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Abstract

The rapidly rising incidence of neurodevelopmental disorders with social deficits is raising 

concern that developmental exposure to environmental contaminants may be contributory. 

Firemaster 550 (FM 550) is one of the most prevalent flame-retardant (FR) mixtures used in foam-

based furniture and baby products and contains both brominated and organophosphate 

components. We and others have published evidence of developmental neurotoxicity and sex 

specific effects of FM 550 on anxiety-like and exploratory behaviors. Using a prosocial animal 

model, we investigated the impact of perinatal FM 550 exposure on a range of socioemotional 

behaviors including anxiety, attachment, and memory. Virtually unknown to toxicologists, but 

widely used in the behavioral neurosciences, the prairie vole (Microtus ochrogaster) is a uniquely 

valuable model organism for examining environmental factors on sociality because this species is 

spontaneously prosocial, biparental, and displays attachment behaviors including pair bonding. 

Dams were exposed to 0, 500, 1000, or 2000 μg of FM 550 via subcutaneous (sc) injections 

throughout gestation, and pups were directly exposed beginning the day after birth until weaning. 

Adult offspring of both sexes were then subjected to multiple tasks including open field, novel 

object recognition, and partner preference. Effects were dose responsive and sex-specific, with 

females more greatly affected. Exposure-related outcomes in females included elevated anxiety, 

decreased social interaction, decreased exploratory motivation, and aversion to novelty. Exposed 

males also had social deficits, with males in all three dose groups failing to show a partner 

preference. Our studies demonstrate the utility of the prairie vole for investigating the impact of 
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chemical exposures on social behavior and support the hypothesis that developmental FR exposure 

impacts the social brain. Future studies will probe the possible mechanisms by which these effects 

arise.
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Introduction

Chemical flame retardants (FRs) are extensively applied to a wide range of products 

including electronics, building materials, foam-based furniture, and infant products 

(Stapleton et al., 2005; Stapleton et al., 2011). They are also prevalent pollutants in the wild 

and built environment (Dodson et al., 2012; Ma et al., 2012; Roze et al., 2009; Stapleton et 

al., 2008; van der Veen and de Boer, 2012). In the early 2000s, as polybrominated diphenyl 

ethers (PBDEs) were being phased out, alternatives were introduced including FireMaster® 

550 (FM 550), a mixture of brominated flame retardants (BFRs) and organophosphate ester 

flame retardants (OPFRs), (Stapleton et al., 2008; Stapleton et al., 2014a; van der Veen and 

de Boer, 2012). In 2011, FM 550 was the second most commonly detected flame retardant in 

US furniture (Stapleton et al., 2012). Widespread use and exposure constitute a pressing 

need to understand the potential risks exposure to this relatively new FR mixture poses to 

human health. Work by us and others has identified FM 550 as potentially endocrine 

disrupting and developmentally neurotoxic (Baldwin et al., 2018; Baldwin et al., 2017; 

Belcher et al., 2014; Hoffman, K. et al., 2014; McGee et al., 2013; Patisaul et al., 2013; Peng 

et al., 2017; Phillips et al., 2016; Saunders et al., 2013; Saunders et al., 2015; Tung et al., 

2017). Most significantly, there is speculation that chemical exposures, including FRs, may 

be contributing to rapidly rising rates of neurodevelopmental disorders, such as Autism 

Spectrum Disorder (ASD) (Grandjean and Landrigan, 2014; Kalkbrenner et al., 2014). 

However, experimental evidence of relevant effects is lacking, particularly on the behavioral 
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hallmarks of ASD including the Systems for Social Processing Domain as defined by the 

National Institute of Mental Health (NIHM) Research Domain Criteria (RDoC) (Mittal and 

Wakschlag, 2017). Here we used a uniquely suitable prosocial rodent species to test the 

hypothesis that developmental exposure to FM 550 alters socioemotional behaviors 

including affiliation, attachment, and social anxiety.

FM 550 is comprised of two brominated compounds, 2-ethylhexyl-2,3,4,5-

tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl) 2,3,4,5-tetrabromophthalate (BEH-

TEBP), triphenyl phosphate (TPHP) and numerous TPHP analogs with varying degrees of 

aryl isopropylation (collectively named ITPs) (Phillips et al., 2017; Stapleton et al., 2014a; 

van der Veen and de Boer, 2012). Like PBDE predecessors, FM 550 can readily escape from 

products and accumulate in the environment. Indoors, this includes contamination of house 

dust (Dodson et al., 2012; Stapleton et al., 2008; van der Veen and de Boer, 2012), the 

inhalation or ingestion of which is likely the most significant route of human exposure, 

especially for children. Because of rapidly rising use, levels of FM 550 components in US 

house dust are similar to those of the now phased out PBDEs (Butt et al., 2014; Stapleton et 

al., 2008; Stapleton et al., 2014b). FM 550 components are also found in aquatic 

environments (Ma et al., 2012; Roze et al., 2009) and air particles in the European Arctic 

(Salamova et al., 2014), demonstrating environmental mobility, persistence, and 

bioaccumulation. Additionally, the OPFR components have been used for decades as 

plasticizers and bear a structural resemblance to organophosphate insecticides, which are 

known to have adverse effects on neurodevelopment. In particular, TPHP is a high 

production volume chemical commonly applied to polyvinyl chloride (PVC), circuit boards, 

adhesives, rubbers, and other products, including personal care products like nail polish 

(Mendelsohn et al., 2016).

FM 550 components are consistently detected in human tissues including breast milk, blood, 

hair, fingernails, and urine (Hoffman, Kate et al., 2014; Mendelsohn et al., 2016; Zhou et al., 

2014). BEH-TEBP and EH-TBB have been found in hair at concentrations of 20–240 and 

11–350 ng/g, respectively, and < 17–80 and < 9.2–71 ng/g in nails, respectively (Liu et al., 

2015). BEH-TEBP and EH-TBB have been identified in breast milk with one study 

detecting EH-TBB in 44% of the samples with concentrations ranging between < 0.01 and 

0.48 ng/g lw, and BEH-TEBP in 50% of the samples with concentrations ranging between < 

0.01 and 0.73 ng/g lw (Tao et al., 2017). While the OPFR components are quickly 

metabolized and excreted in urine (Van den Eede et al., 2013), some studies have detected 

TPHP in human breast milk at a median concentration of 0.28 ng/g ww (Kim et al., 2014). 

Additionally, as with many chemicals, children appear to have higher FR exposures than 

adults (Butt et al., 2014; Butt et al., 2016; Cequier et al., 2015; Gibson et al., 2019). The 

urinary metabolite of EH-TBB, 2,3,4,5-tetrabromobenzoic acid (TBBA), is more frequently 

detected in children than adults with children having geometric mean levels of 

approximately 7.4 pg/mL (Butt et al., 2014). Collectively, these studies suggest that human 

FM 550 exposure is widespread and that children may be a particularly sensitive population.

There is growing evidence that FM 550 and its individual components can be endocrine 

disrupting and developmentally neurotoxic. Our group was the first to show in vivo that FM 

550 acts as an endocrine disruptor with developmental exposure in Wistar rats producing 
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weight gain, glucose intolerance, elevated anxiety-like behavior in females and thickening of 

the lateral ventricle in males at an oral dose as low as 100 μg/day. We have also identified 

evidence of thyroid hormone disruption both in vivo and in vitro (Belcher et al., 2014; 

Patisaul et al., 2013). The full mixture has been identified as possibly cardiotoxic (McGee et 

al., 2013) and obesogenic (Patisaul et al., 2013; Pillai, Hari K. et al., 2014). Adult zebrafish 

exposed to TPHP exhibited reduced fecundity, altered sex steroid levels (estradiol, 

testosterone, vitellogenin) and changes in gene expression related to the HPG axis (Liu et 

al., 2013). TPHP and ITPs interact with Peroxisome Proliferator-Activated Receptor 

(PPARγ) and several nuclear receptors, including the androgen receptor (AR), in vitro (Fang 

et al., 2015; Honkakoski et al., 2004; Pillai, H. K. et al., 2014) suggesting multiple modes of 

action. A screening assay testing a variety of BFRs and OPFRs for effects on neuronal 

differentiation and growth found that the OPFRs had comparable activity to BFRs in most of 

the assays (Behl et al., 2015). Studies in zebrafish, cell-based assays and other model 

systems have also revealed potential developmental neurotoxic and behavioral effects 

comparable to PBDEs (Behl et al., 2015; Jarema et al., 2015; Kim et al., 2015).

The present studies build on our prior work showing that oral FM 550 exposure at 

concentrations (100, 300 or 1000 μg/day) well below the purported no observed adverse 

effect level (NOAEL) of 50 mg/kg/day induces anxiety-like behaviors and hyperactivity in 

rats (Baldwin et al., 2017; Patisaul et al., 2013). Here we used a more prosocial animal 

model to explore effects on social behaviors. The fact that traditional rodent models, such as 

rats and mice, do not spontaneously display prosocial traits including affiliation, paternal 

care, and pair bonding, is a critical obstacle to experimentally testing for potential linkages 

between early life chemical exposures and human social disorders. Additionally, ASD 

mouse models often have severe neuropathology not seen in human patients. Thus, for the 

present studies, we used the prairie vole (Microtus ochrogaster), a prosocial animal model 

used for decades in the neurosciences to explore the biological basis of social cognition, 

affiliation and communication, as well as the etiology of social disorders such as ASD 

(McGraw and Young, 2010; Modi and Young, 2012).

Decades of transformative work in the prairie vole and related species has linked pro-social 

traits to the oxytocin/vasopressin (OT/AVP) system and its interactions with serotonergic 

and mesolimbic dopamine pathways (McGraw and Young, 2010; Modi and Young, 2012). 

Additionally, the model has been used to develop intranasal OT therapy for ASD patients 

(Modi and Young, 2012). Although rarely leveraged in toxicology, we have previously used 

voles to show that developmental exposure to Bisphenol A (BPA) can induce sex-specific 

outcomes relevant to ASD including disrupted OT/AVP neuron numbers, altered 

socioemotional behaviors, and regional changes in microglial density (Rebuli et al., 2016; 

Sullivan et al., 2014); thus demonstrating the functional utility of prairie voles in 

toxicological studies.

For the present study, sex was considered as a biological variable because exploratory and 

social behaviors are sexually dimorphic and toxicant exposure, including FM 550 exposure, 

can cause sex-specific changes in these behaviors (Baldwin et al., 2017; Palanza et al., 2008; 

Palanza et al., 1999; Patisaul and Adewale, 2009; Rebuli et al., 2016; Schantz and Widholm, 

2001). Exposure was by subcutaneous (sc) injection because, although we have previously 
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published information regarding the pharmacokinetics and pharmacodynamics of FM 550 in 

rats, nothing is known about either in voles. The three doses used (500, 1000 or 2000 μg/

day) are within the range of what we have previously administered to rats and internal levels 

were measured in a small cohort of voles to maximize human translation. We also included 

5-Methoxytryptamine (5MT), a global serotonin agonist, as a positive control for 

chemically-induced social impairment because prior work in male prairie voles showed that 

perinatal exposure can produce behavioral and neural hallmarks of ASD including reduced 

sociality, reduction in OT/AVP neuron numbers, and decreased density of 5-HT fibers in the 

amygdala (Martin et al., 2012). In summary, the present study tested the hypothesis that FM 

550 exposed voles would display less exploratory behavior and increased anxiety, as we 

have previously shown in the rat (Baldwin et al., 2017; Patisaul et al., 2013), plus deficits in 

sociality and affiliative behaviors.

Methods

The ARRIVE (Animal Research: Reporting of In Vivo Experiments) Guidelines Checklist 

for Reporting Animal Research was used in the construction of this manuscript with all 

elements met (Kilkenny et al., 2010). The ARRIVE guidelines were developed in 

consultation with the scientific community as part of an NC3Rs (National Centre for the 

Replacement Refinement and Reduction of Animals in Research) initiative to improve the 

standard of reporting of research using animals.

Animals

Animal care, maintenance and experimental protocols met the standards of the Animal 

Welfare Act and the U.S. Department of Health and Human Services ‘Guide for the Care 

and use of Laboratory Animals’ and were approved by the North Carolina State University 

(NCSU) Institutional Animal Care and Use Committee (IACUC). A supervising veterinarian 

approved and monitored all procedures throughout the duration of the project. Prairie voles 

(Microtus ochrogaster) were obtained from founders generously gifted by Bruce S. Cushing 

at the University of Texas El Paso and bred in house as indicated in humidity- and 

temperature-controlled rooms at 22°C and 30% average humidity, each with 12-h:12-h 

light:dark cycles (lights on at 6AM EST) in the Assessment and Accreditation of Laboratory 

Animal Care (AAALAC) approved Biological Resource Facility at NCSU. Food (Lab Diet 

5326 high fiber rabbit diet) and water were provided ad libitum. As in our prior studies 

(Patisaul et al., 2013; Patisaul et al., 2009) and in accordance with recommended practices 

for endocrine disrupting chemical (EDC) research (Cannizzaro et al., 2008; Hunt et al., 

2009; Richter et al., 2007), all animals were housed in conditions specifically designed to 

minimize unintended EDC exposure including use of glass water bottles with metal sippers, 

woodchip bedding, and thoroughly washed polysulfone caging. The diet is not a low 

phytoestrogen diet (content varies by lot) but high fiber and at least some phytoestrogen 

content is required to maximize health and fertility of this herbivorous species (National 

Research Council (U.S.). Subcommittee on Laboratory Animal Nutrition., 1995).

Gillera et al. Page 5

Neurotoxicol Teratol. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dose preparation

As we have done previously (Baldwin et al., 2018; Patisaul et al., 2013), the sesame oil-

based dosing solutions were prepared and coded by the Stapleton lab at Duke University and 

transferred to the Patisaul lab at NCSU where dosing and subsequent testing was performed. 

Briefly, a commercial mixture of FM 550 was obtained from Great Lakes Chemical (West 

Lafayette, IN, USA) (Stapleton et al., 2008) and each dosing solution (0, 500, 1000 and 2000 

μg/20 μl) was prepared by weighing the appropriate amount of FM 550 and diluting it in 

sesame oil (Sigma) with stirring for 6 h, and then stored in amber bottles at 4°C until use. 

FM 550 doses were selected based on our prior work in rats and well below the purported 

NOAEL of 50 mg/kg/day (Baldwin et al., 2017; Patisaul et al., 2013). Additionally, the top 

dose was thought most likely to produce detectible levels of the parent compounds and 

primary metabolites in serum. Based on our human exposure data the 500 μg/day dose is 

estimated to be just above maximum human exposure levels (Hoffman et al., 2014; Butt et 

al., 2016). However, because human exposure levels are dynamic and rising, and most risk 

assessments include a 100 fold safety factor for interspecies comparisons, it is important to 

evaluate exposures to FM550 at doses that bracket environmentally relevant exposures and 

levels above current estimates of human exposure.

A small aliquot of the mixtures were analyzed by gas chromatography mass spectrometry in 

the Stapleton lab to confirm doses were on target prior to exposure. The global serotonin 

agonist, 5MT, was used as a positive control for chemical disruption of social behavior 

because a prior study found perinatal exposure to alter social behavior and its underlying 

neurochemistry in male prairie voles (Martin et al., 2012). A commercial stock of 5MT was 

obtained from Aldrich chemistry (Lot number BCBT9524, 97% pure, 286583–1G, St Louis, 

MO) and dosing solution was prepared by weighing the appropriate amount of 5MT and 

diluting it in 100% ethanol to give the final concentration of 50 μg 5MT / 20 μl. Ethanol was 

the vehicle chosen because, although prior studies used tonic saline as a vehicle, we found it 

to go into suspension rather than solution. 5MT also did not dissolve in sesame oil. Dosing 

solution was prepared every 3 days to prevent evaporation and stored in amber bottles at 4°C 

until use.

Exposure

Dams from the breeding colony were randomly assigned to an exposure group: FM 550 (0, 

500, 1000, 2000 μg) or 5MT (50 μg). Exposure to the dam via sc injection occurred from the 

day after parturition of the previous litter, designated as gestational day (GD) 0, through the 

day of birth the experimental offspring birth. No dosing occurred on the day of birth. 

Offspring were then dosed directly by sc injection from the day after parturition, postnatal 

day (PND) 1, until weaning, PND 21. Offspring exposed to 5MT started to develop skin 

irritation at the injection sites, thus 5MT exposure ceased on PND 7. Dosing occurred daily 

beginning at 2:00 pm for all animals. Although oral exposure is considered more human 

relevant, sc injection was chosen because the pharmacokinetics of FM 550 in prairie voles is 

completely unknown and not assumed to be similar to other rodents.

Litter size and composition was recorded at weaning. After weaning, offspring were housed 

by sex at 2 to 3 per cage with littermates or similarly aged conspecifics. Final numbers of 
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litters per group were 13 control, 10 500 μg FM 550, 9 1000 μg FM 550, 11 2000 μg FM 

550, and 8 5MT. Up to three male (M) and female (F) pups per litter were randomly selected 

for behavioral testing, with their siblings reserved for different experiments. Although litter 

is the preferred statistical unit for toxicological studies, the individual pups were used here 

for logistical reasons (this species produces small litters and must remain pair bonded which 

limits breeding options) and because the colony is wild-derived and thus considerably more 

genetically diverse than typical mouse and rat strains. However, to limit any confounding 

effects due to litter, no more than 3 same sex pups per litter were selected. The number of 

litters represented by offspring sex in each group is: control (13 F, 11 M), 500 μg FM 550 

(10 F, 9 M), 1000 μg FM 550 (8 F, 9 M), 2000 μg FM 550 (7 F, 11 M), 5MT (7 F, 8 M).

Behavioral Testing

All behavioral testing was conducted in a room at the NCSU Biological Resources Facility 

specifically dedicated and equipped for this purpose. Since lab-housed prairie voles are 

diurnal all testing was conducted under white light between 10:00 am and 3:30 pm and 

video recorded by a camera suspended overhead for later analysis using TopScan (Clever 

Sys Inc) software with no people or other distractions in the room. Behavioral testing 

occurred in either a high walled (43 cm) blue, opaque open box area (58 cm × 58 cm) or a 3-

chambered arena made of plexiglass with a total length of 198.12 cm, 30.48 cm deep and 

30.48 cm wide and divided into three chambers roughly equal in size with small 

compartments (17.78 × 30.48 × 30.48 cm) on either side. Wired cups were used to restrain 

animals (Stoelting, Wood Dale, IL, item number 60451). The room contained multiple 

arenas, but males and females were never tested in the room at the same time, and all 

equipment was thoroughly cleaned with ethanol between testing.

Behavioral studies began on PND 80 and conducted in a sequence considered least to most 

intensive for the animals: open field, sociability, social preference, novel object, and partner 

preference. Animals were tested in only one behavioral test each day and completed no later 

than 9 months of age. For experiments using “strangers,” these animals were approximately 

the same size or smaller, and sexually naive. Of the test animals, 1 animal had malocclusion 

and 1 animal had no hind left leg, thus these animals were excluded from the study. The 

overall study design is shown in Figure 1.

Open Field Test

The open field test (OF) tracks investigation of a novel environment and has been used to 

examine anxiety and exploration in a variety of rodents (Prut and Belzung, 2003), including 

prairie voles (Lee et al., 2019; Olazábal and Young, 2005; Stowe et al., 2005). Adult prairie 

voles were subjected to a standard 30-minute open field test as described previously 

(Baldwin et al., 2017). Briefly, the test animal was gently placed in the center of an empty 

open arena and allowed to freely explore for 30 minutes. The center was defined digitally by 

dividing the task floor into a 3×3 square grid of equal size using the TopScan software. 

Endpoints were distance traveled in the entire arena and center, number of entries, and time 

in the center. Duration in the center and total distance traveled were binned into 5-min 

intervals for further analysis. All videos were individually reviewed by an observer blind to 

exposure to exclude any trials in which an error or some other erroneous factor occurred. 
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Nine test animals, 6 females and 3 males, were excluded from the analysis due to technical 

or other issues. Final animal numbers were as follows: control (15 F, 14 M); 500 μg FM 550 

(13 F, 11 M); 1000 μg FM 550 (10 F, 8 M); 2000 μg FM 550 (8 F, 15 M); 5MT (9 F, 16 M).

Sociability Test (ST)

Using a three-chambered arena, the subject animal is given the opportunity to explore a 

novel “stranger” animal or a novel object to access social and exploratory motivation, with 

prairie voles typically being highly prosocial (Stetzik et al., 2018). Two wired cups were 

positioned on opposite ends of the 3-chambered arena; one empty and one holding a same 

sex stranger. The wired cup allows the animals to interact but not harm each other. All 

strangers were given time to acclimate to the restrainer cup prior to testing. The test animal 

was gently placed in the center of the middle chamber and given 10 minutes to explore. 

Time spent in contact with the stranger cup or empty cup chamber, total investigation time, 

and total distance traveled were analyzed. A sociability index was calculated by subtracting 

time spent with the inanimate object from time spent with the stranger animal, divided by 

the total time spent with both. A sociability index of 1.0 indicates 100% preference for the 

stranger and −1.0 indicates 100% preference for the empty cup. One female video was 

excluded due to camera failure. Final animal numbers were as follows: control (19 F, 15 M); 

500 μg FM 550 (12 F, 12 M); 1000 μg FM 550 (11 F, 9 M); 2000 μg FM 550 (9 F, 15 M); 

5MT (9 F, 16 M).

Social Preference Test (SPT)

The social preference test assesses preference for a familiar versus a novel animal, where 

prairie voles typically spend more time with the familiar animal (DeVries, A.C. et al., 1997). 

The task and assessed endpoints were the same as the sociability test except the cups contain 

a stranger and a familiar (cage mate) same sex animal. A social preference index was 

calculated by subtracting the time spent with the stranger animal from the time spent with 

the familiar animal, divided by the total time spent with both. A social preference index of 

1.0 indicates 100% preference for the familiar animal and −1.0 indicates 100% preference 

for the stranger. One female did not interact with either the stranger or the familiar animal 

and thus excluded from the analysis. Four male trials were excluded due to technical issues. 

Final animal numbers were as follows: control (19 F, 14 M); 500 μg FM 550 (13 F, 8 M); 

1000 μg FM 550 (10 F, 9 M); 2000 μg FM 550 (9 F, 15 M); 5MT (9 F, 16 M).

Novel Object Recognition Test (NOR)

Novel object recognition tests are used to assess short- and long-term memory (Ennaceur 

and Delacour, 1988). Animals able to recognize novelty are expected to spend more time 

investigating a novel object over a familiar one. Objects used were glass jars varying in 

volume, shape and color. Objects occupied relatively the same amount of floor space and 

had similar shapes. Two identical test objects were placed inside the open field arena equally 

spaced within two digitally defined quadrants on one end of the arena to ensure free range of 

motion around the objects and minimize capacity to hide behind the objects. The test animal 

was gently placed in the arena close to the middle of the wall on the opposite side of the 

objects, allowed to explore the area for five minutes, and then removed. One of the objects 

was then replaced with another distinct test object. Thirty minutes later, the test animal was 
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placed back into the arena and allowed to re-explore the area for five minutes then returned 

to the home cage. The next day, another distinct object replaced the previously used novel 

object and the test animal was again allowed to explore the arena for five minutes. The novel 

objects were introduced in a designated corner throughout the sessions to maintain 

consistency and avoid novel spatial recognition. Objects were thoroughly cleaned between 

test sessions. Total investigation time, time exploring each object, and total distance traveled 

were analyzed for each trial. Investigation ratio was calculated by dividing the time spent 

with the novel object by the total time spent with both (Madularu et al., 2014). Five females 

and 8 males were euthanized before NO testing for other purposes, and thus not available for 

this test. One 500 μg FM 550 female was excluded due to a technical error with one of the 

recordings. Final animal numbers were as follows: control (14 F, 13 M); 500 μg FM 550 (13 

F, 11 M); 1000 μg FM 550 (11 F, 7 M); 2000 μg FM 550 (9 F, 13 M); 5MT (9 F, 15 M).

Partner Preference Test (PPT)

Prairie voles spontaneously display social monogamy and a partner preference test (PPT) 

assesses the strength of pair bond formation. (Modi and Young, 2012; Williams et al., 1992) 

Test animals were cohabitated for 24 hours with an opposite sex, unrelated, sexually naïve 

“partner” of reproductive age. This length of time is sufficient to induce a pair bond even if 

mating does not occur (Williams et al., 1992). As in the previous tests, two cups were 

positioned on opposite ends of the 3-chambered arena. One cup held the partner of the test 

animal and the other held a stranger animal. The stranger was a novel, opposite sex, 

unrelated, sexually naïve animal. The animals in the cups were given time to acclimate to the 

new arena. The test animal was gently placed in middle chamber and given 10 minutes to 

explore. Time spent in proximity to the stranger cup or partner cup, was recorded. To gain 

more resolution, time spent with the partner and stranger were also binned in minute 

intervals. A partner preference index was calculated by subtracting the time spent with the 

stranger animal from the time spent with the partner animal, divided by the total time spent 

with both. One female climbed on top of the cup and was therefore excluded. Seven females 

and 10 males had been euthanized for other purposes and were thus unavailable for this test. 

Final animal numbers were as follows: control (13 F, 12 M); 500 μg FM 550 (13 F, 11 M); 

1000 μg FM 550 (9 F, 6 M); 2000 μg FM 550 (9 F, 13 M); 5MT (9 F, 15 M).

Internal dose assessment

To estimate internal exposure levels, a separate cohort of sexually naïve adult voles (4–5 per 

sex; PND 86–112) were exposed to FM 550 (2000 μg) daily via sc injection for 5 days. The 

animals were euthanized 4 hours after dosing on the 5th day and serum collected for 

analysis. Serum samples were processed according to (Butt et al., 2016). Samples 

(approximately 0.1 mL) were allowed to thaw and then were spiked with the internal 

standards 13C-TPHP, 13C-EH-TBB, and 13C-BEH-TEBP (Wellington Laboratories). 

Deionized water (0.1 mL) and formic acid (0.05 mL) were added to deproteinate the serum. 

Samples were vortexed and subsequently sonicated for 15 minutes. Serum extracts were 

purified in two rounds of solid phase extraction (SPE). The first SPE purification step used 

Waters Oasis PRiME HLB extraction cartridges (500 mg, 6 cc). Briefly, cartridges were 

conditioned with 5 mL of dichloromethane, 5 mL of methanol, and 5 mL of deionized water. 

After samples were loaded, the cartridges were washed with 5 mL deionized water and 
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vacuumed to dryness. Analytes were eluted from the cartridges using 10 mL of 1:1 

dichlormethane/ethyl acetate. Extracts were then concentrated to near dryness under a gentle 

stream of nitrogen and reconstituted in 1 mL of hexane. The second SPE purification step 

used Waters Sep-Pak Ca Certified Silica cartridges (1 g, 6 cc). Briefly, cartridges were 

conditioned with 10 mL of hexane and sample extracts were loaded. Analytes were eluted 

from the cartridges using 10 mL of 1:1 hexane/ethyl acetate. Samples were concentrated 

under a gentle stream of nitrogen, reconstituted in hexane, and spiked with the recovery 

standards dTPHP (Sigma Aldrich) and 4-Fluoro-2,3,4,6-tetrabromodiphenylether 

(FBDE-69, Wellington Laboratories). Analytes were quantified using previously described 

gas chromatography/mass spectrometry methods and six-point calibration curves (Phillips et 

al., 2017; Stapleton et al., 2008). Average recoveries of 13C-TPHP, 13C-TBB, and 13C-

TBPH were 90 ± 13%, 94 ± 6%, and 99 ± 11%, respectively. Means were calculated for 

each component analyzed if more than 50% of the samples were above the minimum 

detection level (MDL). MDL varied by analyte (Table 1). Individual sample values below 

the MDL were estimated by dividing the MDL by 2. For no instance or analyte was more 

than one value replaced in this regard.

Statistical analysis

Statistical analyses were performed using Graph Prism, version 6 (La Jolla, CA, USA). A 

ROUT outliers test (Q=1%) was used to identify and remove statistical outliers. For all 

analyses, statistical significance was defined as α ≤ 0.05. Characteristics of litters (numbers 

of male, female, and total pups, and male pup percentage) were compared between dosed 

groups and controls using Mann-Whitney tests. Deviation from a predicted equal sex ratio 

(50 %) was tested within each dose group using Wilcoxon signed ranks test. For behavioral 

endpoints, unexposed males and females were compared using a student’s one-tailed t-test to 

check for known and hypothesized sex differences, as we have done previously for similar 

studies (Baldwin et al., 2017; Rebuli and Patisaul, 2016) with the identification of known 

sex differences interpreted as confirmation that the studies were sufficiently powered to 

detect biologically meaningful effect sizes. The full data sets, with the exception of the 5MT 

group, were then evaluated within sex by one-way ANOVA to test for a main effect of 

exposure and followed up with a Holms-Sidak post hoc test for multiple comparisons when 

significant. The 5MT group was considered separately because it was used as a positive 

control for effect, thus inclusion with the FM 550 groups would bias the ANOVA (Haseman 

et al., 2001). A two-tailed t-test was used to compare 5MT and unexposed controls animals 

of the same sex. For the FM 550 groups, a linear trend test was used to analyze dose 

responsivity. The 5-min binned OF data were analyzed by a two-way repeated measures 

ANOVA and Fisher’s protected Least Significant Difference (LSD) test within sex. For all 

tasks where an investigation index was calculated, animals identified as statistical outliers, or 

that had total investigation times less than 2% of the total testing time (and thus considered 

non-participatory) were excluded. The behavioral indices were analyzed by a one sample t-

test to determine if they were significantly different from chance (sociability, social 

preference and partner preference of 0.0; and investigation ratio of 0.5). For the PPT, time 

spent with the partner animal and stranger animal were compared within each dose group at 

each 1-min time interval by student’s t-test to determine how preference changed over the 

course of the test. For each outcome, effect size was calculated as recommended by multiple 
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behavioral neuroscience groups including The American Psychological Association (Fritz et 

al., 2012; Lakens, 2013). ANOVA effect size was determined by calculating Eta squared 

(η2) and partial Eta squared (ηp
2). Effects are defined as small at 0.01, medium at 0.06, and 

large at 0.14. T-test effect size was calculated by Cohen’s d which are defined as small at 

0.2, medium at 0.5, and large at 0.81.

Results

No evidence of overtly toxic effects of exposure, such as gross morphological defects or 

heightened offspring mortality were observed. Dams exposed to 5MT had a larger litter size 

(U = 59, p ≤ .03, d = 0.91) and more male pups (U = 61, p ≤ .04, d = 0.82) compared to 

control dams (Fig 2.A). Dams exposed to 2000 μg FM 550 had a significantly greater 

percentage of males per litter (significantly higher than a sex ratio of 50 %) (W = 68, p 
= .005, d = 0.95). This proportion was also significantly greater than control dams (U = 77, p 
≤ .05, d = 0.78) (Fig 2.B).

Open Field

Effects of FM 550 exposure on OF behavior were sex specific with only females affected 

(Fig 3, representative trace in Fig 3.A). As expected, total distance traveled was sexually 

dimorphic (Fig 3.B, t27 = 2.73; p ≤ .05, d = 0.62), with females traveling more than males. 

Within FM 550 exposed females, there was a significant effect of exposure on distance 

traveled (F3, 42 = 2.85, p ≤ .05, η2 = 0.17) and a dose-dependent decrease across groups 

(F1, 42 = 4.11, p ≤ .05), with 500 μg FM 550 females (p ≤ .03, d = 0.97) traveling less than 

control females. There was a perceptible decrease in the 1000 μg FM 550 (p ≤ .08, d = 0.95) 

and 2000 μg FM 550 females (p ≤ .08, d = 0.77), but neither reached statistical significance. 

To further investigate FM 550 effects across the 30-min session, total distance traveled was 

binned into 5-min intervals (Fig 3.E) and analyzed within sex. As expected, for both males 

(F5, 220 = 8.86, p ≤ .0001, ηp
2 = 0.17) and females (F5, 210 = 6.88, p ≤ .0001, ηp

2 = 0.14) 

there was a significant effect of time, with activity decreasing over time. No significant 

interaction between time and exposure was found for either sex. Within females, effect of 

exposure did not quite reach statistically significance (F3, 42 = 2.70, p = .06, ηp
2 = 0.16) but 

had a large effect size. Significant differences at the individual time points were sporadic 

(Fig. 2.E).

Effects on center entries were also female specific. A main effect of exposure (Fig 3.C, F3, 42 

= 4.63, p ≤ .007, η2 = 0.25) was observed in females, with entries decreasing with dose (F1, 

42 = 7.84, p ≤ .008). The 500 μg FM 550 (p ≤ .007, d = 1.21) and 2000 μg FM 550 females 

(p ≤ .01, d = 1.16) entered the center less often than controls. The 1000 μg FM 550 females 

also made fewer entries but, although the effect size was medium, the effect did not quite 

reach statistical significance (p = .06, d = 0.76). Exposure also affected the time females 

spent in the center (Fig 3.D, F3, 41 = 3.57, p ≤ .02, η2 = 0.21). Time in center was dose-

dependently decreased (F1, 41 = 5.91, p ≤ .02), with 500 μg (p ≤ .03, d = 0.96) and 2000 μg 

(p ≤ .03, d = 1.26) FM 550 females spending less time in the center than controls. Time in 

the center was binned into 5-min intervals and analyzed within sex (Fig 3.F). Within 

females, no main effects of time (F5, 210 = 1.05, p = .39, ηp
2 = 0.02), exposure (F3, 42 = 1.75, 
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p = .17, ηp
2 = 0.06), or any interaction (F15, 210 = 1.20, p = .28, ηp

2 = 0.08) were found. By 

contrast, in FM 550 males, a significant interaction between time and exposure on duration 

in the center was found (F15, 220 = 1.77, p ≤ .04, ηp
2 = 0.11). This effect was driven by 

decreased time in the center at the 10-minute time point in all FM 550 exposed male groups 

compared to controls (Fig 3.F).

5MT had no significant main effects on any OF behavior in either sex. Within the binned, 5-

min intervals, there was a significant effect of time on distance traveled in 5MT males 

(F5, 140 = 12.49, p ≤ .0001, ηp
2 = 0.31) and females (F5, 110 = 7.61, p ≤ .0001, ηp

2 = 0.26), 

with activity decreasing over time. Within females, there was a significant interaction 

between 5MT exposure and time (F5, 110 = 2.43, p ≤ .04, ηp
2 = 0.10) with significantly less 

traveling observed in the final time block. A main effect of time on duration in the center 

was only observed in 5MT males (F5, 140 = 2.55, p ≤ .03, ηp
2 = 0.08), with duration in the 

center decreasing over time. In females, there was a significant time by exposure interaction 

(F15, 220 = 1.77, p ≤ .04, d = 0.06) with activity only affected in the 15-minute block.

Sociability Test

All animals interacted with at least one cup during the test (Fig 4.A). However, there were 

instances in the FM 550 groups where the test animal visited one but not the other (Fig 4.B). 

The total number of animals not making contact with both cups (stranger or empty) was 

compared to the controls using Fisher’s exact test. Frequency of single contact (25%) was 

only marginally higher in males exposed to 500 μg FM 550 (p ≤ .08) compared to same sex 

controls. All animals were included in subsequent analyses. No endpoints were found to be 

sexually dimorphic, but effects of FM 550 were primarily observed in females.

To assess preference for a stranger versus an inanimate object, a sociability index (SI) was 

calculated for each animal and compared to equal preference (SI = 0) by one-sample t-test 

(Fig 4.C). Neither control females (t18 = 0.44¸ p = .66, d = 0.10) nor control males (t18 = .47¸ 

p = .47, d = 0.19) displayed a significant preference for the stranger or empty cup. There was 

a significant effect of FM 550 exposure on sociability index in females (F3, 47 = 2.85, p 
≤ .05, d = 0.15), with a dose dependent (F1,47 = 8.07, p ≤ .007) aversion to the stranger. 

Females exposed to 1000 μg (t10 = 2.69, p ≤ .02, d = 0.81) or 2000 μg (t8 = 5.35, p ≤ .0007, 

d = 1.78) FM 550 spent significantly more time with the empty cup. In males, exposure had 

no main effect on preference (F3, 47 = 0.94, p ≤ .43, η2 = 0.06), however the 1000 μg FM 

550 males spent significantly more time with the empty cup compared to the stranger (t8 = 

3.31, p ≤ .01, d = 1.10).

Similarly, time spent in proximity to the stranger cup was significantly affected by FM 550 

exposure in females (Fig 4.D, F3,46 = 4.88, p ≤ .005, η2 = 0.24) and strongly dose 

dependent, with time decreasing with dose (F1,46 = 14.24, p ≤ .0005). Females exposed to 

1000 μg (p ≤ .01, d = 1.10) and 2000 μg (p ≤ .007, d = 1.35) FM 550 spent significantly less 

time in proximity to the stranger than same sex controls. In males, a main effect of exposure 

did not reach statistical significance but had a large effect size (F3,47 = 2.46, p = .07, η2 = 

0.14). Thus, post hoc analysis was performed and the 1000 μg males were found to spend 

less time with the stranger (p ≤ .005, d = 1.16). Time spent in proximity to the empty cup 

was not significantly affected by FM 550 exposure in females (F3, 46 = 2.08, p = .12, η2 = 
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0.12), however there was a dose-responsive decrease (F1,46 = 4.25, p = .04). Difference from 

controls was only suggestive for the 1000 μg (p ≤ .06, d = 1.04) and the 2000 μg FM 550 (p 
≤ .34, d = 0.64) females. There were no significant effects of FM 550 on time spent with the 

empty cups in males.

Total investigation time was calculated by adding time spent in proximity to the stranger cup 

and empty cup. There was a main effect of FM 550 exposure on total investigation time in 

females (Fig 4.E, F3,47 = 4.45, p ≤ .007, η2 = 0.22), with investigation time decreasing with 

dose (F1,47 = 10.05, p ≤ .003). The 1000 μg (p ≤ .004, d = 1.46) and 2000 μg (p ≤ .05, d = 

0.95) FM 550 exposed females traveled less than controls. No main effect of FM 550 

exposure was found in males (F3, 47 = 1.24, p = .31, η2 = 0.07).

Finally, within females, there was a main effect of FM 550 exposure on total distance 

traveled (Fig 4.F, F3, 47 = 3.16, p ≤ .03, η2 = 0.17) with activity decreasing with dose (F1,47 

= 7.63, p ≤ .008). Females exposed to 1000 μg FM 550 traveled less than controls (p ≤ .03, d 
= 0.94) and there were marginal decreases in the 500 μg (p = .07, d = 0.60) and 2000 μg (p 
= .06, d = 0.83) females. No main effect on distance traveled was found for males (Fig 4.F, 

F3,47 = 1.98, p = .13, η2 = 0.11), but, because the effect size was medium, follow up analysis 

revealed a potential decrease in the 500 μg FM 550 group (p = .06, d = 1.18).

As anticipated, 5MT exposure significantly affected male behavior in this task (Martin et al., 

2012), with distance traveled significantly increased (t29 = 2.13, p ≤ .04, d = 0.77) along 

with time in proximity to the empty cup (t29 = 2.12, p ≤ .04, d = 0.76). 5MT males showed 

no sociability preference (t15 = 0.13, p = .88, d = 0.03). Female behavior was also 

significantly affected by 5MT exposure. Total investigation time (t26 = 2.26, p ≤ .03, d = 

0.91) and time in proximity to the empty cup (t26 =2.77, p ≤ .01, d = 1.12) were increased in 

5MT females compared to same sex controls. Females exposed to 5MT displayed no social 

preference (t8 = 1.03, p = .33, d = 0.34).

Social Preference Test

As in the ST, there were instances in the SPT (Fig 5.A) where some animals interacted with 

only one cup, but incidence did not significantly differ between groups (Fig 5.B). Uniquely, 

one 500 μg FM 550 female contacted only a single cup in both tasks, otherwise all these 

instances occurred in different animals. None of the endpoints in this task were found to be 

sexually dimorphic, and the exposure related outcomes were almost exclusively in females.

Preference for the familiar or stranger animal was assessed by calculating a social preference 

index (Fig 5.C). Control males (t13 = 3.16, p ≤ .008, d = 0.84) and females (t16 = 2.52, p 
≤ .02, d =.61) displayed a significant preference for the familiar animal, and this preference 

was also displayed by the 5MT males (t15 = 2.12, p ≤ .05, d = 0.53) and females (t8 = 6.73, p 
≤ .0001, d = 2.24). Within males, FM 550 exposure was only suggested to impact social 

preference (F3,40 = 2.02, p = .13, η2 = 0.13) with only the 2000 μg group displaying a 

significant preference for the familiar animal (t14 = 4.04, p ≤ .001, d = 1.04) and no 

preference in the lower two dose groups. In females, there was a significant effect of FM 550 

exposure on social preference (F3,43 = 3.80, p = .02, η2 = 0.21) with only the 2000 μg FM 

550 group displaying a strong preference for the familiar animal (t8 = 5.11, p ≤ .0009, d = 
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1.70) and no preference observed in the two lower doses. Time spent in proximity the 

stranger animal was also significantly affected by exposure in females (Fig 5.D, F3, 45 = 

3.01, p ≤ .04, η2 = 0.17), with contact decreasing with dose (F1,45 = 6.12, p ≤ .02). Females 

exposed to 2000 μg spent significantly less time with the stranger (p ≤ .02, d = 1.34) 

compared to controls. In males, there was no main effect of FM 550 exposure on time spent 

with either animal.

There was no main effect of FM 550 exposure on total investigation time in females (Fig 

5.E, F3,47 = 1.50, p ≤ .23, η2 = 0.09) but the overall effect was dose-responsive (F1, 47 = 

4.41, p ≤ .04). Total investigation in the highest dose group (p = .19, d = 0.72) had a medium 

effect size but did not reach statistical significance. Similarly, there was no effect of FM 550 

exposure in males, but a suggestive increase in total investigation time was observed in the 

5MT males (p = .08, d = .77) with a medium effect size.

Total distance traveled was only affected by FM 550 in females (Fig 5.F, F3, 45 = 6.41, p 
≤ .001, η2 = 0.30). Distance traveled decreased with dose (F1, 45 = 15.56, p ≤ .0003) with 

females exposed to 500 μg (p ≤ .005, d = 0.95), 1000 (p ≤ .004, d = 1.18), and 2000 μg (p 
≤ .004, d = 1.19) FM 550 all traveling significantly less compared to controls. 5MT exposure 

significantly increased distance traveled but only in in males (t28 = 2.10, p ≤ .05, d = 0.77).

Novel Object Recognition Test

Exploration and recognition of a novel object were examined at 30 min (short-term memory 

test) and 24 hrs (long-term memory test) after the familiarization session (Fig 6.A). 

Recognition of the novel object was assessed by object preference (Fig 6.B); calculated by 

using a one sample t-test to compare investigation ratios to chance (IR = 0.5, dotted line). 

Control females displayed novel object recognition during both the short-term (t13 = 2.24, p 
≤ .04, d = 0.60) and long-term (t13 = 2.29, p ≤ .04, d = 0.61) memory tests. Of the FM 550 

exposed females, recognition was achieved only in the 1000 μg group at 30 minutes (t9 = 

5.05, p ≤ .0007, d = 1.60) and 24 hrs (t10 = 2.19, p ≤ .05, d = 0.66) but impaired in the 500 

and 2000 μg females in both tests. Females exposed to 5MT showed a significant preference 

for the novel object in the long term test (t7 = 2.58, p ≤ .04, d = 0.91), although there was 

some suggestion of a preference at 30 min (t8 = 1.61, p = .15, d =0.54). Within control 

males, novel object preference was only observed during the short-term memory test (t12 = 

2.20, p ≤ .05, d = 0.61). Object recognition was impaired in all but the 500 μg FM 550 males 

(t10 = 2.25, p ≤ .05, d = 0.68). None of the male groups displayed object preference after 24 

hours.

Total investigation time was suggested to be sexually dimorphic in the short-term (t25 = 1.63, 

p = .06, d = 0.63) and long-term (t25 = 1.52, p = .07, d = 0.59) memory tests, with control 

males spending more time investigating both objects than control females in each trial (Fig 

6.C). Within females, there was no main effect of FM 550 exposure on total investigation 

time at 30 min (F3,42 = 1.21, p = .32, η2 = .08). After 24 hours, there was a significant effect 

of FM 550 exposure (F3, 43 = 5.96, p ≤ .002, η2 = .29) with a dose-dependent increase in 

total investigation time (F1,43 = 12.29, p = .001). Females exposed to 500 (p ≤ .03, d = 0.99) 

or 2000 μg (p ≤ .0006¸ d = 1.91) FM 550 spent significantly more time investigating both 

objects. A similar effect was suggested for the 1000 μg FM 550 females (p = .19, d = 0.65). 
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Within males, there was a main effect of FM 550 exposure on total investigation time at both 

the short-term (F3,40 = 4.76, p ≤ .006, η2 = .26) and long term (F3,40 = 4.44, p ≤ .009, η2 

= .25) time points, with total investigation time lower compared to controls. During the 

short-term memory test, none of groups statistically differed from controls but decreased 

investigation in the 500 (p = .10, d = 0.93) and 1000 μg (p = .06, d = 1.04) FM 550 groups 

had a large effect size. Similarly, in the 24 hr test, investigation time was somewhat lower in 

the 500 (p = .09, d = .93) and 1000 μg (p = .38, d = 0.54) FM 550 males. 5MT had no effect 

in either sex.

Distance traveled was suggested to be sexually dimorphic during the long term memory test 

(t25 = 1.41, p = .09, d = 0.54), with females traveling more than males. In females, distance 

traveled was significantly affected by FM 550 exposure (Fig 6.D) during both the short-term 

(F3, 42 = 2.99, p ≤ .04, η2 = .18) and long-term (F3, 43 = 2.64, p = .06, η2 = .16) memory 

tests. Decreased activity was dose-dependent iat 30 min (F1,42 = 5.79, p ≤ .02), with 500 (p 
≤ .05, d = 0.82), 1000 (p ≤ .04, d = 0.93), and 2000 μg (p ≤ .05, d = 0.84) FM 550 females 

traveling less than controls. There was also a dose-dependent decrease in activity during the 

long term memory test (F1,43 = 4.06, p ≤ .05), with 500 (p = .08, d = 0.73), 1000 (p ≤ .04, d 
= 0.89), and 2000 μg (p = .11, d = 0.54) FM 550 females traveling less than controls. Within 

males, there were no significant effects of FM 550 exposure on distance traveled at either 

time point. 5MT had no effects in either sex.

Partner Preference Test

Strength of the pair bond was assessed via PPT in the three chamber arena (Fig 7.A). Partner 

preference was determined by calculating a partner preference index, and comparing that to 

equal preference using a one-sample t-test (Fig 7.B.). As anticipated, control males 

displayed a strong partner preference (t11 = 2.58, p ≤ .03, d = 0.75). Unexpectedly, however, 

control females did not display any preference (t12 = 0.36, p ≤ .72, d = 0.10). A main effect 

of FM 550 was not found for partner preference in males (F3, 38 = 2.11, p = .12, η2 = 0.14), 

although the effect size was large. None of the male FM 550 groups displayed a partner 

preference and the 5MT males preferred the stranger (t13 = 3.68, p ≤ .003, d = 0.98). Within 

females, the 500 μg (t12 = 2.65, p ≤ .02, d = 0.73) and 2000 μg FM 550 (t8 = 3.33, p ≤ .01, d 
= 1.11) groups displayed a preference for the partner.

Because the female controls did not show a significant partner preference, activity in the 10 

minute test was binned into 1-min intervals to assess partner preference over time with the 

hypothesis that a preference may have emerged late in the female controls. The data were 

assessed at each time point by t-test. Control males developed a significant preference by the 

6th minute and spent significantly more time with the partner thereafter (Fig 7.D). By 

contrast, a partner preference did not emerge in the control females until 9 min (Fig 7.C). 

Females exposed to 500 μg or 2000 μg FM 550 displayed a partner preference early, and 

consistently over time. Preference in 1000 μg FM 550 group was more sporadic. Males 

exposed to 500 μg FM 550 displayed no preference at any time point, while preference for 

the stranger was observed at multiple time points in 1000 μg FM 550 and 5MT male groups.
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Internal serum levels—Serum levels of the FM 550 components measured in male and 

female adults are summarized in Table 1. In general the relative abundance of the FM 550 

components in serum were similar to the commercial mixture with a few exceptions. BEH-

TEBP accounts for ~14% of FM 550 (Belcher et al., 2014), but was not detected in the 

serum, likely due to its rapid clearance from the body (Knudsen et al., 2017). EH-TBB was 

the most abundant analyte measured in the serum with a concentration ranging from 15 to 25 

ng/mL. TPHP and several of the ITP isomers were also detected in serum and ranged in 

concentration from 0.2 to 20 ng/mL. Generally levels were similar between males and 

females; however, several ITP isomers were detected in female serum and not male serum, 

including 3IPPDPP, B2iPPPP, B4IPPP and Bis-2,4-DIPPPP. B3IPPPP was detected at 0.95 

ng/mL in male serum but not female serum. These sex differences may suggest sex-specific 

differences in toxicokinetics, although a more detailed study would be needed to confirm.

Discussion

This is the first study to examine the behavioral effects of FM 550 in a prosocial animal, and 

the results (summarized in Table 2) reveal that developmental FM 550 exposure had sex-

specific effects on aspects of sociability, anxiety, attachment, and memory. Overall, females 

were more appreciably affected than males, with many of the socioemotional effects dose 

responsive. Exposed females displayed more anxiety-like behaviors and were aversive to 

novel situations and individuals. This combination of generalized and social anxiety likely 

contributed to the heightened attachment for the familiar animal in the SPT and PPT. By 

contrast, effects in males were specific to dose and task but suggestive of impaired affiliation 

and short term memory. Most notably, exposure eliminated partner preference in all dose 

groups which suggests impairment of pair bond formation. Critically, the internal exposure 

data supports prior work showing rapid metabolism of OPFRs (Knudsen et al., 2017), and 

will aid in estimating human risk as more exposure data become available. The outcomes of 

this study provide further evidence that developmental exposure to FM 550 can sex-

specifically impact socioemotional behaviors and underscore the utility of prairie vole model 

for investigating the impact of chemical exposures on social behavior.

The most robust behavioral phenotype observed across all tests was heightened anxiety in 

females, both in social and non-social situations. Exploration consistently decreased with 

dose in the OF, ST, SPT, and NOR, suggesting reluctance to explore a novel environment 

regardless of the context. Similarly, exposed females displayed higher avoidance of the 

center region in the OF, a phenotype diagnostic of heightened anxiety (Carola et al., 2002; 

Goma and Tobena, 1978; Olazabal and Young, 2005; Osako et al., 2018); again, the effect 

was dose-responsive. In the sociability task, exposed females displayed a strong dose-

responsive aversion to a novel animal, but also an aversion to the empty cup which 

constitutes a novel object in this context. Thus, in this task, females displayed both social 

and general anxiety. Albeit rare and sporadic, that a few exposed females made no contact 

with the stranger animals during the ST and SPT further supports the conclusion that 

developmental FM 550 exposure is anxiogenic in females.

By comparison, evidence for higher anxiety in the FM 550 exposed males was only found in 

the social tasks, and not in all dose groups. In the ST, significant aversion to a stranger 
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conspecific occurred only in the mid-level dose group although, as in females, there were 

instances in the ST and SPT where some animals made no social contact, particularly with 

strangers. In contrast to the exposed females, there was no evidence of aversion to novelty in 

the ST or changes in exploratory behavior in the OF or the social tests observed in males.

Heightened anxiety following developmental FM 550 exposure has previously been 

observed by us and others. We first identified the potential effects of developmental FM 550 

exposure on anxiety in both sexes in a pilot study using Wistar rats (Patisaul et al., 2013). 

This was corroborated in males in a subsequent, more robustly powered study (Baldwin et 

al., 2017). That the high anxiety phenotype is more apt to appear in males in rats but females 

in prairie voles likely reflects a species difference. In addition to profound differences in 

prosocial behaviors, the hormone-dependent mechanisms by which the brains of prairie 

voles masculinize differs from rats and mice, and they are not as physically sexually 

dimorphic (De Vries and Simerly, 2002; Lonstein et al., 2005), thus sex-specific replication 

of exposure-related phenotypes across rodent species should not be assumed, nor expected. 

Our data are also consistent with a large body of work showing that adverse early life 

experience, including social isolation, can produce similarly high-anxiety phenotypic 

outcomes in voles (Pan et al., 2009). Similarly, we have shown that female prairie voles 

exposed to the estrogen disrupting chemical BPA during the second week of life also 

displayed heightened anxiety as adults in the OF, while males were unaffected (Sullivan et 

al., 2014). Collectively, these data support the conclusion that early life FM 550 exposure 

can induce socioemotional deficits that may differ by sex, with the most vulnerable sex 

likely depending on the timing of exposure, dose, and species. These sex differences are 

critical to understand given the strong sex-bias for many psychoemotional disorders 

including depression, anxiety, and ASD (McCarthy, 2016).

Deficits in sociality were observed in both sexes. The most striking was the absence of a 

partner preference in any of the three male FM 550 exposure groups. By contrast, two of the 

three female exposure groups displayed a partner preference, suggesting that exposure did 

not affect the bond and, if anything, enhanced it because these females took less time than 

unexposed controls to display a partner preference. Interpretation of the female partner 

preference results is complicated by the lack of evident partner attachment in the controls. 

This was likely because the test was not run long enough to fully capture that preference. 

Prior studies have shown that while preferences emerge in the first hour, they become 

stronger over time (Beery et al., 2018; Williams et al., 1992). During the SPT, however, 

unexposed controls of both sexes displayed the expected preference for the familiar 

individual (Beery et al., 2018; DeVries, A.C. et al., 1997). In females, this inclination was 

intensified in the 2000 μg FM 550 group with a clear aversion to the stranger. In the lower 

two dose groups, no social preference emerged but overall social and arena exploration were 

lower. Collectively these results further support the interpretation of heightened anxiety, with 

comfort coming from opportunities to interact with familiarity, and aversion to novel 

situations. Similarly, in males, two of the three FM 550 groups failed to display a preference 

for the familiar animal, but overall exploration time was unaffected supporting the 

conclusion that exposure adversely impacted affiliation and attachment in males, but not 

necessarily anxiety.
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It has long been surmised that environmental factors, including chemical exposures, are 

contributing to rising rates of ASD and other neurodevelopmental disorders with social 

deficits, but there remains a paucity of supporting experimental evidence, and a long list of 

suspect chemicals including multiple FRs (Fujiwara et al., 2016; Gore et al., 2014; 

Kalkbrenner et al., 2014; Raznahan, 2014; Sealey et al., 2016; Ye et al., 2017). While it 

cannot be concluded, and we do not suggest, that perinatal FM 550 exposure enhances ASD 

risk, our results are consistent with impairments within the Systems for Social Processing 

Domain of the Research Domain Criteria (RDoC); a framework developed by NIMH to 

improve interrogation of the basic dimensions of human behavior by emphasizing quantified 

measures of behavior and cognition, instead of comparatively subjective and vaguely defined 

phenotypes and symptoms (Mittal and Wakschlag, 2017; Simmons and Quinn, 2014). The 

translational value of our data is also strengthened by the use of the prairie vole because 

aspects of their spontaneous social behavior are more aligned with human social traits than 

rats or mice. For example, prairie voles show a preference for familiar conspecifics, 

including their mated partner (DeVries, A.C. et al., 1997; Williams et al., 1992), which 

contrasts with other rodent species that often live in colonies and thus prefer social novelty 

(Moy et al., 2004). The adverse outcomes on socioemotional behaviors reported herein are 

also consistent with linkages reported in humans. Exposure to OPFRs has been associated 

with poorer social skills in pre-school age children (Lipscomb et al., 2017). Similarly, 

maternal exposure to OPFRs, including TPHP, is associated with higher behavioral and 

externalizing problems at 36 months including withdrawal, attention problems, depression 

and aggression (Doherty et al., 2019a).

In addition to effects on affiliation and attachment, this is the first study to show that 

developmental FM 550 exposure may induce memory deficits. While effects on short and 

long term memory were specific to sex and dose, deficits, particularly in short term memory, 

were observed in both sexes. Female results are potentially complicated by the fact that all 

of the exposed groups traveled less over the course of the test; likely a consequence of 

higher anxiety. However, in contrast to the tests with a social stimulus, investigation time 

was unaffected or even heightened at 24 hours. Future studies should further probe this 

phenomenon to better distinguish anxiety-related effects from memory deficits. While the 

NOR assay provides an advantage over other memory tests in that it relies on the 

spontaneous tendency of rodents to explore a novel object, requiring no reinforcement to 

motivate the behavior, levels of exploration can be inconsistent or motivated by stimuli other 

than the novel object. Thus the potential impairments reported herin require replication.

In humans PBDEs are well known to impair cognitive function, learning, and memory 

(Eriksson et al., 2001; Viberg et al., 2003a, 2004a, b, 2007; Viberg et al., 2003b; Viberg et 

al., 2006), but less is known about their alternative brominated or OPFR replacements. There 

is a small but growing body of observational evidence suggesting that prenatal OPFR 

exposure may adversely affect human cognitive development. For example, prenatal 

exposure to isopropylated triarylphosphate isomers, the presumed parent compounds of ip-

PPP, has been associated with impaired cognitive development, including fine motor skills 

and early language abilities (Doherty et al., 2019b). Maternal exposure to the OPFRs in FM 

550 during pregnancy has also been linked to reduced cognitive performance, especially 

working memory, in kids approximately 7 years of age (Castorina et al., 2017).
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The non-selective 5-HT agonist 5MT was used as a positive control because decades of 

work using this compound has shown that developmental exposure impairs a range of 

socioemotional behaviors in rats (Whitaker-Azmita et al., 1990; Whitaker-Azmitia, 2005) 

including ultrasonic vocalizations, responsiveness to auditory and tactile stimuli, and 

decreased spontaneous alternations (Kahne et al., 2002; Shemer et al., 1991). Most 

significantly, a prior study by Martin and colleagues showed that, at this same dose, 

perinatally exposed male voles display decreased affiliation and increased anxiety-like 

behaviors (Martin et al., 2012). Female voles were not tested, thus the present studies both 

reproduce and extend these findings. In the ST, 5MT exposed voles of both sexes spent more 

time near the empty cup, an outcome consistent with Martin et al. (Martin et al., 2012) 

which reported decreased contact with the stimulus animal in this task. Additionally, 

investigation time and distance traveled in the social tasks were heightened, particularly in 

males, and 5MT exposed males displayed a significant preference for a novel female rather 

than their mate in the PPT. We did not, however, see the expected increase in male anxiety, 

and outcome that may be due to the shortened postnatal exposure adopted herein (dosing 

ceased on PND 7 as opposed to PND 21). Female anxiety was also unaffected. Collectively, 

our data show that serotonin agonism during perinatal development impacts social behavior 

in both sexes of prairie voles. 5MT exposure also impaired novel object recognition at 30 

min suggesting some impairment of short-term memory. Serotonin plays a critical role in 

fetal brain development (Aitken and Törk, 1988; Lauder and Krebs, 1978; Patel and Zhou, 

2005; Whitaker-Azmitia and Azmitia, 1986; Whitaker-Azmitia et al., 1995) and elevated 

blood levels of serotonin have been found in a subset of autistic children (Anderson et al., 

1987; McBride et al., 1998). Although we have previously shown in rats that FM 550 may 

disrupt serotonin production and signaling in the placenta (Rock et al., 2018), we are not 

positing that disruption of 5-HT is necessarily the mode of action underlying the behavioral 

alterations described herein. Ongoing work will explore that possibility in more depth.

The mechanisms by which FM 550 sex-specifically affects socioemotional behavior remain 

to be elucidated. It is well established that OT and AVP fundamentally contribute to pair 

bonding, affiliation, and other pro-social behaviors (Reviewed in (Young, 2003)), and that 

differences in social behaviors between prairie voles and other rodent species (including 

polygynous vole species) is largely due to the distribution of oxytocin, vasopressin and 

estrogen receptors, and their interactions with the mesolimbic dopamine system (Cushing 

and Wynne-Edwards, 2006; Lei et al., 2010; McGraw and Young, 2010; Ploskonka et al., 

2016; Young et al., 2011). Estrogen plays an important role in regulating OT and AVP 

signaling in the brain (Gimpl and Fahrenholz, 2001; Richard and Zingg, 1990). OT also sex-

specifically regulates estrogen receptor expression and can induce permanent organizational 

effects on estrogen receptor expression and, consequently, social behavior (Cushing et al., 

2004; Kramer et al., 2007; Yamamoto et al., 2006). Thus disruption of either of these critical 

hormone systems has the potential to change socioemotional behavior. That chemical 

exposures can disrupt estrogen signaling is well known (Gore et al., 2015; Patisaul and 

Belcher), and there is emerging evidence that EDCs can also disrupt OT/AVP pathways and 

associated behaviors in a sex-specific manner (Reviewed in (Patisaul, 2017)). Additionally, 

corticosterone (CORT) and the hypothalamic pituitary adrenal (HPA) axis also influence 

affiliative behavior in prairie voles (DeVries, 2002). In naive female voles, exposure to an 
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unfamiliar male vole rapidly decreases CORT levels (DeVries et al., 1995). Additionally, in 

female voles, exposure to swim stress or CORT injections inhibits partner preference while 

adrenalectomy enhances it (DeVries et al., 1995; Devries, C. et al., 1997). In males, the 

effect of swim stress or CORT is opposite, and adrenalectomy increases preference for a 

novel female (DeVries et al., 1995; Devries, C. et al., 1997). These studies show the 

environment can influence the HPA axis in a sex-specific manner, with robust effects on 

social behavior, often via interactions with OT and AVP (DeVries, 2002). Ongoing studies 

will probe these and other potential mechanisms by which FM 550 may have disrupted the 

social brain.

Internal levels of the FM 550 components were quantified in virgin animals to obtain an 

estimate of maternal exposure in the study animals and internal dosing levels. Because it is 

not the route by which humans are exposed, and it bypases first-pass liver metabolism, use 

of subcutaneous injection could be viewed as a limitation. This route was necessary, 

however, because nothing is known about FR metabolism in voles. Generally the profile of 

compounds suggested more rapid metabolism of the the OPFRs than the BRFs. Followup 

work will help establish the pharmacokinetics of FM 550 in this unique species.

Conclusions

These data reveal that developmental exposure to FM 550 adversely impacts socioemotional 

behaviors and, to some degree, memory in a prosocial species. Heightened anxiety in 

females was the most robust outcome, which is concordant with our prior work in rats, that 

also found evidence of elevated anxiety (Baldwin et al., 2017; Patisaul et al., 2013). Pair 

bond formation in males was also adversely impacted by all three doses of FM 550 but 

future work will be required to confirm this effect, and more comprehensively probe for 

effects in females. Deficits in sociality have also been reported in zebrafish exposed to FM 

550 0–5 days post fertilization or in adolescence (45 days post fertilization) at doses as low 

as 0.01 mg/L (Bailey and Levin, 2015), further suggesting that adverse outcomes on 

sociality likely occur well below the purported NOAEL. Because the prairie vole model has 

been used extensively to study the neurobiology of social behaviors including paternal care, 

pair bonding, and social cognition, we assert that it is a particularly valuable for 

understanding the neurobehavioral effects of toxicant exposure.
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Highlights

• There is concern that early life exposure to flame retardants (FRs) is 

contributing to rising rates of neurodevelopmental disorders.

• Prairie voles were used to test the impact of the FR mixture FM 550 on 

socioemotional behaviors and memory.

• Females were most strongly affected with developmental exposure to human-

relevant levels affecting anxiety, exploration and aspects of sociality.

• Partner preference was impaired in FM 550 exposed males.

• These data support the hypothesis that chemical FRs adversely impact 

neurodevelopment and socioemotional behavior.
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Figure 1. 
Study design.
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Figure 2. 
Litter outcomes. (A) Number of total, male, and female pups per litter. Dams exposed to 

5MT had significantly larger litters and more male pups. (B) Dams exposed to 2000 μg FM 

550 had a significantly greater percentage of males per litter compared to control dams and 

the expected, equal sex ratio (50%). Bar graphs depict mean ± SEM; box and whiskers plots 

depict mean ± 95 % CI; individual litters are represented by circles. For each dose (n = 11–

20); *significant effect of FM 550; Φ significant effect of 5MT; (* and Φp ≤ .05). Significant 

difference from equal sex ratio (50% dotted line) is indicated by λ (λλp ≤ .01).
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Figure 3. 
Open field outcomes were sex specific with effects most profound in females. (A) 

Representative activity traces from a control and FM 550 exposed female superimposed on 

the arena digital layout used for analysis. (B) Total distance traveled was sexually dimorphic 

with females traveling more than males. There was a significant, dose-responsive effect of 

FM 550 exposure in females, with exploration decreasing with dose. (C) In females, there 

was a main effect of FM 550 exposure on center entries with entries significantly decreased 

at the lowest and highest dose levels and suggestive at the mid-level dose. (D) Time in the 
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center was also significantly lower in the lowest and highest female dose groups. (E) 

Distance traveled and (F) duration in center was binned into 5-min intervals to evaluate 

activity and exploration patterns across the 30-min test. Significant group differences at 

individual time points are depicted by letters (a: 500 μg; b: 1000 μg; c: 2000 ug FM 550; d: 

5MT). Graphs depict mean ± SEM; circles represent individual animals (B-D); circles = 

control, triangles = 500 μg, hexagons = 1000 μg, squares = 2000 μg, diamonds = 5MT (E-
F). For each dose (n= 8–16), * denotes statistically significant exposure effects and # 

denotes a statistically significant dose-response effect, within sex, while ψ denotes 

significant sex differences between controls. For binned data (E-F), letters identify group 

differences from control at individual time intervals: a = 500 μg, b = 1000 μg, c = 2000 μg, d 

= 5MT. A single symbol represents p ≤ .05 and a double symbol represents p ≤ .01.
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Figure 4. 
Sociability test outcomes were sex specific, with effects primarily in females. (A) Arena 

schematic depicting placement of each element and the zone around each cup in which the 

test animal was considered to be in contact with the cup. (B) Number of individuals per 

group that failed to interact with either the stranger or empty cup. The 500 μg FM 550 males 

had a marginally higher incidence rate of single interaction compared to same sex controls. 

(C) Sociability index revealed no preference for either cup in the unexposed controls but 

greater preference for the empty cup in the 1000 μg FM 550 group of both sexes and the 

2000 μg FM 550 female dose group. (D) FM 550 dose-dependently reduced time spent with 

either the stranger or empty cup in females with the 1000 μg and 2000 μg dose groups 

spending significantly less time in contact with the stranger. A main effect of exposure was 

not found for males but the 1000 μg FM 550 group spent significantly less time with the 

stranger. In both sexes, the 5MT group spent significantly more time with the empty cup. (E) 

Total investigation time in females dose-dependently decreased with FM 550 exposure and 

was significantly lower in the 1000 μg and 2000 μg dose groups. Conversely, investigation 

time was higher in the 5MT exposed females. (F) In FM 550 exposed females, total distance 

traveled was dose-dependently reduced. The 1000 μg FM 550 group was statistically 
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different from same sex controls and decreases were suggestive in the other two dose 

groups. The serotonin agonist 5MT significantly increased distance traveled only in males. 

Bar graphs depict mean ± SEM; box and whisker plots depict mean ± 95 % CI; individual 

animals are depicted by circles. For each dose (n= 9–19); *significant effects of FM 550; Φ 
significant effect of 5MT; # significant dose-response effect within sex (*, #, and Φp ≤ .05; ** 

and ##p ≤ .01; ###p ≤ .001). In the sociability index, a significant difference from chance 

(SI= 0, dotted line) is indicated by λ (λp ≤ .05, λλλp ≤ .001). A sociability index of 1.0 

indicates preference for stranger animal and an index of −1.0 indicates preference for the 

empty cup.
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Figure 5. 
Social preference test. (A) Social preference arena schematics showing the placement of 

each element. FM 550 exposure affected social preference in both sexes. (B) Exposure did 

not impact the number of animals failing to interact with either the stranger or empty cup. 

(C) Preference for the familiar animal was not displayed by the 500 and 1000 μg groups of 

both sexes. (D) FM 550 exposure impacted time with the stranger, with exposed females 

spending less time with the stranger animal. (E) Total investigation time in females 

decreased with FM 550 exposure. (F) Total distance traveled was decreased by FM 550 

exposure in females. Social preference behavior was also affected by 5MT, with exposed 

males traveling more compared to controls. Both males and females exposed to 5MT 

displayed a social preference for the familiar animal over the stranger. Bar graphs depict 

mean ± SEM; box and whisker plots depict mean ± 95 % CI; individual animals are depicted 

by circles. For each dose (n= 9–19), significant differences due to FM 550 exposure denoted 

by * and Φ for 5MT. # denotes a dose-response effect within sex (*, #, and Φp ≤ .05; **p 
≤ .01; ###p ≤ .001). Significant difference from chance (SI= 0, dotted line) for social 

preference indicated by λ (λp ≤ .05, λλp ≤ .01, λλλp ≤ .001). A social preference index of 
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1.0 indicates maximal preference for familiar animal while an index of −1.0 indicates 

maximal preference for the stranger.
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Figure 6. 
Effects on novel object recognition were sex specific and more pronounced in females. (A) 

Schematics depicting the placement of the objects and the circular zones in which 

investigation was measured during the familiarization and subsequent short-term (30 min) 

and long-term (24 hr) memory test sessions (B). In females, FM 550 dose-dependently 

increased total investigation time in the 24 hr recollection session. In males, a main effect of 

FM 550 was found for both the 30 min and 24 hr session with investigation decreased in 

exposed animals. 5MT had no effect in either sex (C). Novel object recognition was 
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impaired at both time points in the 2000 μg FM 550 females. Males exposed to 1000 and 

2000 μg FM 550 did not display recognition during the short-term memory test and none of 

the male groups appeared to achieve novel object recognition in the long-term memory test. 

None of the 5MT groups displayed a preference for the novel object. (D) In females, total 

distance traveled significantly decreased with dose in both sessions. For each dose (n= 7–

15), significant differences due to exposure of FM 550 denoted by *, while # denotes a dose-

response effect within sex (* and #p ≤ .05; ##p ≤.01; ***p ≤ .001). Significant difference 

from chance (IR= 0.5, dotted line) is indicated by λ (λp ≤ .05, λλλp ≤ .001). An 

investigation ratio of 1.0 indicates maximal preference for novel object while a ratio of 0 

indicates maximal preference for the familiar object.
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Figure 7. 
Effects on partner preference were male specific. (A) Schematics depicting the placement of 

the animals and the circular zones where contact between the test animal and the cups was 

recorded. (B) Control males, but not control females, displayed a significant partner 

preference. In females, the 500 μg and 2000 μg FM 550 groups displayed preference for the 

partner. By contrast no partner preference was observed in any male FM 550 group and the 

5MT males preferred the stranger. (C-D). Time with the partner (solid line) and stranger 

(dotted line) at 1 min intervals across the test revealed rapidly emerging partner preference 

in 500 μg and 2000 μg FM 550 females as well as control males. 5MT males developed a 

rapid preference for the stranger. Control females only developed a preference for their 

partner toward the end of the test. For each dose (n = 6–15), significant difference from 

equal preference (PPI= 0, dotted line) is indicated by λ (λp ≤ .05). A partner preference 

index of 1.0 indicates maximal preference for partner while an index of −1.0 indicates 

maximal preference for the stranger. Significant differences in time spent with the stranger 

and familiar animal is indicated by δ at each minute interval. A single symbol represents p 
≤ .05, double symbol represents p ≤ .01 and triple symbol represents p ≤ .001.
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