Aroclor 1221 (A1221) led 

to sex-specific alterations in hypothalamic gene and protein expression, and adult behavior 

in rats (Gillette et al., 2017; Reilly et al., 2015; Topper et al., 2019). In the present study, we 

tested whether exposure to A1221 would affect the timing of neurogenesis in two 

hypothalamic brain regions, the ventromedial nucleus (VMN) and the preoptic area (POA), 

involved in the control of sociosexual behavior (Kuroda & Numan, 2014; Oomura, Aou, 
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Koyama, Fujita, & Yoshimatsu, 1988; Robarts & Baum, 2006; Spiteri et al., 2010; Will, 

Hull, & Dominguez, 2014; Williamson, Romeo, & Curley, 2017; Yang et al., 2013) and 

regions in which A1221 changes profiles of gene expression (Topper et al., 2019). The 

laboratory rat is an excellent model for bidirectional translation to humans and wildlife 

species because of the high conservation of the hypothalamus in all vertebrate species.

2 | MATERIALS AND METHODS

2.1 | Experimental design

All animal procedures were conducted in accordance with protocols approved by IACUC at 

the University of Texas at Austin. Sprague–Dawley rats were purchased from Harlan and 

Envigo (Houston, TX), and housed in a colony room with controlled temperature (22°C) and 

light cycle (14:10 dark:light, lights on at 0100). Virgin females were mated with sexually 

experienced males, and the day after mating was termed Embryonic Day 1 (E1).

Pregnant rat dams were exposed to one of two treatments via daily intraperitoneal injection 

from E8 to E18 (total 11 injections). The vehicle (6% dimethyl sulfoxide [DMSO] in sesame 

oil) was given alone or used to deliver 1 mg/kg A1221 (C-221N, Lot: 072-202-01; 

AccuStandard, New Haven, CT), at a volume of ~0.1 ml. The timing of treatment and 

dosages was selected to match prior work, to approximate human fetal exposure levels, and 

to span the period of fetal gonadal development and the early stages of brain sexual 

differentiation (Krishnan, Hasbum et al., 2019; Krishnan et al., 2018; Krishnan, Rahman et 

al., 2019; Lackmann, 2002; Lanting et al., 1998). Although we did not measure fetal levels 

of A1221, we have previously predicted that pups were exposed to ~2 μg/kg at this maternal 

dose (Steinberg, Walker, Juenger, Woller, & Gore, 2008; Takagi, Aburada, Hashimoto, & 

Kitaura, 1986). The exposure window also spans the entirety of hypothalamic neurogenesis 

(Shimada & Nakamura, 1973). To label cells exiting the cell cycle, each dam was also given 

one intraperitoneal injection of bromo-2-deoxy-5-uridine (BrdU) on either E12, E14, or E16. 

These ages were chosen to span the peak of neurogenesis in the POA and VMN (Bayer & 

Altman, 1987; Cheung, Kurrasch, Liang, & Ingraham, 2013; Shimada & Nakamura, 1973). 

Dams were assigned to treatment groups as shown in Table 1, with n’s indicated for the final 

number of dams (litters) and individual pups. The day of parturition was termed Postnatal 

Day 0 (P0). At P1, pups were weighed and their anogenital distance (AGD) was measured. 

The body weight and AGD were used to calculate an anogenital index (AGI) using the 

following formula AGD/ body weight3 . Up to two male and female pups with median AGIs 

were selected from each litter (no more than three pups total from one litter). Pups were 

collected for each group according to Table 1. The total pups per treatment includes males 

and females combined, as statistical analysis showed no sex difference in results. Due to 

tissue loss during perfusion, sectioning, or processing, final n’s for analyses (indicated in 

Figures 2 and 4) were between 10 and 14 per group. The pups were anesthetized with an 

overdose of ketamine and xylazine and transcardially perfused with normal saline followed 

by 4% paraformaldehyde (Dickerson, Cunningham, & Gore, 2011). The perfused brains 

were removed and postfixed in 4% paraformaldehyde at 4°C overnight. Whole brains were 

cryoprotected in a series of sucrose solutions and cryoprotection buffer containing ethylene 
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glycol, glycerol, and phosphate-buffered saline. Cryoprotected brains were stored at −20°C 

until sectioned.

2.2 | Solution preparation

BrdU (B5002; Sigma-Aldrich) was dissolved in 0.007 M NaOH at a concentration of 20 

mg/ml. Prepared solutions were stored at −20°C. At the time of injection preparation, 

solutions were thawed and vortexed at room temperature to redissolve precipitated solute. 

Pregnant dams were given a single 25 mg/kg injection of BrdU on E12, E14, or E16 (Al-

Shamma & De Vries, 1996).

2.3 | Tissue processing and immunohistochemistry

Brains were embedded in 7% agarose and sectioned on a vibrating microtome (Leica) at a 

thickness of 40 μm. Every third section was collected to form a 1:3 series (e.g., Sections 1, 

4, 7). From one series per rat, three sections containing the POA and VMN were selected for 

immunohistochemistry. Free-floating sections were incubated in preheated 2 N HCl at 37°C 

for 30 min. Next, sections were blocked in 10% normal goat serum (Vector) and 0.5% 

Triton-X (Sigma-Aldrich) for 1 hr at room temperature. Sections were incubated overnight 

at 4°C with sheep-anti-BrdU (1:1,000) primary antibody (ab1893; Abcam) with 1% normal 

goat serum and 0.5% Triton-X. Sections were incubated for 2 hr at room temperature in the 

dark with donkey-anti-sheep Alexa Fluor 488 (1:500) fluorescent secondary antibody 

(A-11015; Thermo Fisher Scientific) in 1% normal goat serum and 0.5% Triton-X. Sections 

were mounted and coverslipped with fluorescent mounting media containing 4′,6-

diamidino-2-phenylindole (Vector).

2.4 | Confocal imaging

Images were collected using a Zeiss 710 Laser Scanning Confocal microscope. Ten-

micrometer Z-stacks with images collected every 1 μm were taken at ×20 magnification. The 

field of view constituted a 425 × 425 μm region of interest. This region of interest covers 

~70% of the VMN and ~50% of the POA. Z-stacks were collapsed into a projection image 

and all BrdU+ cells were counted within the frame by an experimenter blinded to the EDC 

treatment groups and BrdU injection day.

2.5 | Statistical analysis

T tests within treatments were used to determine whether BrdU labeling differed by sex. 

Because no main effects of sex were found for the neurogenesis endpoints in VMN or POA, 

statistical analysis was conducted for the sexes combined. Two-way analysis of variance 

(ANOVA) was used to examine differences related to treatment and BrdU injection day. 

Multiple comparisons were used to examine treatment differences on specific days if the 

main effect of treatment or interaction was identified. p values were adjusted for multiple 

comparisons using Sidak’s multiple comparisons tests. For sexually dimorphic 

developmental endpoints (body weight, AGD, and AGI), data were analyzed separately by 

sex. T tests within sex were used to examine treatment differences. GraphPad Prism version 

8.4.3 was used to run T tests, ANOVA, and Sidak’s multiple comparisons test and generate 

the corresponding figures. Data are presented as mean ± standard error of the mean.
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MatLab2018b version 9.5.0.1033004 was used to fit Gaussian distributions to the mean cell 

count data across E12, E14, and E16 for each treatment group. Estimates were given by the 

“fit” function from the curve fitting toolbox. For bootstrapping analysis, each replicate 

resulted in a sample size of 14 to match the desired sampling strategy in the experiment. It 

was possible for missing data to be included on any day there was an n < 14. In other words, 

E12 DMSO animals’ datapoints were selected at random, with replacement, 14 times. Then, 

E14 DMSO data went through the same process, and then E16 DMSO data, until 14 animals 

were selected for each embryonic day. For each replicate of 14 animals, the mean cell count 

was determined at each embryonic day. Missing data were disregarded when the means were 

calculated. A Gaussian distribution was fitted to the replicate using “gauss1” as the “fit type” 

specification, using the formula a × e− x − b
c

2
 (MathWorks, 2020). The three parameters a, b, 

and c corresponded to the height, peak location, and width/standard deviation of the curve, 

respectively. After each replicate was produced and fitted, the parameters were stored. This 

was repeated 10,000 times. The formula ∑ DMSO peak loci−PCB peak loci < 0
10, 000  was used to 

calculate the probability of overlap events.

2.6 | Control of risk of bias

The following procedures were employed to reduce the risk of bias and confounding 

variables. Treatments were coded so that all experimenters and assistants were blind to PCB 

and vehicle groups. Virgin female rats were mated and randomly assigned to treatments, and 

there were no differences in dam age or weight. Dams were assigned to BrdU injection days 

systematically to ensure that all groups were represented equally throughout the treatment 

period to avoid a cohort effect. On P1, the pups with the most median AGI of each litter 

were collected to ensure that the observed characteristics represented the most central 

tendency of the population. During tissue processing and imaging, each batch contained 

representatives of all coded groups. Similarly, BrdU counts were performed blind to 

treatment and BrdU injection day. To reduce the risk of bias during data analysis, a priori 

hypotheses and statistical tests were established. The VMN and POA as well as BrdU 

injections days were selected as targets before collecting tissue. Two-way ANOVAs 

comparing EDC treatment and BrdU injection day with multiple comparisons between BrdU 

days both within and between treatments were planned analyses. Treatments were decoded 

after completion of all experimental work for figure and manuscript preparation.

3 | RESULTS

3.1 | Developmental measures

There was no effect of treatment on the body weight, AGD, or AGI of male or female pups 

on P1 (Table 2). While there was no effect of treatment on overall litter size (Table 2), PCB 

litters had a significantly higher male to female sex ratio than DMSO litters (Welch’s t test, t 
= 2.914, df = 35.08; p = .0062).

3.2 | PCB exposure shifted the timing of neurogenesis in the VMN

The number of cells exiting the cell cycle (BrdU+) was counted in the VMN of male and 

female pups from dams (DMSO or PCB treated) given an injection of BrdU on E12, E14, or 
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E16. Because there was no main effect of sex, data from males and females are combined. 

The region of the VMN that was analyzed (Paxinos, 1991) and a representative fluorescence 

micrograph of BrdU labeling is shown in Figure 1. Results showed that both the DMSO and 

PCB groups had a peak in cells exiting the cycle between E14 and E16 (Figure 2), consistent 

with the peak of neurogenesis in the rat VMN that has been reported to occur at E15 

(Altman & Bayer, 1978). A two-way ANOVA revealed a main effect of embryonic day on 

the number of BrdU+ cells (F(2, 67) = 43.37; p < .0001). In DMSO pups, the number of cells 

labeled on E14 and E16 was significantly greater than the number labeled on E12 (Figure 

2a). There was no difference between E14 and E16. In PCB pups, there were significantly 

more cells labeled on E14 than both E12 and E16, but E12 and E16 were not different from 

each other. There was also a significant interaction between treatment and embryonic day 

(F(2,67) = 10.38; p < .0001). Significantly more cells exited the cell cycle on E14 and 

significantly fewer cells exited the cell cycle on E16 in PCB pups, resulting in a shift in the 

developmental curve to about a day earlier (E14 for PCB and E15 for DMSO) but no overall 

change in cell numbers (Figure 2b).

3.3 | PCB exposure did not change the timing of neurogenesis in the POA

A similar analysis was conducted in the POA. Again, there was no effect of sex, so males 

and females were combined. Figure 3 shows the region of analysis (Paxinos, 1991) and 

BrdU immunofluorescence in the POA of a representative DMSO pup on E14. Both 

treatment groups showed a peak in cells exiting the cell cycle between E14 and E16 in the 

POA, consistent with the peak of neurogenesis reported to occur at E15 in the rat POA 

(Altman & Bayer, 1978; Bayer & Altman, 1987; Figure 4). A two-way ANOVA revealed a 

main effect of embryonic age (F(2, 75) = 17.08; p < .0001). In both DMSO and PCB pups, 

significantly more cells exited the cell cycle on E14 than E12 or E16 and the number of 

BrdU+ cells on E12 and E16 was not different from one another. There was no effect of 

treatment nor an interaction of treatment and embryonic day in this region. As shown in 

Figure 4b, the neurogenesis curves for DMSO and PCB pups were entirely superimposed. 

There was no difference in the total number of BrdU+ cells measured across the 3 days 

between groups.

3.4 | PCB exposure significantly changes the timecourse of neurogenesis in the VMN but 
not POA

We hypothesized that peak embryonic neurogenesis, or the peak loci, were significantly 

shifted by PCB treatment in the VMN. To statistically evaluate the difference between peak 

neurogenesis timing in DMSO and PCB pups, bootstrapping analysis was performed (Figure 

5a). Cell count samples were replicated 10,000 times with replacement across E12, E14, and 

E16. Then, a Gaussian distribution was fitted to the mean cell count of each replicate. The 

three parameters we fitted were the location of the peak (along the x-axis), the amplitude of 

the peak (along the y-axis; height), and the width of the curve. For our purposes, this 

translated into when peak neurogenesis occurred, the number of cells exiting the cell cycle at 

that time, and the estimated duration of neurogenesis, respectively. From these replicates, we 

determined the number of instances in which the peak loci of the DMSO and PCB curve 

overlapped; in other words, how frequently the PCB peak loci were greater than the DMSO 
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peak loci. This occurred zero times in 10,000 replications, indicating that the probability of 

the PCB peak occurring after the DMSO peak is p ~0; 10,000 bootstrap replications.

A similar analysis was conducted for the POA (Figure 5b), revealing that there was 

substantial overlap in the distributions of peak loci. The null hypothesis (DMSO peak loci = 

PCB peak loci) would result in an even split of replicates (5,000 out of 10,000) in which 

each group is greater than the other; in other words, whether the PCB peak or DMSO peak 

occurs first is due entirely to chance p = .5; 10,000 bootstrap replicates. For the POA data, 

the peak loci of the DMSO and PCB curves overlapped in 6,479 instances. This finding 

indicates that the probability of the PCB peak occurring after the DMSO peak is p = .6479; 

10,000 bootstrap replications. This probability indicates there was not a significant treatment 

effect on the timing of peak neurogenesis in the POA.

4 | DISCUSSION

To the best of our knowledge, this study is the first to show that PCBs can advance the 

timing of neurogenesis in the developing hypothalamus. This finding extends previous 

research by showing that an EDC can act in a subregion-specific manner within the 

hypothalamus, with the VMN affected while the POA is not. Disruption to the normal 

developmental timing of neuron birth in the VMN could lead to inappropriate synapse 

formation and pruning in later neurodevelopment. While the mechanism by which PCBs act 

to promote cell cycle exit in this population remains unknown, work on the role of hormones 

in progenitor cell proliferation, differentiation, and migration suggests that these underlying 

processes may be targets, and merit future research.

Another study showed that a PCB mixture can promote neurogenesis in the developing rat 

cortex (Naveau et al., 2014). PCBs and other EDCs also alter the proliferation and survival 

of neural progenitor cells in vitro and in vivo. Because of the roles of gonadal hormones 

(estradiol, testosterone) and the potential for testosterone to be aromatized to estradiol in the 

neonatal brain (Martínez-Cerdeño et al., 2006; Ruiz-Palmero et al., 2016), some studies have 

compared EDCs to estradiol, and/or blocked estrogen or androgen receptors. These 

published results, discussed below, have not clarified a common mechanism but suggest that 

various hormonal mechanisms are involved.

4.1 | EDCs can act through estrogenic pathways to alter proliferation

Neural progenitor cells are sensitive to estradiol. This hormone induces their proliferation, 

and treatment with an estrogen receptor α (ERα) antagonist demonstrated that ERα 
activation is necessary for normal rates of proliferation in vivo (Martínez-Cerdeño et al., 

2006). Similarly, locally synthesized estradiol via aromatization is sufficient to enhance 

proliferation (Martínez-Cerdeño et al., 2006). Cultured cortical cells showed increased 

proliferation in response to bisphenol A (BPA) exposure in a manner identical to the 

application of estradiol (Okada et al., 2008), a result consistent with the estrogenic 

properties of BPA. Low dose BPA increased proliferation in the hippocampus and midbrain, 

but higher doses had the opposite effect (Liu et al., 2013; Tiwari et al., 2015).
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Cortical neural progenitor cells cultured with PCBs had reduced proliferation (Tofighi et al., 

2011). While we did not measure proliferating cells specifically, the PCB pups had similar 

total levels of cells exiting the cell cycle across the 3 days. If PCBs act through estrogenic 

mechanisms to promote proliferation, there would likely be increased total cells. PCBs 

acting to reduce proliferation would not explain our findings.

4.2 | Neurogenesis and neural differentiation are sensitive to estrogen and androgen 
signaling

Sex differences in neurogenesis suggest a role for sex steroid hormones in regulating this 

developmental process. Sex differences in the rate of differentiation were noted in E14 

mouse embryos; female cells progressed through developmental stages more quickly than 

male cells, and only male cell development was enhanced by estradiol treatment (Scerbo et 

al., 2014). Interestingly, estradiol was found to abolish the sex difference in the expression of 

the neurogenin 3 gene. Knockdown of neurogenin 3 showed that changes to the expression 

of this single gene were sufficient to increase or decrease the rate of differentiation in these 

cells. This phenomenon has also been reported in E17 hippocampal cells (Ruiz-Palmero et 

al., 2016). Hypothalamic neurons cultured from E16 rat embryos had an estradiol-dependent 

enhancement of axon growth, and cells from male embryos had a much larger response to 

estradiol than those from females (Carrer, Cambiasso, & Gorosito, 2005). To our knowledge, 

a sex difference in differentiation in response to EDC treatment has not been reported, and 

we did not find a sex difference in the effect of PCB exposure on the timing of neurogenesis 

in this study.

EDCs can alter the timing of cell cycle exit and the pattern of differentiation in neural cells. 

PCBs 153 and 180 promoted differentiation (neurite formation) in cultured cortical neural 

stem cells (Tofighi et al., 2011). A1254, a PCB mix similar to the one used in this study, 

when administered from E6-21 induced cell cycle exit only on E17 in the cortex of rat 

embryos (Naveau et al., 2014). Our study was the first to demonstrate that estrogenic PCBs 

(A1221) could influence the timing of neurogenesis in the hypothalamus in vivo. In the 

VMN of our PCB-exposed pups, the timing of neurogenesis was shifted significantly earlier. 

That this was region-specific was illustrated by our results showing no such shift in the 

POA.

Like PCBs, BPA exposure is also associated with an advance in the timing of neurogenesis. 

Two studies of E14.5 mice exposed to BPA showed increased cell cycle exit between 24- 

and 48-hr timeframes (Komada et al., 2012; Nakamura et al., 2006). Both BPA and the 

replacement chemical BPS promoted precocious cell cycle exit specifically in the 

hypothalamus of zebrafish embryos (Kinch et al., 2015). Despite the body of evidence 

discussed here and elsewhere that BPA acts through an estrogenic mechanism to influence 

neural progenitor cells, Kinch et al. (2015) meticulously unraveled an androgen receptor-

dependent mechanism involving the upregulation of aromatase and, therefore, local estradiol 

synthesis. This finding merits further study, and would be interesting in the context of PCBs.

Treatment with the androgen nandrolone favored differentiation of precursors into neurons 

rather than glia (Brännvall, Bogdanovic, Korhonen, & Lindholm, 2005). Male hippocampal 

neurons treated with androgens had increased neurogenin 3 expression and enhanced 
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morphological development (Ruiz-Palmero et al., 2016). The female cells in these 

experiments, however, had reduced neurogenin 3 expressions and stunted morphological 

development in response to treatment with androgens. While the underlying mechanism 

altering the timing of cell cycle exit in our study is not known, both estrogen- and androgen-

sensitive processes are emerging as targets for further investigation.

4.3 | PCBs can disrupt the balance of neural cell birth and death

The development and organization of the hypothalamus and other brain regions depend not 

only on cell differentiation and subsequent neurogenesis but also on processes involved in 

pruning neurons and synapses in an activity-dependent manner. Programmed cell death, 

apoptosis, is a necessary part of this balance (Mosley et al., 2017), and apoptosis is both 

hormone-sensitive (Forger, 2009) and disrupted by EDCs. Previously, our lab showed that 

A1221 given at two prenatal ages (E16 and E18, in contrast to the current study in which 

A1221 was given from E8-18) increased apoptosis in the anteroventral periventricular 

nucleus of the hypothalamus of females but not males (Dickerson et al., 2011). This effect 

was not seen in the medial preoptic nucleus, a result consistent with the lack of effect of 

PCBs on neurogenesis shown here. Other studies have shown that PCBs increase cell death 

in in vitro primary hippocampal but not cortical cultures (Howard, Fitzpatrick, Pessah, 

Kostyniak, & Lein, 2003). For bisphenols, exposure of larvae to bisphenol F increased 

apoptosis in the whole brain (Gu et al., 2020), and Xenopus laevis embryos exposed to BPA 

had increased brain apoptosis (Oka et al., 2003). As a whole, this literature suggests a loss of 

certain neural populations due to embryonic exposure to EDCs.

While the present study showed that the overall number of BrdU + neurons in the VMN at 

P1 was unchanged, whereas the developmental neurogenesis curve was shifted leftward, the 

imbalance in apoptosis, neurogenesis, and other processes involved in neurodevelopment at 

the appropriate life stages likely results in structural and functional outcomes. This is 

consistent with changes in hypothalamic gene expression across the life cycle (Dickerson, 

Cunningham, Patisaul, Woller, & Gore, 2011; Dickerson et al., 2011; Walker, Goetz, & 

Gore, 2014). Genomic effects of nuclear ERα activation are associated with the 

developmental regulation of apoptosis (McCarthy, 2008). While PCBs are known to interact 

with ERα at low doses, we cannot assert that the effects observed in this study were due 

changes in transcription induced by ERα without directly measuring downstream targets 

(Bonefeld-Jorgensen, Andersen, Rasmussen, & Vinggaard, 2001). It is likely that multiple 

developmental processes are interrupted by PCB exposure and are associated with 

disruptions of behaviors including those regulated by VMN (Topper et al., 2019). As a 

whole, this study provides a potential mechanism by which environmental EDCs may impair 

processes involved in reproductive behaviors, the normal expression of which is necessary 

for reproductive success.
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FIGURE 1. 
(a) The region of the ventromedial nucleus (labeled here as VMH) used for the analysis is 

shown, with the region of interest indicated with a green outline. (b) A representative image 

of BrdU nuclear labeling in the VMN of a DMSO female pup whose dam was injected with 

BrdU on E14. The region of interest outlined in green (a) is shown at ×20 magnification in 

(b). White scale bar = 25 μm. The brain map shown in (a) was modified from Paxinos 

(1991). BrdU, bromo-2-deoxy-5-uridine; DMSO, dimethyl sulfoxide; E14, Embryonic Day 

14; VMH, ventromedial nucleus of the hypothalamus; VMN, ventromedial nucleus
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FIGURE 2. 
The number of BrdU+ cells in the VMN of P1 pups is shown in relationship to day of 

injection of the dams with BrdU. (a) Bars with different letters are significantly different. 

The numbers of pups per group are shown within bars except for E12 DMSO (n = 12). (b) 

The same data are shown with curves fitted to the timecourse of neurogenesis (black for 

DMSO and red for PCB). PCB treatment shifted the timing of neurogenesis, with the peak 

occurring about a day earlier (~E14) than the DMSO group (~E15). BrdU, bromo-2-

deoxy-5-uridine; DMSO, dimethyl sulfoxide; E12, Embryonic Day 12; P1, Postnatal Day 1; 

PCB, polychlorinated biphenyl; VMN, ventromedial nucleus
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FIGURE 3. 
(a) The region of the preoptic area (labeled here as MPO) used for the analysis is shown, 

with the region of interest indicated with a green outline. (b) A representative image of BrdU 

nuclear labeling in the POA of a DMSO female pup whose dam was injected with BrdU on 

E14. The region of interest outlined in green (a) is shown at ×20 magnification in (b). White 

scale bar = 25 μm. The brain map shown in (a) was modified from Paxinos (1991). BrdU, 

bromo-2-deoxy-5-uridine; DMSO, dimethyl sulfoxide; E14, Embryonic Day 14; MPO, 

medial preoptic area; POA, preoptic area
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FIGURE 4. 
The number of BrdU+ cells in the POA of P1 pups is shown in relationship to day of 

injection of the dams with BrdU. (a) Bars with different letters are significantly different. 

Numbers of pups per group are shown within bars. (b) The same data are shown with curves 

fitted to the timecourse of neurogenesis (black for DMSO and red for PCB). The curves are 

entirely superimposed, with the peak for both PCB and DMSO occurring at ~E14. BrdU, 

bromo-2-deoxy-5-uridine; DMSO, dimethyl sulfoxide; E14, Embryonic Day 14; P1, 

Postnatal Day 1; PCB, polychlorinated biphenyl; POA, preoptic area
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FIGURE 5. 
Examples of the bootstrapping process in the VMN (a) and POA (b). The fitted curves of 

500 bootstrapped replicates (DMSO in gray and PCB in red) against fits to the original 

dataset (black lines; original means are open circles for DMSO and open squares for PCB). 

The distributions of peak loci over 10,000 replicates for each group are inset at the bottom; 

DMSO in white and PCB in red. Ninety-five percent confidence intervals for the 

distributions are shown as dashed vertical lines. BrdU, bromo-2-deoxy-5-uridine; DMSO, 

dimethyl sulfoxide; PCB, polychlorinated biphenyl; POA, preoptic area; VMN, 

ventromedial nucleus
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TABLE 1
Treatment assignments of dams and litter utilization

Treatment BrdU injection day N of dams (litters) N of pups included Total pups per treatment

DMSO E12 6 13 41

E14 6 14

E16 7 14

PCB E12 8 12 41

E14 7 14

E16 8 15

Note: Dams receiving DMSO or A1221 were injected with BrdU on E12, E14, or E16. One to three pups from each litter were used for each 
endpoint. N refers to males and females combined, as there was no sex difference.

Abbreviations: A1221, Aroclor 1221; BrdU, bromo-2-deoxy-5-uridine; DMSO, dimethyl sulfoxide; E12, Embryonic Day 12; PCB, polychlorinated 
biphenyl.
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TABLE 2

Birth outcomes at P1

DMSO PCB

Mean SEM N Mean SEM N

Males

 Body weight (g) 6.44 0.26 20 6.52 0.14 19

 AGD (mm) 3.50 0.09 20 3.60 0.08 19

 AGI 1.88 0.03 20 1.93 0.04 19

Females

 Body weight (g) 6.08 0.22 21 6.34 0.16 22

 AGD (mm) 1.73 0.05 21 1.81 0.05 22

 AGI 0.95 0.02 21 0.98 0.02 22

Sexes combined N 41 41

 Litter size 12.6 0.5 19 11.6 0.7 23

 Sex ratio (M:F) 0.87 0.16 19 1.80** 0.27 23

Note: There were no treatment differences in body weight, anogenital distance (AGD), or anogenital index (AGI) in male or female P1 pups. Ns for 
body weight, AGD, and AGI refers to individual pups. The total number of pups for each treatment is indicated for the sexes combined (N = 41 
each for DMSO and PCB). DMSO and PCB litters were similar in size, but PCB litters had a significantly higher ratio of male to female pups than 
DMSO. N for litter size and sex ratio refers to entire litters.

Abbreviations: DMSO, dimethyl sulfoxide; P1, Postnatal Day 1; PCB, polychlorinated biphenyl; F, female; M, male.

**
p < .01.
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