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ARTICLE INFO ABSTRACT

Keywords: One of the most widely used flame retardant (FR) mixtures in household products is Firemaster 550 (FM 550).
Vole FM 550 leaches from items such as foam-based furniture and infant products, resulting in contamination of the
Electrophysiology household environment and biota. Previous studies indicate sex-specific behavioral deficits in rodents and
gll;izu:e?::;;:?:ns zebrafish in response to developmental FM 550 exposure. These deficits include impacts on social and attach-
Endocrine disruptors ment behaviors in a prosocial rodent: the prairie vole (Microtus ochrogaster). The prairie vole is a laboratory-
Neurodevelopment acclimated rodent that exhibits spontaneous attachment behaviors including pair bonding. Here we extend
Endocrine disrupting chemical previous work by addressing how developmental exposure to FM 550 impacts pair bonding strength via an
extended-time partner preference test, as well as neuron electrophysiological properties in a region implicated in
pair bond behavior, the nucleus accumbens (NAcc) core. Dams were exposed to vehicle or 1000 pg of FM 550 via
subcutaneous injections throughout gestation, and female and male pups were directly exposed beginning the
day after birth until weaning. Pair bond behavior of adult female and male offspring was assessed using a three
hour-long partner preference test. Afterwards, acute brain slices of the NAcc core were produced and medium
spiny neuron electrophysiological attributes recorded via whole cell patch-clamp. Behavioral impacts were sex-
specific. Partner preference behavior was increased in exposed females but decreased in exposed males. Elec-
trophysiological impacts were similar between sexes and specific to attributes related to input resistance. Input
resistance was decreased in neurons recorded from both sexes exposed to FM 550 compared to vehicle. This
study supports the hypothesis that developmental exposure to FM 550 impacts attachment behaviors and
demonstrates a novel FM 550 effect on neural electrophysiology.

infant products, electronics, and construction materials (Stapleton et al.,
2011; Stapleton et al., 2012). FM 550 constituents are also used in other

1. Introduction

Developmental exposure to environmental contaminants is widely
regarded as a potential contributing factor for rising rates of neuro-
developmental disorders with social and attachment behavior deficits
(Grandjean and Landrigan, 2014; Kalkbrenner et al., 2014; Ye et al.,
2017). Many chemicals have been identified as candidates of concern,
including multiple classes of flame retardants (FRs)(Blum et al., 2019).
Firemaster 550 (FM 550) is one of the most widely used FR mixtures in
household and commercial products including foam-based furniture,

ways, including as plasticizers, and are present in numerous consumer
products including nail polish (Mendelsohn et al., 2016). Like other
chemical FRs, FM 550 readily leaches from many products thereby
contaminating household dust, air, food, and, ultimately, the environ-
ment. Thus FM 550 and its components are common pollutants in both
indoor and outdoor environments (Stapleton et al., 2008; Roze et al.,
2009; Dodson et al., 2012; Ma et al., 2012; van der Veen and de Boer,
2012). A growing body of work from a number of laboratories, including
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our own, has identified FM 550 and its constituent chemical components
as endocrine disrupting and disruptive of the developing nervous system
(McGee et al., 2013; Saunders et al., 2013; Belcher et al., 2014; Hoffman
et al., 2014; Saunders et al., 2015; Phillips et al., 2016; Baldwin et al.,
2017; Peng et al., 2017; Tung et al., 2017; Oliveri et al., 2018; Gillera
et al., 2020; Witchey et al., 2020). Given this potential neurological
impact, environmental prevalence, nearly ubiquitous human exposure,
and FM 550's links to deficits in social and attachment behaviors in
rodents and humans (Castorina et al., 2017a; Gillera et al., 2020), we
sought to assess the impact of developmental FM 550 exposure on
attachment behavior and the electrophysiological function of a relevant
neuron population.

To accomplish this goal, we employed a prosocial rodent species, the
prairie vole (Microtus ochrogaster), building upon previous experiments
in our laboratories (Willett et al., 2018; Gillera et al., 2020). Prairie voles
are a valuable animal model for assessing social and attachment be-
haviors because they are able to form strong, lasting pair bonds that
persist across breeding cycles (Winslow et al., 1993; Young et al., 2011).
This attachment behavior, encompassing preference for the bonded
partner animal and thus characterized as social monogamy, is present in
approximately 5% to 15% of mammals and even fewer laboratory ro-
dent models, including mice and rats (Kleiman, 1977; Lukas and
Clutton-Brock, 2013). We focused on affiliation and attachment because
it is identified as a critical construct of the Systems for Social Processes
Domain of the NIMH Research Domain Criteria Initiative (RDoC)(https
://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/index.
shtml). Clinical manifestations of deficits in the Affiliation and Attach-
ment Domain include social withdrawal, social indifference and anhe-
donia, as well as over-attachment. A remarkable body of research
employing the prairie vole has generated paradigm-shifting advances in
the understanding of the neural and genetic mechanisms underlying
prosocial and attachment behaviors (Carter et al., 1995; Aragona et al.,
2006; Bosch et al., 2018; Ford and Young, 2020; Lopez-Gutiérrez et al.,
2021). Notably, and of relevance for human behavior, individual prairie
voles can display variation in these social and attachment behaviors; the
underlying genetic and neuroendocrine mechanisms for which are
reasonably well understood (Hammock and Young, 2005; Barrett et al.,
2013; Perkeybile et al., 2013; Vogel et al., 2018; Willett et al., 2018;
Gillera et al., 2020).

Partner preference formation and maintenance are regulated by
specific brain networks that include specific regions such as the nucleus
accumbens (NAcc) (Aragona et al., 2003; Aragona et al., 2006). The
NAcc is a nexus region that links limbic and other inputs to the premotor
system, and plays a prominent role in modulating social, reward, and
motivated behaviors and relevant disorders (Salgado and Kaplitt, 2015;
Yager et al., 2015; Yoest et al., 2018). Of special relevance for this study,
the NAcc is necessary for pair bond formation and maintenance (Ara-
gona et al., 2003, Aragona et al., 2006). In female voles, oxytocin re-
ceptor density in the NAcc strongly associates with individual vole and
species differences in alloparental and other attachment behaviors (Insel
and Shapiro, 1992; Olazabal and Young, 2006; Ross et al., 2009). The
NAcc has functional subdivisions, including the NAcc core and shell.
Here we targeted the NAcc core, given prior work demonstrating links
between pair bond strength and the electrophysiological properties of
the region's output neurons, the medium spiny neurons (Amadei et al.,
2017; Willett et al., 2018). Alterations in medium spiny neuron elec-
trophysiological properties can correlate with or directly influence
changes in behavior in rodents (Grillner et al., 2005; Mu et al., 2010; Tan
et al., 2013), including in voles (Amadei et al., 2017, Willett et al.,
2018).

The present study builds on our prior work showing FM 550 exposure
across gestation and lactation at environmentally-relevant doses (500,
1000, or 2000 pg /day) impacts a range of socioemotional behaviors in
adult prairie voles. Developmental FM 550 exposure disrupted sociality
in both sexes but dose-responsively heightened social and generalized
anxiety in females. Of specific relevance to the present study, sex-
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specific effects of developmental FM 550 exposure on pair bonding
were observed, with females displaying a heightened partner preference
and exposed males failing to show a preference. However, the employed
partner preference test (PPT) was only 10 min long because it was one
component of a broader testing battery. Longer testing paradigms are
more typically employed (Young et al., 2011; Blocker and Ophir, 2016).
Thus, here we sought to confirm that developmental exposure to FM 550
disrupts attachment behavior by using the more conventional, longer
test. We also assessed the electrophysiological properties of medium
spiny neurons in the NAcc core, including those previously linked to pair
bonding behavior (Willett et al., 2018). Specifically, we hypothesized
that FM 550 exposed male voles would display decreased attachment
behavior, while exposed female voles would display increased attach-
ment, and that FM 550 exposure would disrupt neuron excitability in
both sexes.

To test these hypotheses, vole dams were exposed to vehicle or 1000
pg of FM 550 via subcutaneous (sc) injections throughout gestation, and
pups were then directly exposed beginning the day after birth until
weaning. Although human FM 550 exposure is typically oral or via
inhalation, sc injection was used here to model the prior study, as almost
nothing is known about how prairie voles metabolize FM 550, other than
what we published in our prior study (Gillera et al., 2020). Pair bond
behavior of adult female and male offspring was assessed using a three
hour-long PPT. Importantly, both sexes were assessed given previous
work demonstrating sex-specific impacts of FM 550 and other endocrine
disrupting compounds in many species on a variety of behavioral end-
points (Palanza et al., 1999; Schantz and Widholm, 2001; Palanza et al.,
2008; Patisaul and Adewale, 2009; Rebuli et al., 2016; Baldwin et al.,
2017; Gillera et al., 2020; Witchey et al., 2020). After behavioral testing,
acute brain slices of the NAcc core were produced and medium spiny
neuron electrophysiological attributes recorded via whole cell patch-
clamp. These studies contribute to our understanding of how FR expo-
sures may heighten risk of autism spectrum disorder (ASD) and other
neurodevelopmental disorders with social and attachment deficits.

2. Methods and materials

The ARRIVE (Animal Research: Reporting of In Vivo Experiments)
Guidelines Checklist for Reporting Animal Research was used in the
construction of this manuscript (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 stan-
dard of reporting of research using animals.

2.1. Prairie voles

All animal procedures were approved by the North Carolina State
University Institutional Animal Care and Use Committee and the resi-
dent veterinarian. Prairie voles (Microtus ochrogaster) were obtained
from a colony housed in the North Carolina State University Biological
Resources Facility originally derived from founder prairie voles gener-
ously donated by Dr. Bruce S. Cushing at the University of Texas El Paso
and bred to maximize genetic diversity. As in our prior studies (Patisaul
and Adewale, 2009; Patisaul et al., 2013) and in accordance with rec-
ommended practices for endocrine disruption research (Hunt et al.,
2009; Schug et al., 2016), all prairie voles were housed in conditions
specifically designed to minimize unintended toxicological exposures
including use of glass water bottles with metal sippers, woodchip
bedding, and thoroughly washed polysulfone caging. Rooms were
temperature, humidity, and light controlled (22 °C, 30% humidity,
12:12-h light-dark cycle. 6 AM-6 PM lights on) appropriately for this
diurnal species. Food (High Fiber Rabbit Diet, 5326, LabDiet) and water
(filtered by reverse osmosis) were provided ad libitum. The diet was not
a low phytoestrogen diet, which can be a confound for endocrine dis-
ruptor studies, but phytoestrogens are required to maximize health and
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fertility of this herbivorous species (National Research Council (U.S.).
Subcommittee on Laboratory Animal Nutrition., 1995).

2.2. Dose preparation

FM 550 comprises two brominated compounds, 2-ethylhexyl-
2,3,4,5-tetrabromobenzoate (EH-TBB) and bis(2-ethylhexyl) 2,3,4,5-
tetrabromophthalate (BEH-TEBP), previously abbreviated TBPH), and
the organophosphates triphenyl phosphate (TPHP, previously abbrevi-
ated TPP) and a suite of isopropylated triarylphosphate esters (ITPs)
(van der Veen and de Boer, 2012; Stapleton et al., 2014; Phillips et al.,
2017). EH-TBB and BEH-TEBP are brominated FRs (BFRs) while TPHP
and the ITPs are organophosphate FRs (OPFRs). The mixture contains
approximately 50% brominated compounds and 50% organophos-
phates. As we have done previously (Patisaul et al., 2013; Baldwin et al.,
2018; Gillera et al., 2020), the sesame oil-based dosing solutions were
prepared and coded at the Stapleton laboratory at Duke University, and
then transferred to North Carolina State University to ensure accurate
dose preparation and experimental blinding. A 1000 pg/pL mixture of
FM 550 (Great Lakes Chemical, West Lafayette, IN, USA) in sesame oil
(Sigma) was prepared via stirring for 6 h, and then stored in amber
bottles at 4 °C until use. As previously described (Gillera et al., 2020), a
representative aliquot of FM 550 was analyzed by gas chromatography
mass spectrometry in the Stapleton laboratory to confirm dose accuracy.
The single FM 550 dose was selected based upon prior work in voles and
rats and was the lowest dose to induce consistent behavioral differences
in our prior vole study (Gillera et al., 2020). The employed dose (approx.
15-20 mg/kg bw/day) is below the previously purported NOAEL of 50
mg/kg bw/day for the BFRs in the mixture, as described in (Baldwin
etal., 2017). As discussed in our previous study (Gillera et al., 2020), the
employed FM 550 dose is estimated to be marginally above current
maximum human exposure. Notably, human exposure continues to rise,
occupational exposure can be considerably higher, and most risk
assessment studies encompass a 100-fold safety factor for interspecies
comparison.

2.3. FM 500 exposure

Vole dams were randomly assigned to either a vehicle or FM 550
exposure group. Dosing was via subcutaneous (sc) injection of 20 pl of
vehicle (sesame oil) or FM 550 (1000 pg/20 pl of vehicle). Dam exposure
began the day after parturition of the previous litter (gestational day
(GD) 1 for the experimental prairie voles, postnatal day (PND) 1 for the
extant litter) through the day of experimental offspring birth. No dosing
occurred on the day of birth. Beginning the day after parturition (PND
1), pups were directly dosed via sc injection until weaning, PND 21.
Dosing started at 1 PM for both dams and pups. The sc injection para-
digm was employed as in our previous study given the poorly charac-
terized pharmacokinetics of FM 550 in prairie voles (Gillera et al., 2020)
and to ensure both gestational and post-natal exposure (lactational
transfer of all chemicals in the mixture is uncertain) (Phillips et al.,
2016). To assess internal levels following dosing, for our prior study a
separate set of sexually naive male (n = 4) and female (n = 5) adult
prairie voles were exposed to 2000 pg FM 550 for 5 days via sc injection
and their blood collected 4 h post-injection. Serum levels of EH-TBB
were between 15 and 25 ng/ml and TPHP and several of the ITP iso-
mers ranged from 0.2 to 20 ng/ml. Although BEH-TEBP accounts for
~14% of FM 550, it was not detected in serum which is likely due to its
rapid body clearance (Knudsen et al., 2017). Given the dose used herein
was half, internal levels are anticipated to be lower. For comparison,
human blood levels are generally in the low ng/ml range (Blum et al.,
2019) but exposure can be much higher for carpet installers, nail salon
workers, fire fighters, and other FR-intensive occupations (Estill et al.,
2020).

After weaning, vole offspring were housed with 2 to 3 same sex lit-
termates or similarly aged conspecifics of the same treatment group.
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Litters were randomly segregated into experimental groups, with the
goal of obtaining n = 10 pups for each group but that ultimately was not
possible due to skewed sex ratios and small litter size. Final prairie vole
numbers were as follows: 14 FM 550 females from 6 litters, 7 FM 550
males from 4 litters, 10 vehicle females from 4 litters, and 7 vehicle
males from 5 litters. Individual pups constituted the statistical unit for
this study to maximize power. Although for traditional rodent toxi-
cology studies the litter is the statistical unit, that was not feasible. The
overall study design is depicted in Fig. 1.

2.4. Behavioral testing: Partner Preference Test (PPT)

Behavioral testing for partner preference was adapted from estab-
lished protocols (Slob et al., 1987; Ahern et al., 2009; Willett et al., 2018;
Gillera et al., 2020). A PPT enables assessment of the strength of pair
bond formation, as this species exhibits spontaneous social monogamy
(Williams et al., 1992; Modi and Young, 2012). All partner preference
testing was conducted in a single room at the North Carolina State
University Biological Resources Facility solely dedicated to this purpose.
All tests were video recorded by a camera suspended above the arena for
later analysis completed using TopScan version 3.0 (Cleversys Inc.,
Reston, VA). The tests were conducted in a 3-chamber arena made out 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 X 30.48 X 30.48 cm) on either side. The openings
between the center and two adjacent chambers were 9 cm. Wired cups 9
cm in diameter were used to restrain prairie voles (Product 60,451,
Stoelting, Wood Dale, IL), as in Gillera et al., 2020. Cups were placed
adjacent to the wall furthest from each chamber opening. The use of
cups limits direct physical contact, allowing the prairie voles to interact
but not harm each other. This limitation is particularly pertinent for
interactions with “stranger” prairie voles. We note that the use of cups
does prohibit the prairie voles from laying together in direct whole body
contact for extended periods of time, unlike the methods used in the
other studies formative for the current employed PPT protocol (Slob
et al., 1987; Ahern et al., 2009; Willett et al., 2018). All equipment was
thoroughly cleaned with 70% ethanol between testing, and only one
behavioral assessment was conducted at a time to facilitate brain
removal and slice preparation for electrophysiology. Experimenters
were blind to exposure group both at the time of testing and partner
preference index calculations.

Between P60-P100, 24 sexually naive females and 14 sexually naive
males were individually partnered with an adult prairie vole of the
opposite sex for 24 h to allow for pair-bond formation. One prairie vole
in the FM 550 exposed female group was accidentally partnered for 48 h,
and this data point was retained in the experiment as it did not qualify as
a statistical outlier. The “partner” prairie vole was sexually naive, not
closely related, of the opposite sex, had no prior interaction with the test
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and Electrophysiology
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Fig. 1. Study design. Dams were exposed to vehicle or 1000 pg of FM 550 via
subcutaneous injections throughout gestation, and female and male pups were
directly exposed beginning the day after birth until weaning. Pair bond
behavior of adult female and male offspring was assessed using a three hour-
long partner preference test. After the partner preference test, nucleus accum-
bens core medium spiny neuron electrophysiological properties were assessed.
Acronyms: GD, gestational day; PND, postnatal day.
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vole, and was of reproductive age (aged 58 to 122 days). 24 h is suffi-
cient time to induce pair bond formation, whether or not actual mating
occurs (Williams et al., 1992). After 24 h, the PPT was performed. Two
cups were placed on opposite ends of the 3-chamber arena. One cup held
the partner vole, while the other held a “stranger” vole. The stranger
vole was an unrelated, novel, sexually naive prairie vole of the opposite
sex. The test prairie vole was placed in the middle chamber and given 3 h
to explore, following Ahern et al., 2009 and Willett et al., 2018. The test
prairie vole was placed into the chamber at approximately 8:00 AM and
removed at approximately 11 AM. One test prairie vole was assessed on
a given day, given that the electrophysiological technique employed was
low throughput, albeit high resolution. The duration in time spent in
proximity to the stranger cup or partner cup was recorded, as assessed
by 80% of the test prairie vole's body being proximate (within 6 cm) to a
respective cup. The number of entries was also recorded, as defined by
the number of times 80% of the test prairie vole's body entered the
stranger or partner area of the arena through the respective opening. A
partner preference index (PPI) was calculated by subtracting the time
spent with the stranger prairie vole from the time spent with the partner
prairie vole, divided by the total time spent with both.

2.5. Electrophysiology: acute brain slice preparation

Methods for acute brain slice preparation and electrophysiological
recording of vole NAcc core neurons followed previously published
procedures (Willett et al., 2018). Briefly, acute brain slice preparation
occurred approximately 1 h after the PPT, at approximately noon.
Prairie voles were deeply anesthetized with isoflurane gas and killed by
decapitation. The brain was dissected rapidly into ice-cold, oxygenated
(95% O3, 5% CO>) sucrose artificial CSF (s-ACSF) containing (in mM):
75 sucrose, 1.25 NaH3POy4, 3 MgCly, 0.5 CaCly, 2.4 Na pyruvate, 1.3
ascorbic acid from Sigma-Aldrich, St. Louis, MO, and 75 NaCl, 25
NaHCOs, 15 dextrose, 2 KCl from Fisher, Pittsburg, PA; osmolarity
295-305 mOsm, pH 7.2-7.4. Serial 300 pm coronal brain slices con-
taining the NAcc were prepared using a vibratome and incubated in
regular ACSF containing (in mM): 126 NaCl, 26 NaHCOs, 10 dextrose, 3
KCl, 1.25 NaH3POy4, 1 MgCly, 2 CaCly, 295-305 mOsm, pH 7.2-7.4, for
30 min at 35 °C, and at least 30 min at room temperature (21-23 °C).
Slices were stored submerged in room temperature, oxygenated (95%
0o, 5% CO3) ACSF for up to 5 h after sectioning in a large volume bath
holder.

2.6. Electrophysiology: whole cell patch-clamp recording

After resting for >1 h after sectioning, slices were placed in a Zeiss
Axioscope equipped with IR-DIC optics, a Dage IR-1000 video camera,
and 10x and 40x lenses with optical zoom. Slices were superfused with
oxygenated (95% O3, 5% CO3) ACSF heated to 28 + 1 °C. Whole-cell
patch-clamp recordings were made from medium spiny neurons
(MSNs) in the NAcc core (Fig. 2). The NAcc was identified using the
lateral ventricle and anterior commissure as landmarks. Recordings
were made using glass electrodes containing (in mM): 115 K D-gluco-
nate, 8 NaCl, 2 EGTA, 2 MgCl,, 2 MgATP, 0.3 NaGTP, 10 phosphocre-
atine from Sigma-Aldrich and 10 HEPES from Fisher, 285 mOsm, pH
7.2-7.4). Signals were amplified, filtered (2 kHz), and digitized (10 kHz)
with a MultiClamp 700B amplifier attached to a Digidata 1550a system
and a personal computer using pClamp 10 software. Membrane poten-
tials were corrected for a calculated liquid junction potential of —13.5
mV following previous studies (Dorris et al., 2015; Cao et al., 2016;
Willett et al., 2016). The following metrics are reported using adjust-
ment for liquid junction potential: resting membrane potential and ac-
tion potential threshold. Recordings were made initially in current
clamp to assess neuronal electrophysiological properties. MSNs were
identified by their medium-sized somas, lack of spontaneous action
potential generation, and the presence of at least 1 of the following
characteristics: the presence of a slow-ramping subthreshold
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Fig. 2. Location of whole-cell patch clamped medium spiny neurons (MSNs)
sorted by experimental group in the nucleus accumbens core of female and
male voles. Acronyms: Acb, nucleus accumbens; AC, anterior commissure; LV,
lateral ventricle; 3 V, third ventricle; CP, caudate-putamen.

depolarization in response to low-magnitude positive current injections,
a resting potential equaling or more hyperpolarized than —65 mV, and/
or inward rectification (O'Donnell and Grace, 1993; Belleau and Warren,
2000; Cao et al., 2016). In a subset of recordings, oxygenated ACSF
containing the GABA, receptor antagonist Picrotoxin (150 pM; Fisher)
and the voltage-gated sodium channel blocker tetrodotoxin (TTX, 1 pm,
Abcam Biochemicals) was applied to the bath to abolish action poten-
tials and inhibitory post-synaptic current events. Once depolarizing
current injection no longer elicited an action potential, MSNs were
voltage-clamped at —70 mV and miniature excitatory post-synaptic
current events (mEPSCs) were recorded for at least 5 min. These set-
tings specifically target AMPA receptor-mediated mEPSCs (Proano et al.,
2018). Input and series resistance was monitored for changes. mEPSCs
were assessed so that any detected difference in synapse property could
be linked to pre- and post-synaptic mechanisms.

2.7. Electrophysiology: data analysis

Basic electrophysiological properties and action potential charac-
teristics were analyzed using pClamp 10. After break-in, the resting
membrane potential was first allowed to stabilize for ~1-2 min,
following (Mu et al., 2010). Three series of 600 ms depolarizing and
hyperpolarizing current injections were applied to elicit basic neuro-
physiological properties. Current injections were stepwise increased or
decreased, respectively, to sample a broad spectrum of neurophysio-
logical responsiveness. All assessed properties followed the definitions
of (Krentzel et al., 2019; Proano and Meitzen, 2020), which were
formulated from previous work by Perkel and colleagues (Farries and
Perkel, 2000, 2002; Farries et al., 2005; Meitzen et al., 2009). The
experimental unit for electrophysiological experiments was the indi-
vidual neuron, following standard convention. Neuron experimental
numbers were as follow. FM 550 female: 33 neurons from 6 litters,
distributed per litter as: 3 neurons from 1 prairie vole, 1 neuron from 1
prairie vole, 4 neurons from 2 prairie voles, 10 neurons from 5 prairie
voles, 3 neurons from 1 prairie vole, and 12 neurons recorded from 5
prairie voles. FM 550 male: 9 neurons from 4 litters, distributed per litter
as: 4 neurons from 2 prairie voles, 1 neuron from 1 prairie voles, 3
neurons from 2 prairie voles, and 1 neuron recorded from 1 prairie vole.
Vehicle female: 20 neurons from 4 litters, distributed per litter as 5
neurons from 2 prairie voles, 8 neurons from 3 prairie voles, 4 neurons
from 3 prairie voles, and 3 neurons from 3 prairie voles recorded per
litter. Vehicle male: 16 neurons from 5 litters, distributed per litter as: 5
neurons from 2 prairie voles, 4 neurons from 2 prairie voles, 1 neurons
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from 1 prairie, and 6 neurons from 2 prairie voles recorded per litter.
1-3 neurons were recorded from each individual prairie vole. Litter
number for the electrophysiological experiment does not match that of
the behavioral experiment as recordings were unable to be obtained
from some prairie voles. Briefly, for each neuron, measurements were
made of at least three action potentials generated from minimal current
injections. These measurements were then averaged to generate the
reported action potential measurement for that neuron. Action potential
threshold was defined as the first point of sustained positive acceleration
of voltage (62V/6t2) that was also more than three times the SD of
membrane noise before the detected threshold (Baufreton et al., 2005).
Action potential amplitude was calculated as the difference between
threshold and the maximum mV value reached at action potential peak.
The short afterhyperpolarization peak amplitude was calculated as the
difference between the threshold value after the action potential peak
and the lowest point after the action potential peak. The slope of the
linear range of the evoked firing rate to positive current curve (FI slope)
was calculated from the first current stimulus that evoked an action
potential to the first current stimulus that generated an evoked firing
rate that persisted for at least two consecutive current stimuli. Input
resistance in the linear, non-rectified range was calculated from the
steady-state membrane potential in response to —0.01 nA hyper-
polarizing pulses. Measures of input resistance in the rectified range
(rectified range input resistance, and percent inward rectification) were
calculated from the steady-state membrane potential in response to the
most hyperpolarizing current pulse injected into the neuron, following
(Belleau and Warren, 2000). Percent inward rectification was defined as
the rectified range input resistance divided by the linear range input
resistance multiplied by 100. A neuron with no rectification will have a
percent inward rectification of 100%. A neuron exhibiting rectification
will have a small percent inward rectification score. The membrane time
constant was calculated by fitting a single exponential curve to the
membrane potential change in response to —0.02 nA hyperpolarizing
pulses. Membrane capacitance was calculated using the following
equation: capacitance = membrane time constant/input resistance.
mEPSCs frequency, amplitude, and decay were analyzed using Mini
Analysis (Synaptosoft, http://www.synaptosoft.com/MiniAnalysis/),
following (Cao et al., 2016). Recordings were filtered (1 kHz), and
mEPSC threshold was set at a minimum value of 5 pA. Accurate event
detection was validated by visual inspection.

2.8. Statistics

Experiments were analyzed using two-tailed t-tests or 2-way
repeated measures ANOVA with Fisher's LSD post-hoc tests (Prism
version 6.0; GraphPad Software, La Jolla, CA). P values <0.05 were
considered a priori as significant. Data are presented as mean + SEM.
Effect size for F tests are reported as partial eta squared (nzp) and for t-
tests as Cohen's d (d).

3. Results
3.1. Partner Preference Test (PPT)

PPI was first calculated for the entire 3 h, and compared to equal
preference (0) using a one-sample t-test (Fig. 3A). As expected, vehicle
males displayed a strong partner preference (tg = 3.1, p < 0.03, d =
1.17). By contrast, vehicle females did not display a preference (tg = 0.6,
p = 0.56, d = 0.19). Males exposed to FM 550 did not display a pref-
erence (tg = 1.9, p = 0.11, d = 0.72). Females exposed to FM 550 dis-
played a strong partner preference (tj3 = 2.5, p < 0.03, d = 0.66). To
assess whether PPI was stable across time (Fig. 3B), PPI was calculated
for one-hour bins, and found to have a significant interaction between
exposure group and time (Interaction: Fg gg = 2.6, p < 0.03, r]zp =0.19;
Exposure: F3 34 = 0.5, p > 0.05, r|2p = 0.04; Time: Fp 63 = 1.2, p > 0.05,
n2p = 0.03). Vehicle males displayed a strong partner preference in all 3
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Fig. 3. Partner preference index (PPI). A) PPI calculated for the entire three
hour period of the partner preference test. Vehicle females did not display a
significant partner preference, in contrast to females exposed to FM 550.
Vehicle males also displayed a significant partner preference, unlike males
exposed to FM 550. B) PPI disaggregated by hour. Vehicle females displayed a
steadily decreasing partner preference. Females exposed to FM 550 displayed a
strong partner preference across the entirety of the test. Vehicle males displayed
a relatively stable partner preference. Males exposed to FM 550 displayed an
initial lack of partner preference, and then steadily increase partner preference
behavior over time. A PPI of 1.0 indicates maximal preference for partner while
an index of—1.0 indicates maximal preference for the stranger. Acronyms: *, p
< 0.05.

h. Males exposed to FM 550 displayed a weak partner preference in hour
1, which significantly increased by hour 3 (teg = 2.6, p < 0.02, d = 0.94).
Vehicle females began with a positive PPI in hour 1, which significantly
decreased by hour 3 (tgg = 2.3, p < 0.02, d = 0.31). In contrast, females
exposed to FM 550 displayed a stable positive PPI for all 3 h.

Activity was binned into 30-minute intervals to quantify and
compare via t-test the time spent investigating the partner and the
stranger vole. Vehicle females exhibited a significant preference in the
first 30 min bin (Fig. 4A; t1g = 2.3, p < 0.04, d = 1.01), and thereafter
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entire partner preference test period indicate decreasing partner preference across time. B) Females exposed to FM 550 display strong preference for the partner
versus the stranger across the entirety of the test. C) Vehicle males display a preference for the partner versus the stranger for the majority of the testing period. D)
Males exposed to FM 550 display an initial lack of partner preference, and then steadily increase partner preference over time. Investigation time is defined at the
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only in the 60 min bin (t;g = 2.3, p < 0.04, d = 1.04). In contrast, fe-
males exposed to FM 550 exhibited a sustained partner preference,
beginning with the 30 min bin and all bins thereafter (Fig. 4B; tog = 3.4,
p < 0.003, d = 1.29). Vehicle males exhibited a significant preference
beginning in the first 30 min bin (Fig. 4C; t;2 = 2.8, p < 0.02,d = 1.51),
and thereafter starting in the 120 min bin (t;2 = 3.0, p < 0.02,d = 1.61).
Males exposed to FM 550 did not exhibit a significant preference until
the 120 min bin and thereafter (Fig. 4D; t12 = 2.7, p < 0.02, d = 1.44).

The number of chamber entries was also quantified to determine
whether the test vole was actively examining both the partner and
stranger chambers. As above, the number of entries was binned into 30-
minute intervals and t-test was employed to assess the binned data at
each point. Vehicle females did not exhibit a significantly different
number of entries between the partner and stranger chambers (Fig. 5A;
tig = 0.6, p = 0.57, d = 0.26). Females exposed to FM 550 exhibited an
increased number of entries into the partner chamber compared to the
stranger chamber, reaching significance in the first 30 min bin (Fig. 5B;
tog = 2.1, p < 0.05, d = 0.80). The total number of entries per chamber
decreased over time. Vehicle males did not exhibit a significantly
different number of entries between the partner and stranger chamber
(Fig. 5C; t12 = 1.9, p = 0.08, d = 1.01). The total number of entries per
chamber decreased over time. Males exposed to FM 550 did not exhibit a
significantly different number of entries between the partner and

stranger chambers (Fig. 5D; tj3 = 0.3, p = 0.75, d = 0.18). The total
number of entries per chamber decreased over time. Collectively, these
data suggest that the test vole actively entered both the partner and
stranger chambers, and that this behavior decreased over time in three
of the four experimental groups: FM 550 females, vehicle males, and FM
550 males.

3.2. Electrophysiology

After assessing partner preference strength we tested whether FM
550 exposure impacted NAcc core medium spiny neuron fundamental
electrophysiological properties (Table 1). Complete ANOVA statistical
information as well as documentation of all assessed electrophysiolog-
ical properties are in Table 1. Electrophysiological properties were
assessed via a series of positive and negative current injections (Fig. 6A).
No differences were detected in evoked action potential firing rates
across groups (Fig. 6B). However, the steady-state voltage deflection
evoked by injected hyperpolarizing current curve differed between
groups (Fig. 6C). This finding suggests that differences between groups
exist in input resistance in the linear and rectified ranges, as well as
inward rectification properties (Table 1). Consistent with this conclu-
sion, input resistance in the linear range in response to hyperpolarizing
current injection was decreased in medium spiny neurons recorded from
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female and male voles exposed to FM 550 (Fig. 7A). Likewise, input
resistance in the rectified range in response to hyperpolarizing current
injection was decreased in medium spiny neurons recorded from female
and male voles exposed to FM 550 (Fig. 7B). The decrease in input
resistance in response to hyperpolarizing currents was accompanied by
differences between groups in inward rectification properties, a canon-
ical electrophysiological signature of medium spiny neurons when
hyperpolarized (Mermelstein et al., 1998). The absolute magnitude of
inward rectification in female medium spiny neurons exposed to vehicle
differed from those recorded from females exposed to FM 550, and males
exposed to vehicle and FM 550 (Fig. 7C). Percent inward rectification
differed between female medium spiny neurons exposed to vehicle
compared to male medium spiny neurons exposed to vehicle (Fig. 7D).
Importantly, the steady-state voltage deflection evoked by injected
depolarizing current curve did not differ between groups (Fig. 8). Values
in response to depolarizing currents greater than +0.06 nA were not
calculated due to the increasing presence of action potentials across
medium spiny neurons, which prohibits accurate steady state deflection
assessment. This lack of difference in response to positive current in-
jection, as well as the robust difference in absolute inward rectification
is consistent with the conclusion that FM 550 exposure particularly
impacts input resistance in the linear and rectified ranges in response to
hyperpolarizing currents in both males and females.

4. Discussion

Developmental FM 550 exposure enhanced partner preference
behavior in females and weakened partner preference in males, an
outcome that replicates and extends our previous study in voles (Gillera
et al., 2020). Additionally, input resistance across the linear and recti-
fied ranges was decreased in neurons recorded from females and males
exposed to FM 550 compared to vehicle controls. This exposure-related
decrease indicates a specific impact of exposure on input resistance and
inward rectification values in response to negative current injections.
Overall, this study further solidifies the conclusion that FM 550 affects
attachment behavior in both sexes and generated novel evidence that
FM 550 exposure alters fundamental electrophysiological properties in a
key region critical for the coordination of prosocial behaviors.

As anticipated based on our prior work (Gillera et al., 2020),
exposure-related effects on partner preference behavior were sex spe-
cific. Exposed females displayed a consistently strong PPI and greater
time with the partner for the entire duration of the test. By contrast,
exposed males did not display a positive PPI until the second half of the
test, with partner investigation time not significantly greater than
stranger investigation time until 120 min into the three hour test. The
number of entries did not differ across groups with the exception of the
exposed females. Females exposed to FM 550 made significantly more
entries into the partner chamber compared to the stranger chamber in
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Table 1 Table 1 (continued)
Nucleus accumbens core medium spiny neu.ron electrophysiological properties Property Vehicle FM 550 Statistics
from female and male voles exposed to vehicle or FM 550. (F, P, 1°p)
Property Vehicle FM 550 Statistics AHP peak amplitude (mV) ~ F: —55+0.6  F: -55+04 1.16,0.28,
(F, P, n°p) (19) (33) 0.02
Resting membrane potential ~ F: —82.8 + 1.5 -823+1.4 0.09, 0.76, M: -5.3+0.38 M: -6.7+0.7  0.67,0.42,
(mV) (20) (33) 0.001 (16) ) 0.009
M: -83.9+1.2 —84.5+08 0.93, 0.34, 1.18,0.28,
(16) © 0.01 0.02
0.00, 0.97, AHP time to peak (ms) F: 2444+ 29 F:25.7 £ 1.4 1.82, 0.18,
0.00002 19) (33) 0.02
Linear range input F: 245.4 + 181.9 + 12.4  0.44, 0.51, M: 30.8 + 6.7 M:22.0+23  0.14,0.71,
resistance (MQ) 23.5 (20) (33) 0.006 16) © 0.002
M: 201.8 + 165.7 + 16.9  2.10, 0.15, 0.96, 0.33,
20.9 (16) 9) 0.03 0.01
5.82, 0.02, FI slope (Hz/nA) F:328.1+42.3 F:341.5+ 2.06, 1.16,
0.08 (20) 36.6 (33) 0.03
Rectified range input F: 211.7 + 163.8 + 11.2  0.03, 0.86, M: 376.8 + M: 241.4 £+ 0.24, 0.62,
resistance (MQ) 22.5 (20) (33) 0.0004 65.4 (16) 16.3 (9) 0.003
M: 190.5 + 149.6 + 15.1  0.83, 0.36, 1.38,0.24,
20.1 (16) ) 0.01 0.02
5.24, 0.03, mEPSC frequency (Hz) F:2.4+ 0.6 F: 3.7+ 0.7 0.28, 0.60,
0.07 (16) (25) 0.005
Inward rectification (MQ)  F: 33.7 + 6.9 18.1 + 2.9 3.77, 0.06, M:3.6 £0.7 M:40+1.0  0.80,0.37,
(20) (33) 0.05 a4 6 0.01
M:11.3+2.6  16.1+7.4(9) 5.33,0.02, 1.0, 0.31, 0.02
16) 0.07 mEPSC amplitude (pA) F:14.3+0.7 F:149+0.4  0.06,0.81,
1.05, 0.31, 16) (25) 0.001
0.01 M:147+07  M:156+16  0.45,0.51,
% inward rectification (%)  F:86.1+2.3  90.2 + 1.2 3.31, 0.07, as © 0.007
(20) (33) 0.04 1.0, 0.32, 0.02
M: 93.6 + 1.2 90.6 + 3.3 (9) 4.06, 0.05, mEPSC decay (ms) F: 1.8 £0.2 F:1.9+0.1 0.79, 0.38,
(16) 0.05 (16) (25) 0.01
0.08, 0.77, M: 1.7 £ 0.2 M: 2.2 £ 0.3 0.22, 0.64,
0.001 a4 (6) 0.004
Time constant of the F:16.5+15 13.8 £ 1.0 0.27, 0.61, 2.10, 0.15,
membrane (ms) (20) (33) 0.003 0.04
M: 166 4 2.3 156+£26()  0.29,0.59, Values are mean + SEM. Numbers in parentheses indicate the number of neurons
(16) 0.004 . . s . )
1.13, 0.29, in each group (experimental “n”). Statistics column lists F,P, and n2p values for
0.02 interaction, sex, and exposure for a two-way ANOVA analysis. Bold font in-
Capacitance (pF) F:74.4 + 5.7 83.5+ 7.0 0.11, 0.75, dicates statistical significance regarding that attribute. Input resistance values
(20) (33) 0.001 are in response to hyperpolarizing current injections (please see Methods). F,
M:97.9+16.9 99.6 + 15.8 3.04, 0.09, female; M, male; AP, action potential; AHP, afterhyperpolarization; FI, evoked
(16) (©)] 0.04 firing rate-to-positive current curve; mEPSC, miniature excitatory post-synaptic
0.23, 0.64, current.
0.003
Rheobase (pA) F:112.5+16.3 153.0 +11.5 0.61, 0.44, . .
(20) (33) 0.008 the first hour, an outcome that further supports the conclusion that they
M: 137.8 + 152.0 £25.0  0.51, 0.48, showed a particularly strong partner preference reminiscent of hyper-
13.6 (16) ©) 0.006 attachment. Notably, unexposed females demonstrated relatively weak
2.62, 0.11, . -
0.03 partner preference behavior, and here we found that it decreased over
Delay to first AP (ms) F:449.7 £19.3 4622 +122  1.25,0.27, the three hour period. By the end of the test period, vehicle females spent
@3) (29) 0.02 equivalent time investigating the partner and stranger vole. This is not
M: 453.4 + 4267 £19.4  0.82,0.37, entirely unexpected because partner preference behavior can be highly
160D ® g'(l)é 0.69 variable in this species, with not all displaying social monogamy (Ophir
0:00’2 o et al., 2012; Vogel et al., 2018; Willett et al., 2018), including in our
AP threshold (mV) F:—48.0+1.9 —444+21 1.39, 0.24, prior study involving FM 550 (Gillera et al., 2020).
(20) (33) 0.02 A critical difference between the present study and our previous FM
M: -44.0+£31 -47.1£35 005082, 550 study in voles (Gillera et al., 2020) is the length of the employed
(16) ©) g'ggge 0.93 test. Here we specifically focused on attachment behavior, enabling us to
0.0001 employ an extended three hour partner preference test, which is more
AP width at half-peak F:2.3+0.2 2.1+0.1(33) 0.01,0.92, typical. The prior study employed only a ten minute test because it was
amplitude (ms) (20) 1.94+01(9)  0.0001 just one test out of several in a comprehensive battery specifically
1(\/1[:6?'0 +01 (1)'3;’ 0.24, designed to assess a broad range of socioemotional and locomotor be-
0.96. 0.33 haviors across three doses of FM 550. Significantly, those tests revealed
0.01 a pattern of higher anxiety in exposed females and impaired sociality in
AP amplitude (mV) F: 43.0 + 2.8 39.5+ 2.9 1.40, 0.24, both sexes. Exposed females were aversive to novel situations and in-
(20) (33) 0.02 dividuals but displayed heightened attachment for familiar prairie voles
1(\/1['6?6‘5 £36 41.6+4209 8.33,50.55, including a cage mate or partner. Presumably, this hyper-affiliative
0.05, 0.83, behavior is a social buffering strategy to help cope with an otherwise
0.0006 stressful situation. Heightened anxiety has also been reported in devel-

opmentally exposed Wistar rats but most often in males (Patisaul et al.,
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Fig. 6. Medium spiny neuron electrophysiological properties. A) Voltage responses of medium spiny neurons from vole NAcc core to a series of depolarizing and
hyperpolarizing current injections. Depicted hyperpolarizing current injections ranged from —0.01 to —0.09 nA in —0.01 nA increments for all neurons. Depicted
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nA (FM 550 female), and +0.18 nA (FM 550 male). B) Action potential firing rates evoked by depolarizing current injection. C) Injected negative current to steady-
stage voltage deflection curve (IV curve). Table 1 contains statistical information.

2013; Baldwin et al., 2017). Species differences in sex-specific pheno-
types is not unexpected given that, 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 (Lonstein
et al., 2005; De Vries and Panzica, 2006).

It has long been recognized that some chemical FRs have neurotoxic
and endocrine disrupting activities that may contribute to increased risk
of neurodevelopmental disorders. Polybrominated diphenyl ethers
(PBDESs), a once prevalent class of brominated FRs, were phased out of
use in the early 2000s for this reason and then replaced with OPFRs and
newer BFRs, including those found in FM 550. Considered collectively
with our prior data in prairie voles and rats, our data show that early life
exposure compromises aspects of socioemotional behavior consistent
with impairments in the Systems for Social Processing Domain of the
RDoC; a framework developed by NIMH to improve interrogation of the
basic dimensions of human behavior. These domains emphasize quan-
tified measures of behavior and cognition, including those that can be
measured in animal models (Simmons and Quinn, 2014; Mittal and
Wakschlag, 2017). Key strengths of this approach are improving trans-
lational power and causality. Use of the prairie vole further strengthens
the translational value of our data because their affiliative and attach-
ment behaviors are more aligned with human social traits than tradi-
tional lab rats or mice, including those considered models for ASD and

other psychosocial disorders. The adverse outcomes on affiliative be-
haviors reported herein are also consistent with the small but growing
pool of human studies on FM 550 FRs. Exposure to OPFRs, for example,
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., 2019). Urinary metabolites of
the FM 550 component TPHP were also dose-dependently associated
with decrements in working memory and aspects of intelligence and IQ
in 7 year old children (Castorina et al., 2017a; Castorina et al., 2017b).
In a 2014 study, FM 550 was detected in 100% of dust samples collected
in California early childhood education facilities (Bradman et al., 2014),
with many subsequent studies finding similar across the globe (McGrath
etal., 2018; Lietal., 2019; Zuiderveen et al., 2020), demonstrating their
broad prevalence, and the unavoidable risk of early life exposure.
While these behavioral impacts are increasingly well characterized,
the mechanisms by which FM 550 affects socioemotional behavior are
not known for either sex. Guiding us in this initial investigation, it is well
established that neuromodulators such as oxytocin, vasopressin, and
dopamine contribute to pair bonding, affiliation, and other prosocial
behaviors (Young et al., 2011; Bosch and Young, 2018) Differences in
social behaviors such as attachment between prairie voles and other
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rodent species (including polygynous vole species such as the montane
vole) is largely attributed to the distribution of oxytocin, vasopressin,
and other relevant receptors, and their interactions with the mesolimbic
dopamine system. To exert a meaningful effect, these modulators and
relevant genetic mechanisms must in some way alter the electrophysi-
ological function of neurons in key brain regions, including the NAcc.

10

The NAcc acts as a nexus region between the limbic and premotor sys-
tems and is key for regulating motivated and reward-related behaviors,
including those involving attachment. Indeed, injection of oxytocin into
the NAcc and blockade of oxytocin receptors in the NAcc induces or
blocks attachment behavior, respectively (Young et al., 2001; Liu and
Wang, 2003). A series of elegant experiments have demonstrated that
dopamine receptor activation in the NAcc is likewise instrumental in
pair bond formation (Young et al., 2011). Prior work has also demon-
strated links between pair bond strength and the electrophysiological
properties of the NAcc output neurons, the medium spiny neurons
(Amadei et al., 2017; Willett et al., 2018). Given this preponderance of
evidence, for this study we targeted assessing the electrophysiological
properties of medium spiny neurons.

Interestingly, FM 550 exposure decreased input resistance across the
linear and rectified ranges in response to negative current injection in
medium spiny neurons recorded from both females and males. Input
resistance is a fundamental neuronal electrophysiological property that
quantifies how, in this case, neuronal membrane voltage responds to an
injected current. Typically input resistance is determined by the subunit
allocation, modulation, and/or expression of leak potassium and sodium
ion channels, and in select neuron types inwardly rectifying potassium
channels. Some neuron types exhibit a linear input resistance that does
not change with hyperpolarizing or depolarizing membrane potentials.
In contrast, medium spiny neuron input resistance is notorious for
changing with membrane potential, especially with increasing hyper-
polarization (Nisenbaum and Wilson, 1995; Farries and Perkel, 2000). In
medium spiny neurons, as the membrane potential hyperpolarizes, the
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input resistance value typically decreases, including in voles (Willett
et al., 2018). This phenomenon is primarily due to the additional pres-
ence of inwardly rectifying potassium ion channels (Karschin et al.,
1996; Mermelstein et al., 1998). These inwardly rectifying currents are a
primary influence on medium spiny neuron electrical activity in the
NAcc (Uchimura et al., 1989, 1990; Uchimura and North, 1990; Wilson,
1993), and are crucial players in determining input resistance, resting
membrane potential, and synaptic input integration (Wilson, 1993;
Hille, 2001). Thus, in the present study, input resistance in response to
negative and positive current injection, as well as multiple assessments
of inward rectification were performed. Collectively, all of these metrics
indicate that FM 550 exposure specifically decreases input resistance
across both the linear and rectified range, as well as inward rectification.
Importantly, no differences were detected in response to positive current
injections. Collectively, this evidence points to several potential mech-
anisms. One is cell autonomous, in that FM 550 exposure may directly
impact the expression and/or subunit composition of leak sodium and
potassium channels or inwardly rectifying potassium channels in me-
dium spiny neurons. We currently favor inwardly rectifying potassium
channels as the most likely candidate, given the demonstrated impact in
changes in steady-state voltage deflection in response to negative but
not positive current injections. In other models, environmental con-
taminants have been shown to impact select sodium and potassium ion
channel function and/or expression (Magby et al., 2011; Soriano et al.,
2019), however, FM 550 has not yet been investigated. Other potential
mechanisms include a combination of cell autonomous and non-
autonomous actions. For example, OPFRs have been shown to not
only affect the intrinsic electrophysiological properties of arcuate nu-
cleus neurons, including decreasing a hyperpolarizing potassium M-
current, but also to modulate the neuronal sensitivity to the neuro-
modulator ghrelin (Vail and Roepke, 2020). Thus, it is also possible that
FM 550 exposure may change the medium spiny neuron's sensitivity to
an important neuromodulator or neurotransmitter, including but not
limited to oxytocin, dopamine, acetylcholine, glutamate, or serotonin.
For example, dopamine has long been known as a potential modulator of
inwardly rectifying potassium currents (Dong et al., 2004). Of note, FM
550 exposure has been shown to impact the synthesis and transport of
serotonin into the fetal rat brain (Rock et al., 2020), and the respon-
siveness to dopamine antagonists in zebrafish larvae (Oliveri et al.,
2018). Future studies should address these potential cell autonomous
and non-autonomous mechanisms.

While the behavioral impacts of FM 550 exposure were sex-specific,
the electrophysiological impacts does not follow this directionality. At
first consideration, the lack of a sex specific effect on electrophysiolog-
ical properties seems puzzling, however, it is possible that modulation of
the same electrophysiological endpoint in both females and males could
exert differential, sex-specific effects in behavior. Indeed, multiple types
of sex differences exist, and it has been previously documented that a sex
difference at the level of an individual neuron property could exert a
differential effect at the level of the circuit and behavioral output (De
Vries, 2004). This differential effect at the level of behavior induced by a
similar effect at the level of the neuron could occur via multiple mech-
anisms, including sex differences or impacts in other portions of the
relevant circuit, other brain regions that control attachment behavior,
and/or to modulatory factors, such as oxytocin, dopamine, and steroid
sex hormones such as estradiol. Sex-specific rapid modulation of NAcc
medium spiny neuron electrophysiological properties such as gluta-
matergic synapse properties (Krentzel et al., 2019) and L-type calcium
channel currents (Mermelstein et al., 1996) have been previously re-
ported in rats. Medium spiny neurons express nuclear estrogen receptors
in early development and membrane estrogen receptors in adulthood
(Almey et al., 2012; Almey et al., 2015, 2016; Krentzel et al., 2021;
Quigley and Becker, 2021). The dopaminergic neuromodulator system
feeding into the NAcc has long been documented to show sex differences
and sensitivity to steroid sex hormone action in other rodents such as
rats and mice (Di Paolo, 1994; Becker and Chartoff, 2019), and may be
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sensitive to endocrine disruption by FM 550 and potentially the peri-
natal actions of steroid hormones (Cao et al., 2016; Bonansco et al.,
2018; Harp et al., 2020). Also, the neuromodulator oxytocin is heavily
implicated in social reward and partner preference behavior (Young
et al., 2011; Modi and Young, 2012). Acute oxytocin exposure has been
reported to modulate glutamatergic synapse properties in rodent brain
regions, including mEPSC properties in male mouse NAcc (Ninan, 2011;
Dolen et al., 2013; Zheng et al., 2014).

One pertinent caveat to the interpretation that FM 550 exposure
impacts both females and males in an equivalent fashion is the relatively
smaller number of medium spiny neuron recordings made from males
exposed to FM 550. While the median and means of the data groups
support the conservative interpretation that the data do not differ by sex,
it is always possible that the addition of more neuronal recordings may
reveal a more subtle impact on medium spiny neuron electrophysio-
logical phenotype. Similarly, the relatively smaller number of FM 550
males impacts interpretation of the PPT data, in particular the 3-hour
total PPI comparison. In this comparison, FM 550 females and FM 550
males exhibit similar means and effect sizes, however, the FM 550 males
do not reach a statistically significant PPI. We believe that the time
binned analyses more accurately represent the results of the PPT test.
These time binned analyses indicate stark differences in the pattern of
partner preference changes across time between FM 550 exposed males
and females. Another potential limitation to this study is the use of
subcutaneous injection to deliver FM 550, because this is not the typical
route of human exposure and it bypasses first-pass metabolism in the
liver. Injection was necessary because little is known regarding FM 550
metabolism in voles other than what we previously published. This
unique species requires a high fiber diet and has a urogenital system that
scavenges and preserves water, thus metabolism similar to other rodent
species cannot be assumed. To address this potential limitation, in our
previous study the internal levels of FM 550 components were assessed
in a subset of experimental prairie voles to evaluate internal dose levels
(Gillera et al., 2020). Serum levels of the parent compounds and their
primary metabolites were in the low to undetectable ng/ml range. We
also note that experiments in rats exposed to FM 550 via oral con-
sumption (Witchey et al., 2020) largely replicate the other non-
attachment behavioral outcomes reported in injected voles (Gillera
et al., 2020). Establishing the pharmacokinetics of FM 550 in prairie
voles remains an important goal of future experiments to further the
utility of this important animal model.

In conclusion, here we showed, in a unique species displaying pro-
social affiliative traits including pair bonding, that early life exposure to
the FR mixture FM 550 sex-specifically compromises aspects of attach-
ment behavior. Attachment was weaker in exposed males, with evidence
of partner preference not readily evident or displayed until well into a
three hour PPT. By contrast, exposed females quickly displayed evidence
of hyper-attachment, behavior that persisted across the duration of the
test and is likely a consequence of heightened anxiety. These outcomes
are consistent with our prior study using a shorter PPT, and this repro-
ducibility heightens confidence in the conclusion that FRs may be
contributing to higher rates of neurodevelopmental disorders with social
components, including ASD. Paired with these behavioral findings is the
novel finding that neurons in a brain region key for attachment behavior
displayed reduced input resistance in prairie voles exposed to FM 550,
demonstrating that early life exposure to this FR mixture, or one of its
components, impacts fundamental neuronal input/output computation.
Available epidemiology data along with behavioral and mechanistic
data emerging from a variety of animal models implicates the OPFRs
over the BFRs, but this requires further interrogation. Our findings are
consistent with well-established work showing a critical role for the
mesolimbic dopamine system for coordinating prosocial behaviors and
reveal it may be vulnerable to endocrine disruption. Future work should
also focus on other components of this system including interactions
with the oxytocin and vasopressin system.
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