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ABSTRACT

My dissertation investigates how stressful experiences induce neural and phenotypic plasticity in zebrafish and Syrian hamsters. Environmental stressors such as chemical pollution have been identified as the primary risk to health worldwide, and induce widespread changes in organism behavior, physiology, and neural systems. Reactivity to stressors differs between individuals and populations, suggesting that individuals vary in their stress coping strategies and their susceptibility to the negative consequences of stress. Social experience such as juvenile social play or social dominance status in a dominance hierarchy can modify how individuals respond to stressors and is associated with altered experience-dependent neural plasticity. This dissertation assessed differences in stress reactivity and the neural plasticity that may be driving these individual differences in two model species for toxicology and social stress research across four aims. The first aim asked how exposure to cadmium toxicity affects group decision-making and social behavior in zebrafish. The second aim categorized behavioral and physiological variation between two wild populations of zebrafish from environments with differing ecological factors. Aim three asked how juvenile social play in Syrian hamsters promotes resistance to social stressors and alters neural plasticity in the ventromedial prefrontal cortex and basolateral amygdala. The fourth aim investigated how social dominance encounters generate plasticity in a medial amygdala to bed nucleus of the stria terminalis pathway that may promote stress resistance. My findings highlight the myriad ways external stressors disrupt species-typical behavior. Further, I show that both juvenile social play experience and achieving a dominant social status in adulthood promotes stress resistance.
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[bookmark: _Toc164852928]1. Overview
	My dissertation investigates how stressful experiences induce neural and phenotypic plasticity in both zebrafish (Danio rerio) and Syrian hamsters (Mesocricetus auratus). Myriad external challenges can constitute stressors to organisms, including ecological and toxicological variables in an individual’s environment 1–5, and adverse social experience 6–9. These environmental stressors induce plasticity in behavioral, physiological, and neural systems 7,8,10–16. Previous research has documented differences in stress reactivity between individuals and populations, which suggests individuals vary in their stress coping strategies and their susceptibility to the negative consequences of stress 3,10,17–19. To assess these individual and population-level differences in stress reactivity this dissertation evaluates both short-term and long-term responses to multiple stressors in zebrafish (Danio rerio) and Syrian hamsters (Mesocricetus auratus), two model species for toxicology and social stress research 9,20–23. The stressors investigated include chemical toxicity (Chapter 2), anthropogenic influence in natural environments (Chapter 3), social play deprivation (Chapter 3), and social defeat (Chapter 4). 
[bookmark: _Toc164852929]1.1. Stress and Homeostasis
“Homeostasis”, as first defined in 1932, was a term used to describe the phenomena that physiological variables such as blood pressure and intracellular osmolarity have optimal set points, and that deviations from this set point induce physiological responses to return the body to baseline 24,25. In 1950 the term “stress” was first applied to biology and was defined as a non-specific physiological response to a noxious stimulus 26. The concepts of homeostasis and stress were linked to specify “stressors” as a stimulus that threatens homeostasis, while a “stress response” was the body’s reaction to restore homeostasis 13. While stressors were initially viewed as a general challenge to homeostasis that evoked a corticosteroid response, further research found that different stressors induced different neuronal, neuroendocrine, and behavioral responses, indicating the existence of multiple physiological processes by which organisms respond to stressors 27–30.
The term “allostasis” was established to describe an organism’s capacity to maintain homeostasis by adjusting physiological set points to stressors 30–33. Allostasis is thus an adaptive process by which neuroendocrine and sympathetic nervous system activity works to maintain homeostasis 34,35. These allostatic responses can include neuroendocrine, physiological, and behavioral actions that provide both short-term and long-term benefits to the organism by promoting adaptation and survival 35,36. Individuals within populations vary in both their homeostatic set points and their allostatic responses when experiencing stress, which produces considerable variation in how individuals respond to stressors 17. 
“Allostatic load” refers to the cumulative burden of chronic stress and highlights the negative physiological consequences of continuous allostatic responses 30,31,37. A high allostatic load is characterized by neuroendocrine plasticity that produces ‘wear and tear’ on the body and impairs the ability to maintain homeostasis to future stressors. High allostatic load can be caused by exposure to chronic stress, lack of adaptation to stressors, continual expression of stress responses in the absence of a stressor, or allostatic responses that are insufficient to return the organism to homeostasis 36,38.
	Stressors vary widely, and can include myriad external environmental sources, including ecological stressors such as temperature changes, oxygen levels, and exposure to toxic pollutants 1,11,39–41. Likewise, an individual’s social environment can also function as a stressor, such as situations involving social isolation, social crowding, and aggression 6–8,42–45.  These stressors produce widespread changes in morphology, neuronal structure and function, and behavior. 6,8,9,12,14,15,23,46–50. While some of these changes may represent adaptive allostatic responses, organisms are often unable to adapt to chronic and severe stressors and these stress-induced changes in physiology and behavior can have deleterious effects on health and fitness 1,18,51–53.
	Organisms employ myriad coping strategies to mitigate the deleterious effects of stress, and these strategies vary between individuals 19,54,55 and species. These coping strategies include changes in behavioral, physiological, and neuroendocrine responses such as risk aversion, learning, and up- or down-regulation of corticosteroids 3,10,19,54,55. These behavioral and physiological responses are linked whereby stress coping behaviors alter physiological responses, and these physiological responses produce behavioral changes 3,6,17,23,56. For example, engaging in proactive stress coping behaviors decreases basal cortisol levels in aging humans 57. Conversely, Atlantic salmon with reactive stress coping behaviors showed higher post-stress plasma cortisol levels than proactive copers 58. Emerging research suggests that individual differences in coping strategies can alter individuals’ resilience and susceptibility to stressors 59–63. For example, mice that show more escape behaviors on the first day of a chronic social defeat stress paradigm are more likely to be susceptible to stress 61. Further, a strain of zebrafish with reactive stress coping strategies acquire fear memories faster and maintain them longer than a strain of zebrafish with proactive coping strategies 62. Such differences in stress resilience may be associated with experience-based neural plasticity. Overall, this dissertation characterizes behavioral, morphological, and neuronal responses to environmental stressors, and explores the mechanisms by which some individuals exhibit stress resilience.
[bookmark: _Toc164852930]1.2. Environmental Stressors Induce Individual Phenotypic Plasticity
	Anthropogenic change poses a devastating and ubiquitous stressor across taxa by causing rapid and deleterious changes in natural environments 1,41,64,65. These changes produce gradients of environmental challenges that impact organisms across a myriad of endpoints such as changes in physiology, neuroendocrine function, and behavior 4,40,52,66,67. The complexity of anthropogenic change as a stressor is exemplified by the many types of environmental challenges that comprise the term. To focus on a specific type of anthropogenic change, this dissertation investigates responses to chemical pollutants and phenotypic changes between populations with differing environmental gradients.
	Anthropogenic climate change is one of the most salient consequences of human impact and is projected to become the leading cause of biodiversity loss 68,69. Increased temperatures in an organism’s environment pose a considerable risk to organism fitness by downregulating gonadal steroid hormones 70–75 and increasing corticosteroid activity 76–78, which thereby impairs neural activity and sexual behavior, and can alter sex ratios. Climate change is also driving rapid physiological changes in organisms 79–83, including changes in body mass and growth rate 83–94. These hormonal and physiological changes also induce behavioral plasticity including alterations in motor activity 95–99, aggression 95,97,100, social behavior 95,98,101–103, and anxiety-like behavior 96,104–107.
	Pollution has been identified as the greatest risk to human and environmental health and contributes to 16% of annual deaths worldwide 1. Despite these known risks, pollution rates continue to rise. Global production of human-engineered chemicals has increased from 1 million to 400 million tons per year between 1930 and 2000 108. About 75% of these anthropogenic chemicals have adverse environmental impacts, but most are not regulated 108–111. Further, over 140 million tons of petroleum-based polymers are produced annually to manufacture plastic products, but only 3.1% of these products are recovered and recycled 112,113. Consequently, chemical and plastic pollutants have become ubiquitous in natural environments, entering water and soil through wastewater, landfill, and agricultural activity 114–120. Chemical and plastic pollutants can function as endocrine disruptors that modify physical development 121–131,  alter motor activity 121,132,133, increase anxiety-like behavior 134–138, impair learning & memory 134,139, and diminish affiliative social behaviors 140–142 while increasing aggression 143–145. These changes are caused by the neurotoxic effects of these pollutants, which act via several mechanisms including acetylcholinesterase inhibition 138,146–149, perturbation of neuropeptide systems 133,137,150,151,  activation of corticosteroid receptors 134,137,152,153, and estrogenergic properties that disrupt androgen and estrogen synthesis 123,154–157. Some chemical contaminants such as cadmium have also been linked to disease formation 158,159, cognitive impairments 158, and increased aggression 160. Cadmium toxicity is particularly concerning as the biological half-life of cadmium can reach decades, highlighting a critical need to assess the deleterious effects of cadmium toxicity 161.
[bookmark: _Toc164852931]1.3. Social Stress
While living in a social group can provide several benefits 162–165, an organism’s social environment can also function as a stressor. Social stress can come in many forms including competition for territory and limited access to reproductive partners and food resources 166,167. When access to resources can be monopolized in group-living animals, dominance hierarchies are often established to dictate individual access to resources and promote social stability 168,169. The social relationships between individuals within populations are often dependent on the context of social interactions and the individuals’ social rank 166. Differences in social rank and social context can influence health outcomes and stress susceptibility by producing alterations in neuroendocrine, physiological, and immune functions. In rodents, chronic social subordination impairs immune function by decreasing lymphocyte proliferation, granulocytosis, and lymphopenia, while increasing tumor induction and progression 170. In both rodents and primates, subordinate individuals also tend to have higher basal corticosteroids and lower corticosteroid binding globulins than dominants, while dominants express greater circulatory androgens 166. However, exceptions to these patterns have been observed depending on the types of social relationships within groups. For example, corticosteroids are elevated in primates that consistently receive high rates of aggression, and dominants have greater testosterone levels in groups with stable, but not unstable, dominance hierarchies 171. Similarly, subordinate mice show greater corticosteroids than dominants only in groups with despotic hierarchies 172. These neuroendocrine changes appear to drive behavioral outcomes associated with dominance status such that dominant individuals exhibit stress resilience and more aggression in future encounters, while subordinates are susceptible to stress and more submissive in future encounters 166,173. However, the extent to which dominance rank impacts stress vulnerability depends on the social context of the group. 
Social defeat is a common laboratory approach in rodent models of social stress. In social defeat paradigms subjects are exposed to larger, aggressive individuals in which they receive attacks and submit to the aggressor 174–176. Rodent models of social defeat stress utilize a series of aggressive encounters and quantify changes in fear & anxiety behavior, and stress-associated biomarkers such as corticosteroids and neural activity in stress-sensitive brain regions 166,175,176. In both rodents and non-human primates, social defeat induces robust corticosteroid responses and causes long-term changes in fear and anxiety 22,166,177. Although humans do not experience social defeat in the same way as rodents, traumatic social stress comes in the form of bullying, sexual assault, physical trauma, and violence 177–179. Social experience, including social rank within dominance hierarchies, can modulate how individuals respond to social defeat stress, providing an opportunity to investigate experience-dependent changes in stress resilience and susceptibility 9,23,44,180.	
Early life stressors have also been shown to affect how individuals respond to stressors later in life. While peer isolation and deprivation of social play during development does not appear to directly increase corticosteroids, play deprivation can potentiate the effects of stress in adulthood 181–183. The increased stress response in adulthood is likely caused by impaired neuronal and social development that results from adolescent play deprivation 183,184. In addition to behavioral effects, social isolation and deprivation of social play during adolescence causes structural plasticity in many brain regions including the medial prefrontal cortex (mPFC) 185,186. Play deprivation diminishes neurogenesis while inducing cell apoptosis and changes in dendritic morphology compared to individuals with access to social play as juveniles 8,183,187,188. Play-deprived rats also exhibit impaired development of coping behaviors while showing increased plasma corticosteroids and adrenaline following social defeat stress in adulthood compared to controls 182. Interestingly, even territorially aggressive, non-gregarious, animals such as Syrian hamsters exhibit social play in adolescence and are considered one of the most playful murine rodents 189. Hamsters deprived of play during adolescence exhibit increased submissive behavior and social avoidance following social defeat stress, indicating that social play deprivation increases stress susceptibility in hamsters 187. Social play deprivation also increases aggression in adult male hamsters compared to controls, while it decreases aggression in adult females, suggesting that social play is necessary for species-typical territorial aggression 187,190. This dissertation aimed to identify markers of mPFC plasticity that may drive play deprivation-induced deficits in stress resilience.
[bookmark: _Toc164852932]1.4. Social Isolation Alters Prefrontal Cortex Plasticity
The mPFC is a highly interconnected brain region containing distinct subregions including the prelimbic and infralimbic cortices 191. In mammals the mPFC is divided into six distinct layers (I-VI), with layer I being the most medial and VI the most lateral layer. Traditionally, layers II/III and V/VI contain pyramidal neurons with apical dendrites that project to layer I, while later IV is considered a thalamic input layer 192–195 . The mPFC also contains many different types of GABAergic interneurons that exert inhibitory control over pyramidal neurons and thus modulate projections to downstream targets 180,196–199. These efferent mPFC projections govern a myriad of functions including memory and decision-making 200, emotional processing 201, reward 202, aggression 203,204, learned helplessness and depressive-like behaviors 205–207, and stress resilience and coping 180,197,208,209.
The mPFC governs these functions through several different projection pathways. In rodents, activation of mPFC neurons that project to the mediobasal and lateral hypothalamus increase the expression of aggressive behaviors including biting 186,210,211. The mPFC also exhibits inhibitory control over corticosteroid release via indirect projections to the paraventricular nucleus of the hypothalamus through the bed nucleus of the stria terminalis (BNST)209,212,213. Similarly, mPFC projections to the basolateral amygdala (BLA) play a critical role in attenuating responses to fear and social stress 180,197,214–217. mPFC regulation of social stress responses is primarily governed by GABAergic interneuron microcircuits whereby somatostatin interneurons suppress firing of parvalbumin interneurons to disinhibit pyramidal neurons and increase mPFC output to downstream targets, including the BLA 218.
In rodents, stressful stimuli including social isolation induces myriad changes in mPFC connectivity and functionality including altered dendritic morphology 185, a reduction in synaptic plasticity proteins 219, decreased glial cell density 186, altered excitatory glutamate responses to stressors 185, and reduced pruning of pyramidal neuron apical dendrites 188,220–222. Social deprivation during early life and adolescence contributes to dysregulated development of mPFC circuits that may underlie behavioral disruptions in adulthood. Male mice exposed to two weeks of post-weaning isolation show diminished neuronal activity in a mPFC to paraventricular thalamus pathway during social exposure in adulthood, which suggests that early-life social experience is critical for the development of neural pathways governing responses to social stimuli 223 . In Syrian hamsters, deprivation of social play during adolescence increases the length and number of branch points of apical dendrites in mPFC pyramidal neurons, which suggests social play is required for typical dendritic pruning during adolescence 188. Given the wider role of the mPFC in regulating agonistic and stress-related behaviors and the behavioral disruptions observed in socially isolated and play-deprived animals, it is likely that these morphological changes within the mPFC may be causal drivers of these behavioral disruptions. 
[bookmark: _Toc164852933]1.5. Social Dominance Status Modulates Stress Reactivity
	Individuals vary in their response to stressors whereby acute stressful experience produces long-lasting changes in stress-related behavior in some, but not all individuals. While 9 out of 10 people will experience a traumatic stressor during their lifetime, only 1 in 10 of these individuals will develop post-traumatic stress disorder, indicating individual differences in coping ability and stress resilience 224. Here we use resilience to refer to individuals that exhibit a rapid recovery from stress on one or more measures, while we use susceptibility to refer to individuals that show sustained negative outcomes 224–226. Stress resilience is considered an active and adaptive process 227 that is mediated by changes in experience-based neuronal plasticity, while susceptibility is indicative of a maladaptive response that is characterized by poor recovery from stress 224,225. While stress resilience refers to a rapid recovery from stress, stress resistance rather refers to individuals that do not develop negative effects from stress. Most rodent models of stress do not delineate the time course of stress recovery, which makes it difficult to distinguish between stress resilience and resistance. As such, this dissertation will use the term resilience for consistency and clarity.
	Social experience is known to contribute to individual differences in stress reactivity. Social status within a dominance hierarchy often modulates stress reactivity whereby dominant individuals exhibit stress resilience and subordinate individuals exhibit stress susceptibility 6,23,44,51. These differences in stress reactivity have been associated with social status-dependent differences in basal corticosteroid and androgen levels. For example, subordinate wild male olive baboons typically exhibit higher basal cortisol and lower basal testosterone compared to their dominant counterparts 228. However, the effects of dominance status on stress reactivity can vary broadly based on a variety of factors including resource access, maintenance of dominance, hierarchy stability, subordinate coping strategies, and species-specific breeding strategies 51. As such, the precise mechanisms driving experience-dependent changes in stress reactivity are likely more complex than status-dependent corticosteroid and androgen levels and may instead be based on plasticity within select neural circuits. It is thus necessary to characterize stress-induced changes in select neural ensembles that may mediate the effects of social experience on stress reactivity. 
	Syrian hamsters are an established model organism for investigating social stress and stress reactivity 229. Male and female Syrian hamsters are highly territorial and aggressive animals that readily form dominance relationships 44. In the laboratory, hamsters form dyadic dominance relationships when two individuals are repeatedly paired in a resident-intruder format 6,9,44,230. Stress resilience and susceptibility can be measured by exposing hamsters to acute social defeat stress and quantifying defensive and avoidance behaviors towards a novel non-aggressive animal the following day 9,44. Resilient individuals do not exhibit stress-induced defensive behavior and social avoidance, but rather show social approach and territorial aggression toward novel hamsters the following day. Conversely, susceptible individuals exhibit large amounts of stress-induced avoidance and defensive behavior towards the conspecific, indicating heightened anxiety-like behavior after social defeat stress. 
	Social experience induces neuronal plasticity in dominant and subordinate hamsters that, at least in some cases, mediates their changes in stress reactivity. Dominant hamsters express greater c-Fos immunoreactivity in the medial amygdala (MeA) and mPFC compared to subordinate hamsters 6,9,180,197,230. Likewise, chemogenetic activation of mPFC cells projecting to the basolateral amygdala (BLA) induces a resilient response to social defeat stress in subordinate hamsters 197. However, very little is known about the types of cells in the MeA that underlie status-dependent changes in stress reactivity. This dissertation aimed to delineate the role MeA neurons play in mediating status-dependent resilience to social stress.
[bookmark: _Toc164852934]1.6. Amygdala Plasticity Mediates Stress Reactivity
	The BLA and central nuclei of the amygdala (CeA) are well known for their role in fear and stress-related anxiety 231. The BLA receives neuromodulatory inputs from the ventral tegmental area, dorsal raphe nucleus, locus coeruleus, and basal forebrain, as well as excitatory glutamatergic inputs from the associative cortex, thalamus, hippocampus, prefrontal cortex, and brainstem 232. The BLA sends excitatory glutamatergic projections to the CeA, entorhinal cortex, medial prefrontal cortex, hippocampus, nucleus accumbens, BNST, and MeA. The BLA is thus considered an important node in a network for processing conditioned fear responses as well as responses to other aversive cues in the environment 197,217. 
	In contrast, the MeA plays an important role in sexual behavior, aggression, and defensive behavior 233. The MeA receives neuromodulatory inputs from the ventral tegmental area, dorsal raphe nucleus, locus coeruleus, and basal forebrain, and excitatory glutamatergic inputs from the BLA 232. The MeA projects GABA-ergic and glutamatergic outputs to the nucleus accumbens, hypothalamus, basal forebrain, and BNST. As a result, the MeA has been considered a key node in a social behavior neural network 234.   
	Stress experience is known to induce synaptic plasticity in both the MeA and BLA. Chronic stress increases dendritic growth and spine density in the BLA, suggesting that stress promotes BLA synaptic plasticity 50,231,235. Conversely, chronic stress decreases dendritic spine density in the MeA 235. These separate stress-induced morphological changes in the MeA and BLA suggest that stress differentially modulates activity of these neural ensembles. To date, most studies investigating how experience modulates amygdala activity have primarily focused on prefrontal cortex projections to the amygdala. These studies have shown that mPFC projections inhibit BLA pyramidal cells and promote stress resilience, while decreased mPFC inhibition of the BLA promotes stress susceptibility 197,236. However, social experience also produces neuronal plasticity in the MeA, which can modulate responses to social stress. For example, androgen receptor expression in the MeA is positively correlated with stress resilience in male hamsters. Similarly, estrogen replacement in ovariectomized rats decreases anxiety and depression-like behavior in open field and forced-swim tests 237. The expression of these gonadal steroid hormones and receptors can be dependent on social dominance status, whereby dominant hamsters express greater androgen and estrogen receptors than their subordinate counterparts 6,230. These findings suggest that changes in gonadal steroid hormone receptors in the MeA may also be a mechanism by which social experience modulates stress reactivity. However, currently little is known about the neural circuits in the MeA that underlie resilience to social stress. 
	The BNST is a sexually dimorphic structure that regulates stress responses, fear and anxiety-like behavior, and social behavior 238. The BNST is also a stress-sensitive brain region that receives robust input from MeA neurons 233. The MeA responds to social stimuli and thereby provides social information for the BNST to guide and sustain stress-related changes in behavior 239,240. Thus, the MeA-BNST pathway is well-positioned to drive individual differences in stress resilience and susceptibility. Previous research has shown that activation of dopamine D1 receptors on GABAergic projections from the MeA to the BNST inhibits neuronal activation in the BNST and promotes social approach towards conspecifics in male mice 241. Activation of MeA-BNST projecting neurons also promotes aggression priming in male mice, suggesting that this pathway plays a role in experience-dependent changes in aggressive behaviors 242,243. While these findings indicate a MeA-BNST pathway mediates responses to social threats, it remains unknown whether MeA projections to the BNST underlie status-dependent changes in stress susceptibility.  
[bookmark: _Toc164852935]2. Over-Arching Questions
	This dissertation has two overarching questions. Specific aims 1 and 2 use a zebrafish model to ask whether changes in the physical environment creates phenotypic plasticity both within and between individuals in social groups. Specific aims 3 and 4 use a Syrian hamster model to ask whether social experience can generate neural plasticity in the mPFC and MeA and produce individual differences in stress susceptibility.
[bookmark: _Toc164852936]3. Specific Aims
[bookmark: _Toc164852937]3.1. Specific Aim 1: Identify behavioral plasticity within social networks induced by acute cadmium toxicity. 
Prediction 1: We predicted that the presence of two acutely cadmium-exposed zebrafish would increase the aggressive behavior of the unexposed majority within adult mixed-sex shoals. 
Prediction 2: We predicted that the presence of two cadmium-exposed fish would increase approach to a novel object in their home tank.
Prediction 3: We predicted that cadmium-exposed fish would show greater anxiety-like behaviors and decreased locomotor activity compared to unexposed zebrafish.
Prediction 4: We predicted that cadmium-exposed fish would show decreased visual perception in an optomotor response assay than unexposed fish.
Rationale: Social behaviors can be influenced by a wide range of biotic and abiotic factors. Among gregarious species there is evidence that a few individuals exhibit disproportionate influence over group behavior including group travel, decision-making, and learning 244. These individuals often have greater social centrality in social networks and may have leadership roles within social groups 245–249. However, chemical contamination can induce behavioral changes in both group leadership and social dynamics 250. 
Cadmium exposure in humans has been associated with diminished cognitive performance, antisocial behavior, and behavioral problems 158. Aquatic organisms contaminated with cadmium exhibit increased aggression 160, sensory deficits 251,252, and altered species distribution 159. Cadmium contamination also disrupts sensory systems, which impairs social recognition 253, shoaling 254, and communication 255. In zebrafish, vision informs shoaling and anti-predator strategies 256. The goal of this study was to determine how the presence of two cadmium-contaminated zebrafish can influence the behavior of the unexposed majority. Further, we assessed whether these behavioral changes were caused by visual impairment. 
[bookmark: _Toc164852938]3.2. Specific Aim 2: Determine how environmental factors induce behavioral and morphological plasticity in wild zebrafish populations. 
Prediction 1: We predicted that fish from an urban, more polluted environment would show decreased social, locomotor, and exploratory behavior than fish from a rural, less polluted environment. 
Prediction 2: We predicted that urban, more polluted fish would show diminished size compared to rural, less polluted fish. 
Rationale: Anthropogenic influence in natural environments is causing rapid and profound disruptions on a global scale 1,41,64,65,257. These environmental challenges pose devastating risks to human and ecosystem health 4,40,52,66,258. Current predictive models suggest that environmental disruptions caused by aquatic anthropogenic influence disproportionately affect aquatic environments 259. Environmental changes due to anthropogenic influence are known to induce behavioral and morphological plasticity and adaptations among aquatic organisms 11,14–16,260–266. The complex interplay between biotic & abiotic factors in natural environments introduces a level of complexity and ecological validity that is often absent from laboratory studies 5,267,268. By investigating behavioral and morphological changes to environmental perturbations in wild populations we can better understand ecologically-valid responses to chronic and developmental exposure to environmental challenges. To characterize responses to environmental challenge, we assayed behavioral and morphological differences between two populations of wild zebrafish in India living in different environments. The goal of the present study was to characterize phenotypic differences between two populations of wild zebrafish and provide a method by which zebrafish can be used as sentinels to rapidly detect changes in water quality. 
[bookmark: _Toc164852939]3.3. Specific Aim 3: Evaluate changes in perineuronal net expression in the mPFC, and BLA of play-deprived hamsters. 
Prediction 1: We predicted that animals exposed to social play would show increased expression of PNNs on PV cells in the mPFC and BLA compared to animals deprived of juvenile social play. 
Prediction 2: We predicted that animals with greater social avoidance would show lower expression of PNNs on PV cells than animals with less social avoidance.
Rationale: Social play is a crucial developmental experience across gregarious species and is critical for species-typical neural and behavioral development 269. Adolescent social play deprivation decreases pruning of apical dendrites in the medial prefrontal cortex and increases stress susceptibility in Syrian hamsters 187,188. The mPFC plays a crucial role in attenuating stress reactivity 180,197,208,209 while the BLA controls stress-related behaviors 217,270,271. This suggests that social play during adolescence may generate neural plasticity in these limbic regions that can influence social and stress-related behaviors in adulthood. PNNs are extracellular structures known to preferentially surround PV+ neurons and stabilize synapses by gating experience-dependent neuroplasticity 272. While the role of social play in PNN development remains unknown, some recent studies suggest that early life stress alters PNN expression 273–276.
In rodents, neonatal maternal separation diminishes mPFC  PNN density at PND 40 277, while chronic restraint stress in early life has been reported to both increase 278 and decrease 279 mPFC PNNs. In the BLA maternal separation and limited bedding paradigms both increased PNN expression in adolescence, but only in males 273,277. Conversely, rats exposed to a scarcity-adversity model of stress showed diminished PNN intensity in the BLA 280. Our goal was to assess how adolescent social play deprivation alters PNN and PV+ neuron co-expression and how these changes in neuronal plasticity are associated with stress susceptibility in a social defeat paradigm. 
[bookmark: _Toc164852940]3.4. Specific Aim 4: Determine how activation of an MeA-BNST circuit is associated with social stress in socially dominant hamsters. 
Prediction 1: We predicted that hamsters would show greater activation within a MeA-BNST pathway when maintaining a dominance status. 
Prediction 2: We predicted that dominant hamsters would show greater activation within a MeA-BNST pathway than subordinates when experiencing social defeat stress. 
Prediction 3: We predicted that the majority of MeA-BNST neurons would show androgen receptor expression. 
Rationale: Exposure to acute traumatic stressors can produce long-term changes in stress reactivity 6,23. However, not all individuals who experience a traumatic stressor will develop exaggerated stress-related behavior and a dysregulated neuroendocrine stress response 6,45,281,282. Social status within dominance hierarchies modifies stress reactivity whereby socially dominant individuals exhibit stress resilience, while socially subordinate individuals exhibit stress susceptibility 6,44,45. Dominant individuals exposed to acute social defeat stress express greater c-Fos expression in MeA neurons than subordinate individuals, suggesting a potential role for the MeA in status-dependent differences in stress reactivity 9. Here we aimed to characterize the activity of MeA neurons that send projections to the BNST. Activation of a MeA-BNST pathway facilitates social approach, and may thus play a role in attenuating stress-related social anxiety 241. Our goal was to evaluate the contribution of a MeA-BNST pathway to status-dependent differences in stress susceptibility by assessing whether neural activity in this pathway occurs during the development of dominance relationships and/or during social defeat stress. 
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[bookmark: _Toc164852942]Abstract
To account for global contamination events, we must identify direct and indirect pollutant effects. Although pollutants can have direct effects on individuals, it is unknown how a few contaminated individuals affect groups, a widespread social organization. We show environmentally relevant levels of cadmium (Cd) can have indirect social effects revealed in the social context of a larger group. Cd-contaminated individuals had poor vision and more aggressive responses, but no other behavioral effects. The presence of experienced Cd-exposed pairs in the groups had an indirect effect on the un-exposed individual’s social interactions leading to the shoal becoming bolder and moving closer to a novel object than control groups. Because a few directly affected individuals could indirectly affect social behavior of the un-exposed majority, we believe that such acute but potentially important heavy metal toxicity could inform reliable predictions about the consequences of their use in a changing world.
[bookmark: _Toc164852943]1. Introduction
Pollution is one of the greatest challenges to the Anthropocene Epoch, threatening the stability of ecosystems and human societies 1,2. To protect ecosystems and human health, we must identify the direct and indirect effects of pollution. Modified behavior represents a suite of physiological and epigenetic changes and links individual-, group-, and ecosystem-level processes, thereby representing a sensitive marker for assessing impacts of contaminants 3,4. Recent studies implicate sublethal effects of pollution in behavioral deficits, sensory impairments, learning disabilities, and achievement gaps, and ultimately, negative food web effects and ecological cascades 5–8. Although pollutants can have multi-level sublethal effects, it is unknown how a few contaminated individuals affect groups, social organizations that are pervasive among human and non-human animals 9. Here we ask, can a few directly contaminated individuals indirectly influence the behavior of an un-exposed majority.
Cadmium (Cd) threatens wildlife and human health. Epidemiological studies link some non-communicable diseases and ecological effects to metals such as Cd 8,10,11. In addition to documented industrial Cd exposure 11, Cd toxicity is associated with contaminated food, water, and air 8, and is of significant exposure concern for tobacco-smoking populations 11. Once accumulated, Cd has a biological half-life that can reach decades 7,11. Wildlife are exposed to Cd through similar exposure routes as humans 10. For aquatic organisms, water-borne exposures are the most common route of exposure with adverse effects expressed at lower concentration than in humans. Wildlife exposed to Cd show heightened aggression 12, sensory deficits 13,14, and altered species distribution 10. Elevated Cd exposure in humans is linked to a variety of multi-level sublethal effects such as: individual reading difficulties, behavioral problems, reduced attention, lower psychomotor speed, memory deficits, antisocial behavior, and altered demographics 8,11. Therefore, it is important to understand how Cd exposure influences interactions between exposed and un-exposed individuals.
Organisms exhibit a wide range of tolerance to toxicants with some individuals exhibiting adverse effects, but others showing no observable effects 15–18. Individual and systemic susceptibility is a key risk factor in phenotypic alterations induced by contamination events 8,11,16,19–21. For example, first-time breeding female birds are more susceptible to pollutants than are other birds 22, and dominant fish accumulate more Cd in their gill tissue than do subordinates 23. Similarly, in humans, women show more adverse effects of Cd than men 7,8. Thus, it is important to understand the effects of Cd on male and female individuals. For social animals, direct pollutant effects on less tolerant individuals may have indirect impacts by altering the behavior of the group as a whole.
Social interactions can be influenced by a range of biotic and abiotic factors. In animal groups, there is evidence that a few individuals can influence disease spread, group travel, decision-making, and learning 24,25. Thus, these individuals can exert disproportionate influence over social networks within groups. Influential individuals may have physiological advantages 26, more experience 24, greater social centrality in the social network 25 or higher cognitive competency 27. These influential individuals may have leadership roles that lead to coercion 28, information transfer 29,30, conformity 31, and social learning 32 in group members. Abiotic factors such as contaminants may also affect leadership and social dynamics 26. For example, turbid environments increase risk perception and limit cohesion during collective foraging in stickleback 33. 
Sensory systems are a gateway for social interactions. They guide coordination and synchronization in collective movement 34, influence the propagation of information 35, inform mate choice 36, and help to communicate social status 37. In coordinated and synchronized animal groups, vision is important for assessing the behavioral movements of their neighbors 38, determining spacing patterns 39, and informing collective antipredator defense 40. Visual cues are also important for determining shoaling preferences, as fish prefer others with similar striping patterns 41 and color 42. In a contamination event, sensory systems are prime targets, as they are in direct contact with the external environment. When a sensory deficit is induced by a pollutant, it can disrupt social recognition 43, reduce shoaling 44, decrease charging 45, and alter communication 46. Contaminants can also block channels of communication by altering the ability of an animal to receive the signal due to shifts in receptor sensitivity. For example, increased turbidity in lakes was linked to changes in signaling colors, and to shifts in visual physiology 47. Alternatively, groups can adapt to these changes in sensory ability by modifying their behavior. For example, fish in turbid environments shift their reliance from vision to olfactory cues 45, reduce cohesion, and have a longer latency to forage in novel environments 33. These behavioral shifts may be due to differences in perception of risk and employing more effective strategies under altered conditions. For example, in clear environments dilution effects may lead to more cohesive shoals as sighted predators can easily hunt prey, but in turbid or low light environments the vision of sighted predators is obscured so the prey’s strategy changes to be more dispersed and spend more time in refuge 33. 
Impairments in sensory systems may also alter interactions with familiar stimuli in the environment. The change in behavior may occur through alteration in risk-assessment, impeding recognition 13 or disruption of learning and memory 5,6,48. For example, freshwater fishes exposed to pollutants that interfered with olfactory systems showed atypical anti-predatory responses, moving more quickly towards threatening stimuli 49, and decreased sensitivity to conspecifics that previously elicited aggressive responses 50. Pollutant exposure can also lead animals to change their approach-avoidance responses 51. For example, natural populations of fish exposed to an ecotoxicological agent were bolder and more active than were un-exposed fish, approaching food sources more often and avoiding social interactions more than did un-treated fish 52. In the present study, we assessed if contaminated individuals could influence a larger group's response to novel stimuli and social interactions.
Here we tested whether fish directly exposed to Cd have indirect effects on group behavior of an un-exposed majority. We also asked whether the effects of a few contaminated individuals could be caused by changes in vision. Documenting direct and indirect effects of Cd in an important biomedical, developmental, and toxicological model such as the zebrafish (Danio rerio) expands our ability to identify mechanisms of pollutant action and translate them to humans and other species. Zebrafish possesses well-documented social behavioral repertoires and diverse sensory systems that reveal contaminant effects, including sensory impairments, neurotoxicity, oxidative stress, endocrine disruption, and epigenetic effects 53,54, some of which are also associated with Cd exposure 11. Vision, a prime target of Cd is a key sensory modality for zebrafish, as it informs shoaling behavior, neighbor preferences, anti-predatory strategies, and general approach-avoidance responses 55. To test for the presence of direct and indirect effects of Cd on zebrafish behavior, we formed groups of familiar fish and then selected a pair of fish from each group, to acutely expose to an ecologically relevant concentration of Cd or control conditions. We then tested the Cd-exposed and control pairs’ response to a novel stimulus. We then returned the pairs to the groups and quantified differences between pairs and groups with control and Cd-treated fish in terms of their responses to novel stimuli (or boldness), aggressive social interactions (i.e., advances, chases, mouth contacts), social networks, activity, and cohesion. This experimental design allowed us to test if experienced contaminated pairs could influence the behavior of un-experienced group members. These behavior patterns have ecological and evolutionary importance and may be predictive of how affected individuals can influence group behavior and how groups may in turn respond abnormally to altered environments 18,56,57. To assess the direct action of Cd through the visual system, we also examined the optomotor response of Cd-exposed and control fish.
[bookmark: _Toc164852944]2. Method
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We used a wild-type, outbred, Scientific Hatcheries zebrafish line that was bred by Aquatica Biotech (Florida, USA). Several recent studies have used this zebrafish strain 58–61. We housed the fish under standard conditions: 38 L (10 gallon) aquaria, 28o C, 10:14 h light/dark cycle, and ad libitum flake food. The water quality characteristics and assessment method for the system water was as follows: Cd was below the detection limit of < 0.1 µg/L (US EPA Method 200.8), total Chlorine: 0.07 mg/L (SM 4500-Cl G), Free Chlorine: 0.00 mg/L (SM 4500-Cl G), Calcium: 34 mg/L, Hardness as CaCO3: 40 mg/L (SM 2340 C), Ammonia: 0.04 mg/L (SM 45000 – NH3), pH: 6.8 (API Freshwater Test Kit), Iron: < 0.01 mg/L (SM 3111 B), Manganese: < 0.01 mg/L (SM 3111 B). These water quality parameters are recommended for maintaining typical behavior and health of zebrafish 62 and are below the US EPA specific maximum contaminant level of 1.8 µg/L Cd for acute (24 h) exposures for aquatic life (US EPA 820-R-16–002) and 5 µg/L Cd for drinking water 63.
[bookmark: _Toc164852946]2.2. Procedure
Direct and indirect effects of cadmium on boldness, activity, cohesion, and social behavior
We formed 36 groups of adult zebrafish (6 fish per group) and allowed them to become familiar with each other over one week. We then tested each group twice in an experimental arena consisting of an 18.9 L (43 × 23 cm) aquarium with gravel and a buried filter with an overhead Logitech c525 HD webcam. To construct a novel stimulus, we concealed a 100 ml Eppendorf conical plastic tube (diameter of opening = 57 mm, height = 76 mm, length of = 76 mm) in the gravel on one side of the arena. The tube was attached to clear fishing line so that it could be pulled swiftly from the gravel bottom. To present the stimulus, we pulled the fishing line, gently raising and shaking the attached tube for 30 s, before removing it from the tank. Similar novel stimuli presentations have been used previously 64,65. From video recordings, we scored the number of fish that approached or stayed away from this novel stimulus.
We measured and marked each fish via fin clipping for individual identification prior to testing. We confirmed that fin clips did not alter the movement of experimental and control fish. We then selected two fish of the same size (a male and a female) from each group for treatment. We exposed half of these pairs to an environmentally relevant concentration of Cd (1 μg/L) by placing each pair in a 1 L beaker of Cd-water overnight for a total of 17 h. These Cd-treated fish are referred to as the directly Cd-exposed fish. Concentrations of Cd in our study were within the range of levels found in the freshwaters of India, a native habitat of zebrafish 66,67. As a control, we placed the remaining pairs in 1 L beakers of water for 17 h. The following morning, we rinsed each of the 36 pairs of (Cd-exposed and water-exposed) fish in freshwater to remove any unbound Cd and control for handling effects. To rinse the fish, we gently netted them, allowed the excess water to drip from the net and then placed them in a new beaker of freshwater. This process was done twice with a new net and beaker. After the rinsing, we placed them into their respective experimental arenas for a 1 h acclimation period. Following the acclimation period, we tested the direct impact of the Cd exposure by measuring the response of each treated pair to the novel stimulus. We then reburied the stimulus in the gravel and added the remaining four fish to re-form each group of six. The four fish added to the tank with Cd-treated fish are referred to as indirectly Cd-exposed fish, and the fish added to the tank with the control pairs are termed indirectly Control-exposed fish. On the following day (after 24 h), we tested the indirect effect of the Cd exposure by repeating the assay, gently lifting the novel stimulus to test the behavioral response of each full group of six fish. We recorded each pair or group of six fish from above.
We first counted the number of “advances”, “chases”, “mouth contacts”, and lines crossed by any fish in the shoal during the 30 s immediately prior to the presentation of the novel stimulus from video recordings. We defined an “advance” as any event in which a fish rapidly approached a stationary fish, “chases'' were any episode in which one fish accelerated towards a fleeing fish, and “mouth contacts” were instances where there was direct mouth-to-body contact between two fish. All three behaviors are likely forms of aggression or socially investigative behavior, with the intensity of the interaction increasing from “advances” to “chases” and “mouth contacts”. To measure responses to the novel stimulus, we counted the number of fish on each side of the arena (same or opposite side from the stimulus) at 10 s after the stimulus presentation and assessed the nearest-neighbor distance (minimum distance between any two individuals in the group) and the shoal diameter (maximum distance between any two individuals in the group) at that single instance in time. We also measured activity of the fish in the pair and group condition by dividing the tank into a grid and assessing the average number of lines crossed by each fish per second. Each square in the grid measured about 1 fish length. We then used independent sample’s t-test (two-tailed) to compare groups of fish containing Cd- and water-treated individuals in terms of the number of fish on the stimulus side of the aquarium, nearest-neighbor distance, shoal diameter, and line crosses. We conducted all statistical analyses in R with the “base”, “blmeco”, “lme4”, and “emmeans” packages 68–71. We used the ‘dispersion_glmer’ function from the “blmeco” package to ensure that the residual variance was below a ratio of 1.5 in order to determine that the data fit a negative binomial distribution 72. We then used a repeated measures generalized linear mixed models fit to a negative binomial distribution with Treatment (Cd or Control) and Group Size (Pair or Group) as independent variables and tank ID as a random factor to assess if Cd pairs had a disproportionate effect on group advances, chases and mouth contacts, when compared to control pairs and groups. For significant interactions, we used the ‘emmeans’ function with a Tukey adjustment to do post hoc pairwise comparisons. Due to technology failures, we dropped two videos, one each in the pair (n = 17 Cd, 18 control pairs) and group (n = 17 Cd, 18 control groups) condition.
Multilayer networks of zebrafish groups
To determine who was the initiator of interactions in the shoals, we created directed social networks of each shoal by identifying the initiator of the “chase” during a 120 s sample period three days after the initial Cd exposure. We compared the number of chases initiated across levels of sex (♀, ♂), chemical (Cd, water), and exposure (directly, indirectly). We defined fish as directly exposed if they were placed in Cd solutions or water beakers for 17 h overnight. We classified fish as indirectly exposed if they were left unexposed, and placed them in groups with the directly exposed pairs. Therefore, indirectly Cd exposed fish were unexposed fish placed in groups with Cd-exposed pairs, and indirectly exposed control fish were unexposed fish placed in groups with water-exposed pairs. Ten tanks of 6 fish from each chemical condition were analyzed. We selected 2 of the 4 indirectly exposed fish in each tank at random for analysis to maintain equal sample sizes in analysis, totaling 40 fish per chemical condition. To determine if the data fit a negative binomial distribution, we used the ‘dispersion_glmer’ to ensure that the residual variance was below a ratio of 1.5 72. We then used a generalized linear mixed models fit to a negative binomial distribution using tank ID as a random factor to test if the “chase” networks of control and Cd groups differed. For significant interactions, we used the ‘emmeans’ function with a Tukey adjustment to do post hoc pairwise comparisons. To test whether Cd shoals were more interactive than controls, we compared the network density or the ratio of the number of observed ties to the possible number of ties in the network between the Cd and controls using Welch's two sample t-test. 
Direct effects of cadmium on vision
To determine whether our Cd treatment had an impact by influencing vision or visual response behavior, we treated a second set of 76 fish and tested their response in an optomotor assay. As described above, we first placed 38 pairs of fish in 1 L beakers containing either Cd (1 μg/L) or water for 17 – 20 h overnight (n = 38 fish each condition). Next, we rinsed the Cd-exposed and control pairs with system water and placed each fish individually into a small plastic container (7.7 cm diameter) with shallow system water (3 cm water height). The fish were acclimated for at least 10 mins prior to suspending their container in the center of a rotating visual stimulus. The stimulus was a repeating pattern of black and white vertical bars printed on paper and affixed to a circular drum that rotated at speeds powered and controlled by a motor (Bodine 24 v). We tested each fish at 7 different spatial frequencies (0.1, 0.13, 0.17, 0.2, 0.23, 0.26, 0.29 cycles/deg), created by changing the speed of the rotating drum. We showed individual fish each of the 7 frequencies in a random order during a series of consecutive 2 min trials. We lit the arena with a bright white led light, which was 5600 lumens when measured at the top of the holding cup located in the testing arena.
During the optomotor assay, a human observer scored the responses dichotomously as either (0) no response or (1) a positive response. A positive response was recorded if the fish made 2 full circular turns within 20 s in the direction of the stimulus in the 2 min trial, and other behaviors were labeled no response. We used Repeated-Measures Logistic regressions to test whether Cd- and un-treated fish differed in their visual-motor response. To fit the repeated-measures logistic regression, we used the ‘glmer’ function of the “lme4” package 70.
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[bookmark: _Toc164852948]3.1. Cd-exposed fish indirectly affect boldness and social behavior, but not cohesion and activity of the un-exposed majority
Cadmium exposure had indirect effects on group boldness (or responses to novel stimuli; Fig. 2.1B), all figures and tables presented in appendices) and social interaction (Fig. 2.2 A, 2B, 2 C), but not on cohesion or activity. At 10 s after the novel stimulus was removed from the arena, we found that about 5 of the six fish (M = 4.71 fish, SE = 0.33) in groups containing Cd-treated fish were on the stimulus side of the arena, whereas the number of fish on the stimulus side of the arena in control groups hovered around chance levels (M = 2.61, SE = 0.46). That is, groups containing a pair of Cd-treated fish remained near the area of the novel stimulus presentation, whereas control groups did not (Fig. 2.1B; t(30.47) = 3.71, p < 0.01). The treated pair responses to the novel stimulus showed no difference from the control animals (Fig. 2.1A; t(32.85) = −0.44, p = 0.66), but an indirect behavior effect on a larger un-treated group was observed when the treated pair was present (Fig. 2.1B).
The social interactions within larger groups were limited by the presence of a Cd-exposed pair (Fig. 2 A, 2B, 2 C). Indirect effects of Cd included differences in advances and mouth contacts (Fig. 2 A, 2 C). We observed larger differences in the Cd and control treatments in the pairs than in the groups for advances (Fig. 2 A). In the group condition, the number of advances was disproportionate for both the groups with the Cd-exposed pairs and the control pairs but in opposite directions. In the groups with the directly Cd-exposed pairs, the number of chases decreased disproportionately and increased disproportionately for groups with control pairs. This difference led to a significant Treatment × Group Size interaction for the number of advances (χ2(df=1) = 6.28, p = 0.01). The number of advances was higher in the larger groups than in the pair condition. This difference led to a significant main effect of Group Size for advances (χ2(df=1) = 14.74, p < 0.001). Pairs of directly Cd-exposed and groups with directly Cd-exposed pairs showed more advances than control pairs and groups (χ2(df=1) = 9.27, p < 0.01). The large difference in advances between the pairs of directly Cd-exposed fish and the directly water-exposed (or control) fish likely drove the main effect (p = 0.01, Tukey). Control pairs showed fewer advances than groups with control pairs (p < 0.001, Tukey) and groups with directly Cd-exposed pairs (p < 0.001, Tukey).
In the group condition, the number of mouth contacts scaled with group size for controls with approximately three times as many mouth contacts in the control group (6 fish) as in the pair of directly water-exposed fish (2 fish; Fig. 2 C). The number of mouth contacts was disproportionate for groups with Cd-exposed fish as the groups with directly Cd-exposed fish showed less than 1.5 times as many mouth contacts as the directly Cd-exposed fish. This difference led to a significant main effect of Treatment for the number of mouth contacts (χ2(df=1) = 10.62, p < 0.01). All group sizes with directly Cd-exposed fish showed more mouth contacts than pair and group controls. This led to a significant main effect of Group Size for mouth contacts (χ2(df=1) = 11.21, p < 0.001). There was a significant difference between the control pairs and Cd pairs (p < 0.01, Tukey), control groups (p < 0.01, Tukey), and groups with Cd-treated pairs (p < 0.001, Tukey). The Treatment × Group Size interaction for mouth contacts did not reach significance (χ2(df=1) = 2.90, p = 0.08). For chases, there were no significant differences between treatments and group sizes (χ2(df=1) = 0.76, p = 0.76). Cd-treated pairs were more socially investigative than the control pairs and suppressed the social behavior of the larger groups more than groups without a Cd-treated pair.
[bookmark: _Toc164852949]3.2. Cadmium leads to indirect effects on female zebrafish, but does not affect the connectivity of the social networks
To identify the initiator of chases in the social networks, we created multilayer networks for the Cd and control shoals (Fig. 3A). We found that indirectly and directly Cd exposed female fish initiated more chases than male zebrafish in the same shoal and female control zebrafish (Fig. 3B). Female zebrafish indirectly exposed to Cd (M = 12.11, SE = 2.65) initiated more chases than other fish, as they initiated approximately two to six times as many chases as the directly exposed Cd female fish and indirectly exposed control female zebrafish (M = 2.30, SE = 1.36), respectively. When comparing the female zebrafish indirectly exposed to Cd, we found that they initiated two and four times as many chases as the directly exposed male Cd zebrafish (M = 1.75, SE = 1.62) and directly exposed control male zebrafish, respectively. This difference led to a significant three-way interaction between chemical exposure and sex (χ2(df=1, N = 80) = 5.37, p=0.02). The difference between indirectly exposed Cd female zebrafish and indirectly exposed control female zebrafish (p<0.001, Tukey). The difference between the indirectly exposed control female fish and the directly exposed Cd male and female zebrafish was significant (p< 0.01 and p=0.05, Tukey, respectively). We found no evidence that Cd affected the network connectivity as Cd (M = 0.49, SE = 0.04) and control shoals (M =0.45, SE = 0.05) had similar network densities (t(16.61) = 0.54, p=0.59).
[bookmark: _Toc164852950]3.3. Cadmium directly affects vision
To determine whether Cd impacted visual motor responses, we used an optomotor response assay (OMR; n = 38 fish/treatment; Fig. 4A). A positive response was scored for fish that made 2 full circular turns within 20 s in the direction of the stimulus, in the 2 min trial, and a negative response for those that did not. Cd-treated fish had a lower OMR (Fig. 4B; main effect of Treatment: slope estimate = 1.75 + 0.71, z = 2.47, p = 0.01). Logistic regression confirmed that zebrafish responded significantly to the OMR stimulus (intercept estimate = −4.59 + 0.61, z = −7.46, p < 0.0001) with more robust responses at lower spatial frequencies (main effect of frequency: slope estimate = 1.27 + 0.20, z = 6.33, p < 0.0001). There was no significant interaction between Treatment and the OMR frequency (Cd x frequency: slope estimate = −0.15 + 0.25, z = −0.69, p = 0.54).
[bookmark: _Toc164852951]4. Discussion
Zebrafish shoals with a few Cd-treated fish were bolder or approached a novel object more readily than did shoals with un-treated fish, pairs of Cd-exposed and pairs of un-exposed fish. Pairs of Cd-treated fish influenced the group’s social interactions in a sex-dependent manner. Here, we demonstrated that the behavior of an un-treated shoal can be perturbed by the metal-affected behavior of only a few individuals. Such phenotypes are easily missed unless the query is expanded to a larger panel of group behavior including aggression and response to novel stimuli. It is reasonable to expect that some of the group behavior phenotypes detected here could affect the fitness of an affected population or, depending on the ubiquity of the exposure, even the ecology of the affected species (e.g., Figs. 1, 2, 3). These results provide greater insight into the direct and indirect effects of pollutants, especially those not captured with traditional toxicology studies where direct effects and single individuals are often the subject of manipulation and analysis.
Such indirect effects may arise when the direct action of pollutants on sensory systems disrupt social recognition 43, learning 73, aggression 74 and communication 46 or handicap a few individuals, thereby diluting the risk for the healthy members, perhaps, emboldening uncontaminated individuals (the majority) to engage in more risky behavior or approach novel stimuli 75, leading to population and ecosystem-level consequences 5,6,48. Such dilutions of risk occur when male guppies engage in vigorous courtship behavior in the presence of a predator when there are more vigilant females inspecting the predator 48, and female mosquitofish forage more efficiently when harassment by solitary males is reduced by aggregating with more females 75. The presence of the Cd-treated fish altered the social dynamics of the majority with groups with contaminated fish being more investigative and aggressive than controls. Our multilayer networks revealed that Cd-induced changes in networks were mediated by female fish. In Cd shoals, female fish initiated more chases with indirectly Cd-exposed female zebrafish showing the greatest number of chases. These sex-dependent effects are consistent with other literature showing that female organisms are more adversely affected by elevated Cd exposure 7,8. Future studies should leverage social network analyses to better understand the sex effects of Cd on social architecture of groups with a few contaminated individuals 18,76.
Our study adds groups as a level of organization for indirect pollutant effects, which already includes transgenerational transfer of toxic effects 53, pesticides triggering colony collapse disorder across populations 77, oil exposure of a single individual affecting the cohesion of the unexposed majority 78, and ecological cascades through trophic transfer of microplastics 79. The enhanced group novel object exploration induced by Cd pairs is important for gauging the effects of anthropogenic change, because animals will come into contact with novel objects and how they interact with them may have consequences for their survival (e.g., “evolutionary trap”) 42,80,81. At a group-level, the reinforcing nature of contaminated individuals in the group due to dilution of risk for the majority could lead to an evolutionary stable strategy where susceptible individuals are maintained in the population 80, or a “social trap” where the initial positive impact of contaminated individuals, leads to negative consequences for the group 81. Identifying indirect effects at multiple levels of organization helps with assessing and predicting the impact of pollutants.
Cadmium may have acted directly, in part, by altering the visual system of exposed fish (Fig. 4). Adult zebrafish responded to optomotor assay with the response increasing in robustness at lower spatial frequencies. The responsive adult zebrafish moved in the same direction as the moving stimulus typical of a positive optomotor response, which contrasts with other reports that argue zebrafish switch from showing a positive to a negative optomotor response early in life 82. Cd-treated zebrafish showed a reduced optomotor response in comparison to uncontaminated fish. Thus, the pollutant likely affected un-treated fish through influencing the interactions of contaminated and control fish, through altering the visual system. In other species, environmental stimuli have affected social interactions through influencing sensory systems. For example, animals that normally aggregate in coordinated clumps, disperse when light levels are low 83, or their ability to see is impaired by debris 44. Animals learn how to interact with some stimuli via social interactions 84, but those experiences may be disrupted by sensory impairments 16, and thus interfere with an organism’s ability to mount an appropriate behavioral response 85,86. For example, rats rendered anosmic fail to learn about novel food sources from demonstrator rats 73. Here, we found that Cd affects the visual system of the zebrafish, and consequently affected social interactions and group responses. We found that contaminated fish in larger uncontaminated groups influenced the interaction of the group with novel stimuli. Perhaps, the presence of the Cd-treated fish influenced the tendency of the larger social group to investigate objects in their environment. In other species, pollutant exposure has been shown to influence exploratory behavior and personality traits. For example, the offspring of gestating-mother mice that consumed a pesticide had an increased propensity to explore novel environments 87 and deficient diets have been shown to affect boldness, with birds having micronutrient deficiencies being less bold 88. The pollutant may have also interfered with the behavioral repertoire of the fish thereby inducing an abnormal behavioral interaction with the novel stimulus. In other species pollutants have been shown to induce aberrant behaviors in contaminated individuals 85 with cascading adverse effects on the group 56,78. Thus, there are several avenues by which Cd exposure may have influenced the response of the zebrafish to the novel stimulus, and future studies should uncover the mechanisms of action.
Our study corroborates previous findings that low concentrations of Cd affect visually-guided behavior in zebrafish 14,89 and extends the adverse effects to a shorter exposure period in adult fish. For example, Shankar et al. 89 demonstrated that larval zebrafish exposed for 5 days post-fertilization (dpf) to 0.183 μg/L of Cd displayed visual deficits and LeFauve et al., 14 showed that larval zebrafish exposed at 7 dpf showed OMR deficits after 66 h of exposure to 0.5 μg/L in comparison to controls. The concentrations used in these studies are nearly four and 1.5 times lower than the US EPA aquatic water quality criterion for chronic exposures, respectively, which is 0.72 μg/L for Cd exposures lasting four or more days.
Although the ambient water quality criteria for Cd concentrations for acute exposures were recently lowered from 2.0 μg/L in 2001 to 1.8 μg/L in 2016 and raised from 0.25 μg/L to 0.72 μg/L for chronic exposures, these criteria may be insufficient for protecting the behavioral health of fishes. Water quality can alter the effects of Cd through augmenting bioavailability and enhancing toxicity. Historically, toxicology studies have linked water hardness to Cd toxicity with fish in softer water having a lower LC50 than harder water 90,91. More recently, there has been more emphasis on the sublethal effects of Cd, which can be observed at lower concentrations of Cd 14,89. In comparison to US EPA water hardness for Cd assessments for aquatic organisms (100 mg/L as CaCO3), the water used in the present study is soft (40 mg/L). Thus, the softer water quality may have enhanced the potency of Cd. Perhaps, the ambient water quality criterion should be revisited to consider the effects on behavioral health.
Vision is a sensory modality that guides the interactions of all sighted organisms. In studies of fish collective movement, vision is important for the maintenance of shoal cohesion 34 and decision making. Shoal cohesion is modified when abiotic factors affect vision. In some instances, the fish respond to these changes by dispersing and then regrouping when the abiotic stimulus is removed. For example, fish disperse at night and then regroup during daylight 92. Under longer-term exposures to low light conditions, fish may evolve a reliance on other sensory modalities to form cohesive shoals 83,93,94. In the present study, Cd’s effect on vision did not disrupt shoal cohesion as pairs and groups with control and Cd-treated fish were equally cohesive. The visual deficits induced in the Cd-exposed fish likely altered the group’s perception of risk. The presence of the Cd pairs may have reduced the perception of risk in the larger group, because the Cd contaminated fish may have served as handicaps for the un-exposed majority. That is, during a predation event the impaired Cd-exposed fish might be the first targets, thereby reducing the risk for the un-contaminated fish. The dilution effect is usually applied to group size, where individuals in larger groups have a lower individual risk of harm than individuals in smaller groups and thus are bolder, however. There is increasing evidence that individual behavior (e.g., boldness) is influenced by group composition 95,96. Here, we showed that boldness did not change with group size (i.e., pair and group control fish showed similar responses, Fig. 1), but did change with group composition. Thus, contamination events that affect group composition may have a stronger impact than group size on risk taking behavior. Others find that zebrafish use social learning to assess risk when presented with a moving stimulus 64, which may also be occurring in the shoals with the Cd-treated fish. In the present study, the indirectly Cd-exposed zebrafish may also be using social learning strategies to respond to the novel stimulus. That is, the indirectly Cd-exposed zebrafish from the experienced Cd-treated fish to approach the moving stimulus. The social strategies or other mechanisms by which the groups with Cd-treated fish influence the response of their shoal members to novel stimuli should be explored further.
Our results demonstrate that a few Cd-exposed individuals can radically alter group responses, providing support for a growing body of literature 56. The present work is linked with the keystone species concept, where some species have an inordinately large effect on the functioning of the group, which has been extended to encompass diverse interactions at multiple levels of organization, from individual to ecosystem 18,56. In other ecologically and evolutionary important contexts keystone or influential individuals include superspreaders in epidemiology, leaders in collective decisions, superclones in populations, the portfolio effect in fisheries, and other influential individual variants in invasions and species persistence 56,97,98. Recent studies suggest that contaminant exposure can directly and indirect influence disease dynamics and pollinator-plant interactions with consequences for plant fitness 99,100. The identification of influential individuals will help direct containment plans through targeted interventions to mitigate the behavioral effects of pollutants.
[bookmark: _Toc164852952]5. Conclusions
Here, we integrate aspects of anthropogenic change and social roles to highlight the profound effect a few contaminated individuals can have on social behavior. We found that a few contaminated individuals influenced the boldness and aggression of an un-exposed majority, which was possibly driven by altered visual systems. We emphasize sensory and social mechanisms, but other studies should rule out other nonsocial mechanisms that may have led to differences between Cd-exposed and control fish. Understanding the impact of pollution on social dynamics is critical to the development of reliable predictions about the consequences of metal exposure in a changing world.
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Environmental change poses a devastating risk to human and environmental health. Rapid assessment of water conditions is necessary for monitoring, evaluating, and addressing this global health danger. Sentinels or biological monitors can be deployed in the field using minimal resources to detect water quality changes in real time, quickly and cheaply. Zebrafish (Danio rerio) are ideal sentinels for detecting environmental changes due to their biomedical tool kit, widespread geographic distribution, and well-characterized phenotypic responses to environmental disturbances. Here, we demonstrate the utility of zebrafish sentinels by characterizing phenotypic differences in wild zebrafish between two field sites in India. Site 1 was a rural environment with flowing water, low-hypoxic conditions, minimal human-made debris, and high iron and lead concentrations. Site 2 was an urban environment with still water, hypoxic conditions, plastic pollution, and high arsenic, iron, and chromium concentrations. We found that zebrafish from Site 2 were smaller, more cohesive, and less active than Site 1 fish. We also found sexually dimorphic body shapes within the Site 2, but not the Site 1, population. Advancing zebrafish sentinel research and development will enable rapid detection, evaluation, and response to emerging global health threats.
[bookmark: _Toc164852956]1. Introduction
Environmental change is rapidly accelerating, producing profound changes in natural environments 1–5. Aquatic ecosystems are changing at alarming rates due to anthropogenic influences including temperature, carbonization, acidification, flow, and pollution 6–11. These changes produce devastating effects on ecosystems 12–14 and human health 15–17. Marginalized communities are disproportionately impacted by environmental change 18–20. The severity and rapid change in aquatic ecosystems requires real-time assessments in the field using sentinels to characterize site conditions 21. Zebrafish (Danio rerio) can serve as effective biological monitors for site differences because of their widespread distribution 22 and technical innovation 23.
Ecosystems are differentially impacted by environmental change due to the diversity of environmental conditions among regions 24–26. Current methods for assessing environmental change include measuring water parameters, adaptation and evolution among local organisms, and species abundance across temporal scales 27–31. Although these metrics provide insights into the impact of environmental change on the locale or site, they often necessitate meticulously trained personnel, expensive techniques and time-consuming laboratory procedures. Such requirements lead to exclusive technologies that are impractical for detecting rapid, emerging changes in environments, and, consequently, exacerbate environmental health disparities 32–35. It is necessary to characterize a sentinel species that will provide powerful and quick assessments of environmental conditions that are accessible to non-specialists and individuals seeking alternative monitoring methods.
Many aspects of environmental change including temperature, oxygenation, water flow, and pollution alter morphology and behavior in multiple taxa 36–46. Quantification of these morphological and behavioral endpoints in the lab and in the field can thus be utilized to expeditiously detect differences in environmental conditions across sites using a sentinel species. Analysis of organism morphology and behavior can be accomplished quickly and inexpensively by both specialists and non-specialists alike to characterize site differences in real-time. Zebrafish morphology and behavior vary across these endpoints and can be used as a proxy to rapidly detect these changes in environmental conditions 47–52. Zebrafish are an ideal sentinel species for detecting site differences across these endpoints because they eliminate the need for cost-prohibitive laboratory technology and assays, provide a unique opportunity for use in lower socio-economic regions, and serve as alternatives for communities seeking disruptive technologies 34.
Zebrafish are powerful model organisms utilized in multiple disciplines due to their vast biomedical toolkit and well-characterised phenotypic and genotypic changes in response to environmental change 49,53–56. The use of zebrafish as laboratory-based sentinels for toxicity has been embraced internationally through the development of the International Organization for Standardization Zebrafish Toxicity Test 57, the British standard BS/EN/ISO 7346-3-1998, the German standard DIN/EN/ISO 7346-3-1998, and the Chinese standard GB/T13267-91 53,58. Zebrafish are found in rivers, streams, canals, and rice paddies of India, Pakistan, Bangladesh, Nepal, Myanmar, and Bhutan 59. Feral zebrafish distribution includes Brazil, Colombia, Malaysia, Sri Lanka, Thailand, and the United States 60–66. Domestic zebrafish are found in over 100 countries in more than 3000 institutions 22, and are a popular aquarium fish. Through escape, release, and reproductive fervor, zebrafish may have an even larger distribution. Due to their wide distribution across rural and urban environments, zebrafish are present in regions with drastically different environmental conditions and can be leveraged in these environments to characterize site differences. Environmental change disproportionately affects marginalized people, so deploying accessible biological monitors is needed 18–20. The use of wild zebrafish as sentinels for environmental change will thus be a crucial step in improving the health of marginalized communities, leading to global health improvements for all.
Here, we present simple morphometric and behavioral measures that can be conducted at various field sites by both specialists and non-specialists to detect local site differences using zebrafish. All analyses can be performed rapidly in real-time using free and open-source software, allowing for expeditious assessment and minimal financial burden on investigators. Our goal is that these assays be used for community scientists living where zebrafish are found to facilitate the evaluation of environments and to guide decisions to improve health outcomes. To highlight the utility of wild zebrafish as sentinels using these proposed metrics, we characterized phenotypic differences in zebrafish sampled from two Indian populations that differed in environmental conditions. One population (Site 1) was obtained from a rural environment with flowing water with low-hypoxic conditions that had minimal human-made debris and iron and lead concentrations that exceeded acceptable limits, and had low predation pressure. The other population (Site 2) was from an urban environment with still water with hypoxic conditions, plastic pollution, and arsenic, iron, and chromium concentrations that exceeded acceptable WHO and BIS arsenic limits, and had greater predation pressure 27,67–69. To assess phenotypic differences between these populations, we used three classes of endpoints: body shape, social behavior, and activity. We propose that these three endpoint classes monitored in wild zebrafish can be used as indicators to detect site differences to rapidly characterize the impacts of environmental change.
[bookmark: _Toc164852957]2. Materials and Methods
[bookmark: _Toc164852958]2.1. Study Location & Subjects
We conducted a field study at two field sites in India during the post-monsoon season in November 2017. Wild zebrafish were previously studied at these field sites 50,70–72. The sites differed in documented pollution, human population density, oxygenation, and water flow (Table 1).
We sampled zebrafish from a rural site (Site 1), a fast-moving river in West Bengal, northeast India (a tributary of the Torsa River in Cooch Behar) with low normoxic conditions. Site 1 had arsenic concentrations below (0.01 mg/L), iron (0.3 mg/L) and lead (10 µg/L) concentrations above the WHO and BIS acceptable limits, and was situated in a location with a low human population density (~700 persons/km²) 27,73. The other population of zebrafish was sampled at an urban site (Site 2), a canal with stagnant water in the Nadia district of West Bengal, a densely populated human settlement (~1250 persons/km²) with hypoxic conditions, and arsenic, iron, and chromium (0.05 mg/L) concentrations that exceeded the WHO and Indian Standard acceptable limits 27,52,74–78. It should be noted that BIS, but not the WHO, has limits on iron in drinking water. At all sites, the fish were collected by local fishermen in the morning. The fish were photographed for morphometric analysis and placed in a holding container with local water for at least an hour prior to the commencement of preparation for behavioral trials. A total of 144 zebrafish were sampled, with 72 fish from each field site, a larger sample size than in other recent zebrafish field studies 52,71. A random collection of the fish led to sampling 62 male fish and 9 female fish from Site 1, and 49 male fish and 23 female fish from Site 2. All fish were visually sexed prior to analysis 60. One Site 1 fish was omitted from morphometric analysis due to a missing photograph, decreasing the total sample size for morphometric analysis to n = 143.
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All procedures involving animals were approved by Arizona State University’s Institutional Animal Care Use Committees under protocol 17-1596R on 22 June 2017, and complied with the existing rules and guidelines outlined by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India, the Institutional Animal Ethics Committee (IAEC), and the Indian Institute of Science Education and Research (IISER) Kolkata.
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Following a post-capture acclimation period of at least 1 h, we divided zebrafish into equal groups of 6 fish, creating 12 groups per field site. Before behavioral testing, we photographed all fish from above. All photos were taken at the same height and with a scale within the frame to allow for morphological analysis. We then sequentially placed zebrafish into a white plastic tank (dimensions 30.8 cm × 34 cm) filled to a height of 5 cm with habitat water, where they acclimated for an additional 5 min before behavioral assessments, giving a total acclimation time of 65 min. The tanks were recorded from above using a GoPro Hero 5 Session camera. The acclimation period appeared sufficient as the fish did not freeze and displayed exploratory behavior consistent with an absence of stress responses 79,80.
We extracted behavioral data from video recordings using ToxTrac video tracking software in a 3 min sample period 81,82. We identified fish within the tank by adjusting contrast and size thresholds for detection. A minimum threshold tracking accuracy of 80% was required to consider video tracking reliable. This threshold was determined based on the minimum Kappa statistic of inter-rater reliability for data to be deemed reliable 83. We analyzed all data using RStudio 84.
We categorized video data as either Social measures or Activity measures. Social measures analyzed were inter-individual distance (average distance from each individual to all other group members), time in proximity (number of seconds spent within two body-lengths of a group member), and nearest-neighbour distance (average distance to the closest group member). As the threshold for size detection for video tracking was most reliable between 400–500 pixels for both groups, we standardized the distance used for the two-body-length metric as 1000 pixels. Pixel data were converted to millimeters for statistical analysis. Activity measures analyzed were distance traveled (total number of mm traversed), swim speed (the number of mm traversed divided by the sample duration), tank exploration (mm² of the tank visited), and number of seconds in motion. We collected data for each individual and collapsed data into tank means for analysis between levels of Population to account for the independence of observations, leaving a total of 12 observations per field site. As residuals were normally distributed, we analyzed behavioral data with Welch’s two-sample t-tests between populations.
We collected morphometric and geomorphometric data using the TPS series software 85. We placed seven landmarks on each photograph of subjects to capture the shape of each individual using tpsUtil 86 and tpsDIG 87 (Figure 3.1). We based our selection of landmarks on previous studies that characterized zebrafish body length, depth, and shape in the field and in toxicology studies 52,71,88,89. We reduced the number of landmarks to make the endpoint amenable to high-throughput assessments. We computed partial warps and consensus shapes for all individuals using the seven digitized landmarks with tpsRelw 85,90. We analyzed the effects of independent variables on fish shape using a multivariate analysis of variance (MANOVA). These shape variances were explored by comparing the relative size ratios between these regions across levels of Population and Sex with a two-way analysis of variance (ANOVA). As residuals did not meet the assumption of normality, total posterior, and anterior body region size was contrasted across all classes of individuals using Wilcoxon Signed Rank paired t-tests. Finally, we calculated standard length as the distance between landmarks 1 and 4 (length from the anterior to posterior points of the body) and analyzed length data with a Kruskal Wallis test. All morphometric analyses were conducted using the geomorph 91 and lme4 92 packages.
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We found distinct fish shape differences between the two populations. We analyzed partial warps of fish using PCA and found that the first two axes explained 74.69% of the total variance in body shape (Figure 3.2). Morphometric differences between Population and Sex levels were plotted using composite plots of consensus shape (Figure 3.2). We then compared these morphometric differences across levels of Population and Sex using MANOVA to find statistical differences in consensus shape. We found a significant main effect of Population on consensus shape (F(1140) = 3.44, p = 0.001), as well as a non-significant trend for an interaction between Population and Sex (F(1140) = 1.137, p = 0.07). Consensus shape differed between sexes, but did not reach statistical significance, F(1140) = 0.872, p = 0.19. To characterize these differences in morphology between populations, we then analyzed body size ratio and standard length.
We compared the relative area of the posterior body region (LM 2, 3, 4, 5) to the anterior body region (LM 1, 5, 6, 7) (Figure 3.3). The posterior region of all fish was significantly larger than their anterior regions (Site 1 Female Anterior M = 97.3 mm² ± 14.31, Posterior M = 153.4 mm² ± 22.86 SEM; Site 1 Male Anterior M = 429.7 mm² ± 59.69 SEM, Posterior M = 676.9 mm² ± 96.83 SEM; Site 2 Female Anterior M = 55.2 mm² ± 3.14 SEM, Posterior M= 83.5 mm² ± 5.45 SEM; Site 2 Male Anterior M = 77.1 mm² ± 8.176 SEM, Posterior M = 96.7 mm² ± 10.62 SEM; all p < 0.0001). Further analysis showed that the ratio between posterior and anterior body regions of Site 2 male fish (M = 1.3, SEM = 0.02) was 22% smaller than Site 1 female fish (M = 1.6, SEM = 0.08), 21% smaller than Site 1 male fish (M = 1.6, SEM = 0.03), and 17% smaller than Site 2 female fish (M = 1.5, SEM = 0.03) (Figure 3.3). This difference led to a significant two-way interaction between levels of Population and Sex on body size ratio, F(1, 140) = 7.79, p = 0.01. When analyzed with Tukey’s post-hoc test, we found that all fish had relatively larger posterior regions than Site 2 male fish (Site 1 Female vs. Site 2 Male p < 0.0001, Site 1 Male vs. Site 2 Male p < 0.0001, Site 2 Female vs. Site 2 Male p < 0.0001). This shows that Site 1 fish and Site 2 female fish have a significantly more torpedo shape with elongated posterior ends than male fish from Site 2 93.
Male fish from Site 1 were the longest fish (M = 2.2 cm, SEM = 0.18), measuring more than twice as long as both male (M = 1.0 cm, SEM = 0.05) and female (M = 0.9 cm, SEM = 0.03) fish from Site 2, and nearly twice as long as female fish from Site 1 (M = 1.3 cm, SEM = 0.10). These differences in standard length led to a significant main effect of Population on standard length, H(78) = 101.15, p = 0.040 (Figure 3.3).
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Overall, we found that groups of fish from Site 2 were more cohesive than groups of fish from Site 1. Fish from Site 2 spent approximately 20% more time within 2 body-lengths of tankmates than fish from Site 1. This difference between sites led to a significant difference in time within two body-lengths, t(22) = −2.69, p = 0.014 (Site 2 M = 219.4 ms ± 12.45 SEM, Site 1 M = 174.2 ms ± 11.26 SEM) (Figure 3.4). Fish from Site 2 also maintained approximately one-quarter shorter inter-individual distances than fish from Site 1, t(22) = 2.384, p = 0.028 (Site 2 M= 121.1 mm ± 10.09 SEM, Site 1 M = 165.1 mm ± 15.49 SEM) (Figure 3.4). We found a similar pattern of increased cohesion in Site 2 using the Nearest Neighbor Distance metric, though this finding did not reach statistical significance, t(22) = 1.42, p = 0.175 (Site 1 M = 165.1 mm ± 15.49 SEM, Site 2 M = 121.1 mm ± 10.09 SEM) (Figure 3.4).
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We also found that fish from Site 1 were more active than fish from Site 2. Fish from Site 2 swam at two-thirds the speed as fish from Site 1, t(22) = 2.42, p = 0.027 (Site 1 M = 13.9 mm/s ± 1.71 SEM, Site 2 M = 9.3 mm/s ± 0.95 SEM) (Figure 3.5). Similarly, fish from Site 1 swam nearly twice as far on average than fish from Site 2, t(22) = 3.40, p = 0.003 (Site 1 M = 4316.9 mm ± 372.09 SEM, Site 2 M = 2547.1 mm ± 363.56 SEM) (Figure 3.5). We found that fish from both populations spent a similar amount of time in motion (t(1,22) = −0.82, p = 0.423, Site 1 M = 159.3 s ± 4.74 SEM, Site 2 M = 164.5 s ± 4.29 SEM) (Figure 3.5), with no observed instances of any fish freezing in the tanks. Exploration was not affected by swimming speed or distance traveled, as both populations explored the majority of the testing arena and did not differ significantly in the area of the tank explored (t(22) = −0.79, p = 0.44, Site 2 = 69.7% explored ± 3.96 SEM, Site 1 = 65.9% explored ± 2.59 SEM) (Figure 3.5).
As there were disproportionately more male than female fish sampled, we investigated whether behavior across these levels differed between single-sex and mixed-sex groups. We found that fish in mixed-sex groups from both populations swam nearly half the distance as single-sex groups (Mixed-Sex M = 2648.0 mm ± 278.22 SEM, Single-Sex M = 4738.7 mm ± 439.51 SEM, F(1,20) = 7.06, p = 0.02). Mixed- and single-sex groups did not significantly differ across other metrics. However, the Site 2 sample had 11 mixed-sex tanks and 1 single-sex tank while the Site 1 sample had 4 mixed-sex tanks and 8 single-sex tanks. Thus, the difference in distance travelled may reflect population, but not group composition-dependent activity.
[bookmark: _Toc164852965]4. Discussion
We propose three endpoints that can be used in wild zebrafish to detect site differences. Morphometric, Social, and Activity endpoints aid in characterizing phenotypic differences between wild populations of zebrafish from sites with differing environmental conditions. Zebrafish showed between-population and sex differences in size, with longer Site 1 fish than Site 2 fish (Figure 3.3). We found sexual dimorphism for body size ratio in Site 2; Site 2 male fish had more similar posterior and anterior body regions, leading to a smaller body size ratio, whereas Site 2 female fish had larger anterior regions and smaller posterior regions resulting in a larger body size ratio. The Site 1 fish had posterior body regions that dwarfed the anterior body regions (Figure 3.3). There was a visible sexual dimorphism for length within Site 1; however, this did not reach statistical significance, likely because of the low number of female fish and high male size variability (Figure 3.3). We found that fish from Site 2 were more cohesive than Site 1 fish, spending more time within two body-lengths and maintaining closer inter-individual distances between group members. Fish from Site 1 were more active, swimming faster and further distances than Site 2, more polluted fish. Our results indicate that these measurements can be used to identify site differences. Given that there is a relationship between reported site-specific environmental conditions and wild zebrafish morphology and behavior, an intensive research program is needed to identify the causal relationship between the phenotypic differences and pollutants, and other abiotic and biotic factors.
Phenotypic variation across these endpoints in zebrafish has been shown in laboratory settings previously. Zebrafish exposed to plastic pollution 94,95, arsenic 96, lead 97, antibiotics 98, polycyclic aromatic hydrocarbons 99, organic pollutants 100, elevated temperatures 101, or emerging pollutants 102 may exhibit altered body mass, size, and swimming behavior. Similarly, hypoxia 52,103 and water flow 49,52,70,71 are associated with changes in zebrafish morphological and behavioural phenotypes. Other studies documented larger fish with deeper bodies and caudal peduncles in flowing water, and relatively dwarfed regions in fish from stagnant water, similar to the present study (Figure 3.2 and Figure 3.3); sites sampled in the previous studies overlapped with the present study 52,71. Hypoxic conditions 104, sex-specific predation pressure 105, or endocrine disruptors 106 and other pollutants 107 might have also led to the male-biased sex ratio in these populations. Our findings show these measurements can be used in the field to assess population differences. The observed phenotypic variation across a range of environmental factors demonstrates the utility of zebrafish biological monitors. The zebrafish’s broad rangeland coupled with its significance in biomedical research leverages its candidacy as a potential flagship umbrella species, or through their socio-ecological capital and conservation, zebrafish can extend protection to others 108,109. To effectively develop zebrafish as sentinels there is a need for tight integration of lab and field studies.
Using wild zebrafish as sentinels for site differences provides unique benefits, including rapid assessment, interrogation of diverse, novel chemical profiles, and a cost-effective approach. Laboratory analysis of environmental conditions can take extensive periods to complete, and is frequently limited to assessing a small number of factors which decreases external validity 110–112. We suggest zebrafish as sentinels that can harmonize sampling and analysis of environmental conditions. Zebrafish’s small size, adaptability, and presence near the surface in clear water permits the positioning of accessible, inconspicuous monitoring stations in areas of interest, such as near residential areas or regions with factory or agricultural activity 53,70. Zebrafish’s biomedical toolkit, rapid generation time, well-characterized behavioral repertoire, evolutionarily conserved traits and genetic homology across vertebrates permit advances in mechanistic, life span, and predictive toxicology and conservation 113–117. Implementing zebrafish as biological monitors increases the potential to rapidly detect, evaluate, and respond to environmental change, thus facilitating preservation, interventions, bioremediation, and improvement of health outcomes.
The next steps required for implementing zebrafish sentinels are comprehensive and predictive characterization of phenotypic variation in response to different classes and combinations of biotic and abiotic factors. This could be accomplished by analyzing zebrafish phenotypes at multiple field sites, supplemented with identifying and quantifying factors associated with environmental change tested in a laboratory, and predictive modeling 118. Due to the increased complexity of field versus laboratory environments, it is imperative to validate that observed phenotypic variation results from hypothesized sources of variation rather than external variables such as water flow, predation, environmental complexity and stability, genetics, and social context 49,52,70–72,119,120. Optimization and implementation of zebrafish biological monitors in the field could rely on partially submerged slotted tanks or cages with passages for water flow but not fish and with grated lids to prevent predation. Using laboratory strains of zebrafish and common garden or transplant designs will increase monitoring sensitivity by minimizing potential influences of developmental or evolutionary adaptation to water conditions 121–123. Studies should house fish in same-sex groups, or utilize sterile or triploid fish to prevent disruption of natural ecosystems through the breeding of domestic and wild fish 124,125. Genetic or physiological identification techniques such as fluorescent tagging can also ensure monitoring fidelity and experimental integrity. Many of these technologies exist in disparate fields and have the potential to be realized through Collaborative, Entrepreneurial, Translational, and Innovative (CETI) research and development.
Additional Thoughts on Using Wild Zebrafish as Sentinels
Just, Equitable, Diverse, and Inclusive (J.E.D.I.) research practices are required to effectively implement biological sentinels 126–129. Just sentinel programs require developers to center environmental justice and racism at the forefront by recognizing environmental change risks are unequally distributed by race and class 32,33,130. Monitoring systems and procedures should be accessible and Equitable, so that members of local communities with varying financial, natural, produced, and human capital can obtain sampling systems to quickly and actively monitor their environments 131. For example, people and communities whose capital is devoid of zebrafish (i.e., zebrafish are absent), knowledge of fish, or physical environments conducive to using the monitoring device (e.g., concrete city landscapes), equitable technologies, training, and surrogate species should be implemented. Diverse endpoints, at multiple timepoints in several populations in the lab and field, can aid detection, assessment, and causal inference, thereby providing a more holistic view of environmental change. Simplifying assessments will permit endpoints that rely on single axes that accurately distinguish male vs. female 132, and exposed vs. unexposed 88 zebrafish at different developmental exposure periods 133, thereby dramatically enhancing screening throughput. Using a breadth of biomarkers at multiple time points is essential for detecting adverse effects because some deleterious perturbations are revealed at some endpoint, but not others 134. Inclusive sentinel programs involve local people and communities as contributors and decision-makers in developing the biological monitors. Including users as decision makers and developing technology that addresses their pains is common in startups prioritizing customers 135.
Startups are engines of ingenuity that can help introduce zebrafish sentinel devices into the market as commercial tools 136. Entrepreneurial thinking may accelerate zebrafish sentinel monitors into disruptive technologies, or technologies that are cheaper, simpler, and more convenient than the dominant technology, thereby leading to an upheaval in the existing market structure 34. Prioritizing sentinels to help people combat environmental racism may provide a competitive advantage, because it taps a market that has cost the USD 16 trillion in revenue over the last 20 years 137. Evaluating the implementation of zebrafish sentinels and competing technologies is needed to determine their impact and ability to enhance human and environmental health. Some dimensions of evaluation may include changes in health disparities, environmental engagement, stewardship and community resilience 138,139. Zebrafish sentinels can be technological innovations that may lead to socio-economic-environmental-political changes in society.
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Environmental change poses a considerable threat to natural environments and global health 1–5. Using wild zebrafish as sentinels is an efficient and economical approach to monitoring, assessing, and addressing global health risks. Developing zebrafish as sentinels in the field fills the need for rapid water quality analysis not addressed by laboratory-based methods and presents a unique opportunity for implementation in underserved regions and communities looking for alternative monitoring systems. Utilizing social, activity, and morphometric endpoints in zebrafish highlighted here can thus provide a crucial step in assessing site differences. Coupling JEDI biological monitoring practices with CETI research and development will lead to technology that transforms environmental monitoring and improves health outcomes worldwide.
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Abstract
Social play is a crucial experience for species-typical neural and behavioral development. Deprivation of juvenile social play increases stress vulnerability, agonistic behavior, and disrupts neural pruning in the prelimbic (PL) and infralimbic (IL) areas of the ventral medial prefrontal cortex in adult Syrian hamsters. We investigated whether juvenile social play deprivation alters perineuronal net (PNN) expression on parvalbumin (PV) neurons in the PL, IL, and basal lateral amygdala (BLA). We reared Syrian hamsters during postnatal day 21-43 in peer isolation, in peer isolation with daily social play encounters (dyadic play), or with litter mates in group-housed cages. In adulthood, we exposed subjects to acute social defeat stress and assessed their stress-related changes in social behavior. We found that 1-hour of dyadic play throughout the juvenile period was sufficient to rescue exaggerated submissive & defensive behavior in a conditioned defeat test, but not rescue social approach in a social avoidance test in both males and females. In females, we found lower PNN/PV co-expression in the PL among subjects who were peer isolated or received dyadic play compared to group housed subjects. Females exposed to dyadic play also had lower PNN/PV co-expression in the IL compared to all other play treatment groups. Interestingly, both males and females who consistently lost dyadic play encounters showed lower PNN/PV co-expression in the PL, IL, and BLA and more submissive and defensive behavior when re-introduced to a social group of peers. We show that opportunities for social play can promote resistance to social stressors in adulthood. Further, we show that deprivation of social play impairs the expression of competent agonistic social behaviors both in juvenile periods and in adulthood. These findings suggest that opportunities for social play in juveniles alters neuronal development in the medial prefrontal cortex, which promotes competent social behavior in adulthood.
[bookmark: _Toc164852969]1. Introduction
Social play during the juvenile period is a crucial component of neural and behavioral development in gregarious species 1. Social play provides animals opportunities to learn social cues, switch social roles, and respond with reciprocal behavior in multiple contexts, which is thought to promote competent and adaptive social behavior in adulthood 2–5. Because of ongoing neural development during the juvenile period, social play is thought to be particularly important for sculpting flexible and appropriate behavior in adulthood 3,5–8. Play in children can facilitate parent engagement; promote safe, stable, and nurturing relationships; encourage the development of numerous competencies, including executive functioning skills; and improve life course trajectories 9–13. Therefore, there is a strong need to identify the neurobiological mechanisms by which social play leads to positive outcomes. 
Deprivation of social play during the juvenile period impairs the expression of competent social behavior. Both play deprivation and juvenile social isolation disorganize adult behavior in rats, including male sexual behavior 2,6,8,14,15. Both male and female rats deprived of play opportunities also show altered agonistic behavior, which includes both elevated aggression and increased defensive behavior toward conspecifics 3,6,8,16–20. Interestingly, they also show a decreased ability to inhibit impulsive responses 21. Further, hamsters deprived of social play during early juvenile development, postnatal day (PND) 21-25, exhibit increased aggression in adulthood towards a novel juvenile intruder compared to play-exposed animals 22–25. In young children, imaginative social play is directly associated with young girls' self-reported positive mood and coping ability in situations requiring self-regulation of impulsivity or aggression 26–28. Further, imaginative social play with others can facilitate cognitive growth including divergent thinking, problem-solving, and representational competence 26,28. In dolphins, opportunities for social play between calves enhance the acquisition and maintenance of flexible problem-solving skills, the emergence and strengthening of social and communicative competencies, and the establishment of social relationships 29. Collectively, these findings indicate that social play is critically important for the development of competent social behavior, and the lack of opportunities for social play contributes to inefficient social interactions, including elevated aggression.
In addition to promoting social competency, social play has been suggested to increase resistance to stressful situations 3,5. Young marmosets that engage in more rough-and-tumble play show reduced cortisol responses in repeated social separation stress tests compared to those that play less 30. In Belding ground squirrels, intermediate to high rates of social play predict more cautious behavior towards a novel threatening intruder, increased boldness, exploration, and decrease in time it required to escape and unfamiliar environment compared to those with less social play experience 31,32. Indeed, rats and mice exposed to juvenile social isolation exhibit increased anxiety-like responses and depression-like behavior, including excessive social vigilance in agonistic encounters, compared to those raised in standard conditions 17,33. Isolated male rats that were exposed to an aggressive conspecific in adulthood also showed a longer latency to submit and elevated plasma corticosterone and epinephrine compared to non-isolates 8. Similarly, isolated rats had decreased spatial flexibility in escape behavior and displayed less defensive behavior toward a resident aggressor, which resulted in higher received aggression compared to those with play exposure 3. This suggests that social isolation impairs the ability to select the appropriate behavioral response to prevent the escalation of aggression. Previous research from our laboratory has shown that male and female Syrian hamsters deprived of social play during the juvenile period show greater durations of submissive and defensive behavior in a conditioned defeat test in adulthood compared to play-exposed controls 34. Altogether, these findings suggest that juvenile social play promotes flexible responses to social challenges in adulthood and decreases stress vulnerability. 
The ventral medial prefrontal cortex (vmPFC) plays a crucial role in mediating agonistic behavior. Specifically, vmPFC activation elicits aggressive behavior in rodents via projections to the mediobasal and lateral hypothalamus 16,35. The vmPFC also plays a critical role in stress-related changes in agonistic behavior as pharmacological inactivation of the vmPFC enhances the conditioned defeat response in male hamsters 36,37. In hamsters, rough-and-tumble play increases c-Fos expression in a range of brain regions that are associated with adult forms of offensive aggression, including in layers II/III of the anterior cingulate, prelimbic (PL), and infralimbic (IL) regions of the mPFC 38,39. In addition, social play deprivation decreases neural pruning in apical dendrites of pyramidal cells in the PL and IL during the juvenile period in hamsters 40 and in rats 41. Interestingly, while deficits in pruning in the orbitofrontal cortex are temporary and return to normal after the juvenile period, deficits in pruning in the PL and IL last into adulthood 41. Deprivation of juvenile social play induces several other structural changes within the vmPFC including a reduction in synaptic plasticity proteins 33 and decreased glial cell density 16. Together, these data suggest that play deprivation causes morphological changes in neural ensembles within the vmPFC that regulate agonistic behavior and responses to social stress. 
vmPFC neurons with projections to the basolateral amygdala (BLA) are also critical for expression and suppression of fear responses 42,43. Patients suffering from stress-related disorders such as post-traumatic stress disorder show functional abnormalities in the vmPFC 44. In mice, the degree of the oscillatory activity between vmPFC and BLA, predicts susceptibility to social defeat stress 45. The IL and PL also appear to play opposing roles in the expression and suppression of stress-related behavior. For example, lesioning the IL prevents the development of stress resilience in animals reared in an enriched environment 46. Similarly, chemogenetic activation of BLA-projecting IL neurons promotes resistance to acute social defeat stress 47. Conversely, neuronal tracing approaches have shown that stress-susceptible mice show greater activity in BLA-projecting PL neurons when exposed to social defeat stress 48. Reciprocal interactions between the BLA and the vmPFC are primarily in layers II/III of the PL and IL with BLA efferents providing feedforward inhibition onto layer II somatostatin (SOM) cells that inhibit parvalbumin (PV) cells and disinhibit pyramidal neurons 49,50. Therefore, PV cells can gate responses to long-range signal transmission between the BLA and vmPFC. Given the dysregulation of agonistic behavior and heightened stress vulnerability seen in play-deprived animals, it is possible that the lack of juvenile social play disrupts experience-dependent plasticity in PV cells in the vmPFC.
One marker for developmental neural plasticity is expression of perineuronal nets (PNNs). PNNs are extracellular matrix structures consisting of chondroitin sulfate proteoglycans that surround neurons and stabilize synaptic connectivity 51,52. In adult rodents PNNs often surround PV neurons and are abundant in the vmPFC and BLA 53. PNNs have been shown to gate experience-dependent neural plasticity in sensory-processing brain regions during developmental sensitive periods 54. In addition, PNNs play a crucial role in establishing and maintaining emotional memories. Victims of childhood abuse show upregulation of oligodendrocyte progenitor cells with greater density and morphological complexity of PNNs around these cells in the vmPFC 55. Further, the extinction of fear memories in adult mice can be accelerated by degrading PNNs in the BLA 56 or auditory cortex 57. On the other hand, chronic restraint stress in adult mice has been shown to decrease PNN expression and decrease glutamatergic and GABAergic transmissions in the PFC which was associated with increased anxiety-like behavior in mice 58. While PNNs modulate the development of emotional responses, it’s unknown whether they serve as a marker for social play-dependent neural plasticity. Interestingly, elevated aggressive behavior exhibited by mice exposed to juvenile isolation is associated with greater PNN expression on PV+ neurons in the vmPFC, suggesting disrupted PNN maturation may contribute to the social deficits seen in play-deprived animals 17. PNNs may thus gate experience-dependent synaptic plasticity in the vmPFC and BLA during social play and thereby modulate neuronal responses to social stress in adulthood. 
The functions of social play remain elusive and manipulating social play has been particularly difficult 7. Some studies have housed hamsters individually after weaning on PND 21–25 23,25,59. Others have housed juvenile animals with their mothers to avoid the effects of complete social isolation 40,60. Furthermore, the amount of time animals are isolated prior to play encounters varies as some studies isolate animals for a short amount of time 61–63, while others isolate animals for a longer period 22,24,34,59. Interestingly, the amount of time hamsters spent playing was proportional to the amount of time they were socially isolated prior to a play bout 64,65. We have previously shown that depriving hamsters of social play opportunities on PND 21-43 increases the effects of social defeat stress in adulthood 34,40,67. Others have shown that 1-hour of social play per day in rats is sufficient to rescue exploration in an open field and decrease weight loss compared to those that were completely play deprived 21. Recently, it was shown that 1-hour of social play per day partially rescued inhibitory synaptic currents in the PFC that was related to cognitive deficits on a reversal learning task. Together, this suggests that brief social play interactions during critical developmental periods is sufficient to rescue the effects of peer isolation.
Here we asked whether giving juvenile hamsters 1-hour of daily social play was sufficient to rescue an exaggerated response to social defeat stress in adulthood. Further, we investigated whether juvenile social play deprivation alters PNN/PV co-expression in the PL, IL, and BLA, and whether PNN expression could be rescued by 1-hour of daily social play. We predicted that subjects given opportunities for social play would exhibit less defeat-induced changes in social behavior than play-deprived hamsters. We also expected that animals given opportunities for social play would show reduced PNN expression in the PL, IL, and BLA compared to play-deprived subjects.
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Male and female Syrian hamsters (N = 96) were obtained from our breeding colony, which was derived from animals purchased from Charles River Laboratories (Wilmington, MA). All animals were housed in polycarbonate cages measuring 20 x 40 x 20 cm with wire mesh tops and corn cob bedding. Food, water, and cotton nesting materials were available ad libitum. All animals were kept on a 14:10 reverse light cycle where the dark portion of the cycle began at 1300 hours and ended at 2300 hours. Animals were tested within the first 3 hours of the dark cycle to minimize circadian variation in agonistic behavior 67,68. All procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee and are in accordance with ARRIVE guidelines and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
[bookmark: _Toc164852972]2.2. Experimental Design
After weaning on PND 21, subjects were divided into four treatment groups with 24 animals (12 males and 12 females) per group (Figure 4.1). A Peer-Isolated group was raised with their dam (mother) during PND 21-43 with no opportunities for social play. A Dyadic Play group was similarly raised with their dam but given 1-hour of social play per day with a sex-matched conspecific. A Group Play condition included hamsters that were housed with 3 littermates after weaning. A Handled Control condition included hamsters that were housed with littermates after weaning but and did not undergo social defeat stress. We restricted access to social partners during PND 21-43 because this is the period of peak social play in juvenile hamsters 22,34. Also, we housed Peer-Isolated and Dyadic Play subjects with their dam to avoid complete social isolation but restrict opportunities for social play because dams do not play with their offspring 60. At PND 43, we combined Peer-Isolated and Dyadic Play subjects with 3 of their same-sex littermates from the Group Play condition. The re-housing at PND 43 functioned to restrict play manipulation to the juvenile stage.
At PND 60, subjects were individually housed for 7-8 days before exposure to social defeat stress. During these 7-8 days, subjects were handled for approximately 2-5 minutes daily to acclimate subjects to human contact. Female subjects were evaluated for signs of Estrus by placing a cotton swab against the vaginal area and checking for the presence of stringy vaginal discharge 69. We then exposed subjects to acute social defeat stress which occurred on Diestrus I for females. Stress-related changes in social behavior were assessed 24 hours (Diestrus II) later using a conditioned defeat test and a social avoidance test. Subjects were humanely sacrificed 24 hours after behavioral testing (Proestrus) and brains collected for immunohistochemical analysis (Figure 4.1). 
[bookmark: _Toc164852973]2.3. Behavioral Testing
Dyadic Play Dates: Hamsters were placed into a clean, neutral cage with corn cob bedding. Hamsters were sex-matched with a novel conspecific that was also peer isolated for 1 hour per day, five days per week during PND 21-43. Play encounters occurred in the same cage for 5 days and a new cage was used the following week. Hamsters were briefly anesthetized with isoflurane and shaved under their neck for identification before the first and eleventh encounters. Subjects were paired with the same conspecific for each encounter, testing occurred in red light conditions, and all encounters were video recorded. Social play was scored using an established ethogram for hamster play behavior 34. Peer-Isolated hamsters were also shaved in parallel with Dyadic Play Date animals and placed in an empty cage for 1 hour daily. 
Re-housing after play deprivation: Peer-Isolated and Dyadic Play Date hamsters were regrouped with littermates on PND 44. We filmed the first 15 minutes of regrouping and quantified the videos for agonistic, submissive, defensive, affiliative, and non-social behavior.
Social defeat: Social defeat stress consisted of 3, 5-minute aggressive interactions at 5-minute inter-trial intervals in which the subject lost to a novel, larger, same-sex aggressor. All encounters took place in the aggressor’s home cage. Encounters were video recorded, and the latency for subjects to submit to the aggressor during the first social defeat encounter was quantified. To account for variation in how quickly the resident initiated aggression, we recorded the subjects’ latency to submit relative to the initiation of aggression by the resident. A plastic barricade was used to separate the subjects from the resident aggressors after they submitted and received 5 attacks. We kept the subject separated and restricted to one side of the cage for the remainder of the 5-minute trial. The plexiglass barricade had holes in it so that the animals could still see, smell, and hear each other. The Handled Control group was exposed to cages of 3 unfamiliar hamsters after the residents had been removed. Because the effects of social defeat stress vary across the estrous cycle, female subjects underwent social defeat on Diestrus 1 and were tested for conditioned defeat and social avoidance on Diestrus 2 69. 
Conditioned Defeat: Conditioned defeat testing occurred 24 hours after social defeat stress exposure. Conditioned defeat testing involved a 5-minute social interaction in which a freely moving, non-aggressive, juvenile (PND 49-56) was placed into the subject’s home cage. Encounters were video recorded, and we quantified the duration of submissive and defensive, aggressive, social, and non-social behavior displayed by the subject.
Social Avoidance Test: Approximately 30 minutes after conditioned defeat testing, subjects were tested for social avoidance in a neutral open arena (80cm x 80cm x 40cm). The arena was divided into four sections: the interaction zone, near side, far side, and far corners. We quantified the amount of time spent in each section and the duration of social vigilance 70,71. Testing consisted of 3 phases that were 3 minutes each. During the first phase, subjects were placed in the empty arena and allowed to habituate. During the second phase an empty perforated box (7 x 14 x 7cm) was placed into the interaction zone and subjects were allowed to acclimate to the novel box. During the third phase (testing phase) an unfamiliar, adult, same-sex hamster was placed inside the perforated box to assess approach and avoidant behavior. The ratio of the subjects’ time spent in the interaction zone between the acclimation and testing phases was calculated to determine whether subjects were relatively more avoidant of the unfamiliar hamster compared to the empty box.
Behavioral scoring: Behavioral tests were scored using either Noldus Observer (Noldus Information Technology) or BORIS software 72. All observers were trained to achieve at least a 90% agreement on frequencies and durations of behavior prior to quantification. All observers were blind to treatment conditions while scoring.
[bookmark: _Toc164852974]2.4. Tissue Processing
Subjects were euthanized 24 hours after conditioned defeat and social avoidance testing using an overdose of isoflurane followed by cardiac perfusion with 100mL of 0.1M phosphate buffer (PB) and 100mL of 4% paraformaldehyde. Brains were post-fixed overnight in 4% paraformaldehyde. Brains were then transferred into a 30% sucrose solution in 0.1M PB with 0.01% sodium azide. Brains were frozen using dry ice and stored at -80°C until sectioning into 40μm sections. PL and IL tissue was stored in 0.01% sodium azide solution in 0.05M PB at 4°C until processing for immunohistochemistry, while BLA tissue was sectioned directly onto slides and stored at -80°C until staining.
Immunohistochemistry:
	Tissue was first washed 5 times for 5 minutes in 0.05M PB before being blocked in 10% normal goat serum in 0.02% PB-Triton X for 1 hour. Tissue was then incubated in primary antibodies for PV (1:1000, Sigma-Aldrich P3088, mouse monoclonal anti-parvalbumin antibody) in 0.02% PB-Triton X with 5% normal goat serum for 24 hours at room temperature. The next day, tissue was washed 5 times for 5 minutes in 0.05M PB before being incubated in a cocktail of secondary antibody for the PV primary antibody and a combined fluorescein antibody specific for Wisteria floribunda Agglutinin (WFA) in 0.02% PB-Triton X with 5% normal goat serum for 4 hours (1:500 Thermo Fisher Alexa fluor 594 goat anti-mouse A11032; 1:500, Vector Labs WFA, WFL, Fluorescein, FL-1351-2MG). Finally, tissue was again washed 5 times for 5 minutes with 0.05M PB. Stained vmPFC tissue was mounted onto slides. All slides were covered with DAPI (SouthernBiotech, Lot: B0823-N643) mounting medium, coverslipped, and sealed using clear nail varnish. Slides were stored at 4°C until imaging.
PNN/PV Quantification:
Tissue was imaged bilaterally using an Olympus BX51 fluorescence microscope (Figure 4.2). We imaged layers II & III of the PL and IL with a clip region of 300 x 400 μm, and the BLA with a clip region of 500 x 500 μm. After images were collected, the files were then pipelined and analyzed using a software from RewireNeuro called Perineuronal net Intensity Program for the Standardization and Quantification of ECM Analysis (PIPSQUEAK) AI. This software was developed to detect and quantify the number of immunofluorescent positive cells (https://rewireneuro.com/). The software allowed us to use an artificial intelligence (AI) interface with the software to train the algorithm and count cells. The software counts PNN cells, PV cells, and then within 95% of the respective boundaries of the regions of interests (ROIs) of each PNN and PV cell, the software will count co-localized cells on the merged images. Researchers achieved 90% agreement with one another on cell counts, then established the AI software parameters that produced 90% agreement with researchers, and continuously monitored automated cell counts for false positives and false negatives. We analyzed approximately 6 sections of each brain region for each subject and analyzed the average number of PNNs or PV+ neurons per animal. All image quantification was performed by observers blind to treatment conditions.
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	Testing the 50:50 ratio: Role reversal, which occurs when play partners take turns adopting complementary roles, is a common feature of rough-and-tumble social play 73,74. To test for symmetry of social play we classified play behavior as offensive or defensive. Offensive behavior that occurred during dyadic play encounters included pinning and flank marking, while defensive behavior included supines, evades, and flees. The proportion of offensive and defensive behavior can be used to calculate an index score that reflects which animals wins or loses the play bout 75–77. Similarly, we calculated a winning index for each play bout (see below). To quantify the emergence of dominance relationships, we quantified the frequency of tail raises because this is a clear signal hamsters use for submission. However, tail raises were not considered a defensive play behavior. The winning index was averaged across the early, mid and late phases of play bouts. Finally, we compared scores between partners to determine whether play bouts had a clear winner and loser.
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All statistical analyses were performed using R statistical software 78. Where data were normally distributed, group effects and regression analyses were performed using linear mixed models using the lme4 package 79 with Tukey’s post-hoc tests. When data were not normally distributed, overdispersion was tested to determine the appropriate distribution. Where data were found to fit a negative binomial distribution, we used generalized linear mixed models fit to a negative binomial distribution using the glmmTMB package 80. Where data were found to fit a Poisson distribution, we used generalized linear mixed models fit to a Poisson distribution using the lme4 package 79. We used repeated measures ANOVAs to investigate whether sex (male, female) and status (winner, loser) predicted differences in total play time, pins, and tail raises in dyadic play bouts 81,82. If sphericity was violated, Greenhouse-Geisser was used as this has been shown to be a more conservative correction than Huynd-Feldt. We also used pairwise comparisons to investigate simple effects of between subject factors across each day of social play encounters. This approach allowed us to investigate if there was a sex or status difference across each day of dyadic play encounters for each dependent variable.
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There were no sex differences in the total amount of time that hamsters in the Dyadic Play condition engaged in social play (F1,70= 0.44, p > 0.05). However, in both males and females there was a significant change in the amount of time hamsters spent playing with one another (F1,70= 7.07, p < 0.01) (Figure 4.3). Specifically, social play decreased over time such that both males and females spent more time playing during PND 24-34 compared to PND 38-42. This is consistent with previous research showing that social play decreases over time and slowly transitions into adult forms of aggression 7,25,66.
We compared a winning index score across the early (PND 24-28), mid (PND 32-36), and late (PND 38-42) phases of the juvenile stage. In the early stage, play partners did not significantly differ in their winning index (F1,20=0.96, p=0.33). However, in the mid phase, play bouts were no longer symmetrical and winners (b = 12.44, SE=6.635) showed a significantly larger winning index than losers (b = 1.6, SE=4.69, F1,20=6.24, p=0.021). However, this effect did not reach statistical significance for males and females separately (males: F1,10=1.8, p=0.21; females: F1,10=2.16, p=0.17). In the late phase, one partner was winning significantly more than the other (F1,20= 41.88, p< 0.001), in both males (F1,10=36.94, p<0.001) and females (F1,10=17.38, p=0.001). Consistent with these findings the number of pins changed over time (F1,20= 16.47, p<0.001). Specifically, pins were reciprocated between winners and losers during the early and mid-phases (p>0.05). However, during PND 38 (F1,20=18.33, p<0.001), 40 (F1,20=4.98, p=0.04), and 42 (F1,20= 4.47, p= 0.04) one hamster pinned their partner more often than the other and winning became unilateral in both males and females. Interestingly, dominance relationships began to emerge as losers showed tail raise postures more often than winners during PND 38 (F1,20=8.38, p=0.01), 40 (F1,20=7.99, p=0.01), and 42 (F1,20= 19.21, p<0.001). This gradual loss of reciprocity was also found for other types of play behavior.
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	We assessed agonistic and social behavior among Peer-Isolated and Dyadic Play subjects on PND 43 when they were re-grouped with same-age, same-sex conspecifics (Figure 4.4). We found that male hamsters displayed significantly more submissive and defensive behavior during regrouping than female hamsters (χ2(1, N=42)=7.31, p=0.007). We further investigated group differences within males and found that Peer-Isolated males showed more submissive and defensive behavior than Dyadic Play males (F(1,20)=7.37, p=0.013). Conversely, we found that female hamsters were more aggressive than males at regrouping (χ2(1, N=42)=5.88, p=0.015). However, no significant differences were found in  the frequency of attacks (p=0.252) or duration of affiliative behavior (p=0.922).
To assess how prior play experience affected agonistic behavior in Dyadic Play hamsters at regrouping, we compared agonistic behavior at regrouping between animals categorized as winners and losers in the late phase of play encounters. We found that winners showed significantly less submissive and defensive behavior than losers in both male and female hamsters (χ2(1, N=23)=12.21, p<0.001). However, winners and losers did not statistically differ in the amount of aggressive behavior at regrouping (p=0.661).
After social groups were established, we found that some animals became hyper-aggressive and needed to be separated to prevent wounding. Specifically, 66.7% of Peer-Isolated females (8/12) and 33.3% (4/12) of the Peer-Isolated males had to be separated from their new social group and individually housed during PND 43-48. In contrast, 33.3% (4/12) of Dyadic Play females and 16.7% (2/12) Dyadic Play males had to be separated and individually housed during PND 43-48. 
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	We assessed the amount of aggression received during social defeat sessions to confirm that all subjects were exposed to sufficient social stress. While female hamsters received more aggression than male hamsters (F1,67=6.36, p=0.014), the amount of aggression received did not depend on play treatment (p=0.528). We also found that individuals did not statistically differ in the number of attacks received (p=0.257). 
	We also quantified the latency for each subject to submit to the resident aggressor during the first social defeat session. A positive latency indicates subjects submitted after receiving aggression, while a negative latency indicates subjects submitted before receiving aggression. We found a trend where males showed greater adjusted latencies to submit compared to females, though this trend did not reach statistical significance (F1,65=3.48, p=0.067). However, play treatment did not alter latency to submit (p=0.174). 
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	We found a significant main effect of group on submissive and defensive behavior in a conditioned defeat test (χ2(3, N=99)=80.25, p<0.001) (Figure 4.5). Tukey post-hoc tests revealed that all three defeated groups showed more submissive behavior than Handled Control hamsters (p<0.001). We also found that Peer-Isolated subjects were significantly more submissive than Group Housed hamsters in both males and females (p=0.031). Also, daily play encounters partly rescued the conditioned defeat response and Dyadic Play subjects did not statistically differ from Group Housed subjects (p=0.859) or Peer-Isolates (p=0.219). Although males showed greater social vigilance than females (χ2(1, N=99)=9.35, p-0.002), play treatment did not significantly alter the duration of vigilance behavior in animals exposed to social defeat (p=0.325).
We found a main effect of group on aggressive behavior during conditioned defeat in which Handled Control hamsters showed the most aggression (χ2(3, N=99)=11.33, p=0.010) and the greatest number of attack (χ2(3, N=99)=11.03, p=0.012). Specifically, they showed greater durations of aggressive behavior than Peer-Isolates (p=0.022), Dyadic Play (p=0.038), and Group Housed (p=0.037) hamsters. Female hamsters also showed significantly more aggressive behavior (χ2(1, N=99)=23.77, p<0.001) and a greater number of attacks (χ2(1, N=99)=16.61, p<0.001) than males. We also found a group by sex interaction for affiliative behavior (F3,91=3.54, p=0.018) in which Handled Control males showed more affiliation than all female groups (Peer-Isolated p=0.002; Dyadic Play Date p=0.009; Group Housed p=0.004) and Peer-Isolated males (p<0.001). 
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	During the acclimation phase all groups showed similar approach and avoidance behavior toward the novel empty box. We did not find group differences in time spent in the interaction zone (p=0.656) or corners of the arena (p=0.234) in the acclimation phase. However, in the testing phase, we found a main effect of group (χ2(3, N=100)=41.99, p<0.001) on time spent in the interaction zone where both Peer-Isolated and Dyadic Play hamsters spent less time in the interaction zone than Group Housed (Peer-Isolated p=0.007; Dyadic Play Date p=0.016) and Handled Control subjects (Peer-Isolated p<0.001; Dyadic Play Date p<0.001) (Figure 4.6). Also, groups exposed to social defeat spent more time in the corners of the arena than Handled Control hamsters during the testing phase (χ2(1, N=100)=34.06, p<0.001). We also found that male hamsters spent significantly less time in the interaction zone (χ2(1, N=100)=22.23, p<0.001), less time on the far side of the arena (χ2(1, N=100)=11.39, p<0.001), and more time in the corners of the arena (χ2(1, N=100)=6.51, p=0.011) than female hamsters regardless of their play exposure experience. 
We found that defeated groups showed significantly more vigilance during social avoidance testing than Handled Control hamsters (χ2(3, N=100)=54.59, p<0.001). We also found a trend where Dyadic Play hamsters were less vigilant than Peer-Isolated subjects, though this effect did not reach statistical significance (p=0.072). Vigilance among Dyadic Play hamsters did not statistically differ from Group Housed subjects (p=0.299). We also found that male hamsters were more vigilant than females across all social play-exposed groups (χ2(1, N=100)=10.34, p=0.001). 
We also quantified the ratio of time spent in the interaction zone between acclimation and testing phases. We found that interaction ratios differed significantly between play treatment groups (χ2(3, N=100)=27.33, p<0.001). Tukey post-hoc tests showed that both Peer-Isolated (p=0.004) and Dyadic Play (p<0.001) groups were significantly more socially avoidant than Handled Control hamsters. While Group Housed hamsters tended to be more socially avoidant than Handled Control subjects, this effect did not reach statistical significance (p = 0.098). We also found that male hamsters were significantly more socially avoidant than female hamsters across all groups (χ2(1, N=100)=25.61, p<0.001). 
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	We found a significant interaction between treatment group and sex on the proportion of PNNs surrounding PV+ neurons in the PL (F3,89=2.93, p=0.038) (Figure 4.7.). Specifically, Peer-Isolated and Dyadic Play females showed reduced PNN/PV co-expression compared to Group Play and Handled Control females, although Tukey post-hoc tests were not sensitive enough to detect a statistically significant difference (Peer Isolate vs Group Play p=0.347; Dyadic Play vs Group Play p=0.242). We did not find any significant differences in the number of PNNs (p=0.386) or PV+ neurons (p=0.283) in the PL.
	We found a significant main effect of treatment group on the proportion of PNNs surrounding PV+ neurons in the IL (F3,88=3.263, p=0.025) (Figure 4.8). Tukey post-hoc tests revealed that Dyadic Play hamsters had a lower proportion of PNNs surrounding PV+ neurons in the IL than Peer-Isolated subjects (p=0.027). Similarly, Dyadic Play hamsters tended to have lower PNN/PV co-expression than Handled Control hamsters, though this effect did not reach statistical significance (p=0.058). There were no significant differences in the number of PNNs (p=0.222) or PV+ neurons (p=0.364) in the IL.
	In the BLA we found no significant effect of play treatment on the expression of PNNs (p=0.095), PV+ neurons (p=0.349), or proportion of PNNs surrounding PV+ neurons (p=0.596) (Figure 4.9). While we did not find significant differences in PV+ neuron count between groups in the BLA (p=0.483), we did find that male hamsters had fewer PV+ neurons in the BLA than females (F1,88=4.06, p=0.047). 
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	We asked whether individual differences in PNN and PNN/PV expression were associated with behavioral patterns at testing (Figure 4.10A). Here, we report associations that were significant or trending.
Dyadic Play Dates
	We investigated differences in PNN expression in the PL, IL, and BLA between winners and losers of dyadic play encounters. We found that losers showed significantly lower PNN/PV expression in both the PL (F1,18=9.08, p=0.007) and IL (F1,18=6.66, p=0.019). This effect was driven by female subjects, however the two-way interaction between group and sex did not reach statistical significance (PL p=0.295; IL p=0.119). Similarly, both male and female losers also tended to have less PNN/PV expression in the BLA, though this effect did not reach statistical significance (F1,18=3.68, p=0.071).
Regrouping Correlations
We tested whether PNN expression in the PL, IL, and BLA correlated with agonistic behavior during regrouping (Figure 4.10B, C, D). We found that, among males, the duration of submissive and defensive behavior was positively correlated with PNN number in the BLA (F1,35=7.59, p=0.009, adjusted R²=0.36). We also found a non-significant trend in which the proportion of PNNs surrounding PV+ PL neurons was negatively correlated with submissive behavior at regrouping in both males and females (F1,38=3.40, p=0.073, adjusted R²=0.30). The proportion of PNNs surrounding PV+ BLA neurons also tended to be positively correlated with aggressive behavior during regrouping in both males and females, though it did not reach statistical significance (F1,35=3.74, p=0.061, adjusted R²=0.07).
Conditioned Defeat
We tested whether agonistic behavior during conditioned defeat testing was associated with PNN expression (Figure 4.10G). We found a trend where PNN count in the PL was negatively correlated with aggression in both males and females, though this effect did not reach statistical significance (F1,92=3.37, p=0.069, adjusted R²=0.27). Interestingly, neither PNN nor PV expression predicted submissive and defensive behavior during conditioned defeat testing.
Social Avoidance Test
	We correlated interaction zone ratio scores during social avoidance testing with PNN expression in the PL, IL, and BLA (Figure 4.10E, F). We found that PNN count in the IL was positively correlated with interaction zone ratio in females, where female subjects with the greatest social approach had the most IL PNNs (F1,92=4.63, p=0.033, adjusted R²=0.15). Similarly, we found that the proportion of PNNs surrounding PV+ BLA neurons was also positively correlated with interaction zone ratios in both males and females, though this trend did not reach statistical significance (F1,90=3.69, p=0.068, adjusted R²=0.14). 
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	The present study sought to determine if 1-hour of daily play exposure was sufficient to rescue play deprivation-induced increases in stress vulnerability, and whether play exposure changed PNN expression. We found that deprivation of juvenile social play disrupts social interactions with unfamiliar animals in early adolescence and increases the conditioned defeat response in adulthood. These findings replicate our previous work that play deprivation increases submissive and defensive behavior in a conditioned defeat test 34,40. Here we extended this work by showing that 1 hour of daily social play was sufficient to restore a species-typical conditioned defeat response in both males and females. Interestingly, manipulating opportunities for social play also altered agonistic behavior when animals were placed into new social groups. Together, these findings suggest that social play is critical for the development of species-typical agonistic behavior during both the late juvenile period and in adulthood. Overall, our findings are consistent with literature that social play is essential for developing competent social behavior 3,6,8,19,20.
	Our findings suggest that social play deprivation increases sensitivity to social defeat stress as measured by increased submissive and defensive behavior against a non-threatening juvenile during a conditioned defeat test. Also, reducing opportunities for social play increased submissive and defensive behavior in males and increased aggression in females during the formation of new social groups. Interestingly, reducing opportunities for social play in female and male hamsters decreases their social interaction ratio in a social avoidance test, although 1 hour of daily play exposure did not rescue this form of stress-induced social avoidance. Altogether, this suggests that play deprivation disrupts agonistic behavior in new social groups, amplifies conditioned defeat responses, and enhances social avoidance. While dyadic play could rescue these deficits in conditioned defeat, 1 hour of dyadic play was insufficient to rescue social avoidance. It has been suggested that even 2-hours of social play may not be sufficient to compensate for the effects of social isolation in Syrian hamsters 63. The amount of play needed to rescue the effects of isolation may be species-dependent, as 1-hour of social play was sufficient to rescue boldness behavior in an open field and decrease weight loss in rats 21. Further, if rats were exposed to a play partner that was injected with a drug to render them non-playful, but still mobile, they exhibited the same deficits as fully isolated rats 83,84.  Interestingly, probabilistic reversal learning (PRL) is commonly used to measure cognitive flexibility in rodents and humans. In PRL tasks, subjects must sample choice options and, from probabilistic feedback, find the current best choice which then changes without warning 85. Recently, rats were either reared in isolation, in isolation with 1-hour of social play, or reared with a cage mate (PND 21-42). Rats reared in isolation had a decrease in perisomatic inhibitory synapses from PV cells with decreased inhibitory currents in the PFC and deficits in cognitive performance on reversal learning. Although, 1 hour of daily social play partially rescued cognitive performance in reversals in a probabilistic reversal learning (PRL) task, which depended on the integrity of the PFC, by using a more simplified cognitive strategy than controls. Together, this indicates that while a short period of daily exposure to a peer can rescue some behavioral deficits, it is not a full rescue compared to continuous exposure to a playful partner 86. Another possibility is that the opportunity to play with multiple partners may be required for rescuing the effects of social stress in adulthood. Together, these findings suggest that peer isolation disrupts the development of contextually appropriate agonistic behavior and that providing opportunities for social play partly restores deficits in social behavior and cognitive performance. 
Interestingly, the ability of daily dyadic play encounters to rescue effects of play deprivation depends on the outcome of play fights. The ‘50:50 rule’ suggests that individuals should take offensive and defensive roles in roughly equal proportion for play to remain appealing to both partners 73,74. However, reciprocity in playful behavior varies widely within and between species 74,87. In young male rhesus monkeys (Macaca mulatta), play-fighting roles tend to be fairly egalitarian at first, but as the partners grow older, one animal adopts the offensive role more often than the other 88. Rats have reciprocal play patterns with dynamic pins, attacks, supines, and role reversals. This complex pattern of rough and tumble play in young males will use rougher versions of rough-and-tumble play as a tool for negotiating dominance relationships 7,89. In this study, we found that the decrease in social play over time coincides with a reduction in reciprocity. By the late juvenile period, one animal clearly wins the encounter while the other uses a tail raise posture to indicate a subordinate social status. Winning or losing play encounters predicted behavior in a new social group, where female and male hamsters who lost more play fights tended to show more submissive & defensive behavior during regrouping than hamsters who won. This suggests that the outcome of play encounters may be an important contributor to social behavior and stress vulnerability later in life. Others have shown that winning play fights enhances physical ability, increases chance for survival, and increases social status 4,90–92. We have previously shown that male and female hamsters that achieve a dominant social status show less stress vulnerability in a conditioned defeat test and a social avoidance test, respectively 93,94. Thus, social play experience may enhance the ability to win future aggressive encounters, which might improve stress resistance in adulthood. 
Play-induced changes in PNN expression in the vmPFC may impact stress-related changes in social behavior. Among females, both Peer-Isolated and Dyadic Play hamsters showed diminished PNN/PV co-expression in the PL, with losers in the dyadic play showing the least amount of PNN/PV co-expression. Further, the proportion of PNNs that surround PV+ cells in the PL was negatively associated with aggressive behavior during the conditioned defeat test in both sexes. Females with fewer PV+ cells surrounded by PNNs also showed increased submissive behavior when re-housed into a new social group, which means that the losers in the dyadic play dates were more sensitive to re-socializing with littermates. Surprisingly, almost all the Peer-Isolated and a portion of the Dyadic Play females had to be individually housed prior to adulthood because they were hyper-aggressive and injured their cage mates. Together, these findings suggest the lack of social play and/or chronically losing play bouts may generate plasticity in the PL that sensitizes female aggression and social avoidance into adulthood. These findings are consistent with other stressors that specifically disrupt inhibitory and excitatory neurotransmission in the PL. Rats subjected to peripubertal stress show decreased levels of synaptic cell adhesion molecules specific to GABAergic synapses, including PV cells, on PL neurons 95,96. Also, chronic unpredictable stress increased excitability of dopamine receptor-1 expressing pyramidal neurons of the PL, but not the IL 97. Similarly, dominant hamsters selectively activate BLA-projecting PL and IL neurons during social defeat and chemogenetic activation of these neurons reduces the conditioned defeat response 47,98. These studies suggest that various types of adverse experiences, including play deprivation, can produce synaptic plasticity in specific vmPFC neurons that alter stress-related changes in behavior. 
vmPFC neurons also regulate aggressive behavior, although aggression depends on activity of specific neuronal ensembles. Rearing adolescent rats in isolation leads to increased aggressive behavior and decreased cellular markers of neural activity within the vmPFC, such as c-Fos and Arc 99. Activation of GABAergic interneurons diminish aggression in rodents, while inhibition of these interneurons increases aggression 35,100. This same pattern of control over aggressive behavior is seen in IL PV interneurons 35,100,101. Also, optogenetic stimulation of glutamatergic pyramidal cells in the vmPFC reduces aggression in mice, and optogenetic inhibition increases it 102. In contrast, the elevated aggression in isolated adolescent rats has also been associated with increased c-Fos immunoreactivity in both CaMKII-expressing and GABA-expressing neurons in the PL and IL 16. Further, optogenetic stimulation of vmPFC neurons projecting to either the lateral hypothalamus or medial basal hypothalamus increases bites in a resident-intruder test 35. These findings suggest that while global disruption of vmPFC activity decreases inhibition of aggression, specific neural circuits within the vmPFC stimulate aggression. Together, these findings suggest the possibility that females reared in peer isolation, or those that consistently lost dyadic play dates, may have increased PL output because of disrupted PNN expression around PV+ cells, which alters agonistic behavior in the juvenile period and vulnerability to social defeat in adulthood. 
Interestingly, we found that females given 1-hour of social play daily had lower PNN/PV co-expression in the IL compared to all other groups. The goal of the present study was to rescue deficits associated with play deprivation with 1-hour of social play daily, but this finding suggests that daily dyadic play generates patterns of neural plasticity that are different from playing in a social group. Because losing during dyadic play dates was associated with decreased PNN expression on PV+ neurons compared to winners, losers of play encounters may have decreased activity of PV+ neurons in the IL 86.  Maturation of PNNs is implicated in the closing of the critical periods which may involve actual obstruction of neuritic extensions 103. Functionally, PNNs are implicated in the stabilization of synapses and consolidation of long-term memories 56,103,104. PNNs create a physical barrier to reduce synaptic plasticity around PV-expressing GABAergic cells 105–107. Impeding plasticity may assure efficient transfer of information within dedicated circuits, reflecting neural paths that are shielded from extraneous information of other neurons 107. We found that PNN number in the IL was positively correlated with interaction zone ratio during social avoidance testing in females, which is consistent with the role of the IL in suppressing fear responses 42,108,109. Interestingly, social avoidance was not associated with PNN expression on PV+ IL neurons, which suggests a role for PNN expression on non-PV+ cells. One possibility is that increased PNN expression on IL pyramidal neurons enhances activity of IL-BLA neurons and suppresses defeat-induced changes in social behavior 47,110. 
The BLA is a critical site for synaptic plasticity underlying the acquisition of defeat-induced changes in social behavior 111,112. While we did not find differences in PNN expression between play treatment groups, we did find that PNNs in the BLA were associated with individual differences in behavior during regrouping and social avoidance testing. Similar to our findings in the IL, PNN/PV co-expression in the BLA was associated with greater social approach during social avoidance testing. Because PNNs are thought to preferentially surround and stabilize mature PV+ interneurons 113, this could be reflective of PNNs stabilizing a pattern of local inhibition in the BLA. This may allow PV+ interneurons to exert greater inhibitory control over the BLA and reduce stress-related anxiety. We also found that hamsters with greater PNN/PV co-expression in the BLA were more aggressive during regrouping in both males and females. Interestingly, subjects with higher PNN count in the BLA independent of PV+ co-localization showed the most submissive and defensive behavior during regrouping. This highlights an important distinction between PNNs on PV+ and non-PV+ neurons. We suggest that while PNN expression on PV+ neurons in the BLA may attenuate anxiety responses, PNN expression on non-PV+ neurons may stabilize synaptic connections that increase anxiety responses. The expression of PV itself has also been shown to be activity dependent 114. As such, it is possible that PNNs are indeed surrounding PV+ neurons, but these interneurons are less active, and PV is undetectable using immunostaining. Future research will benefit from investigating how PNNs modulate the activity in BLA inhibitory microcircuits to delineate the contribution of PV+ and PV- neurons to stress-related behavior.
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Here we show that play deprivation increases stress vulnerability in a conditioned defeat test, and 1-hour of daily dyadic play was sufficient to rescue defeat-induced changes in agonistic aggression. Interestingly, consistently losing dyadic play bouts disrupts neural plasticity in the vmPFC and BLA, and female hamsters appear to be more sensitive to these changes than males. These findings suggest that early life experiences may alter PNN expression within stress sensitive brain regions which contributes to individual differences in social behavior. In this way, social play may help coordinate behavior in multiple domains where winning or losing broadly alters stress resistance and risk assessment in threatening situations. Beneficial directions for future research include delineating how PNN expression alters activity of select neural ensembles to produce individual differences in stress-related behavior. Further, future research should investigate what degree and context of social play is sufficient to fully rescue deficits in stress sensitivity and neural development. Our work delineates a critical role for social play in the development of competent social behavior and stress vulnerability, and sheds light on the role of PNNs on adult agonistic behavior.
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The medial amygdala (MeA) controls several types of social behavior via its projections to other limbic regions. Cells in the posterior dorsal and posterior ventral medial amygdala (MePD and MePV, respectively) project to the bed nucleus of the stria terminalis (BNST) and these pathways respond to chemosensory cues and regulate aggressive and defensive behavior. Because the BNST is also essential for the display of stress-induced anxiety, a MePD/MePV-BNST pathway may modulate both aggression and responses to stress. In this study we tested the hypothesis that dominant animals would show greater neural activity than subordinates in BNST-projecting MePD and MePV cells after winning a dominance encounter as well as after losing a social defeat encounter. We created dominance relationships in male and female Syrian hamsters (Mesocricetus auratus), used cholera toxin b (CTB) as a retrograde tracer to label BNST-projecting cells, and collected brains for c-Fos staining in the MePD and MePV. We found that c-Fos immunoreactivity in the MePD and MePV was positively associated with aggression in males, but not in females. Also, dominant males showed a greater proportion of c-Fos+ /CTB+ double-labeled cells compared to their same-sex subordinate counterparts. Another set of animals received social defeat stress after acquiring a dominant or subordinate social status and we stained for stress-induced c-Fos expression in the MePD and MePV. We found that dominant males showed a greater proportion of c-Fos+ /CTB+ double-labeled cells in the MePD after social defeat stress compared to subordinates. Also, dominants showed a longer latency to submit during social defeat than subordinates. Further, in males, latency to submit was positively associated with the proportion of c-Fos+ /CTB+ double-labeled cells in the MePD and MePV. These findings indicate that social dominance increases neural activity in BNST-projecting MePD and MePV cells and activity in this pathway is also associated with proactive responses during social defeat stress. In sum, activity in a MePD/MePV-BNST pathway contributes to status-dependent differences in stress coping responses and may underlie experience-dependent changes in stress resilience.
[bookmark: _Toc164852989]1. Introduction
Dominance relationships are characterized by experience-dependent changes in aggressive and submissive behavior and function to reduce social conflict for limited resources 1–4. They are created when one animal consistently wins a competitive interaction against a familiar opponent and the subordinate animal submits preemptively. The formation of dominance relationships leads to widespread changes in the neurochemicals and neural circuits that control aggressive and submissive behavior5–9. In addition, dominant and subordinate animals differ in how they respond to stress with dominants often showing stress resistance and subordinates showing stress vulnerability 10–15. Together, these studies suggest that the specific neural circuits that underlie experience-dependent changes in aggression may also contribute to differences in stress responsivity between dominants and subordinates.
The medial amygdala (MeA) is a central node in a social behavior neural network and activity of MeA cells plays an essential role in aggressive, defensive, submissive, reproductive, and parental behavior 16–21. Anterior regions of the MeA have robust connections with the main and accessory olfactory system and play an essential role in processing social chemosensory cues 22,23. Neurons in the dorsal aspects of the posterior MeA (MePD) have been shown to regulate reproductive and aggressive behavior 18,24–26. On the other hand, ventral aspects of the posterior MeA (MePV) control defensive and aggressive behavior 16,19,27. The MeA contains a heterogenous population of cell types with GABAergic projection cells common in the MePD, glutamatergic projection cells common in the MePV, and sparse GABAergic interneurons throughout  26,28–31. Efferent output of the MeA targets several limbic structures including the medial preoptic area, premammillary nucleus, basomedial amygdala, central amygdala, ventral medial hypothalamus (VMH), and bed nucleus of the stria terminalis (BNST)  32,33. These efferent pathways from the medial amygdala play a central role in regulating several types of social behavior including aggressive, mating, and parental behavior 34. Neurons in the MePD also express a high density of steroid hormone receptors, which makes this subdivision particularly sensitive to internal and motivational states.
In addition to providing a substrate for motivation to alter social behavior, the MeA also plays a key role in adversely motivated responses. Acute restraint stress increases neural activity in the MePD and MePV cells and lesions of the MeA decrease activation of the hypothalamic-pituitary-adrenal (HPA) axis  35,36. Acute social defeat stress activates MePD cells that express corticotropin-releasing factor type-2 receptors (CRF-R2)  37. Also, intermittent social defeat stress leads to a long-term increase in mRNA for brain-derived neurotrophic factor in the posterior MeA 38. Because similar MeA pathways control multiple types of social behavior 39, plasticity in the neural ensembles regulating one aspect of behavior such as aggression may lead to changes in other types of behavior such as stress reactivity. However, whether experience-dependent changes in MeA activity lead to individual differences in stress reactivity remains largely unknown.
Cells in the MePD and MePV send robust projections to caudal portions of the BNST and modulate aggressive behavior. Winning aggressive encounters produces NMDA-dependent synaptic potentiation in a MePV-BNST pathway and potentiates aggression in future interactions, a phenomenon known as attack priming 27. Likewise, optogenetic stimulation of BNST-projecting MeA cells positive for neuropeptide Y1 receptors elicits territorial aggression 40. Also, in male Syrian hamsters, the vast majority (87%) of BNST-projecting cells in the posterior MeA are positive for androgen receptors, which suggests this pathway is sensitive to changes in testosterone activity41. While these findings indicate that a MePD/MePV-BNST pathway can regulate aggressive behavior, this pathway also modulates approach-avoidance behavior. Activation of BNST-projecting MePV cells positive for dopamine D1 receptors elicits approach to threatening stimuli 19. Consistent with these findings, stress-induced social anxiety can be affected by neuropeptide activity in the BNST. For example, pharmacological blockade of oxytocin receptors in anteromedial BNST increases social approach and decreases social vigilance in female California mice exposed to social defeat stress 42. Further, blockade of vasopressin 1A (V1a) receptors in the medioventral BNST reduces social approach in male California mice exposed to social defeat stress43. Altogether, these findings indicate that a MePD/MePV-BNST pathway is well-positioned to regulate stress-induced changes in social behavior.
Syrian hamsters are territorial rodents that form stable dominance relationships with familiar same-sex opponents 44–47. Hamsters also exhibit a striking change in agonistic behavior following acute social defeat stress. When male hamsters are exposed to a larger, more aggressive animal for up to 15 min and lose the fight, they show a complete loss of territorial aggression the next day and a substantial increase in submissive and defensive behavior when tested with a novel, younger, non-aggressive animal 48. This defeat-induced change in social behavior is called the conditioned defeat response. We have shown that after male hamsters acquire a dominant social status, they exhibit a reduced conditioned defeat response compared to their subordinate counterparts 49. Interestingly, dominant males also show increased c-Fos expression in MePV cells following either social defeat or restraint stress 35,50. Because neurotransmission in the MeA during social defeat is necessary for the acquisition of the conditioned defeat response 51, neural ensembles in the MePD and/or MePV may contribute to resistance to conditioned defeat in dominant males. Consistent with this possibility is that pharmacological blockade of androgen receptors in the MeA during social defeat stress increases a subsequent conditioned defeat response in dominant males but not subordinate males 11. While female hamsters do not show a robust conditioned defeat response, they do demonstrate defeat-induced changes in behavior by showing elevated avoidance when tested in a novel arena with an unfamiliar animal restrained behind a partition 52. While we have found that dominant females show less defeat-induced social avoidance compared to subordinate females, the role of MeA neurons in this status-dependent change in behavior is unknown 11.
Because dominance status alters defeat-induced neural activity in MeA cells and neurotransmission in the BNST is necessary for the conditioned defeat response, a MePD/MePV-BNST pathway is a prime candidate for mediating status-dependent changes in conditioned defeat. The aim of this study was to determine whether the process of establishing a dominance relationship changes neural activity in MePD and MePV cells projecting to the BNST and whether status-dependent differences in neural activity are maintained when animals experience social defeat stress. We tested the prediction that dominant hamsters would show increased neural activity in BNST-projecting MePD and MePV cells during the development of social dominance compared to their subordinate counterparts. Then, we tested the prediction that dominant hamsters would show increased neural activity in BNST-projecting MePD and MePV cells during social defeat stress compared to their subordinate counterparts.

[bookmark: _Toc164852990]2. Methods
[bookmark: _Toc164852991]2.1. Subjects
Male and female Syrian hamsters (Mesocricetus auratus) were obtained from our breeding colony, which was derived from animals purchased from Charles River Laboratories (Wilmington, MA). Subjects were young adults and 9 weeks old (130–150 g) at the start of the study. One week prior to an experiment, animals were housed individually in polycarbonate cages (12 cm × 27 cm x 16 cm) with corncob bedding, cotton nesting materials, and wire mesh tops. Because Syrian hamsters are highly territorial, low-ranking animals can be wounded when housed in a social group, and adults thrive in the laboratory when housed individually. In our breeding colony, juvenile animals are raised in social groups with environmental enrichment, such as plastic shelters and paper cups. Food and water were available ad libitum. Cages were not changed for one week prior to an experiment to allow individuals to scent mark their territory and animals were handled daily to habituate them to the stress of human contact. Hamster females have a remarkably consistent 4-day estrous cycle, and we monitored the estrous cycle for 8 days prior to start of the study. We evaluated animals for signs of Estrus by placing a cotton swab against the vaginal area and identified the day of Estrus by the presence of a stringy vaginal discharge 53,54. Subsequent days of the estrous cycle were Diestrus I, Diestrus II, and Proestrus. Animals were housed in a temperature controlled colony room (21 ± 2 °C) and kept on a 14:10 h light:dark cycle to facilitate gonad development and aggressive behavior. All behavioral protocols were performed during the first three hours of the dark phase of their light:dark cycle to minimize circadian variation in aggressive behavior  55,56. All procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee and are in accordance with ARRIVE guidelines and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
[bookmark: _Toc164852992]2.2. Experimental design
In study 1 we predicted that male and female dominant hamsters would show elevated c-Fos immunoreactivity in BNST-projecting MePD and MePV cells following the formation of a dominance relationship compared to their same-sex subordinate counterparts. We paired male and female hamsters in daily dyadic social encounters with a same-sex partner. We administered a unilateral microinjection of the retrograde transporter cholera toxin subunit B (CTB) in the BNST to label cells in a MePD/MePV-BNST pathway (Fig. 5.1). Because CTB shows peak retrograde transport after 7–10 days, we interrupted dyadic encounters for stereotaxic surgery at the midpoint of dominance encounters. We humanely euthanized animals and collected brains 90 min after the final dominance encounter, which corresponded to Proestrus for females.
In study 2 we predicted that male and female dominant hamsters would show elevated c-Fos immunoreactivity in BNST-projecting MePD and MePV cells following social defeat stress compared to their same-sex subordinate counterparts. We paired male and female hamsters in daily dyadic social encounters with a same-sex partner and administered a CTB microinjection into the BNST as described in study 1. Then, animals were exposed to acute social defeat stress 48 h after the final dominance encounter. We humanely euthanized animals and collected brains 90 min following social defeat, which corresponded to Diestrus I for females.
[bookmark: _Toc164852993]2.3. Dominance encounter
To create dominance relationships in same-sex pairs of hamsters, we weight-matched animals and assigned them to resident-intruder dyads. Using a resident-intruder format, animals received 12 dominance encounters with their partner over a 20-day period. Because aggression levels are inconsistent when hamsters are in the Estrus phase of their cycle 53,54,57,58, we cycle-matched females and skipped encounters when both animals were in Estrus. This format resulted in 3 encounters followed by one ‘skip’ day until all dyads received 12 encounters. To use identical protocols for male and female hamsters, male dyads received 12 encounters in a similar format. Because of the 4 days skipped for estrus and the 4-day surgical recovery period, 12 encounters occurred over 20 days. Encounters were 10-min in duration prior to the identification of a clear winner and loser, and then encounters were shortened to 5-min in duration to allow the maintenance of a dominance relationship with minimal risk for physical wounding. For each dyadic encounter we recorded the latency to attack, the number of attacks, the latency to show submissive posture, and the number of flees. As a result, we determined dominance status at each encounter and used their status at the final encounter to categorize animals for analyses. Researchers achieved 90% agreement on these measures of agonistic behavior prior to scoring behavior.
[bookmark: _Toc164852994]2.4. Stereotaxic surgery and microinjection
After the 6th dominance encounter, animals were anesthetized with isoflurane, mounted in a stereotaxic instrument, and injected unilaterally with the fluorescently labeled retrograde tracer cholera toxin b (CTB; Alexa Flour CTB 488). Injections targeted caudal portions of the BNST using stereotaxic coordinates of 1.5 mm anterior and 1.35 mm lateral to bregma and 6.2 mm below dura. Injections deposited 100 nL of CTB solution over a 10-minute period, and the needle was left in place an additional 10 min to maximize diffusion following the injection. Animals were given 4 days of surgical recovery before resuming their daily dominance encounters. We have previously found that hamster dominance relationships are very stable and not affected by an interruption for surgery and recovery 59,60.
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Social defeat stress consisted of 3, 5-minute aggressive interactions at 5-minute inter-trial intervals in which the subject lost to a larger, same-sex aggressor. Novel aggressors were used for each encounter and interactions occurred in the aggressor’s home cage. Although aggressors were pre-screened for territorial aggression, variation existed in the latency with which they initiated aggression. Also, there was variability in the extent to which subjects defended themselves and the latency with which they submitted to the aggressor. To account for variation in how animals responded to the first social defeat encounter, we quantified the latency for resident aggressors to initiate aggression (e.g. side aggressive posture, chase, or attack), and the latency for subjects to submit (e.g. tail-up posture or a full supine posture). Then, we calculated the relative latency to submit by subtracting the latency to initiate aggression from the latency to submit. This calculation resulted in a negative value when animals submitted prior to receiving aggression. Researchers achieved 90% agreement on these latency measures prior to quantifying social defeat encounters and behavior was scored blind to treatment conditions.
[bookmark: _Toc164852996]2.6. Histology and immunofluorescence microscopy
Animals were anesthetized with isoflurane and perfused transcardially with 100 mL of 0.1 M phosphate buffer (PB) followed by 100 mL of 4% paraformaldehyde. Brains were removed and post-fixed in 4% paraformaldehyde for 24 h and then stored in 0.05 M PB with 30% sucrose and 0.01% sodium azide at 4 °C. Brains were sectioned on a freezing microtome at 40 µm and stored as free-floating, coronal sections in PB/sodium azide solution. To visualize CTB injection sites BNST sections were washed with distilled water, mounted on glass slides, and cover-slipped using a mounting medium with DAPI. Amygdala tissue sections were processed for c-Fos immunohistochemistry. Sections were rinsed in five PB washes, incubated in a blocking solution of 1% goat serum for 25 min, and then incubated in a c-Fos primary antibody solution for 24 h at room temperature (1:5000 concentration in 0.05PB/0.2% Triton, rabbit anti-c-Fos, Santa Cruz, sc-52). Then, sections were rinsed in PB/Triton solution and incubated in a secondary antibody solution for 2 h (1:500 concentration of Alexa Flour 594 in PB/Triton, with 1% goat serum). Sections were rinsed in PB, mounted onto slides, and cover-slipped using a mounting medium with DAPI.
Quantification of c-Fos+ , CTB+ , and c-Fos+ /CTB+ double-labeled cells was performed using an Olympus BX51 microscope. CTB injection sites were plotted on templates from the Syrian hamster stereotaxic atlas 61. Animals were excluded from statistical analysis if the center of their CTB injection was outside the BNST. Images of CTB fluorescence and c-Fos immunoreactivity were collected throughout the rostral-caudal extent of the MePD and MePV, which corresponds to 1.5–2.0 mm posterior to bregma in the Syrian hamster stereotaxic atlas 61. We collected images at 10x magnification, using a 500 × 500 µm clip region, and with 3–6 images collected per animal. We centered the clip region on a population of CTB cells within the boundaries of the MePD or MePV and observed that CTB+ cells were most abundant in the medial portion of the nucleus. This procedure resulted in green CTB+ cells and red c-Fos+ cells, and merged images were evaluated for c-Fos+ /CTB+ double-labeled cells (Fig. 5.2). We used MCID image analysis software to quantify single-labeled c-Fos+ cells and CTB+ cells above background in a semi-automated manner, and we quantified c-Fos+ /CTB+ double-labeled cells manually. Researchers achieved 90% agreement with one another on cell counts and then established MCID settings that produced 90% agreement with researchers. All images were quantified blind to treatment conditions.  
[bookmark: _Toc164852997]2.7. Data analysis
Agonistic behavior during the development of dominance relationships is exceedingly unidirectional, which leads to data with unequal variances. To analyze changes in agonistic behavior during dominance encounters we used 2-way repeated measures ANOVAs with a Greenhouse-Geisser correction. For histological data on c-Fos+ cells, CTB+ cells, and c-Fos+ /CTB+ double-labeled cells we used generalized linear mixed models. When histological data failed tests for a normal distribution, we used a negative binomial distribution and a Wald chi-square test to check for overdispersion. Also, we performed linear regressions to explore whether agonistic behavior during the final dominance encounter, as well as dominance status and sex, predicted the number of c-Fos+ cells in the MePD and MePV. Similarly, we performed linear regressions to explore whether relative latency to submit during social defeat stress, as well as dominance status and sex, predicted the proportion of c-Fos+ /CTB+ double-labeled cells.
Analyzes were performed in SPSS version 29 or R data analysis software. Data are reported with means and standard errors. Effect sizes are reported as partial eta squared for ANOVAs and linear regressions and reported as Cohen’s d for post-hoc T-tests. P values were set at.05.
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[bookmark: _Toc164852999]3.1. Formation of dominance relationships
Animals were matched with a partner and paired in daily dominance encounters in a resident-intruder format. Because hamsters are highly territorial, both males and females readily form stable dominance relationships using this procedure. Dominance relationships were assessed daily and animals were categorized as dominant or subordinate according to the direction of agonistic behavior on the 12th encounter. We found a main effect of aggressive behavior such that dominant males showed a higher rate of attacks compared to subordinate males (F(1,27) = 41.09, p = .0001, ηp2 = .603; Fig. 5.3a). Also, subordinate males showed a higher rate of flees compared to dominant males (F(1,27) = 19.68, p = .0001, ηp2 = .422). The rate of attacks did not significantly vary over time (F(1,5.0) = 1.50, p = .195, ηp2 = .053), although the rate of flees showed a significant interaction with time and dominance status (F(1,2.9) = 2.93, p = .041, ηp2 = .098; Fig. 5.3b). These findings reveal that dominant males consistently initiated more attacks than subordinate males, while the amount of flees increased over time in subordinate males.
Female hamsters also formed stable dominance relationships. Dominant females showed a higher rate of attacks than subordinate females (F(1,27) = 90.42, p = .00001, ηp2 = .770), and subordinates showed a higher rate of flees than dominants (F(1,27) = 27.05, p = .0001, ηp2 = .500). The rate of attacks in females significantly varied over time and indicates that females were least aggressive during encounters 3, 6, 9 and 12, which corresponds to the proestrus phase of their estrous cycle (F(1,3.8) = 4.15, p = .004, ηp2 = .133). The rate of flees showed a significant interaction with time and dominance status such as subordinate females showed the fewest number of flees during the proestrus phase of their estrus cycle, while dominants did not flee (F(1,5.0) = 2.84, p = .018, ηp2 = .095). Altogether, these findings indicate that dominance relationships develop gradually in male hamsters, while they form quickly in female hamsters with agonistic behavior fluctuating over the estrous cycle.
[bookmark: _Toc164853000]3.2. Study 1: MeA-BNST activity during dominance encounters
To investigate differences in activity of BNST-projecting MePD/MePV neurons during the maintenance of dominance relationships, we collected brains from a group of animals for c-Fos immunoreactivity after the 12th dominance encounter. We found no significant effect of dominance status or sex on the number of MePD c-Fos+ cells (status: χ2 =.205, df = 1, p = .651; sex: χ2 =.074, df = 1, p = .785; Fig. 5.4a). In contrast, we found a main effect of sex such that males showed more c-Fos+ cells in the MePV compared to females (χ2 = 4.66, df = 1, p = .031), although there was no effect of dominance status (χ2 =.194, df = 1, p = .660; Fig. 5.4d). We also analyzed the number of CTB+ cells in the MePD/MePV-BNST pathway. We found that dominance status and sex did not significantly alter the number of CTB+ cells in the MePD (status: χ2 =.014, df = 1, p = .906; sex: χ2 = 1.06, df = 1, p = .302; Fig. 5.4b). However, we found that females had more CTB+ cells in the MePV compared to males (χ2 = 4.35, df = 1, p = .037). This difference may have occurred because females had greater diffusion of CTB into the caudal BNST compared to males, although the number of MePV CTB+ cells did not differ between dominants and subordinates (status: χ2 =.052, df = 1, p = .821).
There was a main effect of dominance status and sex on the proportion of c-Fos+ /CTB+ double-labeled cells in the MePD (status: χ2 = 9.24, df = 1, p = .002; sex: χ2 = 7.74, df = 1, p = .005; Fig. 5.4c). Although the interaction did not reach statistical significance (χ2 = 3.16, df = 1, p = .075), these findings indicating that dominant males showed a 3-fold increase in the proportion of double-labeled cells compared to subordinate males (Cohen’s d = 2.06), while the effect of dominance status in females was much weaker (Cohen’s d = 0.27). We found a similar pattern of results in the MePV. There was a main effect of dominance status and sex on the proportion of c-Fos+ /CTB+ double-labeled cells in the MePV (status: χ2 = 7.38, df = 1, p = .007; sex: χ2 = 28.21, df = 1, p = .00001; Fig. 5.4f). These results indicate that dominant males had a 3-fold increase in double-labeled cells in the MePV compared to subordinates (Cohen’s d = 1.63), while the effect of dominance status in females was much more modest (Cohen’s d = 0.56).
We performed additional analyses to determine whether changes in c-Fos expression were associated with patterns of agonistic behavior during the final dominance encounter. We found that the c-Fos immunoreactivity in BNST-projecting MePD/MePV cells was not significantly associated with aggression in dominants or with submission in subordinates (p > .05 all tests). However, the total number of c-Fos+ cells was associated with status-dependent differences in agonistic behavior. Specifically, linear regressions on the number of MePD c-Fos+ cells and the number of attacks initiated by dominants during the 12th encounter revealed a significant interaction with sex (F(3,11) = 5.76, p = .035, ηp2 = .344). A similar interaction with sex was found for the association between MePV c-Fos+ cells and attacks (F(3,11) = 20.50, p = .0001, ηp2 = .651) These findings indicates that the number of MePD and MePV c-Fos+ cells predicted the number of attacks initiated by dominant males but not dominant females (Fig. 5.5a,b). Interestingly, we found different associations between MePD and MePV c-Fos expression and submissive behavior in subordinates. We found a main effect such that the number of MePD c-Fos+ cells predicted the number of flees in subordinate animals during the 12th encounter (flee: F(3,10) = 6.33, p = .031, ηp2 = .388; Fig. 5.5c). The number of c-Fos+ cells in the MePV did not significantly predict the number of flees in subordinate animals (F(3,10) = 3.55, p = .089, ηp2 = .262; Fig. 5.5d). Overall, these analyzes indicate that c-Fos immunoreactivity in the MePD and MePV during the dominance encounters was positively associated with aggression in dominant males, while MePD c-Fos immunoreactivity in the MePD was also positively associated with submission in subordinate males and females.
[bookmark: _Toc164853001]3.3. Study 2: MeA-BNST activity during social defeat stress
Next, to address stress-induced activation of the MePD/MePV-BNST pathway, a group of dominant and subordinate animals received acute social defeat stress. Interestingly, there was considerable variation in the extent to which subjects defended themselves against the resident aggressor during the first of three social defeat encounters. In fact, 16 of 29 animals initially attacked a resident aggressor, which resulted in mutual aggression prior to the subject losing the fight. Further, all subjects submitted immediately in the 2nd and 3rd social defeat encounters. Overall, 13 of 15 dominants attacked a resident aggressor prior to losing, while 3 of 14 subordinates, all of which were females, attacked resident aggressors (χ2 = 12.46, df = 1, p = .001). In addition, we calculated a relative latency to submit and found a main effect of status such that dominant hamsters (49.3 ± 13.6 s) had a longer relative latency to submit compared to subordinates (9.3 ± 34.4 s) (Kruskal-Wallis χ2 = 9.07, df = 1, p = .003). Dominant males (26.1 ± 7.1 s) had a significantly longer relative latency to submit compared to subordinate males (−3.1 ± 6.4 s) (Mann-Whitney U = 6.0, df = 1, p = .009). The relative latency to submit in dominant (75.8 ± 25.2 s) and subordinate (21.7 ± 70.9 s) females approached statistical significance (Mann-Whitney U = 9.0, df = 1, p = .053).
First, we examined total c-Fos immunoreactivity in the MePD and MePV following social defeat stress. We found no significant effect of dominance status or sex on the number of c-Fos+ cells in the MePD (status: F(1,25) = .160, p = .693; sex: F(1,25) = 0.996, p = .328; Fig. 5.6a). Similarly, there was no significant effect of dominance status or sex on the number MePV c-Fos+ cells (status: F(1,25) = 3.77, p = 0.064; sex: F(1,25) = 1.37, p = .252; Fig. 5.6d). We also found no significant differences in the number of CTB+ cells, which indicates the number of labeled BNST-projecting MePD/MePV cells did not differ by treatment conditions. Specifically, there were no significant effects of dominance status or sex on the number of CTB+ cells in either the MePD (status: χ2 =.706, df = 1, p = .401; sex: χ2 =.131, df = 1, p = .718; Fig. 5.6b) or MePV (status: χ2 =.898, df = 1, p = .343; sex: χ2 =.595, df = 1, p = .440; Fig. 5.6e).
Importantly, we found a significant effect of dominance status on the proportion of c-Fos+ /CTB+ double-labeled cells in the MePD (F(1,25) = 10.16, p = .004), although the interaction with sex did not reach statistical significance (F(3,25) = 3.14, p = .089; Fig. 5.6c). This result indicates that dominant males had a 2.5-fold increase in double-labeled cells in the MePD compared to subordinates (Cohen’s d = 1.48), while the effect of dominance status in females was much more modest (Cohen’s d = 0.71). In contrast, there was no effect of dominance status on the proportion of c-Fos+ /CTB+ double-labeled cells in the MePV (F(1,25) = 2.29, p = .143; Fig. 5.6f). Altogether, these findings indicate that dominant males showed greater c-Fos expression in BNST-projecting MePD cells compared to their subordinate counterparts and dominant females showed a similar trend.
We performed linear regressions to test whether relative latency to submit predicted the proportion of c-Fos+ /CTB+ double-labeled cells. We found that sex altered the relationship between relative latency to submit and the number of c-Fos+ /CTB+ cells in the MePD (F(2,21) = 5.62, p = .027, ηp2 = .221). This finding indicates that relative latency to submit was positively associated with the proportion of c-Fos+ /CTB+ double-labeled cells in the MePD in male hamsters (R2 =.479, F(1,13) = 11.94, p = .004), but not in females (Fig. 5.7a,b). Interestingly, both dominant and subordinate males showed a positive association. In contrast, there was no significant effect of sex on the relationship between relative latency to submit and the number of c-Fos+ /CTB+ cells in the MePV (F(2,21) = 2.52, p = .127, ηp2 = .147). In addition, relative latency to submit did not significantly predict the proportion of c-Fos+ /CTB+ double-labeled cells in the MePV (F(1,27) = 1.29, p = .266, ηp2 = .104) (Fig. 5.7c,d).
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This project was focused on whether the development of dominance relationships changes neural activity in BNST-projecting cells in the MePD and MePV. We found that dominant animals showed increased neural activity in MePD-BNST and MePV-BNST neural pathways during an aggressive interaction with their subordinate counterpart. This effect was most pronounced in males such that dominants showed a 3-fold increase in c-Fos immunoreactivity in BNST-projecting cells in both the MePD and MePV. Interestingly, dominant animals also showed increased neural activity in BNST-projecting MePD cells when they were exposed to social defeat stress. Dominant animals were also more likely to defend themselves against an aggressor during social defeat and had a longer latency to submit than subordinate animals. Specifically, neural activity in MePD-BNST and MePV-BNST pathways positively predicted latency to submit during social defeat stress in males. Altogether, these findings suggest activation of MePD-BNST neurons is associated with both the development of social dominance and how dominant animals respond to social stress.
Both males and females formed stable dominance relationships, although the formation and maintenance of dominance relationships is characterized by different patterns of aggressive and submissive behavior. Dominant males show consistent levels of aggression and subordinate males show gradual increases in submissive behavior. On the other hand, females show mutual aggression prior to one animal losing and aggression in dominants fluctuates with their estrous cycle. Mutual aggression in hamsters is characterized by a rolling fight in which both animals assume an attack posture, tumble and bite until one animal gives up and flees 62. Mutual aggression is more common in females compared to males and this difference in aggression increases instability in female dominance relationships 11. Interestingly, in primate dominance hierarchies, animals with unstable dominance relationships show elevated basal cortisol concentrations 63 and increased levels of proinflammatory cytokines 64 compared to monkeys with more certainty in their dominance rank. These findings indicate that rank-related differences in stress reactivity are dependent on the stability of the dominance hierarchy 65.
Males and females also differ in the contribution of gonadal steroid hormones to experience-dependent changes in agonistic behavior. In males, a surge in post-victory testosterone and activation of androgen receptors increases the probability of winning future contests, a phenomenon called the winner effect 66. The winner effect in California mice depends on a surge in plasma testosterone and an upregulation of androgen receptors in the nucleus accumbens and BNST, which is most likely to occur when animals successfully defend their home territory 67,68. Pharmacological blockade of androgen receptors during daily dominance encounters also increases the conditioned defeat response in dominant male hamsters 11. While females have a much lower density of androgen receptors than males 69, there are other neuroendocrine factors that might contribute to experience-dependent changes in female aggression such as 5α-reductase, aromatase, and estrogen receptor alpha 70. Because MeA has a high density of androgen and estrogen receptors, sex differences in gonadal steroid hormone receptors may contribute to sex differences in activity of MePD/MePV-BNST neurons. Overall, the sex differences in stability of dominance relationships and feedback of gonadal steroid hormones may contribute to why dominant females showed 1) reduced activation of MePD/MePV-BNST cells during dominance encounters compared to dominant males, 2) no association between MePD and MePV neural activity and aggressive behavior, 3) diminished defeat-induced activation of MePD/MePV-BNST cells compared to dominant males and, 4) no association between relative latency to submit during social defeat and activation of MePD/MePV-BNST cells. Another important consideration for sex differences in activation of MePD/MePV-BNST cells is that females were tested in the Proestrus phase of their cycle in study 1 and in Diestrus I in study 2. While aggression and social avoidance vary across the estrous cycle in hamsters 52,53, it is unknown whether neural activity in the MeA also varies. However, it seems unlikely that the difference in estrous cycle phase between study 1 and 2 prevented our ability to detect whether dominant females reactivate a MePD/MePV-BNST pathway during social defeat because we found no difference between dominant and subordinate females in either study. Nevertheless, it remains possible that females may activate BNST-projecting cells in the MePD or MePV during other phases of their cycle.
The posterior MeA has a complex set of cell types that regulate aggressive, submissive, and defensive behavior. Optogenetic stimulation of GABAergic cells in the MePD leads to increased aggression in male mice 18. On the other hand, optogenetic stimulation of MePV glutamatergic cells projecting to the BNST and lateral regions of the ventral medial hypothalamus (VMHL) increases the frequency and duration of aggression in an attack priming test, respectively 27. Likewise, select MePV neural ensembles also modulate defensive behavior to threat cues via their connections to the BNST, dorsomedial regions of the VMH (VMHdm), and anterior hypothalamus 16,19. Because aggressive and submissive behavior are likely regulated by separate MePD and MePV neural ensembles, it is not surprising that dominant and subordinate animals did not differ in total c-Fos expression. Our results are consistent with findings in long-tailed hamsters (Tscheskia triton) showing that dominant and subordinate males did not differ in c-Fos immunoreactivity in the MeA following a single 10-minute aggressive interaction 71. Similarly, outbred male mice show greater c-Fos immunoreactivity in the MePV after exposure to alpha male urine compared to subordinate male urine, although c-Fos expression was not dependent on the subject’s own social status 72. While dominant and subordinate animals in this study did not differ in MePD or MePV c-Fos immunoreactivity during dominance interactions, we found interesting correlations between c-Fos expression and agonistic behavior. In males, MePD and MePV c-Fos expression was correlated with aggressive behavior in dominants. In contrast, c-Fos expression in MePD cells predicted the amount of submissive behavior in both males and females. The contribution of MePV activity to both aggression and submission in males, but not in females, may have led to the sex difference found in total MePV c-Fos expression. Overall, these findings are consistent with separate MePD and MePV neural ensembles modulating different aspects of agonistic behavior during dynamic social interactions.
We found that formation of dominance relationships did not alter neural activity in BNST-projecting cells in the MePD or MePV of female hamsters, although activity of other MeA cell types might drive differences in behavior between dominant and subordinate females. MePD and MePV neurons send dense projections to the VMHL 16,26, which can modulate VMHL neural ensembles critical for aggression 73,74. Microinjection of vasopressin into the VMHL of male hamsters facilitates territorial aggression 75. Also, dominant male hamsters show increased V1a receptor density in the VMHL 76. However, an opposite relationship may exist for female hamsters because subordinate females show greater V1a receptor density than handled controls 44. Interestingly, a MePV-VMHL pathway contributes to experience-dependent changes in aggression 27,77. For example, Nordman et al.27 showed that aggression priming strengthens MePV-VMHL synapses, and they used low frequency stimulation to reduce strength of MePV-VMHL synapses and blocked aggression priming. In addition, VMHL activity may contribute to effects of dominance status on stress-related behavior because dominant male hamsters show increased c-Fos immunoreactivity in VMHL neurons after social defeat compared to subordinates 49. In sum, although activity of a MePD/MePV-BNST pathway failed to differentiate dominant and subordinate females in this study, a MePD/MePV-VMHL pathway may contribute to the effects of social dominance in female hamsters and should be the focus of future studies.
The MeA is a key structure in the neural circuitry controlling the conditioned defeat response, although the different cell types in the MeA have made its precise contribution difficult to delineate. Muscimol treatment into the MeA blocks the conditioned defeat response when administered prior to social defeat or prior to conditioned defeat testing 51. However, dominant hamsters show increased neural activity in the MePV during social defeat and a reduced conditioned defeat response 49,50. These findings suggest that neurotransmission in the MeA is necessary for defeat-induced changes in social anxiety, but that dominant hamsters activate select neurons during social defeat that reduce changes in anxiety-like behavior. Unexpectedly, we did not replicate our previous finding that dominant males have greater defeat-induced c-Fos immunoreactivity in the MePV compared to subordinate males. This discrepancy might be due to methodological differences such as using separate antibodies for immunofluorescence and brightfield microscopy or quantifying a smaller region of the MePD and MePV focused on the location of CTB+ cells. It seems unlikely that interrupting dominance encounters for stereotaxic surgery and CTB infusion would have alters c-Fos expression because we have previously used a similar procedure without disrupting the status-dependent changes in c-Fos immunoreactivity in the prelimbic and infralimbic cortex 59,60. Overall, we found that dominants show greater defeat-induced neural activity in a MePD-BNST pathway than subordinates, which suggests that defeat-induced activity of MePD-BNST cells may underlie the reduced conditioned defeat response in dominant males. However, MePD/MePV projections target posterior BNST which is known to modulate social investigation, aggression, and sexual behavior 78,79. In contrast, fear and anxiety-related responses are critically dependent on neurotransmission in anterior BNST 80,81. In fact, pharmacological blockade of CRF-R2 in anterior BNST prior to testing reduces the expression of the conditioned defeat response 82. Similarly, the central amygdala sends projections to anterior BNST, and disruption of this pathway reduces the conditioned defeat response 83. Future research will be needed to delineate the integration of central amygdala and MeA input within the BNST and the potential microcircuits in the BNST that integrate social experience and stress-related changes in behavior.
Defending oneself during social defeat encounters represents a type of proactive coping response that is associated with stress resistance. Sprague Dawley rats can be segregated into two distinct populations in which one phenotype exhibits passive coping behaviors during social defeat stress and assumes a supine, submissive posture with a short latency to submit, while another gradually develops a proactive response characterized by upright, defensive postures and a long latency to show a supine, submissive posture 84. Rats with a short latency to submit display more immobility in a forced swim test, CRF hypersecretion, and dysregulation of the HPA axis compared to long latency to submit animals, which indicates increased stress resistance in rats with proactive coping responses 85. In addition, animals with a long latency to submit show lower prepro-orexin mRNA in the lateral hypothalamus compared to short latency animals and chemogenetic inhibition of orexin cells promotes stress resilience to short latency rats 86. Similarly, Walker and colleagues 87 found rats that actively resist social defeat by countering the resident’s attacks exhibit reduced corticosterone concentrations and reduced c-Fos immunoreactivity in stress-sensitive brain regions including the MeA and BNST. We found that dominant animals were more likely than subordinates to initiate aggression during the first of three social defeat encounters. Also, dominants showed a longer latency to submit compared to their same-sex subordinate counterparts. In males, specifically, latency to submit was positively associated with neural activity in MePD and MePV cells projecting to the BNST. These findings suggest that dominant males actively resist social defeat stress, which may drive activation of a MePD/MePV-BNST pathway and reduce subsequent stress-related changes in behavior. Interestingly, dominant females showed modest activation of BNST-projecting MePD cells during social defeat stress, although neural activity in this pathway was not associated with latency to submit in females. While we have previously shown dominant females exhibit less defeat-induced social avoidance compared to subordinates 11, activity in a MePD-BNST pathway may play a limited role in status-dependent changes in stress susceptibility in females.
[bookmark: _Toc164853003]5. Conclusions
Male and female hamsters show similar patterns of territorial aggression 54,88–90, although the neurochemical regulation of aggression reveals substantial sex differences 9,44,91. In addition, there is a dramatic sex differences in how hamsters respond to social defeat stress 48,53. Further, sex-dependent neural plasticity during the development of dominance relationships likely leads to sex differences in effects of dominance status on neuronal responses to social defeat stress. In male hamsters, neural activity in a MePD/MePV-BNST pathway is a potential factor driving experience-dependent changes in stress-related behavior. Interestingly, the activity of BNST-projecting MePD and MePV is specifically linked to active resistance during a social defeat encounter. This association is not characteristic of other pathways that modulate status-dependent changes in stress-related behavior as chemogenetic activation of infralimbic neurons with projections to the basolateral amygdala reduces the conditioned defeat response of subordinate hamsters but does not alter their proactive coping responses during social defeat 92. Overall, activating a MePD/MePV-BNST pathway during social stress may promote active coping behavior, which is very often essential for stress resistance.
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My dissertation investigated how stressful experiences induce neuronal and phenotypic plasticity in zebrafish and Syrian hamsters. The present studies characterized a wide range of morphological, neurochemical, and behavioral responses to physical and social stressors such as chemical toxicity, anthropogenic influence in natural environments, social play deprivation, and social defeat. Responses to these stressors included dysregulated social and anxiety-like behaviors, altered morphology, changes in markers of plasticity, and altered neural activity in limbic circuits. While these stressors induce profound responses in exposed individuals, these studies also identify environmental stimuli that mitigate negative outcomes. Specifically, social experiences such as juvenile social play and acquisition of a dominant social status can attenuate stress-related changes in behavior. The cellular mechanisms by which social experience reduces stress vulnerability involve neural plasticity and changes neural activity in key limbic regions including the medial frontal cortex (vmPFC), basolateral amygdala (BLA), medial amygdala (MeA), and bed nucleus of the stria terminalis (BNST). My key findings are summarized below.
3. [bookmark: _Toc164853006]Ecotoxicology & Anthropogenic Change: Synthesis of Specific Aims 1 & 2
[bookmark: _Toc164853007]1.1. Specific Aim 1: Identify behavioral plasticity within social networks induced by acute cadmium toxicity. 
Pollution has been identified as the single greatest risk to human and environmental health and contributes to 16% of annual deaths worldwide 1. Exposure to chemical pollutants such as cadmium toxicity has been linked to disease formation 2,3, cognitive impairments 2, sensory deficits 4,5, increased aggression 6, and changes in species distribution 3. Group dynamics and decision-making within social groups can thus be disrupted by individual exposure to chemical contaminants such as cadmium. We investigated how the presence of two cadmium-contaminated zebrafish can influence the behavior of unexposed group members. Further, we assessed whether these behavioral changes were caused by vision deficits. 
We found that cadmium exposure induced indirect effects on group boldness where the presence of two cadmium-exposed zebrafish increased approach toward a novel object among unexposed group members. The presence of cadmium-exposed individuals also increased aggressive chase behaviors exhibited by unexposed female group members. Interestingly, despite altered agonistic activity within social groups we did not find significant differences in social network cohesion or connectivity between cadmium-exposed groups and controls. These findings suggest that the presence of cadmium-contaminated individuals in social groups can alter group behavior and decision-making without disrupting the group’s social structure. In addition, cadmium-exposed fish showed decreased visual perception in an optomotor response assay compared to controls, which suggests that alterations in group behavior may be associated with sensory impairments among contaminated individuals. 
	Our findings indicate that the direct action of chemical pollutants such as cadmium on sensory systems can indirectly disrupt social dynamics within groups. The indirect effect on boldness and social behaviors among unexposed group members may arise from the disruptive effects of cadmium on social recognition 7, learning 8, aggression 9, and/or communication 10. The cadmium-induced impairments of exposed zebrafish may also alter the behavior of unexposed group members by emboldening uncontaminated individuals to engage in risky behaviors such as increased approach to novel stimuli 11, which can pose increased risk for social groups via greater predation risk 12–14. Social interactions can impact how individuals interact with the physical environment, but if these social experiences are disrupted by sensory impairments it may alter appropriate group responses to novel stimuli 15–17. It is possible that cadmium-induced visual impairments may also require animals to approach novel stimuli more closely to achieve adequate visual perception, which may encourage group members to increase proximity. Future research should investigate the mechanisms by which boldness or social investigation are altered in individuals both directly and indirectly exposed to cadmium.
	The presence of cadmium-treated fish in groups altered social behavior of the unexposed majority whereby unexposed group members became more aggressive than control groups. Multilayer social network analysis revealed that these cadmium-induced changes in social networks were mediated by female fish where unexposed females housed with cadmium-exposed fish initiated more chasing of group members. Previous studies have shown that cadmium toxicity is more severe in female organisms than males, and our results suggest the possibility that female organisms may also be more susceptible to the indirect effects of cadmium exposure 18,19. Future research will benefit from investigating both the direct and indirect effects of cadmium exposure on social interactions and how sex influences cadmium toxicity to provide a better understanding for how female organisms are disproportionately affected.
	This study provides novel insights into the widespread effects of anthropogenic change by highlighting the effects that even indirect exposure to contaminants can have on organisms. While the present study investigated the sensory mechanisms and social factors by which cadmium toxicity may generate indirect effects on group behavior, future studies will benefit from investigating how habitat variation impacts how indirect cadmium exposure alters group dynamics. Future research should also assess the mechanisms by which female organisms are disproportionately affected by cadmium exposure. Such research is critical for understanding the consequences of anthropogenic change and protecting populations against the consequences of chemical pollutants.
[bookmark: _Toc164853008]1.2. Specific Aim 2: Determine how environmental factors induce behavioral and morphological plasticity in wild zebrafish populations. 
	Anthropogenic influence in natural environments is causing rapid and profound disruptions in organism health, behavior, and physiology 1,20–22. Aquatic environments experience greater disruption from anthropogenic influence than terrestrial environments, which highlights a critical need in conservation biology to determine how aquatic ecosystems are affected by anthropogenic change 23. The present study aimed to assess how environmental gradients in aquatic environments affect behavior and morphology in populations of wild zebrafish in India. 
	We found that zebrafish from a rural environment with less anthropogenic influence showed faster swimming speeds, greater distance traveled, and larger inter-individual distances than fish from an urban environment with more anthropogenic influence. We also found that fish sampled from the rural environment were longer and had larger posterior-to-anterior body size ratios than fish from the urban environment. Our data are consistent with previous findings that behavioral and morphological plasticity in zebrafish can be induced by biotic and abiotic factors present at sampled field sites including plastic 24,25, arsenic 26, and lead 27 pollution, as well as elevated temperatures 28, hypoxia 29,30, and water flow 29,31–33. Interestingly, we found a male-biased sex ratio in sampled populations. Previous studies have shown that hypoxia 34, sex-specific predation pressure 35, endocrine disruptors 36, and other pollutants 37 may have contributed to the skewed sex ratio. While subjects were tested in holding containers, site differences in predation pressure may also interact with observed behaviors, as site 2 had a greater predation risk than site 1. While the present study highlights phenotypic variation between these populations of fish, delineating the mechanisms by which these factors alter morphology and behavior will be an important step toward untangling the complex interactions between environmental factors. 
	A notable limitation of the present study is the use of only two field sites. While the present study does highlight the degree of phenotypic variation within two field sites in relatively close geographic proximity, sampling from a wide range of field locations with contrasting environmental gradients will be invaluable for determining the contribution of different factors to phenotypic variability. Field studies such as this are also limited in their ability to derive conclusions about causal relationships between environmental factors and behavioral and morphological responses. As such, there is a critical need for further laboratory research investigating the effects of individual and multiple ecological variables on phenotypic variability.
	The present study provides insight into the effect anthropogenic change and environmental disruptions can have in natural environments. Such impacts pose deleterious risks for organism health and fitness, highlighting a critical need to understand the mechanisms driving these outcomes. This study also highlights the utility of sentinel species such as zebrafish as biological indicators for adverse environmental events. The use of sentinel species presents a unique opportunity for implementation in underserved communities in need of alternative and cost-effective systems for monitoring water quality. Such methodologies may be valuable for detecting and mitigating risks of environmental perturbations on public and environmental health outcomes. 
[bookmark: _Toc164853009]1.3. Synthesis
	These two studies highlight the impact of environmental perturbations such as anthropogenic influence and cadmium toxicity on behavior and morphology in zebrafish. These environmental perturbations can produce both direct and indirect effects on behavioral outcomes, and thus even individuals who have not directly experienced contamination events may be subject to negative consequences. Phenotypic alterations may be induced by sensory alterations or potential changes in physical development such as altered growth of posterior body regions. Female fish may also be disproportionately affected by contamination events such as cadmium toxicity, highlighting a critical need to understand sex differences in responses to changing environments.
	This work presents several directions for future research such as investigating the neuroendocrine and neurochemical mechanisms by which anthropogenic change alters morphological and behavioral phenotypes. Such studies should focus on changes in gene expression in brain regions regulating social behaviors, disruption of neuroendocrine systems, and quantification of real-time binding of contaminants to target receptors. As many of the biotic and abiotic factors altered by anthropogenic change function as endocrine disrupting chemicals and can induce neurotoxic changes in acetylcholinesterase inhibition 38, it is essential to first characterize the effects of these environmental factors on neural and endocrine systems. 
	Other future directions include replicating and extending current findings to determine causal links, and assessing whether findings have ecological validity in field settings. To determine whether cadmium indirectly increases aggression through sensory disruptions in exposed fish a series of sensory deprivation experiments should be conducted. Aggressive behaviors could be used to construct directed social networks among shoals of zebrafish where two members underwent visual or lateral line sensory ablation to confirm whether sensory impairments among group-members alone can induce the observed alterations in group behavior in the present study. Similarly, such social networks could be constructed among wild zebrafish populations from field sites with varying levels of cadmium contamination. Indirect effects could be observed by relocation or combined testing of fish from one population with another. Further, leveraging seasonal changes and periods of high water exchange, such as monsoon seasons, may provide a natural opportunity to investigate interactions between fish with different prior exposure to contaminants such as cadmium. 
	Future field studies should also sample from a wide variety of field sites with varying gradients of environmental factors to increase representative sampling and develop a deeper understanding of the complex interactions between biotic and abiotic factors on phenotypic alterations. Further, populations could be sampled longitudinally to include periods when field sites experience alterations in water parameters such as fluctuations in temperature, flow, and seasonal agricultural runoff. Such repeated observations would allow identification of interactions that may otherwise go undetected. Finally, genetic techniques focused on epigenetic markers may identify the mechanisms by which phenotypic alterations persist in future generations. 
Zebrafish are widely used in laboratory toxicological research due to their vast biomedical toolkit, rapid generation times, and genetic homology, as well as the availability of transgenic lines, and resources in databases such as the Zebrafish Information Network 39–42. The studies in this dissertation highlight the utility of zebrafish as model organisms for ecotoxicology in the field. Indeed, their widespread geographic distribution, small size, adaptability, and presence near the surface in clear water makes zebrafish a relatively accessible organism to work with in field settings 33,43. Assessing adverse environmental events in both field and laboratory settings will increase external validity by sampling organisms under naturalistic conditions with diverse biotic and abiotic factors 44–46, while also increasing throughput and cost-efficiency. As such, future research will benefit from the tight integration of laboratory and field studies investigating the effects of anthropogenic change and other adverse environmental events.
4. [bookmark: _Toc164853010]Social Experience Modifies Stress Vulnerability: Synthesis of Specific Aims 3 & 4
[bookmark: _Toc164853011]2.1. Specific Aim 3: Evaluate changes in perineuronal net (PNN) expression in the vmPFC and BLA of play-deprived hamsters. 
	Social play during the juvenile period is essential for species-typical neural and behavioral development 47. Previous studies have shown that both play deprivation and juvenile social isolation decrease social interaction and sexual activity in adulthood in rats 48–52. Similarly, social deprivation alters agonistic behavior including elevating aggression and increasing defensive behavior displayed towards conspecifics in both male and female rats 51–57. Social play deprivation and juvenile social isolation produce myriad structural changes in the vmPFC such as a reduction in synaptic plasticity proteins 58, decreased glial cell density 54, and reduced pruning of apical dendrites on pyramidal neurons in both rats and Syrian hamsters 59–61. It is possible that experience-dependent plasticity in vmPFC neurons modifies behavioral responses to stressful experiences in adulthood. We tested whether depriving hamsters of juvenile social play altered stress-related changes in social behavior in adulthood. In addition, we tested whether these behavioral alterations were associated with changes in expression of PNNs surrounding PV+ neurons in the IL, PL, and BLA. Further, we asked whether 1-hour of social play per day was sufficient to rescue play deprivation-induced disruption in social behavior and neural plasticity. 
	We found that peer isolated hamsters showed an increase in the conditioned defeat response, and this increase was rescued by 1-hour of social play per day during the juvenile period. Peer isolated hamsters also showed disrupted agonistic behavior in subsequent social encounters, including elevated defensive and submissive behavior in males when they were introduced to a novel group. We also found that both peer isolated hamsters and subjects that received 1 hour of social play daily had decreased PNN expression on PV+ neurons in the PL compared to hamsters who were group housed with unlimited access to play partners. Interestingly, we found that only subjects given 1 hour of play daily had diminished PNN expression on PV+ neurons in the IL, which suggests that 1 hour of social play with the same partner each day may generate a different pattern of neuronal plasticity compared to playing with multiple partners in a social group. We also found that the expression of PNNs on PV+ neurons was associated with behaviors shown both in juveniles and adults. Elevated PNN/PV co-expression in PL neurons was associated with decreased submissive behavior at regrouping among males, but higher PNN count in the PL decreased aggression during conditioned defeat testing among females. We also found that increased PNN expression in the IL and increased PNN/PV co-expression in the BLA were associated with greater social approach during social avoidance testing. Together, our results show that juvenile social play has an important role in promoting stress resistance, and the expression of competent behavior during social challenges. Further, social play experience generates different patterns of neural plasticity in the vmPFC and BLA, and these changes may contribute to individual differences in behavior in adulthood. 
	Interestingly, opportunities for juvenile social play itself do not necessarily rescue all the effects of play deprivation. Although play fights in dyadic pairs of hamsters are highly reciprocal at postnatal day 21, by postnatal day 42 one hamster tends to show more offensive play behavior, while its partner shows more defensive play behavior. We quantified the amount of wins and losses each hamster experienced during their 1-hour play dates and found that one individual in each dyad tended to win more play fights than the other during the late juvenile period (postnatal days 35-42). When introduced to a novel social group, hamsters that emerged from play dates as winners showed less submissive and defensive behaviors than losers. Thus, social roles during the later stages of play flighting account for individual differences in responses to social challenges. The finding that winners showed less submissive and defensive behavior during social integration is consistent with previous findings that socially dominant hamsters show less submissive & defensive behavior in a conditioned defeat test compared to subordinates 62–65. Thus, the protective effects of juvenile social play on stress-related behavior may be modulated by the emergence of social dominance. 
When analyzing neural differences between hamsters that win or lose play fights, we found that losing play fights was associated with decreased PNN expression on PV+ neurons in the PL, IL, and BLA. Interestingly, female hamsters were particularly sensitive to this decrease. It is possible that winning play fights establishes a pattern of PNN expression and synaptic connections within the PL, IL, and BLA that promotes resistance to social stress. This is consistent with the findings that greater activity in a vmPFC-BLA pathway promotes stress resilience 66–68.  While a winning index predicts PNN expression on PV+ neurons, winners and losers do not significantly differ in PNN expression or responses to social defeat stress. In addition, individual differences in PNN expression correlates with variation in social behavior. This suggests that while not all effects of social play last into adulthood, neural phenotypes do persist and may contribute to responses to social stress in adulthood. 
While we found that social play deprivation increases vulnerability to social defeat stress when measured in both a conditioned defeat test and a social avoidance test, 1 hour of play daily rescued only the conditioned defeat response. This suggests that separate measures of defeat-induced anxiety are differentially sensitive to play deprivation. These findings are consistent with other findings in our lab using a dominant/subordinate paradigm in which subordinate male hamsters show an elevated conditioned defeat response but no change in approach/avoidance behavior compared to their dominant counterparts 65. Expression of PNNs on PL and BLA neurons was also correlated with defensive and submissive behavior when animals were introduced to a novel group during the late juvenile period, which suggests that neuroplasticity in these limbic regions may influence the development of competent behavior during a social challenge. 
	This study demonstrates that juvenile social play promotes both resistance to stress-induced changes in agonistic behavior and the development of competent social behavior in adulthood. Additionally, being deprived of opportunities for social play leads to decreased PNN/PV co-expression in the PL and IL. Further, PNN expression surrounding PV+ neurons may alter synaptic connections in the PL, IL, and BLA, which produces individual variation in agonistic behaviors and differences in stress vulnerability. Beneficial directions for future research include investigating how the outcome of social play bouts contributes to differences in PL, IL, and BLA circuits. Further, future research should investigate the amount and type of social play required to fully rescue deficits in neural plasticity and defeat-induced social avoidance. Future studies could also investigate the contribution of PNNs to agonistic behavior and stress vulnerability by knocking down PNNs in the PL, IL, or BLA. Overall, our work delineates a critical role for social play in the development of competent social behavior and stress vulnerability, and sheds light on the role of PNNs on the expression of adult agonistic behavior.
[bookmark: _Toc164853012]2.2. Specific Aim 4: Determine whether endogenous activity in a MeA-BNST circuit is associated with stress resilience in dominant hamsters. 
While exposure to traumatic stressors can produce long-term increases in stress vulnerability, not all individuals who experience a traumatic stressor show long-term negative consequences 69–72. Stress vulnerability can be altered by environmental factors such as exercise, stressor controllability, and stress coping strategies 70,73–75. In addition, social experience such as status within a dominance hierarchy modifies stress vulnerability whereby socially dominant individuals exhibit stress resistance, while subordinate individuals show stress vulnerability 69,70,76. Socially dominant Syrian hamsters show greater stress-induced c-Fos expression in the MePV than subordinates, which suggests a potential role for activity of MePV neurons in status-dependent stress resistance 77. The BNST receives robust input from MePD and MePV neurons and is a key brain region regulating stress responses, fear, and social behavior 78,79. The MePD and MePV are thought to respond to social stimuli and thereby provide social information for the BNST to guide and sustain a stress response 80,81. In the present study we asked whether the acquisition of social dominance changes neural activity in a MePD/MePV-BNST circuit and whether animals also show status-dependent activity in this pathway during social defeat stress.  
	We found that dominant male hamsters expressed greater c-Fos immunoreactivity in MePD and MePV neurons that project to the BNST after they win an aggressive encounter compared to subordinates and female hamsters. Likewise, dominant males also showed increased c-Fos expression in BNST-projecting neurons in the MePD when experiencing social defeat stress compared to all other subjects. We also found that the latency to submit to a resident aggressor was positively correlated with activation of BNST-projecting neurons in both the MePD and MePV among male, but not female hamsters. This suggests that dominant males activate this neural pathway when they resist social defeat. Together, repeated activation of the MePD-BNST pathway in dominant males as they acquire their social status may facilitate proactive coping responses to subsequent stressors. 
	Previous research in our laboratory has shown that the acquisition of a dominant social status increases the expression of androgen receptors in both the MePD and MePV of male hamsters 82,83. Ongoing research in our laboratory 84 has found that dominant male hamsters show greater c-Fos expression in androgen receptor-expressing neurons in the MePV than subordinates. We found that approximately 70% of BNST-projecting MeA neurons express androgen receptors in dominant males, whereas only 40% of these neurons express androgen receptors in subordinates. It is thus possible that development of a dominant social status increases androgen receptor expression in a MePD-BNST circuit, which increases the stress-induced activity of this pathway and promotes stress resilience.
	While we did not find differences in c-Fos expression in a MePD/MePV-BNST pathway among female hamsters, females do show status-dependent differences in stress vulnerability similar to males 83,85. However, unlike male hamsters, females tend not to show a robust conditioned defeat response, but dominant females show less avoidance during a social avoidance test than subordinates 83. In males, resilience in a conditioned defeat test may be linked to changes in androgen receptors within an MePD-BNST pathway. Conversely, dominant female hamsters do not show changes in androgen receptors or increased activity in an MePD-BNST pathway, and this is consistent with social dominance not modifying their conditioned defeat response. However, because dominant females show less avoidance in a social avoidance test compared to subordinates, future studies will need to elucidate the neural pathways driving stress resistance in dominant female hamsters. Future research may also benefit from investigating whether defeat-induced activation of MePD/MePV neurons expressing estrogen receptor alpha are associated with stress resistance in female hamsters. Finally, chemogenetic manipulation of MePD-BNST projecting neurons will be needed to delineate whether activity in this pathway is necessary or sufficient for the expression of status-dependent differences in stress vulnerability in Syrian hamsters. 
[bookmark: _Toc164853013]2.3. Synthesis
	These studies highlight ways by which social experience can alter stress vulnerability in adult Syrian hamsters whereby social interactions such as juvenile social play or achieving a high rank in a dominance hierarchy can promote stress resistance. Interestingly, these two types of social experience likely interact because social play in Syrian hamsters is thought to be critical for the development of adult aggression 86. In fact, juvenile social play and territorial aggression in hamsters are regulated by similar neural circuits 87,88. In addition, play fighting has been suggested to help facilitate the establishment and maintenance of dominance relationships 89,90.   It is thus possible that similar neural ensembles regulate social play and adult dominance relationships, and that experience-dependent plasticity in these neural ensembles modulates stress susceptibility. Future research could investigate whether juvenile social play leads to synaptic plasticity within a MePD/MePV-BNST pathway that enables greater neural activity during social challenges in adulthood. Such findings would provide novel insights into the intersection of social play and dominance relationships and the neural mechanisms by which they generate resistance to social stress. 
	While social play was reciprocal during postnatal days 21-34, during postnatal days 35-42 one hamster in each pair tended to win more play bouts and the other lost. We also found that animals who lost more fights showed an increase in tail-ups and flees during postnatal days 35-42, which suggests that during the final week of play encounters adult patterns of agonistic behavior emerged. When investigating behavior at regrouping between winners and losers of play fights, we found that losers showed more submissive and defensive behaviors than winners. This is similar to effects seen in adult hamsters where animals with a subordinate social status show increased submissive and defensive behavior in a conditioned defeat test 76. Due to the overlap in neural circuits regulating both social play and adult territorial aggression 87,88, it is possible that winning play fights may generate similar patterns of neural plasticity as achieving a dominant social status in adulthood, and may contribute to individual differences in stress sensitivity. Dominant hamsters show greater activation in PL and IL neurons that project to the BLA during social defeat stress, which is necessary for stress resilience 63,67. Hamsters that lost play fights showed decreased PNN expression on PV+ neurons in the PL, IL, and BLA, which suggests that losing play fights may similarly influence neural plasticity in these circuits. Future studies could investigate whether this pattern of neural plasticity in hamsters that win or lose play fights is similar to effects seen in dominant or subordinate adults. This could be achieved through using tracing approaches to label BLA-projecting neurons in the PL and IL, and determining if these neurons are activated more when winning play fights compared to losing. Similarly, activation in these pathways could be assessed during regrouping to determine if activity of vmPFC-BLA neurons mediates expression of submissive and defensive behavior. Indeed, if winning and losing in social play encounters generates neural plasticity similar to dominance relationships, further research could also investigate whether social play generates synaptic plasticity in a MeA-BNST pathway. 
To delineate causal relationships between activity within a MeA-BNST pathway and social status-dependent stress resistance in adult hamsters, future research could use a chemogenetic approach to stimulate or inhibit BNST-projecting MeA neurons during social encounters. We could inhibit or activate this pathway both during the formation of social dominance hierarchies and during social defeat to determine whether inhibition induces subordinate-like stress vulnerability and whether activation induces dominant-like stress resistance. Additionally, these circuit manipulations could be carried out in juvenile animals, and we could determine whether they alter patterns of social play and stress-related behavior in juveniles and adults. 
	Future research directions that would extend the present studies should include additional markers of synaptic plasticity in limbic regions that govern stress responses and social behavior. Potential targets could include quantifying expression of brain-derived neurotrophic factor, reelin, synaptophysin, or measuring long-term potentiation of local and projection circuits using electrophysiology techniques. These markers would provide novel information about the mechanisms by which play deprivation and achieving a social dominance induces synaptic plasticity in specific neuronal phenotypes. The link between PNN expression and social behavior could also be further explored by assessing behavioral alterations following the degradation of PNNs using chondroitinase ABC enzyme or repeated ketamine administration 91. Given the results of the present study, candidate regions for PNN degradation would be the PL, IL, and BLA. Because submissive behavior at regrouping was associated with decreased PNN/PV co-expression in the PL it is possible that PNN degradation in the PL would increase submissive behavior during social integration. Similarly, PNN count in the IL and PNN/PV co-expression in the BLA were positively correlated with social approach in a social avoidance test. It is possible that degrading PNNs in the IL and BLA would increase defeat-induced social avoidance. Such findings would suggest that PNNs in the PL, IL, and BLA play an important role in attenuating stress-related social anxiety responses in Syrian hamsters and highlight a potential mechanism by which social experiences such as play and social dominance generate individual differences in stress vulnerability. 
	Both studies highlighted sex differences in experience-dependent neural plasticity where only dominant males exhibited increased activity in a MePD-BNST circuit during agonistic social encounters. Also, female hamsters who lost play fights were particularly sensitive to showing decreased PNN/PV co-expression in the PL and IL. Such findings highlight the need to further investigate the neural mechanisms regulating stress vulnerability and agonistic behavior in female subjects. The data in our lab suggest the cellular mechanisms controlling stress vulnerability in males do not generalize to females, yet the mechanisms governing these behavioral outcomes in females are unknown. To elucidate these neural pathways future studies could use retrograde and anterograde tracers to investigate additional putative pathways involved in regulating aggressive behavior such as outputs from the MeA to the ventromedial hypothalamus 65. In addition, projections from the vmPFC to the MeA could be examined to determine how cortical  input to the MeA may alter status-dependent c-Fos expression during social defeat stress 93. 
	These studies collectively highlight the mechanisms by which social experience generates neural plasticity in specific neural ensembles to regulate stress vulnerability. While experience-dependent neuroplasticity in a MePD-BNST circuit plays a role in attenuating responses to social defeat stress in male hamsters, the neural pathways governing status-dependent stress resistance in female hamsters remain unclear. Similarly, social play experience in the juvenile period promotes stress resistance in both males and females, and is associated with PNN expression in the PL, IL, and BLA. This research identifies cellular markers and specific neural pathways that modulate stress vulnerability and delineates a critical role for experience-dependent neural plasticity in generating individual differences in stress-related behaviors. Such findings are a critical step toward delineating the cellular mechanisms and neural circuits underlying stress-related psychopathology and creating novel treatment strategies for mitigating the harmful effects of traumatic stress.
5. [bookmark: _Toc164853014]Summary
	Stressors such as environmental perturbations and social experiences elicit a wide range of stress responses across taxa, and individuals can differ considerably in their responses to adverse stimuli 94–98. Stress-induced plasticity in behavioral, physiological, and neuroendocrine systems can have a long-term impact on an organism’s fitness 95,99–106. The experiences individuals have in social play and dominance hierarchies can modify how they respond to stressors and generate individual differences in stress resilience 69,76. This work delineates individual and population-level differences in stress-related behavior across myriad stressors with a cross-species comparative lens. The work presented in this dissertation highlights the importance of integrating lab and field-based approaches to understanding ecologically relevant impacts of environmental challenges, while also promoting ecological and external validity in laboratory analyses. The findings presented in this dissertation also highlight the critical need to understand the negative consequences associated with different types of stressors, and how environmental factors may attenuate these risks. Future research delineating the mechanisms by which the environmental factors modulate stress-related behavior should be beneficial for identifying treatments to mitigate stress-induced impairments. 
This dissertation focused on experience-dependent neural plasticity to elucidate the mechanisms of individual variation in stress vulnerability. The findings presented here identify key biomarkers that distinguish individuals who are susceptible or resistant to social stressors. Developing a greater understanding of the mechanisms that modulate stress vulnerability will be beneficial for delineating risk factors for stress-related psychopathology and the development of novel treatment options. This dissertation contributes to a growing body of work to elucidate the myriad ways in which stressors impact organism health, neuronal systems, and behavior, and how the deleterious effects of stress can be mitigated.
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[image: Fig. 1]
[bookmark: _Toc162447065]Fig 2. 1 Cadmium had no direct effect on pair boldness, but an indirect effect on group boldness. (A) Average number of fish in the pair condition on the tube or stimulus side. (B) Average number of fish in the group condition on the stimulus side. Error bars represent + 1SE (n = 17 or 18 in all conditions); statistically significant differences are noted (* p < 0.05).
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[bookmark: _Toc162447066]Fig 2. 2 Pair and group behavioral responses to the presence of cadmium-treated and control fish. (A) Average number of advances, (B) average number of chases and (C) average number of mouth contacts in 30 s for pair and groups of zebrafish with water-treated (white bars) and Cd-treated pairs (black bars). Error bars represent + 1 SE (n = 17 or 18 in all conditions); statistically significant differences are noted (* p < 0.05). The drawings provide a visual representation of the behavior measured for each figure.
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[bookmark: _Toc162447067]Fig 2. 3 Networks of cadmium and water shoals. (A) Multilayer social networks show the number of chases initiated between individuals with sex and exposure overlayed for a representative cadmium and control shoal. Node color denotes exposure type (gray = directly exposed, white = indirectly exposed), node shape denotes sex (circle ○ =♀, triangle ▵ = ♂), and node size scales with average total chases initiated by each class of individuals. The width of the edges denotes the frequency of chases between dyads. Indirectly exposed female fish have larger nodes than other fish in the cadmium shoals, whereas the nodes are similar in size in the water shoals. Cadmium and water shoals had similar levels of connectivity (t(16.61) = 0.54, p = 0.59; N = 10 for cadmium and water shoals). (B) Cadmium-induced network changes are mediated by female fish (χ2(df=1, N = 80) = 5.37, p = 0.02). Indirectly exposed female cadmium fish initiated more chases than control indirectly exposed female fish (Tukey, p < 0.01). Medians with interquartile ranges (N = 10 per treatment). Letters denote significant Tukey pairwise comparisons at p < 0.05. ° represents outliers.
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[bookmark: _Toc162447068]Fig 2. 4 Cadmium directly affects optomotor responses of fish. (A) Optomotor arena, a brightly lit (720 lux) rotating drum with a stimulus of repeating pattern of black and white bars. (B) Cadmium fish showed a decreased optomotor response in comparison to control fish. Both treatments showed decreased response with increased spatial frequencies.
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Table 3. 1 Description of conditions at both field sites.

	Site
	Site 1
	Site 2	

	District
	Cooch Behar
	Nadia

	Pollutants
	As (<0.01 mg/L), Iron (2.3-6.5mg/L), Lead (0-16.6 μg/L) [27], minimal human-made debris
	As (0.1-0.5) mg/L [67,69], Iron (0-9.1 mg/L), Chromium (0-147.8 μg/L) [27], abundant human-made debris: plastic bottles, Styrofoam plates, bags, shoes [52]

	Water use 
	People were observed bathing, washing clothes, and irrigating crops with water from the field site
	People tried to minimize contact with the water. When contact was made with water, people described burning and itching sensations

	Land use
	Homes, rice cultivation, sand mining, livestock grazing, unpaved roads
	Homes, buildings, shops, paved roads

	Water flow
	Flowing [71]
	Stagnant [71]

	pH
	7.4 [71]
	6.9-7.8 [70,71]

	Total dissolved solids (ppt)
	0.2 [71]
	0.3 [70,71]

	Dissolved oxygen (ppm)
	3.2-5.4 [79]
	1.5 [52]

	Nitrate (ppm)
	0.0 [70]
	0.0 [70]

	Nitrite (ppm)
	0.5 [70]
	0.0 [70]

	Temperature (°C)
	19-25.6 [71]
	21.4-25.6 [70,71]

	Elevation (m)
	12.2 [71]
	41.4 [70,71]

	Substrate
	Mud [71]
	Silt [71]

	Predation pressure
	Less [71]
	Greater [71]

	Population density
	~700 persons/km² [52]
	~1250 persons/km² [52]
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[bookmark: _Toc162447069]Fig 3. 1 A total of seven digitized landmarks were placed on distinct points of zebrafish for use in morphometric analysis. Landmarks denote: (1) mouth, (2) posterior dorsal skull, (3) anterior dorsal fin, (4) caudal fin, (5) anterior anal fin, (6) ventral surface, and (7) ventral anterior skull. Art created by Gillian McHaney.
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[bookmark: _Toc162447070]Fig 3. 2 Procrustes PCA plot of variance in partial warps between levels of Population and Sex. The first two Principal Components account for 74% of the variance in consensus shape between populations. The landmarks of specimens at the negative and positive ends of the first and second axes are shown not scaled to size. Site 1 fish are labeled in green, and Site 2 fish are labeled in orange. Lighter shades denote male fish and darker shades denote female fish.
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[bookmark: _Toc162447071]Fig 3. 3 Consensus shape differed significantly across Population, but not Sex. The greatest variance in shape between populations was among landmarks located on the posterior dorsal skull (LM 2), anterior dorsal fin (LM 3), caudal fin (LM 4), and anterior anal fin (LM 5). (A) Size differences in fish between levels of Population and Sex. Shaded regions denote the posterior body region identified by PCA as contributing to shaping variance, while the white region denotes the anterior body region not identified by PCA. (B) Overlaid shapes of the most morphometrically-extreme fish across levels of Population and Sex. (C) Fish from Site 1 and Site 2 female fish had a larger posterior region of their body relative to the anterior region compared to Site 2 male fish. Individual samples are overlaid onto boxplots. Data analyzed with a two-way ANOVA. (D) Fish from Site 1 had a greater standard length than fish from Site 2. Statistical analysis showed that Site 2 fish, not Site 1 fish, were sexually dimorphic. Individual samples are overlaid onto boxplots. Data analyzed with a Kruskal-Wallis test. Boxplots denote means and interquartile range. Error bars indicate the range of scores. Letter markings donate significant (different letters) and non-significant (same letters) differences (p < 0.05).
[image: Toxics 09 00165 g004 550]
[bookmark: _Toc162447072]Fig 3. 4 We found that fish from Site 2 were more cohesive than fish from Site 1 across three social metrics. (A) Fish from Site 2 spent a greater amount of time within two body-lengths of conspecifics than fish from Site 1. (B) Fish from Site 2 maintained closer inter-individual distances between group members, while fish from Site 1 had greater spacing between individuals. (C) There were no significant differences in distances between individual fish and their nearest neighbors between populations. Individual samples are overlaid onto boxplots. Boxplots denote means and interquartile range. Error bars indicate the range of scores. * p < 0.05. All data analyzed with independent samples t-tests.
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[bookmark: _Toc162447073]Fig 3. 5 Site 1 fish swam faster and further, but fish from both populations maintained similar time in motion and exploration. (A) Fish from Site 1 swam significantly greater distances than fish from Site 2. (B) Fish from Site 1 exhibited significantly greater average swimming speeds than Site 2. (C) Fish from each population spent a similar amount of time in motion throughout the sample period. (D) Fish from each population explored a similar number of areas within the testing arena and thus did not differ significantly in exploratory behavior. Individual samples are overlaid onto boxplots. Boxplots denote means and interquartile range. Error bars indicate the range of scores. * p < 0.05. All data analyzed with independent samples t-tests.
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[bookmark: _Toc162447049][bookmark: _Toc162447074]Fig 4. 1 Diagram of experimental design. After weaning (postnatal day 21), subjects were divided into four treatment groups. Peer-Isolated was raised with their dam and given 15, 1-hour isolated encounters in an empty neutral cage. Dyadic Play animals were similarly raised with their dam but given 15, 1-hour social play encounters with a sex-matched conspecific across PND 21-43. A Group Play condition included hamsters that were housed with 3 littermates after weaning. A Handle Control condition included hamsters that were housed with their littermates after weaning, just as the Group Play. After 22 days, Isolated animals and Dyadic Play animals were re-housed with Group Play littermates for an additional 3 weeks until adulthood (PND 60). After subjects were individually housed, subjects were handled for one week, and females were additionally evaluated for signs of Estrus. Subjects were exposed to social defeat stress in a series of 3, 5-minute encounters in which they were placed in the home cage of a larger, more aggressive hamster. Handle Controls were exposed to resident aggressors home cages without any aggression for 3, 5 minute trials. 24 hours after social defeat stress, subjects underwent a 5-minute condition defeat (CD) test followed by  social avoidance (SA) testing. 24 hours after CD and SA testing, subjects were euthanized for brain collection. Condition defeat consisted of placing a smaller, younger non-aggressive intruder into the home cage of the test subject to measure territorial aggression. Social avoidance test consisted of a 3 minute habituation phase, followed by a 3 minute acclimation phase with an empty, perforated box and a 3 minute testing phase with a box containing a novel conspecific.
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[bookmark: _Toc162447050][bookmark: _Toc162447075]Fig 4. 2 Representation images of WFA and PV cells. (A,E) Coronal image showing the location of the prelimbic (PL), infralimbic (IL), and basal lateral amygdala (BLA). (B-D) Images were collected in layers II and III of the IL and PL of the prefrontal cortex. Majority of the WFA and PV expression was localized in layers II/III in the PL and IL.  Images were taken at 20x with a 300 μm X 400 μm clip region that were used to quantify WFA cells, PV cells, and co-labelled cells in all subjects. (F-H) Representation of 20x magnification 500 μm X 500 μm images that were used to quantify WFA cells, PV cells, and co-labelled cells in all subjects.
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[bookmark: _Toc162447051][bookmark: _Toc162447076]Fig 4. 3 Testing for the 50:50 ratio in dyadic play encounters. (A) Both males and females significantly change in the amount of time spent playing with one another. Specifically, social play decreased on PND 38-42 compared to PND 24-34. (B) Pins were reciprocated between winners and losers during the early PND (24-28) and mid phases (PND 31-35) of their juvenile development. However, during the late phases (PND 38-42) of juvenile development one hamster pinned their partner more often and winning became unilateral in both males and females. (C) Dominance relationships began to emerge as losers showed tail raise postures more often than winners in the late phase of development (PND 38-42). (D,E,G,H) Winning index score across the early and mid phases of juvenile stage, play partners did not differ in their winning index in both males and females. (F,I) However, in the late phases, one partner was winning significantly more than the other in both males and females. * indicates < 0.05.











[image: A graph of different colored squares

Description automatically generated with medium confidence]
[bookmark: _Toc162447052][bookmark: _Toc162447077]Fig 4. 4 Behaviors expressed during regrouping with littermates at PND 43. (A) Peer-Isolated males showed the greatest submissive & defensive behavior during regrouping. (B) There were no significant differences in affiliative social behavior between play treatment conditions. (C) While we did not find play-dependent effects on aggressive behavior during regrouping, female hamsters showed longer durations of aggressive behavior than males. (D) Groups did not statistically differ in the number of attacks against littermates. Graphs denote data spread and median values. Among Dyadic Play subjects, filled data points denote winners during dyadic play encounters, open data points denote losers. Error bars denote SEM. Statistical differences are denoted using bars to indicate a main effect of sex, and lower-case letters to denote significant differences from other conditions where letter “a” denotes a significant difference in Peer-Isolates compared to all other groups.
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[bookmark: _Toc162447053][bookmark: _Toc162447078]Fig 4. 5 Behavior scored during conditioned defeat testing. (A) Handled Control subjects showed less submissive and defensive behavior during conditioned defeat testing than other groups. Peer-Isolate subjects showed more submissive and defensive behavior than Group Play subjects. Dyadic Play subjects did not statistically differ from Peer-Isolated or Group Play hamsters. (B) Handled Control subjects were more aggressive than all other groups. Female subjects were also more aggressive than males. (C) Males showed more affiliation than females and among males Handled Controls showed more affiliation than other treatment groups. Graphs denote raw data and median values. Boxes represent standard deviations and error bars denote data range. Statistical differences are denoted using bars to indicate a main effect of sex, while lower-case letters are used to denote statistically differing groups. Letter “a” denotes significant differences in Peer-Isolates compared to Group Play and Handled Controls, and “c” denotes a main effect of defeat.
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[bookmark: _Toc162447054][bookmark: _Toc162447079]Fig 4. 6 Behavior quantified during social avoidance testing. (A) While Handled Controls spent less time in the corners than defeated groups during the testing phase, there were no significant differences among defeated groups. (B) During the testing phase, Dyadic Play and Peer-Isolated groups spent significantly less time in the interaction zone than Group Housed subjects and Handled Controls. Handled Controls also spent more time in the interaction zone than defeated groups. (C) Peer-Isolated and Dyadic Play Date females showed a smaller interaction ratio than Group Housed and Handled Control subjects. Handled Controls were also less avoidant than all defeated groups. (D) While Handled Control males spent less time in the corners than defeated groups during the testing phase, there were no significant differences among defeated groups. (E) During the testing phase, Dyadic Play and Peer-Isolated males spent significantly less time in the interaction zone than Group Housed and Handled Control males. Handled Controls also spent more time in the interaction zone than all defeated groups. (F) Peer-Isolated and Dyadic Play males showed a smaller interaction ratio than Group Housed and Handled Control subjects. Handled Controls were also significantly less avoidant than all defeated groups. Graphs denote raw data and median values. Boxes represent standard deviations and error bars denote data range. Statistical differences are denoted using bars to indicate a main effect of sex, while lower-case letters are used to denote statistically differing groups. Letter “a” denotes significant differences in Peer-Isolates compared to Group Play and Handled Controls, “b” denotes significant differences in Dyadic Play compared to Group Play and Handled Controls, and “c” denotes a main effect of defeat.
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[bookmark: _Toc162447055][bookmark: _Toc162447080]Fig 4. 7 Expression of PNNs, PV+ neurons, and the proportion of PNNs that enwrapped PV+ neurons in the PL. (A) Female subjects did not differ significantly in the number of PNNs in the PL. (B) Male subjects did not differ significantly in the number of PNNs in the PL. (C) Females did not differ significantly in their number of PV+ neurons in the PL. (D) Males did not differ significantly in their number of PV+ neurons in the PL. (E) Peer-Isolated and Dyadic Play females showed a significantly lower proportion of PNNs surrounding PV+ neurons in the PL. (F) Males did not differ significantly in the proportion of PNNs surrounding PV+ neurons in the PL. Graphs denote raw data and median values. Boxes represent standard deviations and error bars denote data range. Statistical differences are denoted using lower-case letters where letter “a” denotes significant differences in Peer-Isolates compared to Group Play and Handled Controls, “b” denotes significant differences in Dyadic Play compared to Group Play and Handled Controls.
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[bookmark: _Toc162447056][bookmark: _Toc162447081]Fig 4. 8 Expression of PNNs, PV+ neurons, and the proportion of PNNs that enwrapped PV+ neurons in the IL. (A) Female subjects did not differ significantly in the number of PNNs in the IL. (B) Male subjects did not differ significantly in the number of PNNs in the IL. (C) Female subjects did not differ significantly in the number of PV+ neurons in the IL. (D) Male subjects did not differ significantly in the number of PV+ neurons in the IL. (E) Dyadic Play females showed a significantly lower proportion of PNNs surrounding PV+ neurons in the IL compared to other treatment groups. (F) Males did not differ significantly in the proportion of PNNs surrounding PV+ neurons in the IL. Graphs denote raw data and median values. Boxes represent standard deviations and error bars denote data range. Statistical differences are denoted using lower-case letters where letter “b” denotes significant differences in Dyadic Play compared to all other groups.


[image: A group of different colored boxes

Description automatically generated with medium confidence]
[bookmark: _Toc162447057][bookmark: _Toc162447082]Fig 4. 9 Expression of PNNs, PV+ neurons, and the proportion of PNNs that enwrapped PV+ neurons in the BLA. (A) Female subjects did not differ significantly in the number of PNNs in the BLA. (B) Male subjects did not differ significantly in the number of PNNs in the BLA. (C) Female subjects did not differ significantly in the number of PV+ neurons in the BLA. (D) Male subjects did not differ significantly in the number of PV+ neurons in the BLA. (E) Females did not differ significantly in the proportion of PNN surrounding PV+ neurons in the BLA. (F) Males did not differ significantly in the proportion of PNNs surrounding PV+ neurons in the BLA. Graphs denote raw data and median values. Boxes represent standard deviations and error bars denote data range.
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[bookmark: _Toc162447058][bookmark: _Toc162447083][bookmark: FIGURES]Fig 4. 10 Significant correlations between PNN expression and behavior during behavioral testing. (A) All data were analyzed using general linear models for multiple regression. We correlated PNN count and the proportion of PNN and PV+ co-expression in the PL, IL, and BLA with behaviors at regrouping, conditioned defeat, and social avoidance testing. Significant and trending correlations are presented here. (B) Among males, PNN count in the BLA was positively correlated with the duration of submissive & defensive behavior during regrouping (R²=0.36). (C) The duration of aggressive behavior at regrouping tended to be positively correlated with the proportion of PNN and PV+ co-expression in the BLA in both males and females, though this trend did not reach statistical significance (p=0.061, R²=0.07). (D) In both males and females the duration of submissive & defensive behavior during regrouping tended to be negatively correlated with PNN and PV+ co-expression in the PL, though this trend did not reach statistical significance (p=0.073, R²=0.30). (E) Among females, PNN count in the IL was positively correlated with interaction zone ratio during social avoidance testing (R²=0.15). (F) The proportion of PNN and PV+ co-expression in the BLA tended to be positively correlated with interaction zone ration during social avoidance testing in both males, though this trend did not reach statistical significance (p=0.068, R²=0.14).  All lines denote lines of best fit, while data scatter shows individual raw data points. Among Dyadic Play subjects, filled data points denote winners during dyadic play encounters, open data points denote losers. Single lines of best fit are drawn for main effects of group, while lines for male and female data are drawn independently where interactions across levels of sex were found. Statistically significant interactions are denoted with asterisks while non-significant trends are shown without asterisks. Adjusted R² values are shown for each interaction.
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[bookmark: _Toc162447084]Fig 5. 1 Schematic of the experimental design. Using a resident-intruder format, hamsters were paired in 12 daily encounters in which they acquired a dominant or subordinate status. Following the 6th encounter, animals received a unilateral microinjection of CTB into the BNST. In study 1, brains were collected following the 12th dominant encounter for c-Fos staining in the MeA. In study 2, animals were exposed to acute social defeat stress prior to brain collection and c-Fos staining in the MeA. AC: anterior commissure; LV: lateral ventricle. The diagram was made in BioRender.
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[bookmark: _Toc162447085]Fig 5. 2 Functional tracing of MeA afferents targeting the BNST. (A) Stereotaxic atlas plates showing the approximate location of the largest (light green) and smallest (dark green) spread of CTB in the BNST for animals included in statistical analysis. Coordinates on atlas plates reflect distance from bregma. (B) Sample photomicrographs (10x) showing CTB+ cells (green) and c-Fos+ nuclei (red) in a coronal section (40 µm) of the MePD. Arrows denote double-labeled cells. Scale bar = 100 µm.
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[bookmark: _Toc162447086]Fig 5. 3 Male and female hamsters readily form dominance relationships with same-sex partners. Animals were tested daily in 12 aggressive encounters (E). (A) In both males and females, dominant (Dom) animals showed a higher rate of attacks compared to their subordinate counterparts (* indicates difference compared to same-sex subordinates, p < .05). Female subordinates showed aggression during the first 3 encounters, while subordinate males rarely did. (B) In both males and females, subordinate (Sub) animals showed a higher rate of flees compared to their dominant counterparts (* indicates difference compared to same-sex dominants, p < .05). In males, the rate of flee increased gradually over the first 6 encounters. In females, agonistic behavior varied over the estrous cycle with the least amount of aggression and submission occurring during proestrus on E3, E6, E9, and E12 (^ indicates encounters on proestrus, p < .05). Dom female (n = 15), Sub female (n = 15), Dom male (n = 15), Sub male (n = 15).
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[bookmark: _Toc162447087]Fig 5. 4 Dominant hamsters show elevated c-Fos immunoreactivity in CTB+ cells within the MePD and MePV during the 12th dominance encounter, which occurred during proestrus for females. Dominant and subordinate animals did not differ in the number of (A) c-Fos+ cells or (B) CTB+ cells in the MePD. (C) Dominant males showed greater double-labeling of c-Fos+ and CTB+ cells in the MePD following their 12th dominance encounter compared to subordinate males (* indicates p < .05), and females show a similar trend. (D) Males showed a greater number of c-Fos+ cells in the MePV compared to females (^ indicates main effect of sex, p < .05). (E) Females showed a greater number of CTB+ cells in the MePV compared to males (^ indicates main effect of sex, p < .05). (F) Dominant males show greater double-labeling of c-Fos+ and CTB+ cells in the MePV after their 12th dominance encounter compared to subordinate males (* indicates p < .05), and females show a similar trend. c-Fos immunoreactivity was quantified during proestrus Dom female (n = 8), Sub female (n = 7), Dom male (n = 7), Sub male (n = 7).
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[bookmark: _Toc162447088]Fig 5. 5 c-Fos immunoreactivity in the MePD and MePV was associated with both aggressive and submissive behavior during dominance encounters. (A) The number of c-Fos+ cells in the MePD predicted the number of attacks in dominant males but not dominant females (^ indicates interaction with sex, p < .05). (B) Similarly, the number of c-Fos+ cells in the MePV predicted the number of attacks in dominant males but not dominant females (^ indicates interaction with sex, p < .05). (C) The number of c-Fos+ cells in the MePD predicted the number of flees in both subordinate males and females (* indicates main effect, p < .05). (D) The number of c-Fos+ cells in the MePV did not significantly predict the number of flees (p = .089). R2 values are shown to indicate that percentage of variance accounted for in each treatment group. Dom female (n = 8), Sub female (n = 7), Dom male (n = 7), Sub male (n = 7).
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[bookmark: _Toc162447089]Fig 5. 6 Dominant hamsters show elevated c-Fos immunoreactivity in CTB+ cells within the MePD during social defeat stress, which occurred during Diestrus I for females. Dominant and subordinate animals did not differ in the number of (A) c-Fos+ cells or (B) CTB+ cells in the MePD. (C) However, dominant males showed greater double-labeling of c-Fos+ and CTB+ cells in the MePD after social defeat stress compared to subordinate males (* indicates p < .05), and females show a similar trend. Dominant and subordinate animals did not differ in the number of (D) c-Fos+ cells or (E) CTB+ cells in the MePV. (F) Dominant and subordinate animals did not differ in the proportion of double-labeled c-Fos+ /CTB+ cells in the MePV after social defeat stress. Dom female (n = 7), Sub female (n = 7), Dom male (n = 8), Sub male (n = 7).
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[bookmark: _Toc162447090]Fig 5. 7 The proportion of double-labeled c-Fos+ /CTB+ cells in the MePD and MePV is associated with the relative latency to submit during social defeat in male, but not female, hamsters. The proportion of double-labeled cells in the MePD predicts the relative latency to submit in (A) males but not (B) females (* indicates main effect, p < .05). Similarly, the proportion of double-labeled cells in the MePV also predicts the relative latency to submit in (C) males but not (D) females (* indicates main effect, p < .05). R2 values are shown to indicate that percentage of variance accounted for in each treatment group. Dom female (n = 7), Sub female (n = 7), Dom male (n = 8), Sub male (n = 7).
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