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Abstract

Phthalates are a class of endocrine disruptors found in a variety of consumer goods, and offspring 

can be exposed to these compounds during gestation and lactation. Our laboratory has found that 

perinatal exposure to an environmentally relevant mixture of phthalates resulted in a decrease in 

cognitive flexibility and in neuron number in the adult rat medial prefrontal cortex (mPFC). Here, 

we examine effects of phthalate treatment on prenatal cellular proliferation and perinatal apoptosis 

in the mPFC. To examine the phthalate effects on cellular proliferation, dams consumed 0, 1, or 

5mg/kg of the phthalate mixture daily from embryonic day 2 (E2) through the day of birth (P0), 

and on E16 and E17, they were injected with BrdU. The mPFC of offspring was analyzed on 

P5 and showed a decrease in labelled cells in the phthalate exposed groups. To examine whether 

changes in BrdU density observed on P5 were due to altered cell survival, cell death was measured 

on E18, P0, and P5 using a TUNEL assay in a separate cohort of prenatally exposed offspring. 

There was an increase in TUNEL labelled cells at E18 in the phthalate exposed groups. In the final 

experiment, dams consumed the phthalate mixture from E2 through P10, at which time mPFC 

Corresponding Author: Janice M. Juraska, University of Illinois at Urbana-Champaign, Department of Psychology, 603 E. Daniel 
Street, Champaign IL 61820, (217)333-8546, jjuraska@illinois.edu.
Author Contributions
JW, EPS, and JMJ were involved in the study design and interpretation of results. EPS, JW, ASB and VRR were involved in data 
acquisition and analysis. EPS was responsible for the initial drafting of the manuscript, while JMJ and JW were involved in revising 
the document for intellectual content. All authors have approved the final version to be published and agree to be accountable for all 
aspects of the work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Statement of Ethics
Animal experiments conform to internationally accepted standards and have been approved by the Institutional Animal Care and Use 
Committee (IACUC) at the University of Illinois at Urbana-Champaign.

Declaration of Interest
The article has not been published previously (except in the form of an abstract), it is not under consideration for publication 
elsewhere, its publication is approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried 
out and if accepted, it will not be published elsewhere in the same form, in English or in any other language, including electronically 
without the written consent of the copyright-holder.

HHS Public Access
Author manuscript
Neurotoxicology. Author manuscript; available in PMC 2022 December 01.

Published in final edited form as:
Neurotoxicology. 2021 December ; 87: 167–173. doi:10.1016/j.neuro.2021.09.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tissue was stained with TUNEL. Phthalate treated subjects showed a higher density of apoptotic 

cells at P10. These results indicate both pre- and postnatal phthalate exposure increases apoptosis 

in the male and female rat mPFC. While the impact of phthalates on proliferation cannot be ruled 

out, these data do not allow for definitive conclusions.
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2. Introduction

Phthalates are a class of endocrine-disrupting compounds primarily used to increase the 

durability and flexibility of plastics. They are found throughout the environment from a 

variety of sources including food packaging and processing equipment, as well as personal 

care, pharmaceutical, cosmetic and fragranced products. Phthalates are not covalently bound 

to plastic polymers and are readily released into the environment, with the primary source 

of human exposure being ingestion of contaminated food (Heudorf et al., 2007). Phthalates 

and their metabolites can bind to androgen and estrogen receptors (Chauvigné et al., 2009; 

Stroheker et al., 2005; Takeuchi et al., 2005) and act on gonadal hormone-producing cells 

(Parks et al., 2000). Importantly, phthalates can reach developing offspring through both 

placental and lactational transfer (Dostal et al., 1987; Mose et al., 2007), leading to exposure 

during the perinatal period when the cortex is particularly sensitive to hormones.

Correlational evidence from human studies suggests that prenatal exposure to phthalates 

is associated with alterations in prefrontal cortex (PFC) dependent behaviors in childhood 

(Ejaredar et al., 2015; Kobrosly et al., 2014; Radke et al., 2020), but establishing direct 
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effects of phthalate exposure in humans is difficult given their ubiquitous presence in the 

environment. Therefore, rodent models are needed to examine causal effects of phthalates on 

neuroanatomy and behavior. Most previous studies have examined the effects of individual 

phthalates, often at higher doses that are less environmentally relevant. Studies in vitro 
have shown that exposure to individual phthalates can induce apoptosis via activation 

of caspase-3 and reduce cell proliferation in rodent cortical neurons (Chen et al., 2011; 

Lin et al., 2011; Wójtowicz et al., 2017). In vivo, administration of a very high dose 

(500mg/kg) of one phthalate (DBP, dibutyl phthalate) increased the density of TUNEL 

(Terminal deoxynucleotidyl transferase dUTP nick end labeling) positive cells and caspase-3 

expression in the rat hippocampus and caused a deficit in spatial learning (Li et al., 2013). 

Prenatal administration of another phthalate (DEHP, di(2-ethylhexyl) phthalate) at two 

relatively high doses (10 and 750mg/kg) downregulated expression of the genes Ccnd1 

and Cdc2, which play a role in neural proliferation (Lin et al., 2015). Additionally, prenatal 

exposure to this same phthalate showed dose-specific effects on measures of cell survival 

(Komada et al., 2016) where very high doses of 100mg/kg and 500mg/kg led to an increase 

in apoptosis and a decrease in neurogenesis in the mouse cerebral cortex. In summary, 

individual phthalates, at least at high doses, can decrease developmental neurogenesis and 

increase cell death, which could ultimately lead to a long-term decrease in the number of 

cortical neurons.

One limitation in investigating individual phthalates is that humans are simultaneously 

exposed to multiple, and it is not unprecedented for combinations of endocrine disruptors to 

have different effects on neuron number when compared to effects of individual compounds 

alone (Tanida et al., 2009). From a translational perspective, it is important to examine the 

net effects of an environmentally relevant combination of compounds, given their diverse 

mechanisms of action, along with the reality of human exposure to multiple phthalates. 

Previously, our laboratory found that low doses of a phthalate mixture reflective of human 

exposure, administered perinatally, resulted in a decrease in the number of neurons and 

synapses in the adult medial prefrontal cortex (mPFC) (Kougias et al., 2018b). Perinatal 

exposure to the mixture also reduced adolescent play behavior in males and decreased 

performance on an attentional set-shifting task in adults of both sexes (Kougias et al., 2018b, 

2018a). The attentional set-shift task measures cognitive flexibility and is known to be 

dependent on the mPFC (Stefani and Moghaddam, 2005). Therefore, the decrease in neuron 

number along with their synapses appears to contribute to mPFC functional impairment. To 

investigate the cellular mechanisms by which phthalates decrease mPFC neuron number, the 

present study examined the effects of two doses of the same mixture on prenatal cellular 

proliferation and perinatal apoptosis in the male and female rat mPFC. Based on previous 

work, we hypothesized that perinatal phthalate exposure would reduce cell proliferation 

during peak periods of neurogenesis and increase postnatal apoptosis in the mPFC of both 

sexes.
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3. Materials and Methods

3. 1 Animals and Housing

Young adult (2–3 months) male and female Long-Evans Hooded rats were purchased from 

Envigo (Indianapolis, IN) and habituated to the vivarium in same-sex pairs for a minimum 

of two weeks before breeding. Breeding occurred in suspended wire-bottom cages checked 

daily for sperm plugs. The day a plug was found was designated embryonic day (E)0, 

and the day of birth was designated as postnatal day (P)0. Animals were housed on a 

12-hour light/dark cycle (lights on at 0500) with food and water available ad libitum. To 

minimize exposure to exogenous endocrine-disrupting compounds, all animals were housed 

in polysulfone cages with heat-treated hardwood beta chip bedding (Northeaster Product 

Corp., NY), fed a diet low in phytoestrogens (Harlan 2020X; Teklad Diets), and given water 

filtered by reverse osmosis in glass bottles. For every experimental endpoint, only one male 

and one female were used from each litter, resulting in a total of 267 animal subjects used 

in the experiments described below. All procedures were approved by the Institutional Care 

and Use Committee (IACUC) at the University of Illinois at Urbana-Champaign and all 

experimenters were blind to experimental condition.

3.2 Phthalate Mixture and Treatment

Previous studies (Kougias et al., 2018b, 2018a; Sellinger et al., 2020; Zhou et al., 2017) 

have used a mixture of phthalates derived from concentrations of phthalate metabolites in 

the urine of pregnant women in Champaign, Illinois (Strakovsky and Schantz, personal 

communication). This mixture is composed of six phthalates: 35% diethyl phthalate (DEP), 

21% di(2-ethylhexyl) phthalate (DEHP), 15% dibutyl phthalate (DBP), 15% diisononyl 

phthalate (DiNP), 8% diisobutyl phthalate (DiBP) and 5% benzyl butyl phthalate (BBP) 

(all purchased from Sigma-Alrdrich, St. Louis, MO). This combination, while derived from 

pregnant women in the Champaign-Urbana area, has been shown to approximate exposure 

on a national level (Corbasson et al., 2016). Dams were weighed daily and fed half of a 

cookie (Newman’s Own Organic, vanilla) with 0, 1 or 5mg/kg of the phthalate mixture 

diluted in corn oil pipetted at a volume of 1μl/3g body weight. The 1 and 5mg/kg dose are 

lower than most of the rodent literature and have been shown to be comparable to human 

exposure (Heudorf et al., 2007; Wittassek et al., 2011). All rats readily consumed the cookie 

within several minutes each day.

3.3 Prenatal Phthalate Exposure: Proliferation

To examine whether phthalates inhibit prenatal cell proliferation in the mPFC, BrdU (5

bromo-2’-deoxyuridine) injections were given during maximal neurogenesis in the future 

mPFC (Bayer, 1990) and quantification was performed on P5. Dams were exposed to the 

phthalate mixture from E2 through the day of birth (P0) (Fig. 1). To label proliferating 

cells, dams were injected with 50mg/kg 5-bromo-2’-deoxyuridine (BrdU) (Sigma catalog # 

B5002) on E16 and E17. BrdU is a thymidine analogue that is incorporated into the DNA 

during the S-phase of the cell cycle and is a commonly used technique for assessing cellular 

genesis. This dose has been shown to induce optimal labeling of fetal cells during periods of 

cortical neurogenesis (Jahagirdar et al., 2012).
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A single male and female from each litter (9 males and 9 females per treatment group) 

were sacrificed on P5 to allow for BrdU-tagged cells to migrate out of the ventricular zone 

and into the developing mPFC. Subjects were given a lethal dose of sodium pentobarbital 

(100mg/kg i.p.) and were intracardially perfused with 0.1M phosphate-buffered saline 

(PBS, pH 7.4) followed by 4% paraformaldehyde in PBS. Brains were extracted and 

post-fixed in paraformaldehyde for 24 hours, then placed in 30% sucrose for 72 hours. 

Coronal sections were cut at 40 μm on a freezing microtome and stored in cryoprotectant 

at −20°C. After sectioning, anatomically matched mPFC sections were chosen for BrdU 

immunohistochemistry (Fig. 2A). At sacrifice, body and brain weight were also measured.

3.3.1 BrdU Immunohistochemistry—Free-floating sections (2 per animal) were taken 

out of cryoprotectant and rinsed in 0.05M tris-buffered saline (TBS) (pH 7.6) 3 times for 

5 min each. Sections were then incubated in 2N hydrochloric acid for 30 min at room 

temperature, followed by 3 rinses in TBS. Tissue was then blocked in TBS containing 

20% normal goat serum (NGS), 1% H2O2, and 1% bovine serum albumin (BSA) for 30 

min. Primary antibody for BrdU (mouse monoclonal, BD Biosciences, catalog #555627) 

was diluted in TBS containing 2% NGS and 0.1% Triton-X 100 (TTG) at a concentration 

of 1:200. Primary antibody incubation was conducted for 24 hours at room temperature. 

After 24 hours, sections were rinsed 3 times in TTG, then incubated in a biotinylated goat 

anti-mouse IgG secondary antibody (1:200; Vector Laboratories) for 90 min. After two 

rinses in TTG and two in TBS, sections were incubated in avidin biotin complex (ABC) 

(Vectastain Elite Kit, Vector Labs) in TBS for 1 hour. Sections were then rinsed 3 more 

times in TBS and reacted with 3,3’-diaminobenzidine (DAB) solution (Sigma Fast Tabs) 

for 2 minutes. Lastly, sections were rinsed in TBS 5 times, mounted on glass slides and 

coverslipped with Permount.

Because the borders of the mPFC cannot be precisely delineated by P5, the density rather 

than the total number of BrdU labelled cells was quantified. Using StereoInvestigator 

software (MicroBrightfield, Williston, VT), boundaries within the mPFC were drawn under 

a 2.5x objective, and cells were counted under a 63x objective. A counting frame of 40 × 40 

microns with a 10-micron z-axis was used and cell counts were performed using the optical 

disector. For each animal, a minimum of 500 cells was manually counted to calculate the 

density of BrdU cells (number per cubed micron) (Fig. 2A).

3.4 Perinatal Phthalate Exposure: Apoptosis

Apoptosis was examined with a TUNEL assay in two groups of subjects. The first provided 

a control for our analysis of proliferation by measuring apoptosis in the late gestational to 

early perinatal period (E18, P0 and P5) when it may have occurred before the number of 

BrdU-tagged cells was quantified (Fig. 1). While cell death in the mPFC after the day of 

birth is elevated between P8 and P12 (Sellinger et al., 2021), apoptosis does occur as early at 

E14 in the developing rat cortex (Thomaidou et al., 1997). The other group of subjects was 

assessed for cell death on P10 which was meant to capture a time when postnatal cell death 

is elevated (Sellinger et al., 2021).
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To collect tissue at E18, dams were exposed to carbon dioxide until unconscious (4–7 

minutes) and decapitated. One fetus per litter was extracted, rapidly decapitated, and 

their brains removed (10 per treatment group). To collect postnatal tissue, litters were 

vaginally born and one male and one female per litter (9–11 males and 9–10 females 

per treatment group) were sacrificed by rapid decapitation on P0 and P5. For the analysis 

of P10 tissue, pregnant dams were treated with one of the three doses of the phthalate 

mixture from E2 continuing through lactation until P10 (Fig. 1), at which time one male 

and one female per litter (10 males and 10 females per treatment group) were given a 

lethal dose of sodium pentobarbital (100mg/kg i.p.). Following intracardial perfusion with 

0.1M phosphate-buffered saline (PBS, pH 7.4) and 4% paraformaldehyde in PBS, brains 

were extracted. Brains from all age groups were placed immediately after extraction into 

4% paraformaldehyde in PBS for 24 hours followed by 72 hours in 30% sucrose. Coronal 

sections were cut at 40 μm on a freezing microtome, stored in cryoprotectant at −20°C and 

anatomically matched mPFC sections were chosen for TUNEL processing.

3.4.1 TUNEL Assay—TUNEL kits were purchased from EMD Millipore (catalog # 

S7100). Sections (2 per subject) were rinsed three times (5 min each) with phosphate 

buffered saline (PBS) (pH 7.4) and post-fixed in an ethanol: acetic acid (2:1) solution for 

5 min at −20°C. Sections were then rinsed twice in PBS, followed by an incubation in 

3% hydrogen peroxide (in PBS) for 5 min. Following two more rinses in PBS, sections 

were placed in equilibration buffer for 10 seconds, then incubated in a solution containing 

TdT enzyme for 1 hour at 37°C. Then, tissue was placed in stop-wash buffer for 10 min 

and rinsed again three times in PBS. Lastly, sections were incubated in anti-digoxigenin 

conjugate for 30 min at room temperature, rinsed in PBS four times, and stained with 

3,3’-diaminobenzidine (DAB) (Sigma Fast Tabs). Sections were thoroughly rinsed in PBS 

then mounted on glass slides and coverslipped with Permount.

The density rather than the number of TUNEL labelled cell across all developing layers of 

the mPFC was quantified with StereoInvestigator. Layer specific counts were not collected 

given that migration of cells into the rodent cortex occurs from E18 through P5, so exact 

delineation of layers cannot yet be made (Juraska and Fifková, 1979; Raedler and Sievers, 

1975). TUNEL positive cells were counted within the mPFC under a 63X objective with 

a counting frame of 60 × 60 microns through a z-axis of 12 microns. This resulted in the 

number of TUNEL positive cells per cubed micron.

Before quantifying TUNEL-labeled cells in the E18 tissue, the cellular organization was 

visualized using a Nissl stain. This allowed for experimenters to divide the TUNEL-labeled 

mPFC into two regions and collect counts from each: the ventricular zones, which included 

the ventricular zone (VZ), subventricular zone (SZ), and intermediate zone (IZ), and 

separately, the cortical plate (CP). Briefly, the ventricular zones contain dividing cells within 

VZ and SZ and the migrating cells within IZ. The cortical plate contains the densely 

packed cells of the cortex that have finished migrating and are starting to grow dendrites. 

The sampling was conducted on the medial cortex which contains the future mPFC. These 

subregions are labeled on the lateral cortex in the Nissl-stained image where they are more 

apparent than on the thinner medial region (Fig. 3A). The VZ, SZ, and IZ were combined 

into one region (ventricular zones) for analysis. The density of TUNEL positive cells was 
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analyzed within the ventricular and cortical plate regions separately and also pooled across 

these regions.

3.5 Statistical Analysis

All datasets were tested for normal distributions and equal variances using Shapiro-Wilk 

and Levene tests. Since the data was found to be normally distributed with homogeneity of 

variance, subsequent analyses were performed in R using 2-way ANOVAs with dose and sex 

as factors. As tissue was collected in multiple breeding cohorts, cohort was included as a 

random factor. TUNEL positive cell density observed on E18 was analyzed using a 2-way 

ANOVA with dose as a between-subject factor and region (cortical plate or ventricular 

zones) as a within-subject factor. Sex was not included as it is not reliably discernable at 

this age. Following a significant main effect, Dunnett’s post hoc tests were used to correct 

for multiple comparisons, with each phthalate dose being compared to the control group. For 

each age and each measure, there were 9–11 males and 9–11 females in each phthalate dose 

group.

4. Results

4.1 Body and Brain Weight:

Body and brain weights were recorded for P5 (prenatal exposure only), as well as P10 (pre 

and postnatal exposure) animals. There was no effect of dose or sex on body weight at any 

age examined, nor were there any dose by sex interactions. On P5, there was a significant 

main effect of dose (F2,53 = 4.526, p=0.02) but not sex (F2,53 = 3.434, p=0.07) on brain 

weight. Bonferroni post hoc tests revealed that neither dose was significantly different from 

the control group. However, there was a non-significant trend toward a decrease in brain 

weight in the 1mg/kg group compared to controls (p=0.06). There were no main effects or 

interactions for brain weight on P10.

4.2 BrdU Density

There was a main effect of dose (F2,53 = 7.684, p=0.001) on the density of BrdU positive 

cells measured on P5. Dunnett’s post hoc tests revealed that both the 1mg/kg (p=0.008) and 

5mg/kg (p=0.001) phthalate treated groups had a significantly lower density of BrdU cells 

than controls. There was no effect of sex (F1,53 = 0.358, p=0.553) and no interaction (F2,53 = 

0.088, p=0.92) (Fig. 2B).

4.3 Perinatal TUNEL Density

TUNEL density was assessed after prenatal phthalate exposure on E18, P0, and P5 (Fig. 3). 

There was a main effect of phthalate exposure on TUNEL density in the cortical plate and 

ventricular zones (VZ, SV and IZ) on E18 (F2,27 = 4.922, p=0.015), and Dunnett’s post hoc 

testing showed a significantly higher density of TUNEL cells in the 1mg/kg (p=0.02) but 

not the 5mg/kg group, compared to controls (Fig. 3B). Additionally, there was a significant 

effect of the within-subject factor, region (F1,27 = 30.61, p <0.001) where TUNEL density 

was significantly higher in the subventricular zones compared to the cortical plate (p<0.001). 

There was no significant treatment by region interaction. There was no effect of phthalate 

exposure on TUNEL densities assessed on P0 (F2,55 = 0.458, p=0.63) (Fig. 3C) or P5 (F2,50 
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= 0.212, p=0.81) (Fig. 3D). Additionally, there was no effect of sex on P0 (F1,55 = 0.096, 

p=0.76) or P5 (F1,50 = 0.002, p=0.96), nor a sex by dose interaction at either age (F2,55 = 

0.321, p=0.73; F2,50 = 0.036, p=0.964).

4.4 Postnatal TUNEL Density

There was a significant main effect of dose (F2,55 = 4.997, p=0.01) on the density of TUNEL 

positive cells in the P10 mPFC. A Dunnett’s post hoc test revealed significantly more 

TUNEL positive cells in the 5mg/kg phthalate dose (p=0.004) compared to controls. This 

pattern was also seen in the 1mg/kg phthalate group but did not reach statistical significance 

(p=0.08). There was no effect of sex (F1,55 = 0.535, p=0.47) and no sex by dose interaction 

(F2,55 = 0.189, p=0.83) (Fig. 4).

5.1 Discussion

The present study explores the developmental processes whereby exposure to an 

environmentally relevant mixture and dose of phthalates leads to fewer neurons in the adult 

mPFC. Pre- and postnatal exposure to the phthalate mixture increased apoptosis in both 

sexes. While it is possible phthalates may have also decreased cellular proliferation, this 

measure was confounded by both the notable presence of apoptosis and the observed effect 

of phthalate exposure on these levels before measures of BrdU were quantified. Finally, 

compared to controls, neither phthalate dose significantly altered body or brain weight 

suggesting their effects are not globally severe. These results indicate the cellular processes 

by which developmental exposure to this phthalate mixture decreases neuron number in the 

mPFC that are accompanied by decreases in cognitive flexibility and juvenile social play 

(Kougias et al., 2018b, 2018a).

Previous work from our laboratory has shown that perinatal treatment with this phthalate 

mixture at doses of 0.2 and 1mg/kg reduces neuron number in the adult mPFC (Kougias 

et al., 2018b). Addressing the potential role of altered proliferation in producing deficits in 

neuron number, we first showed both 1 and 5mg/kg doses of the phthalate mixture led to 

fewer BrdU positive cells detected on P5. These data suggested either a reduction in cellular 

proliferation and/or an increase in cell death occurring between BrdU administration and 

quantification. Therefore, levels of cell death in mPFC were analyzed during this window. 

Indeed, our results showed a significant degree of apoptosis occurring in the mPFC on the 

examined ages: E18, P0, and P5. In fact, our data replicate the surge in apoptosis occurring 

at birth in many forebrain regions (Mosley et al., 2017). Moreover, phthalate exposure at 

1mg/kg led to increased apoptosis on E18 but did not change levels observed at the other 

ages. The high surge of apoptosis on P0 was not detectably affected by phthalate exposure. 

There also was not an effect of phthalates on apoptosis on P5, which was 5 days after the 

last phthalate exposure. Phthalates have a short half-life, ranging from 1–24 hours after oral 

exposure in rats (Domínguez-Romero and Scheringer, 2019). By P5, they have presumably 

been cleared, and while they might exert immediate effects, their influence over levels of 

apoptosis may not persist in their absence. In the future, an examination of BrdU labeling 

at several timepoints encapsulating cortical neurogenesis would clarify if levels or the 

time course of proliferation are altered, as has been shown in response to other endocrine
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disrupting compounds in the hypothalamus (Hernandez Scudder et al., 2020; Nesan et al., 

2021). Additionally, co-labeling with a neuronal marker to verify cellular identity would 

allow for conclusions on the effects of phthalates on neurogenesis specifically. Therefore, 

while the effects of phthalates on proliferation cannot be ruled out, our data reflect a role for 

apoptosis that interferes with our attempt to measure this process.

Apoptosis continues at least through the first two postnatal weeks in the rat mPFC in both 

sexes (Sellinger et al., 2021), but only the 5mg/kg significantly increased apoptosis on 

P10, although the means for 1 mg/kg dose were in the same direction. It is unclear why 

only the lower, 1mg/kg dose impacted apoptosis on E18 while only the higher 5mg/kg 

dose definitively altered apoptosis at P10, though non-linear dose response curves have 

been observed for phthalates previously (Andrade et al., 2006). A functional distinction 

between prenatal and postnatal apoptosis has been proposed (Blaschke et al., 1998) in that 

prenatal apoptosis, largely contained to the proliferative zones, targets the proliferating cell 

population after it has produced enough neurons (Blaschke et al., 1996) while postnatal 

surges primarily target post-mitotic neurons and are thought to contribute to appropriate 

circuit formation (Mosley et al., 2017). However, the effects of phthalates on E18 were seen 

both within the proliferative zones of the ventricular regions and in post-mitotic neurons 

– those that had successfully migrated to the cortical plate. As the receptors and signaling 

pathways phthalates target to induce apoptosis are unknown, it is difficult to propose an 

explanation for apoptosis at one age being more susceptible to different doses of phthalates 

compared to others.

It has been established that phthalates disrupt gonadal hormone signaling through anti

androgenic and either pro- or anti-estrogenic mechanisms (Takeuchi et al., 2005), and 

gonadal hormones have been shown to play a role in cortical development, specifically in the 

regulation of cell number. For example, androgens play a role in the regulation of postnatal 

apoptosis in the visual cortex (Nuñez et al., 2000) and estrogens have been shown to be 

involved in the proliferation of cortical cells (Martínez-Cerdeño et al., 2006). Phthalates can 

also alter the expression of steroid receptors in several brain regions (DeBartolo et al., 2016; 

Singh and Li, 2012) and inhibit production of enzymes necessary for steroidogenesis (David, 

2006; Kim et al., 2004). Action through any of these mechanisms could interfere with 

developmental processes, including apoptosis. However, given the lack of sex differences 

in phthalate effects seen in the present study, as well as our previous work (Kougias et al., 

2018b), non-steroid hormone related mechanisms must also be considered. For example, 

phthalates can increase oxidative stress and neuroinflammation (Ma et al., 2015; Win-Shwe 

et al., 2013), though our past work suggests a minimal inflammatory response after perinatal 

exposure to this mixture at low levels (Moody et al., 2019). Recent work in vitro suggests 

two phthalates used in the present mixture, DEHP and DBP, can alter aryl hydrocarbon 

receptor expression (Wójtowicz et al., 2019) and induce apoptosis through action at this 

receptor (Wójtowicz et al., 2017). Yet another potential mechanism of action, DEHP can 

also interfere with thyroid hormone signaling in rats (Dong et al., 2017). Thyroid hormone 

is critical to dendritic arborization and synaptogenesis and it also acts at the nucleus, 

activating transcription factors mediating cell survival (Horn and Heuer, 2010). Finally, 

several phthalates, including DEHP, have been shown to weakly inhibit the cannabinoid-1 

receptor (CB1) in mouse cortical cell culture (Bisset et al., 2011) and their action at CB1 
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receptors has been shown to mediate apoptosis in mouse forebrain cultures (Tomiyama and 

Funada, 2013).

While this is the first examination of this combination of phthalates on these developmental 

processes, these data are also consistent with previous studies in rats involving exposure to 

individual phthalates, though the doses administered in previous studies were considerably 

higher. Exposure to DEHP or its metabolite (MEHP) decreases cell proliferation in vitro 
(Chen et al., 2011), and in vivo, decreases expression of genes (Ccnd1 and Ccnd2) involved 

in neurogenesis (Lin et al., 2015). Prenatal DEHP treatment also decreases neuronal 

proliferation in an undefined area of the mouse cortex (Komada et al., 2016). In terms of cell 

death, both DEHP and DBP have been shown to increase caspase-3 activity and apoptosis in 

cultured cells (Lin et al., 2011; Wójtowicz et al., 2019, 2017). In vivo, prenatal exposure to 

DBP and DEHP can increase apoptosis in the hippocampus (Li et al., 2013) and neocortex 

(Komada et al., 2016), though in both cases, the dose that yielded significant effects was 

high (500mg/kg). While the present study cannot determine whether effects on apoptosis 

were the result of individual or multiple phthalates, evidence strongly suggests that at least 

two phthalates in the mixture used (DBP and DEHP) can alter the generation and/or survival 

of cortical neurons.

This study indicates the importance of studying the effects of environmentally relevant 

mixtures of endocrine disrupting compounds from a translational perspective. It also 

provides a first step in understanding the cellular mechanisms leading to the lower number 

of neurons in adults that have been exposed to the phthalate mixture during the prenatal 

and early postnatal periods (Kougias et al., 2018b). PFC dysfunction has been implicated in 

a variety of clinical disorders, and alterations in the generation and/or survival of neurons 

could be a critical element in these disorders. For example, an excess of neurons in the 

PFC is commonly observed in autism spectrum disorder (Courchesne et al., 2011) while a 

decrease in PFC volume implicating apoptosis is seen in schizophrenia (Glantz et al., 2006). 

This aligns with correlations between maternal phthalate exposure and neurodevelopmental 

deficits common to psychiatric disorders in humans (Ejaredar et al., 2015).

5.2 Conclusions

In summary, phthalate exposure to an environmentally relevant mixture and dose leads to 

increases in apoptosis and potentially decreases in neurogenesis in both male and female 

rats, suggesting further work is needed to determine the extent of the effects of these 

environmental toxicants on human development.
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Abbreviations

BrdU 5-bromo-2’-deoxyuridine

BBP benzyl butyl phthalate

DBP dibutyl phthalate

DEP diethyl phthalate

DEHP di(2-ethylhexyl) phthalate

DiBP diisobutyl phthalate

DiNP diisononyl phthalate

PFC prefrontal cortex

mPFC medial prefrontal cortex

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
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Highlights

• Low doses of a phthalate mixture increase developmental apoptosis in the 

mPFC

• Increased prenatal apoptosis after phthalates is prominent at embryonic day 

18

• Phthalates increase postnatal apoptosis in both sexes

• Prenatal phthalate exposure leads to fewer BrdU-tagged cells in the mPFC on 

P5
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Fig. 1. 
The timelines for investigating the effects of prenatal phthalate exposure on proliferation and 

assessing the effects of perinatal phthalate exposure on postnatal apoptosis.
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Fig. 2. 
Prenatal phthalate treatment resulted in fewer cells by P5 (A) BrdU immunohistochemistry 

in the P5 rat mPFC under a 10x objective (scale bar 0.5mm). (B) Prenatal exposure (E2-P0) 

to both the 1mg/kg and 5mg/kg doses of the phthalate mixture decreased the density of 

BrdU immunoreactive cells in the mPFC of males and females. **p<0.01; ***p=0.001
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Fig. 3. 
The effects of prenatal phthalate exposure on apoptosis. (A) A Nissl-stained section of the 

E18 cortex depicting the ventricular zone (VZ), subventricular zone (SZ), intermediate zone 

(IZ), and cortical plate (CP) along with the sampling region of mPFC outlined in black. (B) 

Prenatal phthalate exposure at the 1mg/kg dose led to increased apoptosis in the mPFC on 

E18 in the cortical plate and ventricular zones. There was no effect of phthalate exposure on 

TUNEL density in the mPFC on (E) P0 or (F) P5. *p < 0.05
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Fig. 4. 
Combined pre and postnatal phthalate treatment increased apoptosis in the male and female 

rat medial prefrontal cortex in the 5mg/kg phthalate dose compared to controls on P10, but 

not between controls and the 1mg/kg phthalate group (p=0.08). **p<0.01
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