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Abstract

Endocrine disrupting chemicals (EDCs) are chemicals found in our environment that interrupt 

typical endocrine function. Some flame retardants (FRs) are EDCs as shown in their interaction 

with steroid and nuclear receptors. Humans are consistently exposed to flame retardants as they 

are used in everyday items such as plastics, clothing, toys, and electronics. Polybrominated 

diphenyl ethers were used as the major FR until 2004, when they were replaced by 

organophosphate flame retardants (OPFRs). Previous research in rodent models utilizing a 

commercial flame retardant mixture containing OPFRs reported alterations in anxiety-like 

behavior in the elevated plus maze (EPM) for rodents perinatally exposed to OPFRs. In the 

present study we utilize wild-type mice maternally exposed (gestational day 7 to postnatal day 

14) to either an OPFR mixture of tris(1,3-dichloro-2-propyl), triphenyl phosphate, and tricresyl 

phosphate or a sesame seed oil vehicle. These mice were evaluated for anxiety-like behavior 

in adulthood on the open field test (OFT) and the light/dark box (LDB) as well as the EPM. 

Outcomes from the OFT and LDB indicate that males and females maternally exposed to 

OPFRs exhibit altered locomotor activity. Results of the EPM were sex-specific as we did not 

observe an effect in females; however, effects in males differed depending on exposure condition. 

Males maternally exposed to OPFRs exhibited an anxiolytic-like phenotype in contrast to their 

vehicle counterparts. This effect in perinatally OPFR-exposed males was not due to alterations in 

locomotor activity. Our research illustrates that there are sex- and exposure-dependent effects of 

OPFR exposure on locomotor and anxiety-like behaviors in a mouse model.
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1. Introduction

Endocrine disrupting chemicals (EDCs) are a class of chemicals that interfere with the 

endocrine system and cause adverse effects on an organism (Bergman et al., 2013; Zoeller 

et al., 2012). In humans and in animal models, disruption of the endocrine system 

produces serious developmental, reproductive, neurological, and immune malfunctions 

(Dickerson and Gore, 2007; Kajta and Wójtowicz, 2013; Rogers et al., 2013). Industry 

and manufacturing have exponentially increased EDC contaminants in our environment, 

and these toxic chemicals have been used with unforeseen consequences (Giesy et al., 

2002; Lintelmann et al., 2003). In concert with environmental exposure, humans are in 

contact with EDCs daily as they are found in common consumer products such as plastic 

bottles, pesticides, and flame retardants (FRs) (Wong and Durrani, 2017). Unfortunately, this 

proliferation of EDCs in our environment is now considered a major public health concern.

FRs are a primary source of EDC exposure. FRs are chemical additives in materials 

that reduce flammability by delaying combustion (Alaee et al., 2003). Accordingly, many 

products with FR additives are found in a residential setting, as they are thought to provide 

occupants additional time to escape from fires (Stapleton et al., 2009). The constituents of 

FRs are not completely bound to these materials and leach out over time, accumulating 

in household dust where they are inadvertently ingested by humans (Kim et al., 2006). 

Because children display frequent hand-to-mouth or object-to-mouth contact they are at 

particular risk for FR exposure (Hoffman et al., 2015; Stapleton et al., 2008; Stapleton et 

al., 2014; Xue et al., 2007). FRs such as tris(1,3-dichloro-2-propyl) phosphate (TDCPP) 

have been detected in household dust (~2000 ng/g) (Dodson et al., 2012). FRs have been 

found in the urine of children. Bis(1,3-dichloroisopropyl) phosphate (BDCIPP), a metabolite 

of TDCPP, was observed at a median concentration of ~2.8 ng/ml (Butt et al., 2016). 

Similar observations are reported worldwide. For example, BDCIPP was present in 100% 

of samples at a median concentration of 7.8 μg/g in the urine of Australian children (He 

et al., 2018). Moreover, considerable levels of FRs have been detected in human blood 

(2,2’,4,4’,5,5’-hexabromodiphenyl ether, median concentration 0.13−3.1 pmol/g) (Sjödin et 

al., 2001) and breast milk (tris-2-butoxyethyl phosphate, mean concentration 1.44 ± 0.789 

ng/mL) (Ma et al., 2019). FRs are even found in the workplace; for example, low μg/g 

TDCPP concentrations have been observed in office dust (mean 6.06 μg/g) (Carignan et al., 

2013).

Polybrominated diethyl ethers (PBDEs) were the prominent FR for commercial use from 

the 1960s to the early 2000s, when several adverse health effects of PBDEs were identified. 

PBDEs have since been phased out by way of regulatory or voluntary measures (Daub, 

2004). The phasing out of PBDEs triggered a need for alternatives, leading to an increase 

in organophosphate flame retardant (OPFR) usage to meet safety standards (Dodson et al., 
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2012). OPFRs are comprised of several compounds, including chlorinated alkyl phosphates 

and non-halogenated aryl phosphates. Chemical formulations include triphenyl phosphate 

(TPP), found in the well-known FR mixture Firemaster® 550 (FM 550), along with TDCPP 

and tricresyl phosphate (TCP). It is thought that OPFRs interact with nuclear receptors 

fundamental to neuroendocrine function and energy homeostasis, such as estrogen receptor 

(ER)α and peroxisome proliferator-activated receptor (PPAR)γ (Belcher et al., 2014; Liu et 

al., 2013; Liu et al., 2012). OPFRs are now the most common FRs detected in consumer 

products (Cooper et al., 2016; Stapleton et al., 2011).

Maternal exposure to OPFRs especially during sensitive periods of development may pose 

considerable harm to the emerging fetus. Recent work suggests that OPFRs cross the 

placenta in rats to influence the developing fetus (Baldwin et al., 2017; Phillips et al., 

2016). Thus, it is likely that maternal OPFR exposure may lead to neurodevelopmental 

reprogramming, subsequently inducing long-term behavioral changes in the adult offspring. 

One particular behavioral phenotype that may be influenced is anxiety-like behavior. In 

human studies, perinatal EDC exposure is associated with increased anxious states in 

children (Perera et al., 2016; Perera et al., 2012; Roen et al., 2015), and work in perinatal 

EDC-exposed animal models does yield alterations in anxiety-like phenotypes later in life 

(Matsuda et al., 2012; Patisaul and Bateman, 2008; Ryan and Vandenbergh, 2006; Tian et 

al., 2010; Xu et al., 2012). Moreover, recent work in adult rats suggests perinatal exposure to 

the FR mixture FM 550 disrupts anxiety-like behavior in a sex-specific manner (Baldwin et 

al., 2017; Patisaul et al., 2013).

The effects of maternal exposure to OPFRs on anxiety-like behavior have not been well­

documented. Here we utilized mice maternally exposed (gestational day 7 to postnatal day 

14) to either an OPFR mixture of TDCPP, TPP, and TCP or a sesame seed oil vehicle. These 

mice were evaluated in adulthood on tests that measure anxiety-like behavior: the open field 

test (OFT), the light/dark box (LDB) and the elevated plus maze (EPM). Our study aimed 

to evaluate OPFR maternally exposed male and female adult mice to determine if there are 

alterations in anxiety-like behavior or locomotor activity.

2. Materials and methods

2.1. Animals and housing conditions

Adult (> 60 days old) wild-type C57/BL6J male and female virgin mice were bred in­

house, housed in standard laboratory cages with food (LabDiet PicoLab Verified 5v75 

IF, < 75 ppm phytoestrogens; Lab Diet, St. Louis, MO, USA) and water available ad 
libitum. Mice were maintained under a 12:12 light/dark cycle (lights on at 0800 h) and 

kept under controlled temperature (21–23°C) and humidity (30–70%) regulation. Breeding 

pairs were established by pair or trio housing. All animal procedures were completed in 

compliance with institutional guidelines based on National Institutes of Health standards 

and were performed with Institutional Animal Care and Use Committee approval at Rutgers 

University.
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2.2. Chemicals

The OPFR mixture consisted of tris(1,3-dichloro-2-propyl)phosphate (TDCPP, Sigma 

Aldrich, St. Louis, MO, CAS#: 13674–87-8, 95.6%), triphenyl phosphate (TPP, Sigma 

Aldrich, St. Louis, MO, CAS#: 115–86-6, 99%), and tricresyl phosphate (TCP, 

AccuStandard, New Haven, CT, CAS#: 1330–78-5, 99%). As previously reported (Krumm 

et al., 2017), to prepare the OPFR stock, 100 mg of each compound was dissolved into 1 ml 

of acetone. To prepare the OPFR working stock, 100 μl of OPFR stock was dissolved into 10 

mL of sesame seed oil and allowed to vent on a stir plate for 24–48 h, as previously reported 

(Krumm et al., 2017). Dams were orally administered 1 mg/kg/day of the OPFR mixture or 

sesame seed oil vehicle, as this dose was previously found to be effective in mouse (Krumm 

et al., 2017) and rat models (Baldwin et al., 2017; Patisaul et al., 2013). The OPFR mixture 

or sesame seed oil vehicle was dissolved fresh daily in dehydrated peanut butter.

2.3. Maternal exposures

The baseline weights of females were taken and recorded throughout pregnancy. Gestational 

day (GD) 0 was determined with confirmation of a vaginal plug. Upon confirmation of 

sufficient weight gain of pregnancy, on GD 3 all mice were acclimated to an oral dose of 

a peanut butter–sesame seed oil mixture (30 μl sesame oil in dehydrated peanut butter). 

On GD 7, males were removed and dams were individually housed. Dams were randomly 

assigned to be orally dosed with the OPFR mixture or vehicle from GD 7 to postnatal 

day (PND) 14. This exposure window was used in order to reduce any potential effect 

on implantation and embryogenesis, and to include the hormone-sensitive developmental 

time period from birth to the end of lactation. Daily ingestion of the OPFR mixture or 

vehicle occurred at 1000 h. Dams were individually housed during daily dosing period, and 

afterward returned to their home cage. Dams were also individually housed during lactation. 

Pups were weaned at PND 21 and housed by sex within litter (2–4 per cage).

2.4. Behavioral testing

At 8 weeks, all remaining offspring were handled for 1 min/day for five days before task 

onset. Between weeks 8 and 9, mice were subjected to behavioral testing consisting of the 

OFT, EPM, and LDB. Behavioral testing was conducted between 0900–1200 h and occurred 

during the light phase of the light:dark cycle. Testing during a particular estrous cycle stage 

was not controlled. Behavior was recorded (ANY-maze, Version 6, Stoelting, USA) by a 

camera suspended above the test arena. All mice were habituated to room conditions for 24 

h before testing. All tests were conducted by an experimenter blind to the exposure group or 

sex.

2.4.1. Open field test—The OFT evaluates anxiety-like behavior in concert with 

spontaneous exploratory activity (Gould et al., 2009). Mice were first subjected to a 10 

min OFT, which consisted of a square white opaque arena area (40 cm long × 40 cm wide 

× 40 cm high, open-top) with a 64-square grid floor (8 × 8 squares, 5 cm/side). Mice were 

placed in the same (10 cm long × 10 cm wide) corner square of the arena and were allowed 

to freely explore for 10 min. Automated ANY-maze computer-scored measures consisted of 

the amount of time the animal spent in the 10 cm center zone (4 × 4 center squares), corners 
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(4 × 4 corner squares), and perimeter (48 perimeter squares). All four paws of the animal’s 

body needed to be in a zone to be defined as an entry. Furthermore, distance traveled (m) 

throughout the entire apparatus was evaluated. After each animal trial, the surface of the 

arena was cleaned with a sterilizing solution (LabSans). Upon completion of testing, the 

animal was returned to its home cage overnight.

2.4.2. Elevated plus maze—Mice were next assessed on the EPM. The EPM assesses 

anxiety-like behavior and is often used in combination with the OFT (Walf and Frye, 2007). 

The apparatus consisted of two sets of opposing arms (30 cm × 5 cm) extending from a 

central (5 cm × 5 cm) region. Two arms were enclosed (15-cm-high walls) and two arms 

remained open. Animals were placed in the central area of the maze in the direction of a 

closed arm and allowed to freely explore both open and closed arms for 5 min. All four 

paws of the animal’s body needed to be in a zone to be defined as an entry. ANY-maze 

computer-scored measures included the following: the number of open arm entries, time 

spent in open arms, time spent at the end of the open arms, percentage of time in the open 

arms [open arm time/(open + closed arm time)], percentage of entries in the open arms 

[open arm entries/(open + closed arm entries)], and total arm entries (open + closed arm 

entries). Following each animal trial, the surface of the arena was cleaned with LabSans and 

the animal was returned to its home cage overnight.

2.4.3. Light/dark box—The LDB is another task that evaluates anxiety-like behavior 

and spontaneous exploratory activity through a natural conflict situation between innate 

exploratory desire of novelty and tendency to avoid the unfamiliar (Bourin and Hascoët, 

2003). The LDB assessment took place using a square white opaque arena (40 cm long × 

40 cm wide × 40 cm high, open-top), with a black rectangle insert (40 cm long × 20 cm 

wide × 40 cm high, closed top) that contained an opening (7.5 cm × 7.5 cm) located at floor 

level in the center of the partition. Each mouse was placed in the same corner of the light 

side of the apparatus and allowed to freely explore for 10 min. All four paws of the animal’s 

body needed to be in a zone to be defined as an entry. ANY-maze computer-scored measures 

consisted of the time in the light zone, time in the transition zone (10 cm × 5 cm, in front 

of dark zone entrance), distance traveled (m), and speed (m/sec). After each animal trial, the 

surface of the arena was cleaned with LabSans and the animals were returned to its home 

cage.

2.5. Statistical analysis

All behavioral data were analyzed with a 2 × 2 ANOVA with exposure (oil × OPFR) and 

sex (male × female) as factors on Prism 6 (GraphPad Software, La Jolla, CA, USA). Planned 

comparisons were analyzed within each sex through Student’s t-tests. A total of 34 dams 

were dosed: 19 dams were dosed with vehicle and 15 dams were dosed with the OPFR 

mixture. Three dams did not get pregnant, and 3 dams (2 vehicle and 1 OPFR) gave birth 

to less than 6 pups and were excluded. On PND 0 and PND 14, 1 male and 1 female pup 

from each litter were randomly selected to be sacrificed in designation for another project. 

Between 1 and 6 offspring were used per litter, and we used the average for each litter within 

each sex as one datapoint. There were a total of four groups: oil:male, n = 9; oil:female, n 

= 6; OPFR:male, n = 6; OPFR:female, n = 7. Values from individual mice that exceeded 
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2 standard deviations (SD) above or below the group mean were considered outliers and 

excluded. The results are reported as mean (± SEM) and results were considered statistically 

significant at p < .05. Effect sizes are presented as eta squared (η2) for two-way ANOVAs 

and Cohen’s d (d) for t-tests (Cohen, 1988; Cohen, 2013). For each ANOVA, η2 effect sizes 

were determined by dividing the sum of squares of an effect by the total sums of squares for 

all effects, interactions, and error (Cohen, 1973). The d effect sizes were calculated as the 

difference between the mean of the two groups, divided by the SD (Cohen, 1988; Cohen, 

2013; Sullivan and Feinn, 2012). Effect size guidelines for η2 are 0.01 = small, 0.05 = 

medium, and 0.14 = large; effect size guidelines for d are 0.2 = small, 0.5 = medium, and 0.8 

= large effect sizes (Cohen, 1973; Cohen, 1988; Sullivan and Feinn, 2012).

Statistical outliers for each measure are as follows. Outliers for the OFT: Outliers for 

perimeter time, n = 1, oil:male; number of corner entries, n = 1, oil:male; time spent (sec) 

in the 10 cm center zone, n = 0; distance traveled, n = 0. Outliers for the EPM: number of 

open-arm entries, n = 0; time spent in the open arms (sec), n = 1, OPFR:female; open-arm 

end time (sec), n = 1, OPFR:female, percentage of open-arm entries, n = 1, OPFR:female; 

percentage of time spent in the open arms, n = 1, oil:male; number of total arm entries, n = 

0. Outliers for the LDB: time spent in the light zone (sec), n = 1, oil:male; time spent in the 

transition zone (sec), n = 0; total distance traveled (m), n = 0; speed (m/sec), n = 0.

3. Results

3.1. Open field test

The OFT was utilized to assess exploratory and anxiety-like behavior. The evaluation of 

perimeter time (Fig. 1A) revealed no effect of exposure, sex, or interaction. On number of 

corner entries (Fig. 1B), we did not observe an effect of sex; however, we did observe an 

effect of exposure (F(1,23) = 4.19, p = .045, η2 = .002) and an interaction between sex 

and exposure (F(1,23) = 7.30, p = .0091, η2 = .003). Subsequent analysis revealed that 

OPFR-exposed females exhibited a decrease in the number of corner entries on the OFT (p 
= .0015, d = 1.36); however, there was no observable effect in OPFR males on this measure. 

Next, we evaluated the time spent (sec) in the 10-cm center zone (Fig. 1C). Although we 

did not detect a main effect of exposure or sex, an interaction between exposure and sex 

was found (F(1,24) = 4.57, p = .037, η2 = .025). Follow-up analysis identified that males 

maternally exposed to OPFRs had a significant reduction in time spent (sec) in the 10-cm 

center zone (p = .042, d = .84). No differences were observed in 10-cm center zone time 

(sec) in OPFR-exposed females. Overall locomotor activity was measured (Fig. 1D) because 

differences in locomotion may confound behavioral assessments of emotionality (Archer, 

1973; Gould et al., 2009). Results indicated no effect of exposure, a trending effect of sex 

(F(1,24) = 3.47, p = .068), and an interaction of exposure and sex (F(1,24) = 9.73, p = 

.0029, η2 = .004). Maternally exposed OPFR females showed a significant decrease in total 

distance traveled (m) on the OFT (p = .023, d = .949). OPFR-exposed males exhibited 

an inverse trend on total distance traveled (m) (p = .061). Results suggest that males and 

females maternally exposed to OPFRs are differentially affected in locomotor activity on 

this task.
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3.2. Elevated plus maze

The EPM was also used as a measure of anxiety-like behavior in maternally exposed OPFR 

males and females. The assessment of open-arm entries (Fig. 2A) did not result in an 

effect of sex; however, an effect of exposure (F(1,24) = 4.20, p = .045, η2 = .013) and 

an interaction effect (F(1,24) = 4.17, p = .046, η2 = .013) were observed. Subsequent 

analysis revealed that OPFR-exposed males exhibited a significant increase in the number of 

open-arm entries in contrast to same-sex oil controls (p = .014, d = 1.00). We did not detect 

an effect in females on the number of open-arm entries. Next, no effect of exposure, sex, 

or interaction was observed in open-arm time (sec) (Fig. 2B). The analysis of open arm end 

time (Fig. 2C) revealed an effect of exposure (F(1,23) = 4.24, p = .044, η2 = .039) and a 

trend for both sex (F(1,23) = 3.24, p = .077) and interaction (F(1,23) = 2.94, p = .092). There 

were no significant effects of exposure, sex, or interaction on percentage of open-arm entries 

(Fig. 2D), although there was a trend of exposure (F(1,23) = 2.85, p = .097). Furthermore, 

percentage of time in the open arms (Fig. 2E) identified a trend of exposure (F(1,23) = 

4.00, p = .051), yet no effect of sex or interaction. Lastly, in the assessment of locomotor 

activity on the EPM, we evaluated total arm entries (Fig. 2F). We did not identify effects 

of exposure or interaction, although we did observe an effect of sex (F(1,24) = 9.40, p = 

.0033, η2 = .006). Together, these results indicate that the anxiolytic-like behavior observed 

in OPFR-exposed males is not due to differences in locomotor activity.

3.3. Light/dark box

We utilized the LDB in conjunction with the OFT and EPM to assess exploratory and 

anxiety-like behavior. In the assessment of time spent in the light zone (sec) of the LDB 

(Fig. 3A), we did not observe an effect of exposure, sex, or interaction. The evaluation of 

time spent in the transition zone (sec) (Fig. 3B) yielded no effect of exposure or interaction; 

however, we did identify an effect of sex (F(1,24) = 5.25, p = .026, η2 = .020). Next, we 

assessed total distance traveled (m) (Fig. 3C) and detected an effect of exposure (F(1,24) 

= 6.04, p = .017, η2 = .016), but no sex or interaction effect. Lastly, the evaluation of 

speed (m/sec) (Fig. 2D) identified an effect of exposure (F(1,24) = 12.56, p = .00085, η2 = 

.016), but no effect of sex nor interaction. Collectively, these outcomes suggest that maternal 

exposure to OPFRs alters locomotor behavior in male and female adult offspring in this task.

4. Discussion

Maternal exposure to OPFR during the perinatal period altered adult non reproductive 

behaviors in a sex-specific manner. We demonstrated that adult male and female offspring of 

dams maternally exposed from GD7 to PND 14 to an OPFR mixture of TDCPP, TPP, and 

TCP exhibited altered anxiety and locomotor activity in the OFT, EPM, and LDB compared 

to sesame seed oil controls. In the OFT, OPFR-exposed females exhibited a decrease in 

the number of corner entries, and males displayed a reduction in 10-cm center zone time, 

indicative of anxiolytic and anxiogenic behavior, respectively. OPFR males trended toward 

an increase in locomotor activity, and females had a decrease on this evaluation. In the EPM, 

OPFR-exposed males exhibited an anxiolytic-like phenotype compared to male controls. In 

females, however, we did not detect a difference in treatment groups. Lastly, in the LDB, 

females regardless of treatment spent increased amounts of time in the transition zone, 
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and both OPFR-exposed males and females had increases in locomotor activity compared 

to same-sex controls. Collectively, our research suggests a sex-specific effect in anxiety 

phenotypes that is not due to locomotor activity.

Currently, very little is known about perinatal exposure to OPFRs on adult locomotor 

activity and anxiety-like behavior. Of the literature that does exist in animal models, results 

suggest that perinatal exposure to OPFRs alters locomotor and anxiety phenotypes in the 

adult (Baldwin et al., 2017; Gillera et al., 2019; Oliveri et al., 2015; Patisaul et al., 2013). 

Yet, this research remains unsettled and includes several species, including fish (Oliveri et 

al., 2015), rats (Baldwin et al., 2017; Patisaul et al., 2013), and prairie voles (Gillera et al., 

2019).

One such study examining the OPFRs TDCPP and TPP in zebrafish, a widely used model 

to study developmental neurobehavioral toxicology (Bailey et al., 2013; McCollum et 

al., 2011; Nishimura et al., 2015), revealed alterations in locomotor activity (Oliveri et 

al., 2015). At 5 hr post fertilization, zebrafish (AB* strain) eggs were exposed to these 

OPFRs at 0.03 and 0.3 μM doses, and continually dosed every 24 hr until 5 days post 

fertilization. Exposing zebrafish to 0.3 μM TDCPP induced hyperactivity (increased total 

distance traveled) in adult (12–14 weeks old) developmentally exposed fish in a 5-min novel 

tank exploration assay (Oliveri et al., 2015). Although there are species differences, this 

result would support our findings of a trend in increased male OFT activity. This outcome 

would not support the decrease in activity seen in our OPFR females in the OFT. However, 

because Oliveri and colleagues analyzed males and females together, we are unable to 

make conclusions about sex differences (Oliveri et al., 2015). Moreover, when the authors 

examined the anxiety parameter in this assay, linear increase in distance from the tank 

bottom over the 5-min trial, they found that the fish exposed to the 0.3 μM dose of TPP 

had a smaller rise than in control fish. Typically, when prey fish are placed in a novel tank, 

fish that appear anxious avoid the more exposed upper regions and spend most of their time 

at the bottom region of the tank. This suggests an anxiety phenotype in the higher-dosed 

TPP exposed fish, an effect seen in our male mice developmentally exposed to OPFRs in 

the OFT. This outcome is not in agreement with our OPFR males exhibiting an anxiolytic 

phenotype in the EPM. We attribute this disagreement to several factors such as species, 

type of OPFR used, and apparatus tested. We attribute the novel tank exploration assay more 

similar to the OFT than the EPM, as bottom dwelling in the tank would most closely match 

thigmotaxis behavior in an open arena without an ability to escape.

Work by Baldwin and colleagues (Baldwin et al., 2017) is of particular interest as this 

group investigated developmental exposure (GD 9–18) to FM 550 (0, 300, or 1000 μg/day; 

oral administration) on adult anxiety-like behavior in male and female Wistar rats. Adult 

assessment of the EPM (PND 185–192), were similar to our findings such that no effect 

in anxiety behavior was observed in females at any dose of FM 550 they evaluated. In 

males, time spent in the open arms and number of open-arm entries were reduced at the 

300-μg dose, representative of an anxiogenic effect (Baldwin et al., 2017). This contrasts 

our own work, as we detected an anxiolytic phenotype in OPFR males. This group did not 

measure percentage of time, percentage of entries in the open arms, or open-arm end time—

measurements in our own study that are thought to be essential assessments of anxiety-like 

Wiersielis et al. Page 8

Horm Behav. Author manuscript; available in PMC 2021 October 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



behavior in this task. Baldwin and colleagues also assessed adult (PND 110–120) anxiety 

behavior in the LDB. Their LDB assessments of anxiety in the study conflict with their 

EPM assessments in a sex-specific way (Baldwin et al., 2017). In females exposed to the 

300-μg FM 550 dose, an increased latency to enter the light zone of the LDB was detected, 

representative of anxiety. This same FM 550 dose elicited an anxiety response in males in 

the EPM, but only in females in the LDB. Moreover, no effect in males was observed at 

any dose on the LDB, and no effects were observed for females in their EPM assessments 

(Baldwin et al., 2017).

Additional work in the same animal models evaluated one of two doses (100 or 1000 μg; 

daily, oral administration) of FM 550 from GD 8 through weaning (Patisaul et al., 2013). In 

adults, anxiety behavior was analyzed via the zero maze (ZM) (PND 90–99) and the EPM 

(PND 135–143) (Patisaul et al., 2013). In females observed in the ZM, the groups exposed 

to 100-μg and 1000-μg doses had a reduced number of open-arm entries. In addition, at 

the 1000-μg dose only, females had a greater latency to enter the open arms than controls. 

We did not detect an effect in OPFR-exposed females in the similar EPM and observed 

an anxiolytic effect in these females in our OFT. We attribute this anxiolytic effect in 

OPFR females to the increase in distance traveled. Given that locomotion and anxiety in the 

OFT are intrinsically linked, we cannot make determinations of anxiety because we found 

a significant increase in female locomotion. In males, Patisaul and colleagues observed 

that exposure to the 100-μg FM 550 dose, males made more ZM open-arm entries than 

their same-sex counterparts (Patisaul et al., 2013). This finding is similar to our increase 

in number of open-arm entries observed in OPFR-exposed males in the EPM. Although 

we did not test this parameter, the authors did detect a trend in ZM reduced latency to 

enter an open arm in 100-μg exposed males, solidifying our collective finding of anxiolytic 

OPFR-induced phenotypes in males. The authors also utilized the EPM and observed the 

opposite effect in anxiety-like behavior in FM 550-exposed females. A dose-dependent 

decrease and increase were detected in the number of open-arm entries and latency to enter 

an open arm, respectively. No anxiety effects were observed on the EPM in males. The 

researchers may have observed differences in these two apparatuses as the ZM may be 

more sensitive to developmental FM 500 in rats in contrast to the EPM, a finding observed 

using benzodiazepines (Kulkarni et al., 2008). Alternatively, disparities may have existed 

due to testing at different ages. From our research we feel that conflicting results in the 

studies by this group could be attributed to species differences or the usage of FM 550, 

which does include a FR used in our own research, as well as a mixture of isopropylated 

triphenylphosphate isomers (ITPs), 2-ethylhexyl-2,3,4, 5-tetrabromobenzoate (TBB), and 

bis(2-ethylhexyl)- 2,3,4,5-tetrabromophthalate (TBPH) (Patisaul et al., 2013).

We observed locomotor differences in the LDB. Both OPFR-exposed males and females 

exhibited a significant increase in distance traveled compared to their same-sex oil controls. 

However, because we were unable to track in the dark portion of the LDB it is not 

informative for overall locomotor activity. Activity measurements in the LDB would 

therefore only represent locomotion in the anxiety-promoting light zone. This could be 

why we observe opposite effects of exposure in females on distance traveled in the OFT 

and LDB. We observed similar increases in speed in OPFR-exposed mice that are only 

representative of the light zone. Moreover, the contradictory differences we find in females 
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between LDB speed and OFT distance cannot be directly compared. Recent literature 

suggests that behavioral analyses of speed and distance can only be made depending on sex 

(Careau et al., 2012). For example, Careau and colleagues evaluated distance traveled in 

the OFT and the relationship to speed on a running wheel (Careau et al., 2012). In males, 

distance was positively correlated with speed, but in females, there was no association 

between distance and speed (Careau et al., 2012).

Lastly, recent work was conducted in FM 550 developmentally exposed prairie voles 

(Microtus ochrogaster) (Gillera et al., 2019). Vole dams were exposed to either 500, 1000, or 

2000 μg of FM 550 via s.c. injection from GD 0 until birth, and offspring were injected from 

PND 1 to PND 21. On PND 80, male and female offspring were tested on the OFT (30 min). 

In regards to locomotor behavior the authors found that females exposed to 500 μg of FM 

550 had a reduction in distance traveled compared to their same-sex counterparts (Gillera et 

al., 2019). Although our OFT time period was only 10 minutes, we also detected a reduction 

in locomotion in OPFR-exposed females.

Our study has certain limitations. First, our animals were tested in the light phase of their 

light/dark cycle, a period when animals are typically asleep. During the experimental period, 

our mouse colony existed in a shared space with other laboratories and we were unable to 

adjust the light cycle. Thus, we were unable to test in the dark phase, the ideal period to 

capture behavioral endpoints. In the future, our laboratory plans on using designated animal 

facility space to utilize a reverse light:dark cycle. Second, many of the behaviors assessed 

are influenced by the estrous cycle. Due to the nature of our study, all females from a 

particular dam were tested on the same day, so we were unable to test during a particular 

cycle stage. Moreover, our results were averaged for each litter, typical methodology for 

a toxicological study. Lastly, we did not uniformly observe similar anxiety-like behavior 

across all apparatuses. We attribute these differences to potential order effects of the tests or 

a possible sensitivity of the EPM to the detection of developmental exposure to our OPFR 

mixture in comparison to the OFT and LDB.

In conclusion, our study demonstrates sex- and exposure-dependent effects of perinatal 

OPFR exposure on locomotor and anxiety-like behaviors in male and female adult mice, 

suggesting developmental neurotoxicity. Future studies should expand on our assessments 

of anxiety and activity levels in these mice. Collectively, our results support a detrimental 

role of perinatal OPFR exposure on behavior that is sustained into adulthood. Increased 

understanding of developmental exposure to OPFRs may bring light to a host of psychiatric 

and neurodevelopmental disorders that have a sex bias.
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Highlights

• Maternal Organophosphate Flame Retardant (OPFR) exposure disrupts adult 

behavior

• Males and females exposed to OPFR are differentially affected on locomotor 

activity

• Males maternally exposed to OPFR exhibit anxiolytic-like behavior

• Maternal OPFR exposure produces long-term behavioral changes in the adult 

offspring
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Fig. 1. Males and females maternally exposed to OPFRs differed on locomotor behavior in the 
open field test (OFT).
A) No effects were observed in perimeter time (sec). B) OPFR-exposed females exhibited 

a decrease in the number of entries in the corners of the OFT, in contrast to same-sex oil 

controls. We saw no effect in OPFR-exposed males in the number of corner entries. C) 

Maternal exposure to OPFRs reduced time in the 10-cm center zone in males; however, 

no effect was detected in females on this measure. D) OPFR exposure decreased distance 

traveled (m) in females. OPFR-exposed males exhibited an inverse trend. This suggests that 

males and females maternally exposed to OPFRs are differentially affected in locomotor 

activity on this task. */a = p < .05; capped lines = exposure effect; a = pairwise difference 

between exposure within sex; data are represented as mean ± SEM.
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Fig. 2. Maternally exposed OPFR males exhibit anxiolytic-like behavior on the elevated plus 
maze (EPM).
A) Maternal exposure to OPFRs increased the number of open-arm entries in males; 

however, no effect was observed in females on this measure. B) No effects were detected 

in open-arm time (sec). C) A main effect of exposure was observed in open-arm end time 

(sec). D) No effects were observed in percentage of open-arm entries. E) No effects were 

observed in percentage of time in open arms. F) A main effect of sex in total arm entries was 

observed, such that regardless of exposure males had a greater amount of arm entries than 

females. These results suggest that the anxiolytic-like behavior observed in OPFR-exposed 

males compared to same-sex oil controls is not due to exposure differences in locomotor 

activity. */a = p < .05; capped lines = exposure effect; bracketed lines = sex effect; a = 

pairwise difference between exposure within sex; data are represented as mean ± SEM.
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Fig. 3. Males and females maternally exposed to OPFRs displayed increased locomotor activity 
in the light/dark box (LDB).
A) No effects were observed in time spent in the light zone (sec). B) Females had an 

increase in time spent in the transition zone (sec) regardless of exposure. C) OPFR exposure 

increased the total distance traveled (m) in males and females when compared to their 

same-sex oil controls. D) Maternal exposure to OPFRs increased speed (m/sec) in both 

males and females. These results suggest OPFR exposure in both males and females alters 

locomotor behavior in this task. */a = p < .05; capped lines = exposure effect; bracketed 

lines = sex effect; data are represented as mean ± SEM.
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