
 

 

ABSTRACT 

GILLERA, SAGI ENICOLE ALDAY. Effects of Firemaster 550 on Social Behavior and Neurodevelopment in 
Prairie Voles. (Under the direction of Dr. Heather Patisaul). 

Globally, the prevalence of neurodevelopmental disorders (NDDs) has risen over the past 

decades, and chemical exposure to flame retardants has been implicated as an environmental risk factor. 

Impaired social cognition is a common characteristic of many NDDs, such as autism spectrum disorder 

(ASD). Studies investigating the social behavioral effects of chemical exposure are underrepresented in 

the literature. Social behavior falls within the social processing domain within the Research Domain 

Criteria (RDoC) as one of the primary brain functions. ¦ƴŘŜǊǎǘŀƴŘƛƴƎ ŀ ŎƘŜƳƛŎŀƭ ŜȄǇƻǎǳǊŜΩǎ ŀōƛƭƛǘȅ to 

impact behavior across multiple brain functions is vital to identifying possible vulnerable underlying 

mechanisms. Furthermore, dysregulation of the sex-specific neural regulations of social behavior and 

anxiety could account for the sex differences in symptom presentation and prevalence of ASD and other 

NDDs. Determining the mechanisms by which chemical exposure alters these neural circuits is a key step 

to assessing environmental chemicals' potential to contribute to the development and sex bias of NDDs. 

 This study focuses on a flame retardant called Firemaster 550 (FM 550) and the exposure-related 

effects on behavioral and neurobiological systems related to social processes. Exposure to FM 550 is 

widespread, and there is growing evidence of endocrine disruption and sex-specific behavioral effects in 

rats and zebrafish. However, the impact on social behaviors due to FM 550 exposure is severely 

understudied. My dissertation uses the prairie vole (Microtus ochrogaster) to investigate the effects of 

FM 550 exposure on various behavioral endophenotypes within the social processes RDoC domain. The 

vole is a prosocial species that display complex social behaviors like humans and is a valuable animal model 

in neurotoxicology studies. Given the importance of social cognition as a primary human function and 

social deficits are common in NDDs, these studies were conducted to test the hypothesis that social brain 

processes may be a critical target of Firemaster 550. 

 Vole exposure to human-relevant concentrations of FM 550 occurred from gestation throughout 

weaning. A battery of tasks was employed to determine the various behavioral effects and included open 

field, sociability, social preference, novel object recognition, and partner preference. Observations 

included increased anxiety, decreased sociability, and impaired social bonding and memory were 

observed in adult offspring. Sex-specific exposure effects on pair bonding were exhibited with heightened 

attachment in females and a lack of partner preference in males. This exposure also disrupted vasopressin 

and dopamine signaling with sex-specific effects on hypothalamic neuron populations. To explore the 



 

 

combined effects of FM 550 and other early life stressors, behavior of exposed voles that lack paternal 

care was observed in open field, sociability, and partner preference tests. The combined effects of 

exposure and paternal deprivation were not found to be exacerbated and were predominately driven by 

FM 550 exposure. In addition, FM 550 appeared to ameliorate the impacts of paternal deprivation on 

partner preference behaviors in both sexes. Overall, work within this dissertation demonstrates that FM 

550 exposure during early life neurodevelopment has long-lasting effects on behavior in adulthood. These 

studies reveal how sex can interact with environmental exposures to elicit a range of altered 

socioemotional behaviors. These findings are key to determining the mechanisms by which social behavior 

is vulnerable to chemical insult and how environmental chemical exposure may be contributing to the risk 

of NDDs. 
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Chapter 1 

Introduction 

Rise of Prevalence of Neurodevelopmental Disorders 

 The overarching goal of this dissertation is to understand how developmental exposure to 

chemicals impacts social behavior and may contribute to the risk of autism spectrum disorder (ASD) and 

other neurodevelopmental disorders (NDDs). Globally, the prevalence of NDDs has risen over the past 

decades. Chemical exposures have been implicated as an environmental risk factor. Epidemiology studies 

have linked developmental exposure to flame retardants (FRs), air pollution, pesticides, lead, and other 

environmental pollutants with a higher risk of ASD, attention deficit hyperactivity disorder (ADHD), 

cognitive deficits, and other impairments [1-4]. This dissertation focuses on an emerging flame retardant 

mixture, called Firemaster 550 (FM 550), used in many household products with widespread human 

exposure. FM 550 is an alternative replacement for the legacy FR, polybrominated diphenyl ether (PBDE), 

which has been phased out of production due to developmental neurotoxicity [5-8]. Very little is known 

about the mechanisms by which FM 550 contributes to NDDs and is the scientific rationale for my 

dissertation. 

Currently, NDDs are classified and diagnosed using the Diagnostic and Statistical Manual of Mental 

Disorders (DSM) based on groups of signs and symptoms [9, 10]. As a result, many mental disorders are 

heterogeneous syndromes with wide-ranging symptoms and lacking any unifying underlying 

pathophysiological mechanism. Furthermore, NDD symptoms are often observed in multiple disorders 

resulting in the high prevalence of psychiatric comorbidities [11]. The heterogeneity problem is a common 

criticism of symptom-based diagnosis and categorization of psychiatric disorders and is a critical obstacle 

in experimentally linking chemical exposure to any NDDs etiology.  

Autism spectrum disorder (ASD) is a classic example of a heterogeneous syndrome, and symptoms 

are highly variable in severity and presentation across individuals [12]. ASD is not a single disease entity 

ōǳǘ ŀ ǎǇŜŎǘǊǳƳ ƻŦ ŘƛǎƻǊŘŜǊǎΦ /ǳǊǊŜƴǘƭȅΣ ǘƘŜǊŜ ŀǊŜ ŦƛǾŜ ǇǊƛƳŀǊȅ ǘȅǇŜǎΥ !ǎǇŜǊƎŜǊΩǎ ǎȅƴŘǊƻƳŜΣ wŜǘǘ ǎȅƴŘǊƻƳŜΣ 

ŎƘƛƭŘƘƻƻŘ ŘƛǎƛƴǘŜƎǊŀǘƛǾŜ ŘƛǎƻǊŘŜǊΣ YŀƴƴŜǊΩǎ ǎȅƴŘǊƻƳŜΣ ŀƴŘ ǇŜǊǾŀǎƛǾŜ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŘƛǎƻǊŘŜǊ- not 

otherwise specified [13]. ASD etiology includes various genetic and environmental risk factors. For 

example, Rett syndrome is a rare genetic disorder caused by an X-linked mutation of methyl CpG-binding 

ǇǊƻǘŜƛƴ н όa9/tнύ ƛƴ Ƴƻǎǘ ŎŀǎŜǎΦ Lǘ Ƙŀǎ ŀ ŦŜƳŀƭŜ ǎŜȄ ōƛŀǎ ŘǳŜ ǘƻ ǘƘŜ ƳǳǘŀǘƛƻƴΩǎ ƭŜǘƘŀƭƛǘȅ ƛƴ ƳŀƭŜǎ [14, 15]. 

Restricted and repetitive behavior (RRBs) is a core diagnostic feature of ASD [16], and regulation involves 
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the corticostriatal circuits (CSC). While the structural variation in CSC development is predominately 

genetically mediated, twin studies have shown frontal lobe grey matter's increased vulnerability to 

environmental factors. They may be associated with the heterogeneity of RRB in children with ASD [17, 

18].  Additionally, male bias prevalence ASD and sex differences in phenotypic presentation suggest the 

involvement of sex-specific biological factors [19]. Identifying the mechanisms in which genetic, 

environmental, and sex-specific factors impact neurodevelopment and their interactions are essential to 

understanding the vast diversity of cognitive-behavioral phenotypes of NDDs.  

Establishing causality of specific chemical exposure to an NDD is difficult because of the variation 

in the presentation of clinical symptoms, which may derive from different neurobiological mechanisms. 

In 2009, the National Institute of Mental Health (NIMH) initiated the Research Domain Criteria (RDoC) 

project to provide an alternative research framework for studying mental disorders and 

psychopathologies [20]. RDoC is based on quantitative and observable dimensions of behavior and 

neurobiological function. RDoC conceptualizes mental disorders as heterogeneous dysregulations of 

normal brain functions. Unlike the symptom-based categorical approach to determining etiology, RDoC 

offers a new way of characterizing similar mechanisms for disruption across multiple disorders without 

diagnostic specificity. The RDoC framework is organized in a 2-dimensional matrix containing six primary 

domains of human functioning: negative valence, positive valence, cognitive systems, social processes, 

arousal/regulatory, and sensorimotor systems (Fig 1). Within each domain are psychophysiological 

constructs that several units of analysis can measure. The RDoC framework integrates genetic, behavioral, 

neurobiological, and environmental components to yield biosignatures associated with dysregulated 

functions. This dissertation will use the RDoC approach to characterize FM 550 impacts on behavior and 

neurodevelopment across multiple domains. These behavioral and neurological biosignatures will provide 

valuable insight into how FM 550 exposure may be contributing to neurobehavioral disorders. In addition, 

these biosignatures may serve as a guide for screening chemicals for neurodevelopmental effects. 
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Fig 1. RDoC matrix and known behavioral effects of FM 550 exposure.  

Social Behavior as a Target for FM 550 Neurotoxicity 

 There is growing evidence that FM 550 and its components can be developmentally neurotoxic, 

impacting numerous RDoC domains (Fig 1). Work in rodents and zebrafish have repeatedly shown FM 550 

exposure affects positive and negative valence behaviors such as hyperactivity, anxiety, and exploration 

[21-24]. FM 550 rats displayed elevated OCD-like behaviors in the marble-burying test and impaired novel 

object recognition, impacting cognitive memory and control [23]. Zebrafish and flatworm studies found 

perceptual signaling and sensorimotor processing to be impaired by FM 550 [24]. Increased running wheel 

activity and shifts in peak activity in exposed rats indicate altered reward, motivation, and circadian 

rhythm [21, 23]. Collectively, these behavioral studies support FM 550 exposure as a potential risk factor 

for NDD. Expanding upon these findings, my studies fill the void of social behavioral effects within the FM 

550 literature (Fig 1, highlighted in yellow). 

Social cognition impairment is a defining and core diagnostic feature for ASD, general social 

anxiety disorder, and many NDDs. Firemaster 550 effects are frequent comorbidities of social deficits, like 

elevated anxiety and cognitive impairments, suggesting social behavior may be a potential target. Before 

my work, aspects of the social domain had been explored in a single study that found decreased shoaling 

behavior in FM 550 exposed zebrafish [24]. Shoals are social groups of zebrafish that provide foraging and 



4 

 

predator avoidances advantages [25]. Despite the standard utility of the zebrafish model for 

ƴŜǳǊƻōŜƘŀǾƛƻǊŀƭ ǎǘǳŘƛŜǎΣ ǘƘŜ ŀǳǘƘƻǊ ŀŎƪƴƻǿƭŜŘƎŜǎ ǘƘŜ ƭƛƳƛǘŀǘƛƻƴ ƻŦ ǘƘŜ ǎǇŜŎƛŜǎΩ ǎƻŎƛŀƭ ŎƻƎƴƛǘƛƻƴ ŀōƛƭƛǘƛŜǎ 

to provide information about sociability and affiliation [24]. Like rodents and zebrafish, most traditional 

laboratory models lack the richness and complexity in social behaviors like humans. This poses a critical 

obstacle to experimentally testing for potential links between early life chemical exposures and effects on 

human-like social behavior.  

The Prairie Vole as a Model Organism for Social Behavior 

My dissertation uses the prairie vole (Microtus ochrogaster) to investigate the effects of FM 550 

exposure on various behavioral endophenotypes within the social processes RDoC domain. The prairie 

vole is a prosocial animal model used for decades in the neurosciences to explore the biological basis of 

social cognition, affiliation, and communication and the etiology of social disorders like ASD [26, 27]. 

Decades of transformative work in the prairie vole and related species have linked prosocial traits to the 

oxytocin/vasopressin (OT/AVP) system and its interactions with serotonergic and mesolimbic dopamine 

pathways [26, 27]. Voles display complex social behavior such as paternal care, alloparental care, social 

bonding, pair bonding, and empathy. The vole model allows researchers to study various constructs within 

the social domain that is often unattainable in other animal models.  For example, the social preference 

task can assess social attachment to a familiar animal, and pair-bonding can be measured with the partner 

preference test.  

Multiple mechanisms have been identified to be disrupted by FM 550, including thyroid and 

serotonin signaling, neurotransmitter activity, and placental function, all of which have been implemented 

in the social process [30]. Very little is known about FM 550 exposure effects on social behavior and the 

underlying neural circuits within an animal model that shares similar social complexity as humans. 

Furthermore, the voles serve as a unique model to investigate the interaction between chemical exposure 

and other environmental factors, like social stressors, since prior studies demonstrate a similar sensitivity 

to poor parental care, bullying, and social isolation [31]. Understanding the mechanisms by which FM 550 

elicits social deficits will provide valuable insight into FM 550 contribution to the risk of NDDs with 

impaired social cognition like ASD and social anxiety disorder. 

Overview of research aims 

 The objective of this disseration was to test the hypothesis that perinatal FM 550 exposure can 

alter socioemotional behavior and ƴŜǳǊƻŘŜǾŜƭƻǇƳŜƴǘ ƛƴ ǇǊŀƛǊƛŜ ǾƻƭŜǎΦ /ƘŀǇǘŜǊ нΣ ǘƛǘƭŜŘ ά{ŜȄ-specific 
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effects of perinatal Firemaster 550 (FM 550) exposure on socioemotional behaǾƛƻǊ ƛƴ ǇǊŀƛǊƛŜ ǾƻƭŜǎΣέ ƛǎ ŀ 

published manuscript in which exposure-related effects on behavioral hallmarks of ASD were assessed 

using a battery of behavioral tests. This study recapitulated FM 550 impact on anxiety and cognitive 

function observed in rats and expanded to include increased social anxiety and altered social attachment. 

/ƘŀǇǘŜǊ о ƛǎ ŎƻƳǇǊƛǎŜŘ ƻŦ ŀ ǇǳōƭƛǎƘŜŘ ƳŀƴǳǎŎǊƛǇǘ ǘƛǘƭŜŘ ά{ŜȄ-specific disruption of the prairie vole 

ƘȅǇƻǘƘŀƭŀƳǳǎ ōȅ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŜȄǇƻǎǳǊŜ ǘƻ ŀ ŦƭŀƳŜ ǊŜǘŀǊŘŀƴǘ ƳƛȄǘǳǊŜΣέ ƛƴ ǿƘich we label neuron 

populations within the social neural network to identify possible mechanisms by which FM 550 alters 

neurodevelopment resulting in social deficits in adulthood. This is the only study exploring the OT, AVP, 

and DA pathways as potential targets for FM 550 disruption. The sex-specific neuroanatomical effects may 

be associated with the sex differences in the phenotypic presentation in children with ASD. Chapter 4 is a 

ƳŀƴǳǎŎǊƛǇǘ ǳƴŘŜǊ ǊŜǾƛǎƛƻƴ ǘƛǘƭŜŘ άLƴŘƛǾƛŘǳŀƭ ŀƴŘ ŎƻƳōƛƴŜŘ ŜŦŦŜŎǘǎ ƻŦ ǇŀǘŜǊnal deprivation and 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ŜȄǇƻǎǳǊŜ ǘƻ CƛǊŜƳŀǎǘŜǊ ррл ƻƴ ǎƻŎƛƻŜƳƻǘƛƻƴŀƭ ōŜƘŀǾƛƻǊ ƛƴ ǇǊŀƛǊƛŜ ǾƻƭŜǎΣέ ƛƴ ǿƘƛŎƘ ǿŜ ǘŜǎǘ 

the hypothesis that an early life social stressor would exacerbate FM 550 exposure behavioral deficits. 

This study explores the gene-environmental interactions between sex, chemical exposure, and paternal 

care to determine driving factors for behavioral outcomes. Chapter 5 describes an unpublished study in 

which we applied a multivariate factorial analysis to expand upon our findings in Ch 2 and holistically 

analyze FM 550 effects on multiple behavioral endpoints. Chapter 5 also acknowledges any limitations 

within these studies and discusses potential directions and predictions for future studies.  

Overall, work within this dissertation demonstrates that FM 550 exposure during early life 

neurodevelopment has long-lasting effects on behavior in adulthood. These results expand our prior 

knowledge of FM 550 behavioral effects to include social deficits and validate the use of prairie voles as a 

model organism to explore social effects in neurotoxicological studies. Regarding the RDoC approach, this 

research will undoubtedly serve as a behavioral-phenotype foundation for future studies to evaluate the 

mechanisms of FM 550 disruption on social brain development. Data from these future mechanistic 

studies could be incorporated into the factorial analysis described in Ch 5 to identify specific neural circuits 

associated with behavioral outcomes.  This knowledge would provide valuable insight into how chemical 

exposure can dysregulate these neural systems resulting in a deviation from normal behavior observed in 

numerous NDDs.  

  



6 

 

References 

1. Patisaul, H.B. and S.M. Belcher, Endocrine Disruptors, Brain, and Behavior. Oxford Series in 

Behavioral Neuroendocrinology. 2017: Oxford University Press. 

2. Gore, A.C., K. Krishnan, and M.P. Reilly, Endocrine-disrupting chemicals: Effects on neuroendocrine 

systems and the neurobiology of social behavior. Horm Behav, 2019. 111: p. 7-22. 

3. Moosa, A., et al., Are endocrine disrupting compounds environmental risk factors for autism 

spectrum disorder? Horm Behav, 2018. 101: p. 13-21. 

4. Landrigan, P.J., What causes autism? Exploring the environmental contribution. Curr Opin Pediatr, 

2010. 22(2): p. 219-25. 

5. van der Veen, I. and J. de Boer, Phosphorus flame retardants: Properties, production, 

environmental occurrence, toxicity and analysis. Chemosphere, 2012. 88(10): p. 1119-1153. 

6. Stapleton, H.M., et al., Flame retardant associations between children's handwipes and house 

dust. Chemosphere, 2014. 116: p. 54-60. 

7. Stapleton, H.M., et al., Alternate and New Brominated Flame Retardants Detected in U.S. House 

Dust. Environmental Science & Technology, 2008. 42(18): p. 6910-6916. 

8. De Felice, A., et al., Multifactorial Origin of Neurodevelopmental Disorders: Approaches to 

Understanding Complex Etiologies. Toxics, 2015. 3(1): p. 89-129. 

9. Feczko, E., et al., The Heterogeneity Problem: Approaches to Identify Psychiatric Subtypes. Trends 

Cogn Sci, 2019. 23(7): p. 584-601. 

10. Wong, E.H.F., et al., Challenges and opportunities for drug discovery in psychiatric disorders: the 

drug hunters' perspective. International Journal of Neuropsychopharmacology, 2010. 13(9): p. 

1269-1284. 

11. van Loo, H.M. and J.-W. Romeijn, Psychiatric comorbidity: fact or artifact? Theoretical Medicine 

and Bioethics, 2015. 36(1): p. 41-60. 

12. Hassan, M.M. and H.M.O. Mokhtar, Investigating autism etiology and heterogeneity by decision 

tree algorithm. Informatics in Medicine Unlocked, 2019. 16: p. 100215. 

13. Lauritsen, M.B., Autism spectrum disorders. European Child & Adolescent Psychiatry, 2013. 22(1): 

p. 37-42. 

14. Weaving, L., et al., Rett syndrome: clinical review and genetic update. Journal of medical genetics, 

2005. 42(1): p. 1-7. 

15. Zoghbi, H., Genetic Aspects of Rett Syndrome. Journal of Child Neurology, 1988. 3(1_suppl): p. 

S76-S78. 



7 

 

16. Mazzone, L. and B. Vitiello, Psychiatric symptoms and comorbidities in autism spectrum disorder. 

2016: Springer. 

17. Lewis, M.H., et al., Animal models of restricted repetitive behavior in autism. Behavioural Brain 

Research, 2007. 176(1): p. 66-74. 

18. Hegarty, J.P., et al., Genetic and environmental influences on corticostriatal circuits in twins with 

autism. Journal of Psychiatry and Neuroscience, 2020. 45(3): p. 188. 

19. Werling, D.M. and D.H. Geschwind, Sex differences in autism spectrum disorders. Current Opinion 

in Neurology, 2013. 26(2). 

20. RDoC and ASD, in Encyclopedia of Autism Spectrum Disorders, F.R. Volkmar, Editor. 2021, Springer 

International Publishing: Cham. p. 3840-3840. 

21. Baldwin, K.R., et al., Sex Specific Placental Accumulation and Behavioral Effects of Developmental 

Firemaster 550 Exposure in Wistar Rats. Scientific reports, 2017. 7(1): p. 7118-7118. 

22. Patisaul, H.B., et al., Accumulation and endocrine disrupting effects of the flame retardant mixture 

Firemaster® 550 in rats: an exploratory assessment. Journal of biochemical and molecular 

toxicology, 2013. 27(2): p. 124-136. 

23. Witchey, S.K., et al., Perinatal exposure to FireMaster® 550 (FM550), brominated or 

organophosphate flame retardants produces sex and compound specific effects on adult Wistar 

rat socioemotional behavior. Horm Behav, 2020. 126: p. 104853. 

24. Bailey, J.M. and E.D. Levin, Neurotoxicity of FireMaster 550® in zebrafish (Danio rerio): Chronic 

developmental and acute adolescent exposures. Neurotoxicology and Teratology, 2015. 52: p. 

210-219. 

25. Facciol, A. and R. Gerlai, Zebrafish Shoaling, Its Behavioral and Neurobiological Mechanisms, and 

Its Alteration by Embryonic Alcohol Exposure: A Review. Frontiers in Behavioral Neuroscience, 

2020. 14. 

26. Modi, M.E. and L.J. Young, The oxytocin system in drug discovery for autism: animal models and 

novel therapeutic strategies. Hormones and behavior, 2012. 61(3): p. 340-350. 

27. McGraw, L.A. and L.J. Young, The prairie vole: an emerging model organism for understanding the 

social brain. Trends in Neurosciences, 2010. 33(2): p. 103-109. 

28. Sullivan, A.W., et al., A novel model for neuroendocrine toxicology: neurobehavioral effects of BPA 

exposure in a prosocial species, the prairie vole (Microtus ochrogaster). Endocrinology, 2014. 

155(10): p. 3867-3881. 



8 

 

29. Rebuli, M.E., et al., Sex differences in microglial colonization and vulnerabilities to endocrine 

disruption in the social brain. General and comparative endocrinology, 2016. 238: p. 39-46. 

30. Sadamatsu, M., et al., Review of animal models for autism: implication of thyroid hormone. 

Congenital Anomalies, 2006. 46(1): p. 1-9. 

31. Tickerhoof, M.C., et al., Regulation of defeat-induced social avoidance by medial amygdala DRD1 

in male and female prairie voles. Psychoneuroendocrinology, 2020. 113: p. 104542. 

 

 



9 

 

 

CHAPTER 2 

Sex-Specific Effects of Perinatal FireMaster® 550 (FM 550) Exposure on Socioemotional Behavior in 

Prairie Voles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter exists in published form: Gillera SEA, Marinello WP, Horman BM, Phillips AL, Ruis MT, 

Stapleton HM, Reif DM, Patisaul HB. Sex-specific effects of perinatal FireMaster® 550 (FM 550) exposure 

on socioemotional behavior in prairie voles. 



10 

 



11 

 



12 

 



13 

 



14 

 



15 

 



16 

 



17 

 



18 

 



19 

 



20 

 



21 

 



22 

 



23 

 



24 

 



25 

 



26 

 



27 

 



28 

 



29 

 


