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Abstract 

Defining the Causes and Consequences of Sex Differences in Juvenile Rat Social Play 

Ashley E. Marquardt, Doctor of Philosophy, 2023 

Dissertation directed by: Margaret M. McCarthy, James and Carolyn Frenkil Deanôs 
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Medicine 

 

Social play is a dynamic behavior known to be sexually differentiated; in most 

species, males play more than females, a sex difference driven by the medial amygdala 

(MeA). Despite its well-conserved nature, the exact purpose of play and why it differs in 

males and females remains unknown. Towards reducing that knowledge gap, we chose to 

investigate whether the transcriptional signatures underlying play also differ by sex. We 

performed bulk RNA-sequencing of MeA samples from high- and low-playing juvenile 

rats of both sexes. Using weighted gene co-expression network analysis (WGCNA) to 

identify gene modules alongside analysis of differentially expressed genes (DEGs), we 

demonstrated that the transcriptomic profile associated with playfulness is largely distinct 

in the MeA of males compared to females. We hypothesize that play experience engages 

MeA gene programs in a sex-specific manner which drives neuroplasticity in the region 

that enables sex-typical adult behavior. This neuroplasticity may preferentially occur 

within inhibitory cells, as parallel single-cell RNA-seq experiments indicated that 

amygdala sex-biased DEGs are enriched in this cell type. To test our hypothesis, we 

assessed the effect of juvenile play deprivation, predicting that play-deprived rats would 

exhibit impairments that would differ by sex. Supporting our hypothesis, males prevented 

from playing as juveniles showed multiple impairments in adult socio-sexual behavior, 



 
 

 

 

including decreased sexual and empathy-like behavior, hypersociability, and increased 

aggression. Females, however, were largely resilient, showing little to no impairments on 

these or other tests. For the most direct evidence of a causal connection between our 

identified gene modules and playfulness, we then aimed to manipulate module expression 

via targeted overexpression of predicted hub genes using CRISPR activation (CRISPRa). 

However, while we were able to use CRISPRa to reliably overexpress a control gene, we 

were unable to increase expression of any of our six candidate hub genes using this system, 

potentially because they may be under stronger transcriptional control due to their central 

roles in gene regulation. Together, these analyses provide novel insight into the genesis 

and ultimate function of sex differences in social play, contributing useful knowledge on 

CRISPRa efficacy as the technique is increasingly adopted by the research community. 
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Chapter 1: General Introduction 

 

1.1 What defines social play? 

Play is a universal, rewarding part of the juvenile experience for many species, 

including humans. Though playôs flexible nature makes it difficult to define, Burghardtôs 

(2005) five criteria are commonly used, as they combine various features used in 

previous attempts to capture playôs essence. Burghardt defines play as any behavior that 

is 1) not ñfully functionalò in the context in which it is expressed (i.e. it includes elements 

ñthat do not contribute to current survivalò), 2) ñautotelicò or self-rewarding, displayed 

for its own sake rather than to achieve any specific goal, 3) different in structure or 

timing from the adult, ñnormalò, functional behavior, 4) repeatedly but not stereotypically 

performed, and 5) initiated only in a ñrelaxedò context when the animal is healthy and not 

under immediate threat. 

Even within the bounds of these five criteria, play can take three forms: 1) 

locomotor play (also known as solitary play), involving runs, jumps, kicks, etc. by a lone 

individual, which is presumed to have its roots in antipredator behavior, 2) object play, in 

which an animal paws, pats, bites, carries, or flips an inanimate object, presumed to be 

related to foraging/hunting behavior, and 3) social play (also known as rough-and-tumble 

play), in which two or more juveniles energetically chase, pounce, wrestle, and mock-

fight with other conspecifics (Fagen et al., 1981). While the boundaries of these three 

play categories are often blurred (e.g., ñobject playò can be social or non-social, and 

behaviors considered ñlocomotor playò such as running and jumping are often parts of 

the behavioral sequences that make up ñsocial playò), social play is the most studied play 

category in nonhuman animals (Burghardt & Palagi, 2023). Social play is of high interest 
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to researchers for a few reasons: first, it is seen in most mammals, including all primates, 

and is the most commonly expressed type of play in many primate species (Lewis et al., 

2000), including humans (Farran & Son-Yarbrough, 2001). Social play, but not object or 

locomotor play, is also positively correlated to neocortex size in seven species of 

primates, suggesting a potentially important role in development and cognition (Lewis et 

al., 2000). Finally, as it is the first non-mother-directed social behavior that occurs in 

young animals (Vanderschuren et al., 1997), understanding the roots of social play can 

likely tell us a great deal about the development of social behavior writ large. As such, 

social play is also our focus; therefore, all subsequent references to ñplayò in this thesis 

refer to social play.  

1.1.1 Structure of social play. From the boisterous lion cub to the rambunctious 

puppy to the exuberant toddlers rough-housing on the playground, social play is 

remarkably similar across mammalian species. Not unlike other forms of play, social play 

is seen most abundantly in juvenile animals, between the milestones of weaning and 

sexual maturity (peaking between 32 and 40 days of age in the rat; Panksepp, 1981). 

Commonly expressed behaviors include pounces, pins, wrestling, chasing, and boxing 

(Thor & Holloway, 1984). Though the behavioral microstructures may differ from 

species to species, a pounce occurs when one animal jumps towards the other animalôs 

nape. Considered the main index of play initiation, pouncing is thought to represent a 

motivational aspect of play. In response to being pounced on, the recipient animal may 

swerve, run away, or counter-attack by rolling onto its dorsal surface (pin), where it can 

more easily gain access to the pouncing animalôs neck area.  While pounces and pins are 

the most characteristic indices of social play in rats, wrestling is often observed in 
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particularly vigorous play bouts, whereby a pair of animals will tumble around in an 

elongated behavioral sequence consisting of multiple back-to-back exchanges of attacks 

and counter-attacks. Chasing, when one animal runs away and is pursued by the other, 

can also be seen, sometimes followed by boxing, when both animals rear up on their hind 

legs and bat at each other with their paws.  

While these individual play behaviors may superficially resemble various adult 

behaviors, there are, as Burghardt mentioned as his third criterion, key differences 

between behaviors exhibited in adulthood and those exhibited during juvenile play. While 

pounces can superficially resemble sexual mounting, the pouncing animal typically 

jumps at its play partnerôs nape from the side, not behind, and thrusts are not observed. 

Additionally, as might be expected for ñplay-fightingò, those with an untrained eye often 

misinterpret playful behaviors as truly aggressive. Multiple parameters of social play 

reveal why this is not the case. First, the microstructure of playful behaviors differs from 

that of agonistic encounters (Koolhaas et al., 2013). Pounces are directed at the play 

partnerôs nape and back, not vulnerable areas like the underbelly or throat, and do not 

draw blood. Second, social play interactions involve a high degree of reciprocity, 

whereby animals cooperatively take turns trading playful attacks and defenses in a 

manner distinct from the concerted, repeated attacks leveled (or attempted to be leveled) 

in an aggressive encounter (Palagi et al., 2016; Pellis et al., 2023).  

1.1.2. Rewarding properties of social play. Unlike aggressive encounters, play 

is also rewarding to both animals. Juvenile rats acquire conditioned place preference 

(CPP) towards a chamber containing a playful partner compared to that containing a non-

playful partner (Calcagnetti & Schechter, 1992; Crowder & Hutto, 1992; Douglas et al., 
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2004), and the amount of play exhibited during the conditioning sessions positively 

correlates with the magnitude of CPP (Vanderschuren et al., 2016). CPP magnitude was 

similarly correlated with the number of pins exhibited by the animal (R2 = 0.66) as it was 

with the number of times the animal was pinned (R2 = 0.67), adding support to the notion 

that play is equally rewarding for both members of a play pair. Multiple studies in rats 

and chimpanzees have also demonstrated that social play can be used to support operant 

conditioning; animals will readily learn to nose-poke or lever press to receive a social 

play reward, at similar and sometimes stronger levels of responding than what is seen for 

drugs of abuse or other natural rewards like palatable food (Mason et al., 1962; Mason et 

al., 1963; Achterberg et al., 2016a; Achterberg et al., 2016b). Furthermore, rats are 

known to emit vocalizations during play that are in the 50 kHz range, which have been 

associated with various rewarding activities and are therefore thought to signal positive 

mood (Knutson et al., 2002; Burgdorf et al., 2008; Wöhr & Schwarting, 2013). Together, 

these studies demonstrate that social play is a highly pleasurable, rewarding part of the 

juvenile experience distinct from the adult behaviors it may sometimes resemble.  

1.2 What is the function of social play? 

 In the moment, animals participate in play because it is a pleasurable experience: 

it has rewarding value and is ñdone for its own sakeò (Burghardt, 2005). But what is the 

ultimate reason why play exists? This is not an insignificant question, as juveniles across 

many diverse species spend a large amount of their time playing, increasing risk for 

predation and injury as they vigorously pounce, pin, and box with their playmate with 

little regard for their surrounding environment (Byers, 1998). Similarly, there are high 

energetic costs to participating in social play. Energy expenditure was shown to increase 



 
 

5 
 

by 66-104% over the resting metabolic rate in juvenile rats during play, indicating that 

play accounts 2-3% of a standard ratôs total daily energy budget (Siviy & Atrens, 1992). 

Approximately 80% of the total energy budget in the adult rat is spent on involuntary 

homeostatic costs (and likely more in the juvenile given the energetic costs associated 

with growth; Corbett & Keesey, 1982), leaving only 20% or less for voluntary activity; as 

such, a 3% allotment towards social play is sizable.  

 The existence of these costs, alongside the known, widespread prevalence of play 

across most mammalian species, suggests that there is likely some adaptive function(s) 

for social play. However, the exact nature of its function(s) remains elusive. Over the last 

half-century, a myriad of theories has been proposed, with varying levels of acceptance 

amongst the community of play researchers. These include the play-as-practice theory, 

which argues that play serves as physical practice for developing the motor skills 

necessary for the adult versions (e.g. sexual mounting, aggressive behavior) of the 

behaviors play resembles; the social cohesion theory, which proposes that play 

establishes or strengthens social bonds in a dyad or group; the physical fitness theory, 

which suggests play evolved as a means to ensure the young of a species engage in 

exercise; and the behavioral flexibility theory, which posits that play might serve to 

promote motor and emotional versatility, among other theories (Bekoff, 1977; Fagen, 

1981; Bekoff, 1988; Ġpinka et al. 2001). Following further experimentation, some of 

these theories later fell out of favor. A study in cooperative mongoose, for example, 

argued against the social cohesion theory: there was no correlation between frequency of 

play and group size, number of affiliative interactions, level of contribution to 

cooperative group size, or the duration of tenancy in the natal group, as the hypothesis 
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would predict (Sharpe, 2005). Additionally, while it has not been formally excluded, the 

play-as-practice theory is challenged by the differences known to exist between the 

microstructure of juvenile play and adult mating/agonistic behavior, as described in 

Section 1.1.1.  

 The common thread amongst the more accepted theories as to playôs function is 

that it serves to set up the developing brain to enable adult behavior. Not unlike the 

importance of sensory experience during early-life critical periods for appropriate sensory 

cortical development, social play experience during the juvenile window appears to be 

crucial for appropriate social and cognitive development. This is supported by studies 

that find various behavioral deficits in adulthood in animals prevented from playing as 

juveniles. As explained further in Chapter 3, studies on the effects of juvenile social 

isolation show that play-deprived animals exhibit increased anxiety- and depressive-like 

behavior, impaired cognition, decreased social behavior, and increased susceptibility to 

addiction-related behavior (summarized in Vanderschuren et al., 2016), though the exact 

neurobiological mechanisms underlying these impairments are still being explored. 

1.3 Sex differences in social play 

Many sex differences in the brain have their roots in early development, 

determined by differential steroid hormone exposure during the perinatal period. In 

rodents, the fetal testis produces high levels of testosterone beginning around embryonic 

day 18 in developing males (Weisz & Ward, 1980). This circulating testosterone can 

freely enter the brain, where it can act directly via androgen receptors or is locally 

converted to estradiol (and other metabolites) via the aromatase enzyme, allowing for the 

activation of estrogen receptors. This estrogen receptor-mediated signaling ï not that of 
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androgen receptors ï is actually believed to drive masculinization of most sexually 

differentiated endpoints in the rodent brain, including sex differences in cell genesis, cell 

death, dendritic branching, and synaptic patterning, among others (reviewed in 

McCarthy, 2008). These structural sex differences allow for the organization of brain 

circuitry enabling sex-typical behaviors like mating and aggression to be appropriately 

expressed, such that the animalôs behavioral phenotype matches its gonadal sex. Such 

ñorganizationalò sex differences are often referenced for their roles in setting the stage for 

sex-typical behaviors seen in adulthood. However, they also have an impact on sex 

differences in a behavior seen earlier in development: social play.  

Across nearly all species that play, a strong sex bias is observed: males play more 

frequently and with more intensity than females do. As shown in Table 1.1, this male bias 

has been seen across diverse mammalian species, including animals in captivity as well 

as wild populations, with the exception of the spotted hyena (Crocuta crocuta), in which 

females play more than males (Pedersen et al., 1990). This species is an interesting case, 

as they exhibit several sexually dimorphic traits that are ñsex-reversedò as compared to 

that seen in other mammals. Female spotted hyenas are socially dominant to males 

(Kruuk, 1972), heavier and more aggressive than males (Szykman et al., 2003), and have 

masculinized genitalia including a false scrotum and pseudopenis (Neaves et al., 1980), 

traits that are believed to be driven by the high levels of androstenedione, a weak 

androgen, seen in females but not males during development and throughout life 

(Glickman et al., 1987). As such, the female bias in this ñsex-reversedò species only adds 

support to the notion that the male bias in play is genuine, not an error or bias in 

reporting, and is likely established by differential hormone exposure early in life as part 
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of the typical process of sexual differentiation of the brain. Notably, this sex difference is 

specific to social play, as no sex differences are reliably observed across species in object 

or locomotor play (Pellis & Pellis, 1983).  
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Table 1.1. Sex differences in the frequency and type of play across multiple mammalian 

species. Reproduced from VanRyzin, Marquardt, & McCarthy, 2020. 

 

Species 

Studied 

Sex with 

Higher Play 

Frequency 

References Additional Notes 

Humans Males Whiting & Edwards, 1973; 

DiPietro, 1981; 

Humphreys & Smith, 1987 

 

Rats Males Poole & Fish, 1976; Olioff 

& Stewart, 1978; Meaney 
& Stewart, 1981 

 

Cats 

(domestic) 

Males Caro, 1981 Males from all-male groups play at a  

higher frequency than females from all-female groups; male 

play frequency was not influenced by the number of 

opposite-sex playmates while female play is affected by the 

number of male playmates 

Dogs 

(domestic) 

Males Pal, 2008; Ward et al., 

2008  

In mixed-sex dyads, males also engaged in offensive 

behaviors and self-handicapped more than females (Ward et 

al., 2008) 

Rhesus 

monkeys 

Males Goy & Deputte, 1996 Sex difference in frequency is based on a sex difference in 

play initiations (males > females) 

Squirrel 

monkeys 

Males Biben, 2010 Male play bouts are also longer than that female play bouts 

Lowland 

gorillas 

Males Meder, 1990 
 

Yellow-

bellied 

marmots 

Males Jamieson & Armitage, 

1987; Monclús et al, 2011 

Females with larger anogenital distances (i.e. masculinized 

females) engaged in play more frequently than females with 
smaller anogenital distances (Monclús et al., 2011) 

Belding 

squirrels 

Males Holekamp et al., 1984 
 

Bighorn 

sheep 

Males Hass & Jenni, 1993 Male lambs also exhibit a larger repertoire of play 

behaviors than females 

Spotted 

hyenas 

Females Pedersen et al., 1990 Females of this species are dominant to males, are larger 

than males, and have external genitalia. Speaking to these 

observations, adult females also have higher levels of 

circulating testosterone relative to males than is typically 

seen in female mammals. 
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Alongside this quantitative difference, there are also known qualitative sex 

differences in social play. During play in the mid-juvenile age (between postnatal days 

28-40), most rats will follow a pounce with a full rotation to the supine position, typically 

resulting in a pin of the pounced-on animal (Pellis & Pellis, 1990). This strategy allows 

animals to ñdefendò themselves from the pounce, more easily rolling into a counter-

attack. As animals age, this strategy shifts in males: often, older juvenile males will 

follow a pounce with a partial rotation strategy, retaining contact with the ground via 

their hindpaws in a manner that allows for the quick adoption of a defensive upright 

posture. Females, however, commonly maintain the full rotation strategy later in life 

(Pellis & Pellis, 1990). In general, male rats are also more likely to engage in boxing and 

pin their play partners, while females are more likely to withdraw from the interaction 

(Meaney & Stewart, 1981). Qualitative sex differences in play are also seen in other 

species. Male lambs display a larger repertoire of playful behaviors, combining them in a 

more complex manner such that they perform nearly three times as many behavior 

patterns than females during a play bout (Hass & Jenni, 1993). Male domestic dogs also 

engage in offensive behaviors and self-handicap more than females, perhaps signaling 

more playful intent (Ward et al., 2008). Finally, in humans, social play is known to 

systematically emerge earlier in girls than in boys (Barbu et al., 2011). 

1.3.1. Relevance of sex differences in social play. These sex differences in play 

are interesting for multiple reasons. First, social impairments, including deficits in play, 

are core symptoms of multiple neurodevelopmental disorders such as autism spectrum 

disorder (ASD; Jordan, 2003; Mahendiran et al., 2019), attention deficit/hyperactivity 

disorder (Alessandri, 1992; Mahendiran et al., 2019), and early-onset schizophrenia 
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(Jones et al., 1994; Moller & Husby, 2000; Helgeland & Torgersen, 2005). Similar to the 

male bias seen in play frequency, there is also a sex bias in the prevalence of these 

neurodevelopmental disorders: males are at two to four times higher risk than females 

(May et al., 2019). Importantly, the sex bias in disorders like ASD may be explained 

partially due to underdiagnosis in females due to sex differences in phenotypic 

presentation. Indeed, there are known sex differences in several core ASD symptoms: on 

average, males with ASD show more externalizing symptoms such as aggressive 

behavior and hyperactivity than females, while females with ASD show greater 

internalizing symptoms such as anxiety and depression than males (Werling & 

Geschwind, 2013). Regardless, it is clear that there is a strong sex-biased component in 

the pathology of ASD and other neurodevelopmental disorders, a bias mirrored by the sex 

differences seen in one of the defining symptoms of these disorders: deficits in social 

play. 

The fact that there are strong sex differences in play is also interesting given the 

developmental timing in which play is expressed. As described above, social play is 

observed most abundantly following weaning and tapers off prior to the onset of puberty. 

Consequently, sex differences in play cannot be explained by sex differences in 

circulating gonadal hormones, making play unique when compared to other sex-typical 

adult behaviors (e.g. mating, aggression) in which sex differences in the circulating 

hormonal milieu contribute to sex-differential phenotypes. Instead, sex differences in 

play likely originate from early-life developmental processes alone, when the perinatal 

surge in testosterone in males (but not in females) initiates the process of masculinization, 

establishing sex differences in brain architecture that will last throughout life. As such, by 
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better understanding what drives sex differences in play, we stand to learn a great deal 

about how developmental processes normally create sex differences in brain and 

behavior, as well as how this might go awry in various neurodevelopmental disorders.  

1.3.2 Brain regions involved in sex differences in play. What brain regions 

drive sex differences in social play? While the neural circuitry of play is still being 

defined, studies using immediate early gene (IEG) expression to map the circuitry of play 

find it diffusely embedded within broader social and reward networks, including the 

prefrontal cortex, nucleus accumbens, striatum, amygdala, and hypothalamus (Gordon et 

al., 2002; van Kerkhof et al., 2014). Rather than individual activation of any specific 

node, play appears to engage many of these regions in a distributed, coordinated manner. 

In contrast, the sex difference in play is driven by specific nodes within this larger 

network, chiefly the medial amygdala (MeA), with contributions from the lateral septum 

(LS) as well.  

 The MeA is a central point of convergence between olfactory inputs and limbic 

output structures controlling social and motivated behaviors, and thus is a principal node 

in the social behavior network mediating processing of social cues (Bergan et al., 2014). 

Pioneering work in the 1980s implicated the MeA in specifically driving the sex 

difference in social play. MeA lesions did not abolish play but instead eliminated the sex 

difference by selectively lowering play in males (Meaney et al., 1981); conversely, 

implanting testosterone into the neonatal MeA of females increased their juvenile play 

frequency to that seen in males (Meaney & McEwen, 1986).  In our recent work, we 

further examined the developmental processes in the MeA that contribute to sex 

differences in play. We demonstrated that developmental androgen exposure increases 
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endocannabinoid tone in the male MeA, inducing greater microglial phagocytosis of 

newborn astrocytes in this region in a manner that masculinizes play levels (VanRyzin et 

al., 2019).  

While the ways in which LS-driven sex differences in play are established are less 

well-defined, evidence from multiple studies suggests that the vasopressin system is 

crucial. The LS receives vasopressinergic inputs from the MeA and the bed nucleus of 

the stria terminalis (Caffe et al, 1987; De Vries & Buijs, 1983); as there are more 

vasopressin-expressing neurons in the male MeA, the density of these LS inputs is also 

much higher in males (De Vries et al., 1984; De Vries & Panzica, 2006). Infusion of 

antagonists of the vasopressin 1a (V1a) receptor directly into the LS decreases play in 

females but increases play in males, although this depends on social context (Veenema et 

al., 2013; Bredewold et al., 2014). However, much remains to be explored to further 

understand the full contribution of the LS to the sex bias in play.  

1.4 Summary of present experiments 

Although we have begun to understand the causes of sex differences in social 

play, there are still large gaps in knowledge. As inbred laboratory mice do not exhibit 

complex play (Pellis & Pellis, 2017a), the field of social play research has previously 

been limited to the tools available for the rat and other mammals. However, recent 

advances in genomic and viral techniques have provided the opportunity to further 

investigate both the proximate origins of sex differences in play as well as their ultimate 

causes. The well-conserved nature of the sex bias in play, nearly as widespread as play 

itself, suggests that this sex difference serves some adaptive function, but establishing 

what makes it so has remained elusive. Through the experiments detailed in this 
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dissertation, I aim to address this question, using transcriptional profiling, complex 

behavioral analysis, and viral manipulation techniques to better understand the genesis 

and ultimate function of sex differences in social play.  

 In Chapter 2, I explore the ñplay transcriptomeò in the medial amygdala for the 

first time, identifying various gene networks (ñmodulesò) that are associated with play in 

the MeA of juvenile rats of both sexes. Surprisingly, these play-associated gene modules 

were largely sex-specific in expression, suggesting there is a distinct transcriptomic 

profile associated with playfulness in the MeA of males compared to females. I also 

describe data from a single-cell RNA-seq (scRNA-seq) experiment using amygdala tissue 

from neonatal male and female rats, finding that there are significantly more 

differentially expressed genes within inhibitory neurons compared to excitatory neurons. 

By integrating these two datasets, I present additional bioinformatic evidence supporting 

a role for MeA inhibitory neurons as a primary locus of the sex difference in play, 

identifying high-confidence candidate modules of interest which we hoped to manipulate 

with viral techniques in the experiments described in Chapter 4.  

 The initial findings described in Chapter 2 ï that the play transcriptome in the 

MeA largely differs between the sexes, a notable finding given the MeA is known to 

regulate many adult sex-typical behaviors ï led to the overarching hypothesis presented 

in this thesis: that play-associated gene networks in the MeA are sex-specific because 

play modulates circuitry driving different adult behaviors in males compared to females. 

In Chapter 3, we test this hypothesis by investigating the effects of juvenile play 

deprivation, predicting that this would result in impairments in later-life behavior that 

would differ between the sexes. Using a novel cage design to prevent play while allowing 



 
 

15 
 

for other forms of social interaction, we find that play deprivation results in enduring sex-

specific effects on adult behavior. Supporting our hypothesis, males prevented from 

playing as juveniles showed specific impairments within the socio-sexual domain in 

adulthood, including sex behavior, aggression, and social behavior, while females were 

largely unaffected.  

 In the experiments described in Chapter 4, we sought to manipulate expression of 

our candidate gene modules (identified in Chapter 2) to determine whether module 

expression was causally connected to playfulness in a sex-specific manner. If these play-

associated gene modules serve to enable expression of sex-typical adult behavior, as our 

overarching hypothesis would suggest, then manipulation of these candidate modules in 

the juvenile MeA should also causally regulate expression of adult behavior. To 

manipulate module expression, we aimed to overexpress module hub genes in the 

juvenile MeA using an adeno-associated viral (AAV) system. Because our candidate hub 

genes were too large to support use in a standard AAV overexpression cassette, we 

turned to a new technology for gene overexpression not limited by transcript size: 

CRISPR activation (CRISPRa). However, despite how it is often advertised, we found 

that CRISPRa may not be uniformly applicable. While we were able to use CRISPRa to 

reliably and potently increase expression of a control gene, we were unable to increase 

expression of any of six candidate hub genes using this system. Thus, in Chapter 4, I 

discuss similarities and differences between the six candidate genes and genes in which 

CRISPRa has been successfully used, making the argument that not all genes are equally 

amenable to CRISPRa-mediated manipulation.  
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Chapter 2: The ñplay transcriptomeò is sex-specific in the juvenile rat medial 

amygdala: a role for inhibitory neurons 

 

2.1 Introduction  

Social play, also known as rough-and-tumble play or play-fighting, is a complex, 

rewarding behavior expressed by juveniles across most mammalian species. While its 

exact function is debated, converging evidence suggests play serves a vital role in 

appropriate brain development, as animals socially isolated as juveniles exhibit various 

behavioral impairments in adulthood, including impaired social behavior (Hol et al., 

1999; Van den Berg et al., 1999; Von Frijtag et al., 2002) and cognition (Einon et al., 

1978, Baarendse et al., 2013; Yusufishaq & Rosenkranz, 2013), and increased anxiety- 

and depression-like behavior (Parker, 1986; Wright et al., 1991; Arakawa et al., 2003; 

Leussis & Anderson, 2008; Lukkes et al., 2009; Cuesta et al., 2020). 

Importantly, a core feature of social play is its sex bias. From rats to cats to 

humans, strong sex differences in play are observed in nearly all species that exhibit this 

behavior, whereby males play more frequently and more intensely than females 

(summarized in VanRyzin et al., 2020a). This sex difference appears to be strongly 

driven by the medial amygdala (MeA), as MeA lesions do not abolish play but instead 

remove the sex difference by specifically lowering male play levels to that seen in 

females (Meaney et al., 1981), and testosterone implants to the neonatal MeA increase 

the play of female juveniles to that seen in males (Meaney & McEwen, 1986). 

Accordingly, play deficits are core features of various neurodevelopmental disorders such 

as autism spectrum disorder and attention deficit/hyperactivity disorder (Alessandri, 

1992; Jordan, 2003; Mahendiran et al., 2019), many of which also exhibit a sex bias in 
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prevalence and severity (Polyak et al., 2015). By investigating the causes and 

consequences of sex differences in play, we gain insight as to how brain sex differences 

are typically established in a manner that may prove useful for understanding why boys 

and girls are differentially at risk for these disorders.  

While sex differences in play frequency and intensity exist on average, it is 

important to note that there is a high degree of individual variability in play even in 

inbred laboratory animals, not unlike that seen for many other behaviors (Tuttle et al., 

2018; Rudolová et al., 2022). Although males play more frequently on average, some 

females play at the level of even high-playing males, while some males play at the level 

of low-playing females. These individual differences largely persist over time; play levels 

in rats, analyzed both at the level of the pair and the level of the individual, have been 

found to be remarkably consistent throughout adolescence and across motivational 

contexts (Pellis & McKenna, 1992; Argue & McCarthy, 2015; Lampe et al., 2017). Here, 

we exploit the power of these individual differences in playfulness to determine whether 

social play is associated with the same or different gene expression profiles in the MeA 

of male and female rats. We find that the latter is true: the gene signatures in the MeA 

associated with play are largely distinct in juvenile males and females. We combine these 

analyses with parallel single-cell RNA-sequencing analyses of the male and female 

neonatal amygdala to better understand how this transcriptional sex difference is 

established, discovering that inhibitory neurons are a major locus of sex-biased gene 

expression in this region. Finally, we explore the predicted cell-type specificity, function, 

and key hub genes within representative play-associated modules of interest using 

bioinformatics, phenotyping play-active cells and those expressing module hub genes in 
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the juvenile MeA using RNAscope. To our knowledge, this is the first study assessing 

gene expression patterns associated with play in both sexes, aiding in our understanding 

of the genesis and relevance of sex differences in this essential adolescent behavior.  

2.2 Materials and Methods 

Experimental subjects.  Adult Sprague-Dawley rats (Charles River Laboratories, 

Wilmington, MA) were maintained on a 12:12h reverse light-dark cycle with ad libitum 

access to food and water. Animals were mated in our facility and allowed to deliver 

normally under standard laboratory conditions, with the day of birth designated as 

postnatal day 0 (P0). Animals of both sexes, balanced across multiple litters, were used in 

this study. All animal procedures were performed in accordance with the regulations of 

the Institutional Animal Care and Use Committee at the University of Maryland School 

of Medicine. 

Social play behavioral testing. Animals were weaned on P21 and housed in 

same-sex sibling pairs. Starting on P26, same-sex non-sibling pairs of animals were 

placed in an enclosure (49 x 37 cm, 24 cm high) with TEK-Fresh cellulose bedding 

(Envigo, Indianapolis, IN). Animals were allowed to acclimate to the arena for 2 min, 

after which their interactions were video recorded for 10 min before animals were 

returned to their home cages. This procedure was repeated once daily from P27-29, using 

the same pairs of animals each day. All behavioral testing was performed during the dark 

phase of the light-dark cycle under red light illumination. Videos were scored offline to 

quantify the number of pounces, pins, and boxing behaviors, summed together as the 

ñtotal play behaviorsò exhibited in the test. Animals which exhibited an average play 

score that was in the top third or bottom third per sex were included in later RNA-seq 
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analysis, resulting in four groups: low-playing females (FLO), high-playing females 

(FHI), low-playing males (MLO), and high-playing males (MHI). 

Bulk RNA -sequencing (RNA-seq). On P30 (~24 hours after the final play testing 

bout), juveniles (n=6 per group) were deeply anesthetized with Fatal Plus (Vortech 

Pharmaceuticals, Dearborn, MI) and decapitated. Brains were removed and placed on ice, 

and the amygdala of both hemispheres was dissected out and immediately flash frozen. 

Tissue was stored at -80°C until it was prepared for RNA extraction. RNA was extracted 

using the RNeasy Kit (Qiagen, Hilden, Germany), following the manufacturerôs 

instructions, including column treatment with DNase I (Qiagen) to remove contaminating 

DNA. Bulk RNA-seq was performed by staff of Maryland Genomics at the Institute for 

Genome Sciences of the University of Maryland School of Medicine. Libraries were 

prepared using a NEBNext Ultra Directional RNA prep kit (New England Biolabs, 

Ipswich, MA) using the manufacturerôs protocol. Samples were sequenced across 4 

channels using the 75 base pair paired-end protocol on an Illumina HiSeq 4000 

sequencer, targeting 50 million read pairs per sample.  

Bulk RNA -seq analysis. Sequencing reads were aligned to the Rattus norvegicus 

genome (Rnor v7.2) using HISAT2 (Kim et al., 2015), and tables of read counts per 

transcript were generated with HTSeq (Anders et al., 2015). Multi-dimensional scaling 

and hierarchical clustering revealed no outlier samples. Data were normalized to 

log(counts per million) with edgeR (Robinson et al., 2010) and fit to a linear model with 

moderated t-statistics using limma-trend (Smyth, 2005). We applied limmaôs eBayes() 

function to identify genes that were differentially expressed across any of the four groups 

(high-playing males, low-playing males, high-playing females, low-playing females), as 



 
 

20 
 

well as in specific post-hoc contrasts for the effects of play and sex. These analyses 

identified 4,261 genes with nominally significant differential expression in any contrast 

related to sex and play (p < 0.05). We used Weighted Gene Co-expression Network 

Analysis (Langfelder & Horvath, 2008) to cluster these 4,261 genes into gene co-

expression modules and to characterize their patterns of expression across the four 

groups. Network reconstruction was performed using the blockwiseModules() function 

with power = 12, corType = óbicorô, maxPOutliers = 0.1, networkType = ósignedô, 

minModuleSize = 10, reassignThreshold = 0, mergeCutHeight = 0.25, and otherwise 

default parameters. We fit the module eigengenes to a linear model with limma and 

calculated associations of module eigengenes with post-hoc contrasts related to sex and 

play. As a secondary analysis, we also considered quantitative effects of play in each sex, 

again using linear models implemented in limma separately by sex. We conducted 

enrichment analysis to identify gene ontology (GO) terms statistically overrepresented 

(adjusted p-value < 0.05) within modules of interest using the PANTHER classification 

system on the Gene Ontology website (Ashburner et al., 2000; Mi et al., 2019; Gene 

Ontology Consortium, 2021). 

Single-cell RNA-sequencing (scRNA-seq). On P4, neonates of both sexes (n=6) 

were deeply anesthetized with Fatal Plus and decapitated. Brains were removed and 

placed on ice, and the amygdala of both hemispheres was dissected out and placed in 

Hibernate A solution (Thermo Fisher Scientific, Waltham, MA) while the remaining 

brains were dissected. Single cells were isolated for transcriptional profiling by 

proteolytic enzymatic digestion using the Worthington Papain Dissociation System 

(Worthington Biochemical Corporation, Lakewood, NJ), following the manufacturerôs 
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protocol. Samples were centrifuged, then resuspended in 0.05% bovine serum albumin in 

phosphate-buffered saline. Cell suspensions were then pooled, resulting in four final 

samples prepared for submission: 2 male samples and 2 female samples, each containing 

cells from 3 animals per sex. Pooled suspensions were counted using a hemocytometer 

and delivered to Maryland Genomics for further processing using the 10x Genomics 

system. A total of 3,000 cells per sample were loaded by GRC staff into each well of a 

chromium microfluidics container (10x Genomics, Pleasanton, CA). Sequencing libraries 

were prepared using the Chromium Next GEM Single Cell 3ô Kit v2 per the 

manufacturerôs instructions. Samples were sequenced across 4 lanes (1 sample per 

channel) using the 75 base pair paired-end protocol on an Illumina HiSeq4000 sequencer. 

scRNA-seq analysis. The raw scRNA-seq data were processed to counts of 

unique molecular identifers (UMIs) in each droplet using CellRanger, then passed 

through SoupX to reduce artifacts from ambient RNA (Young & Behjati, 2020). Quality 

control, normalization, and analysis were performed using the Seurat (v2) Standard 

Workflow. Cells were clustered using the Louvain method, revealing 8 major cell type 

clusters from which we assessed sex-biased gene expression. Iterative sub-clustering 

revealed 11 inhibitory neuron sub-populations. To integrate our scRNA-seq and bulk 

RNA-seq datasets, we developed a network analysis approach. First, we used WGCNA to 

identify gene co-expression modules in the scRNA-seq data, considering the 10,517 

genes expressed in more than 1% of cells. The count matrix was smoothed using KNN 

smoothing (k=15, d=30) and normalized using the NormalizeData() function in Seurat. 

This normalized matrix was then used to identify WGCNA modules, using a soft power 

of 4 for modularization, revealing 25 gene co-expression modules. We then assessed the 
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distribution of these 25 modules across our identified scRNA-seq major cell types to gain 

insight on potential cell-type specificity of each identified module. To integrate this 

analysis with our previous data, we assessed the association of each scRNA-seq module 

with sex and play via expression of the module eigengene and compared the overlap 

between each scRNA-seq and bulk RNA-seq module using Fisherôs exact test.  

RNAscope. To identify play-active cells, we performed in situ hybridization of 

activity-related genes in juvenile rats following a time-monitored ñplay pulseò ahead of 

tissue collection. Juveniles (P28) of both sexes were first isolated for 2 hours to increase 

social motivation. Then, they were placed in an enclosure (49 x 37 cm, 24 cm high) with 

TEK-Fresh cellulose bedding (Envigo) with a novel same-sex, same-age, non-sibling 

play partner and allowed to play for 10 min. One hour later, rats were deeply anesthetized 

with Fatal Plus and transcardially perfused with phosphate-buffered saline (PBS; 0.1M, 

pH 7.4) followed by 4% paraformaldehyde (PFA; 4% in PBS, pH 7.2). Brains were 

removed and postfixed for 24 h in 4% PFA at 4°, then kept in 30% sucrose solution at 

4°C until fully submerged. Coronal sections were cut at a thickness of 20 ɛm on a Leica 

CM2050S cryostat and directly mounted onto silane-coated slides.  

In situ hybridization was carried out using the RNAscope multiplex fluorescence 

assay kit (Advanced Cell Diagnostics, Newark, CA), following the manufacturerôs 

instructions with small modifications. The following probes were used: Rn-Egr1 (catalog 

number 318571), Rn-Slc17a6 (317011-C2 and 317011-C4), Rn-Slc32a1 (424541-C3), 

Rn-Spen (842581-C4), Rn-Klhdc8a (842571-C4), and Rn-Cyp19a1 (520461-C2). 

Briefly, tissue was baked onto slides using the HybEZTM II Oven at 60°C for 30 min, 

then dehydrated using four 5 min dehydration steps in 50%, 75%, 100%, and 100% 
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ethanol, respectively. Tissue was then treated with peroxidase solution for 10 min at 

room temperature, followed by a washing step with room temperature water. Slides were 

next placed in a 95°C water solution to acclimate for 10 seconds before being placed in 

95°C target retrieval reagent solution for 5 min, followed by a 3 min incubation in 100% 

ethanol at room temperature. Slides were air-dried for 5min, then digested with Protease 

III solution for 30 min at 40°C in the HybEZTM II Oven. Following two 2 min washes 

with the supplied wash buffer, sections were incubated (again at 40°C) for 30 min in a 

mixed probe solution containing all necessary probes for the experiment (1:50 C2-C4 

probe dilution using C1 probe solution). Slides were then washed twice and stored in 5X 

SSC overnight. All subsequent steps were performed at 40°C in the HybEZTM II Oven 

and separated by two 2 min washes. AMP1 and AMP2 solutions were added for 30 min, 

and AMP3 was added for 15 min. HRP C1 was added for 15 min, then the appropriate 

Opal dye (520, 570, 620, or 690; Akoya Biosciences, Marlborough, MA) for 30 min, 

followed by HRP blocker for 15 min. This procedure was then repeated consecutively for 

C2, C3, and C4, with a new Opal dye used for each probe channel. Following the 

RNAscope procedure, slides were stained immediately with Hoescht (1:2000; Invitrogen, 

Waltham, MA) for 5 min and cover-slipped using Prolong Diamond Anti-Fade Mountant 

(Thermo Fisher Scientific, Waltham, MA). Slides were imaged on a Nikon CSU-W1 

microscope equipped with 405, 488, 561, and 647 lasers, using a 20x (0.75 NA) and 60x 

(1.49 NA) TIRF oil-immersion objective, and analyzed using Imaris (Bitplane, Zurich, 

Switzerland) software. 
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2.3 Results 

Bulk RNA -sequencing of MeA samples from high- and low-players of both sexes 

 To assess play-associated gene expression patterns and whether these differ 

between the sexes, we first quantified playfulness in a cohort of  n=18 male and n=18 

female juvenile rats derived from 4 litters. Subjects were weaned on P21 and allowed to 

play with a sex- and age-matched non-sibling play partner once daily for 10 minutes on 

P26-29 (Figure 2.1a). As expected, we observed a sex difference in play, with males 

exhibiting a higher total play score on average than females (p = 0.04; Figure 2.1b). To 

identify transcriptional patterns associated with playfulness, we identified high- and low-

playing animals of both sexes. We excluded animals with mid-range play scores for these 

analyses, expecting that we would detect the greatest differences in gene expression 

patterns in animals on the extremes. Animals with play scores within the top third per sex 

were designated as ñhigh-playingò and those with scores in the bottom third per sex were 

designated as ñlow-playingò, resulting in four groups of 6 animals each: male high-

playing (MHI), male low-playing (MLO), female high-playing (FHI), and female low-

playing (FLO). Subjects were sacrificed on P30, and MeA tissue was collected for bulk 

RNA-sequencing.  
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Figure 2.1. The ñplay transcriptomeò in the juvenile rat medial amygdala is largely 

sex-specific. (a) Timeline of experimental procedures. (b) Quantification of total play 

following four days of play testing, used to determine high- and low-players for later 

RNA-sequencing, with the top third per sex designated as ñhigh-playingò and bottom 

third per sex as ñlow-playingò. (c) Venn diagram showing the number of differentially 

expressed genes (DEGs; nominal p < 0.05) associated with sex (male vs. female), male 

play (high- vs. low-playing males), and female play (high- vs. low-playing females). The 

majority of play-associated DEGs are sex-specific. (d) Cluster dendrogram of the 4,261 

genes used for the weighted gene co-expression network analysis, with each color 

representing one of the 22 modules identified. (d) Boxplot representations of the module 

eigengene values across groups (ñlowò = low-playing; ñhighò = high-playing) for various 

representative modules, showing example modules associated with play in females only 

(M1, M3), associated with play in males only (M14, M11), and associated with sex but 

not play (M12, M16). Bars indicate group means  SEM, and points represent data from 

individual rats. *p < 0.05, **p < 0.01, n = 6 per group. 
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 Using our RNA-seq data, we assessed whether playfulness was associated with 

the same or different gene expression patterns in males and females. We identified 

differentially expressed genes (DEGs) associated with all pairwise comparisons between 

groups, focusing on the sets of DEGs associated with ñmale playò (MHI vs. MLO) or 

ñfemale playò (FHI vs. FLO), as well as those associated with sex in general (male vs. 

female). Very few genes reached stringent false discovery rates after accounting for 

multiple testing. However, at a nominal (uncorrected) p-value < 0.05, we found 1,101 

male play DEGs and 924 female play DEGs. Notably, only 82 of these play-associated 

DEGs were shared between the sexes (<9%; Figure 2.1c). The play-associated gene 

signatures were also largely distinct from those associated with generalized sex 

differences: the majority of sex-biased DEGs were not shared with play-associated DEGs 

(162 of 932 total sex-biased DEGs; 17.4%). The minimal overlap across our three 

comparisons (male play, female play, and sex) supports two hypotheses. First, there is not 

one shared ñplay transcriptomeò that is seen in high-playing (or low-playing) animals of 

both sexes. Despite the fact that the individual play levels of many of our included 

subjects did not significantly differ, the gene expression patterns associated with play 

appeared markedly different in the MeA of juvenile males and females. Second, while 

they are sex-specific, these play-associated gene expression patterns do not appear to 

represent basic transcriptional sex differences in the MeA, as the set of DEGs associated 

with generalized sex differences showed little overlap with the set of play-associated 

DEGs.  

 We then applied a network biology approach to better understand these potential 

sex differences in the transcriptional landscape associated with play. We used Weighted 
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Gene Co-expression Network Analysis (WGCNA) to cluster the 4,261 genes with 

evidence of differential expression in any sex- or play-related contrast in our dataset (for 

nominal p < 0.05). Using this analysis, we identified 22 modules of co-expressed genes, 

ranging in size from 21 to 688 genes (Figure 2.1d). The expression patterns of module 

eigengenes supported our earlier findings, indicating that the transcriptional landscape 

associated with play is largely distinct in males and females. While twelve of the 22 

modules were significantly associated with social play (FDR < 0.05), only one module 

was associated with play in both sexes. The others were strongly associated with play in 

one sex but not the other, such that there were clear ñfemale playò modules (those 

associated with play in females but not males, such as bM1 & bM3; Figure 2.1e, top left 

panel) and ñmale playò modules (those associated with play in males but not females, 

such as bM11 & bM14; Figure 2.1, bottom left panel). Modules associated with sex but 

not play were also identified, such as bM12 and bM16 (Figure 2.1e, right panel), 

representing generalized sex differences in the MeA.  

Single-cell RNA-sequencing of neonatal male and female amygdala  

 Previously, we described a critical period for sexual differentiation of the 

amygdala centered on postnatal day 4 (P4). In males, high androgen levels produced by 

the fetal testis result in a higher endocannabinoid tone in the P4 amygdala, inducing 

microglia to become more phagocytic. This results in a sex difference in astrocyte density 

in the juvenile MeA and masculinized play (VanRyzin et al., 2019). To further explore 

the origins of these cell type-specific sex differences and their potential contributions to 

sex differences in juvenile play, we generated single-cell RNA-seq (scRNA-seq) data 

from the amygdala of P4 male and female rats (n = 6 animals per sex; Figure 2.2a). 
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Following quality control, we studied the transcriptomes of 11,756 cells. Louvain 

clustering identified 8 major cell type clusters. As expected, inhibitory neurons (IN; 

Gad1+) and astrocytes (Slc1a2+) were the most abundant, followed by microglia 

(Cx3cr1+) and excitatory neurons (EN; Slc17a6+) (Figure 2.2b). 

  There were no sex differences in the proportions of major cell types in 

males compared to females. However, clear sex differences emerged when we assessed 

sex-biased DEGs (genes showing differential expression between males and females) 

within the identified major cell types. Notably, the overwhelming majority of sex-biased 

DEGs (for FDR < 0.01) were found in the inhibitory neuron population (Figure 2.2c), 

while relatively few were found in the excitatory neuron population (Figure 2.2d). These 

sex-biased inhibitory neuron DEGs included Neurod1, which encodes a transcription 

factor that functions in neuronal differentiation and plasticity (Tutukova et al., 2021); 

Gabra5, which encodes a subunit of the GABAA receptor; and Crym, which encodes a 

thyroid hormone-binding protein previously identified as a critical modulator of the sex-

specific response to social isolation in the adolescent MeA (Walker et al., 2022). While 

there were fewer within excitatory neurons, the DEGs within this cell type included 

Cnr1, encoding cannabinoid receptor 1, an interesting finding given our previous work 

described above (VanRyzin et al., 2019). Although many neurons are not fully 

differentiated at this neonatal timepoint, subclustering revealed 11 distinct classes of 

inhibitory neurons alongside an erythrocyte population (Figure 2.2e), many of which 

specifically expressed canonical markers such as neuropeptides and transcription factors 

(e.g. Sst, Cck, and Foxp2; Figure 2.2f).  
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Figure 2.2. Single-cell RNA-sequencing (scRNA-seq) analysis indicates that there 

are more sex-biased DEGs in inhibitory neurons than excitatory. (a) Timeline of 

experimental procedures. (b) UMAP plot identifying 8 major cell types in the neonatal 

amygdala of 2 male and 2 female samples, each containing pooled samples from 3 pups 

each. IN = inhibitory neurons, EN = excitatory neurons, OPC = oligodendrocyte. 

precursor cells. Volcano plots showing sex-biased DEGs (male-biased: log2 fold change > 

0) within inhibitory neurons (c) and excitatory neurons (d) with shared legend. Genes in 

red showed significant sex-biased expression with both a significant p-value as well as 

log2 fold change. (e) Subclustering of the inhibitory neuron population, resulting in 11 

distinct subtypes (IN.0 ï IN.11) and a likely erythrocyte population, with the marker 

genes differentiating these subtypes shown in f. 
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WGCNA of scRNA-seq for integration with bulk RNA-seq 

 To better understand potential cell-type specificity, key driver genes, and 

predicted functions of our identified play-associated gene modules (Figure 2.1d-e), we 

developed a network analysis approach to integrate our scRNA-seq and bulk RNA-seq 

analyses. Using similar procedures as for our bulk RNA-seq dataset, we conducted 

WGCNA on the scRNA-seq dataset, identifying 25 gene co-expression modules (Figure 

2.3a). Several of these modules were expressed primarily in a single cell type. For 

instance, we identified modules enriched in microglia (scM3: 894 genes), inhibitory 

neurons (scM4, scM5, and scM6: 2,376 genes combined), and ependymal cells (scM7: 

683 genes), as shown in Figure 2.3b.  

 To integrate the scRNA-seq WGCNA with our bulk RNA-seq, we first projected 

the eigengenes of scRNA-seq-derived modules onto our bulk RNA-seq samples to assess 

their associates with sex and play. As expected given our prior results, most scRNA-seq 

modules were associated with play in one sex only. Many scRNA-seq modules showed 

significant associations with play in males but not females (based on expression of the 

module eigengene), with scM1, scM5, and scM12 exhibiting especially strong 

associations, while scM7, scM11, and scM19 showed strong associations with play in 

females but not males (Figure 2.3c). We also assessed gene overlap in the scRNA-seq 

and bulk RNA-seq modules (Figure 2.3d). Multiple scRNA-seq modules showed 

significant overlap with the genes in particular bulk RNA-seq modules, allowing for 

additional support for the identification of key genes common to both datasets.  
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Figure 2.3. Integration of the bulk and single-cell RNA-sequencing data identifies 

predicted cell-type specificity and likely hub genes for play-associated modules of 

interest. (a) Cluster dendrogram from the network reconstruction of the scRNA-seq data, 

using the set of 4,261 genes from the bulk-seq WGCNA as input, with each color 

representing one of the 25 modules identified. (b) Dot plot showing likely major cell type 

identity of each of the 25 scRNA-seq modules. (c) Heat map showing module-trait 

relationships (using module eigengene) across various comparisons: F = (FHI-FLO), M = 

(MHI-MLO), C = (MHI+FHI)/1-(MLO+FLO)/2, HI = (MHI-FHI), LO = (MLO-FLO), 

CS = (MHI+MLO)/2-(FHI+FLO)/2. (d) Matrix showing the number of overlapping genes 

between each single-cell (scM0-scM25) and bulk-seq (bM0-bM22) module, with color 

indicating the -log10(p-value) of a Fisherôs exact test. Boxes indicate two sets of single-

cell and bulk-seq modules chosen as representatives: scM5 & bM14 (associated with 

male play) and scM7 & bM3 (associated with female play). (e and f) Further 

interrogation of the two representative intersecting module sets, including plots showing 

the average single-cell module eigengene across the 4 play groups (top left), association 

with major cell type categories (top right), and box plots showing expression of the 2 top-

predicted candidate hub genes (bottom): those genes within the set of shared genes 

common to scM5 & bM14 (e) and scM7 & bM3 (f) that had the top-2 highest 

intramodular connectivity within the bulk-seq dataset. n = 6 per group. IN = inhibitory 

neurons, EN = excitatory neurons, OPC = oligodendrocyte precursor cells, FHI = female 

high-players, FLO = female low-players, MHI = male high-players, MLO = male low-

players. 
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Identification and evaluation of representative play-associated modules of interest 

 We then sought to identify modules of particular interest to investigate further, 

allowing us to gain more clarity as to what these modules reveal about sex differences in 

the play transcriptome. We focused on bulk RNA-seq module 14 (bM14) and module 3 

(bM3) as our two representative play-associated modules. Using expression of the 

module eigengene (Figure 2.1e), bM14 is associated with play in males (p = 0.001) but 

not females (p = 0.72); additionally, its expression is significantly correlated with raw 

play score in males but not females (p = 0.013 and 0.28, respectively). This module 

consists of 66 genes and is significantly enriched for GO terms suggesting a role in 

regulation of gene expression (FDR-adjusted p < 0.001), DNA-templated transcription (p 

= 0.03), and RNA biosynthetic process (p = 0.03). bM14 shows significant overlap with 

the genes in scRNA-seq module 5 (scM5; p < 0.001), with 12 genes shared between the 

two (Figure 2.3d). scM5 also shows significant association with play in males but not 

females (p < 0.001; Figure 2.3e, top left panel) and appears enriched in inhibitory 

neurons (Figure 2.3e, top right panel), an interesting result given our previous finding that 

sex-biased DEGs are enriched within inhibitory neurons within this same dataset. 

WGCNA also allows for the identification of highly connected ñhubò genes within a 

module, which are predicted to play a causal role as key regulators of module activity 

(Ghazalpour et al., 2006; Bagot et al., 2016). From the list of 12 genes shared between 

bM14 and scM5, we identified genes with the top-three highest ñmodule membershipò 

score, a measure of intramodular connectivity often used to bioinformatically predict 

potential key hub genes (Table 2.1). These included Spen, Rere, and Kmt2d; interestingly, 

all three genes have known roles in nuclear receptor-mediated transcription, including 
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that of the estrogen receptor (Shi et al., 2001; Wang et al., 2008; Oswald et al., 2016), and 

are associated with play in males but not females at an individual level as well (Figure 

2.3e, bottom panel, with p-values in Table 2.1). 

Table 2.1. List of the three top-predicted hub genes for bM14. From the list of 12 

genes shared between bulk RNA-seq module 14 (bM14) and scRNA-seq module 5 

(scM5), these three genes have the highest module membership scores (MM; measure of 

intramodular connectivity) suggesting high confidence for their roles as hub genes in 

bM14. They also exhibit significant or trending associations with play in males 

(MHIvsMLO; values shown are Wilcoxon p-values) but not females (FHIvsFLO). 

 

Gene Symbol Gene Name bM14 MM  MHIvsMLO  FHIvsFLO  

Spen spen family transcriptional repressor 0.909 0.032 0.242 

Rere arginine-glutamic acid dipeptide repeats 0.854 0.008 0.706 

Kmt2d histone-lysine N-methyltransferase 2D 0.848 0.066 0.09 

 

The representative female play module, bulk RNA-seq M3 (bM3), shows a strong 

association with play in females (p = 0.004) but not males (p = 0.32) at the group level, 

and its expression is also significantly correlated with raw play score in females but not 

males (p = 0.004 and 0.79, respectively). This module consists of 306 genes and is 

significantly enriched for GO terms suggesting a role in protein binding (FDR-adjusted p 

= 0.04) and negative regulation of cellular process (p = 0.02). bM3 shows significant 

overlap with the genes in scRNA-seq module 7 (scM7; p = 0.01), with 24 genes shared 

between the two (Figure 2.3d). Interestingly, while bM3 is specifically associated with 

play in females, but not males, scM7 is associated with play in both sexes, but in opposite 

directions (coincidentally, p = 0.014 for both male play and female play). Expression of 

the scM7 eigengene is higher in high-playing females than in low-playing females, while 

this pattern is reversed in high- and low-playing males (Figure 2.3f, top left panel). 

Analysis as to the potential cell-type specificity of scM7 suggests that genes in this 



 
 

37 
 

module are enriched in ependymal cells (Figure 2.3f, top right panel), a type of epithelial 

glial cell that lines the ventricles. From the list of 24 genes shared between bM3 and 

scM7, genes with the highest module membership score (indicating a high-confidence 

prediction of these genes as potential hub genes) within bM3 included Klhdc8a, Rprm, 

and Ap1s2 (Table 2.2). A recent study demonstrated that expression of one of these 

candidate hub genes, Rprm, is female-biased in the adult mouse hypothalamus, where it 

plays a role in estrogen receptor-dependent regulation of energy expenditure (van Veen et 

al., 2020). Little is known about the role of Klhdc8a and Ap1s2 in the brains of healthy 

individuals. However, mutations in Ap1s2 have been linked to multiple cases of 

syndromic X-linked mental retardation associated with hydrocephalus, and individuals 

with mutations in this gene exhibit elevated protein levels in cerebrospinal fluid, 

suggesting an important role in ependymal cells (Saillour et al., 2007; Borck et al., 2008), 

as we observed. While the scRNA-seq module they are a part of is associated with play in 

both sexes, these candidate genes are associated with play in females but not males at an 

individual level (Figure 2.3f, bottom panel, with p-values in Table 2.2). 

Table 2.2. List of the three top-predicted hub genes for bM3. From the list of 24 

genes shared between bulk RNA-seq module 3 (bM3) and scRNA-seq module 7 (scM7), 

these three genes have the highest module membership scores (MM, measure of 

intramodular connectivity) suggesting high confidence for their roles as hub genes in 

bM3. They also exhibit significant associations with play in females (FHIvsFLO; values 

shown are Wilcoxon p-values) but not males (MHIvsMLO). 

 
Gene Symbol Gene Name bM3 MM  MHIvsMLO  FHIvsFLO  

Klhdc8a kelch domain containing 8A 0.956 0.803 0.008 

Rprm reprimo 0.951 0.91 0.013 

Ap1s2 adaptor related protein complex 1 

subunit sigma 22 

0.848 0.803 0.008 
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RNAscope phenotyping of play-active cells in MePD 

 By this point in our studies, two pieces of evidence ï that the majority of sex-

biased DEGs are within inhibitory neurons in the neonatal amygdala (Figure 2.2c), and 

that expression of one of our major play-associated modules of interest (bM14) appears 

enriched within this same cell type (Figure 2.3e) ï suggested that inhibitory neurons in 

the MeA may represent an important cell type driving sex differences in social play. To 

directly investigate this, we designed an in situ hybridization experiment using 

fluorescent RNAscope. Juvenile male and female rats were sacrificed one hour after a 

playful experience with a novel play partner. Tissue sections containing MeA were then 

processed for RNAscope, using probes for Vgat (inhibitory neuron marker), Vglut2 

(excitatory neuron marker), and the immediate early gene Egr1 (also known as Zif268), 

to label play-active cells (Figure 2.4). We also included a probe for Cyp19a1 (aromatase), 

following recent work that demonstrated that aromatase-expressing cells in the MeA are 

critical for various social behaviors that are sexually differentiated (Unger et al., 2015; 

Yao et al., 2017).  

We focused our analyses on the posterodorsal MeA (MePD), as we had 

previously demonstrated that subregion is the critical node determining MeA-driven sex 

differences in play (VanRyzin et al., 2019). Replicating our previous work using 

immunohistochemistry (VanRyzin et al., 2019), males exhibited significantly more play-

active (Egr1+) cells in the MePD (p = 0.04; Figure 2.4c). In both sexes, the vast majority 

of play-active cells in the MePD were GABAergic (~90% Vgat+ vs. ~10% Vglut2+); 

however, the distribution between inhibitory and excitatory neurons significantly differed 

between males and females (Figure 2.4d-e). In the male MePD, 92% of play-active cells 
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were GABAergic, with the remaining ~7% co-labeling with Vglut2. In females, the 

percentage of glutamatergic play-active cells was twice that seen in males: 14% of Egr1+ 

cells were glutamatergic, while 86% were GABAergic, a significant difference from that 

seen in males (p = 0.01). Additionally, around a third of play-active cells expressed 

aromatase (Figure 2.4f). While there was no sex difference in the percentage of Egr1+ 

cells that were Cyp19a1+ (p = 0.30), there was a significant sex difference in the 

proportion of GABAergic cells that expressed aromatase in this region, with 60% of 

GABAergic cells in males co-labeling with Cyp19a1, while only 40% of GABAergic 

cells did so in females (p = 0.01; Figure 2.4g). Thus, there are strong sex differences in 

the phenotypes of play-active, inhibitory cells in the juvenile MePD. Males have a greater 

number of play-active cells than females, the majority of which are inhibitory and express 

aromatase. Of this inhibitory cell population, a greater proportion are play-active and 

express aromatase in males as well.  
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Figure 2.4. RNAscope phenotyping of play-active cells. (a) Representative low-

magnification image of Egr1 (red), Vgat (green), and Vglut2 (fuschia) expression via 

fluorescent in situ hybridization (RNAscope). (b) Representative high-magnification 

image of Egr1 (red), Vgat (orange), Vglut2 (fuschia), and Cyp19a1 (green) expression 

alongside DAPI (blue). (c) Quantification of the number of play-active (Egr1+) cells in 

the male and female MePD. The percentage of Egr1+ cells co-expressing Vgat (d) and 

Vglut2 (e) was also calculated, as well as the percentage of Egr1+ cells (f) and Vgat+ 

cells (g) that co-expressed Cyp19a1 (aromatase). Bars indicate group means ± SEM, and 

open circles represent data from individual rats. *p < 0.05; n = 6-7 per group. 
 

RNAscope phenotyping of Spen+ and Klhdc8a+ cells 

As our previous findings highlighted the involvement of MeA inhibitory cells in 

sex differences in play, we next aimed to phenotype cells expressing candidate hub genes 

from our modules of interest, seeking to understand whether expression of these genes 

was also differentially distributed amongst inhibitory and play-active cells. Using 

alternate sections from the same set of tissue used in our prior RNAscope experiment, we 

conducted RNAscope using probes for Egr1, Vgat, Vglut2, and either Spen (candidate 

hub gene for the male play module bM14) or Klhdc8a (candidate hub gene for the female 

play module bM3). We expected that a high proportion of Spen+ cells would be Vgat+, 
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as we demonstrated that bM14 significantly intersected with scM5, a module enriched in 

inhibitory neurons (Figure 2.3e). Conversely, we expected that a low proportion of 

Klhdc8a+ cells would express Vgat or Vglut2, as bM3 showed significant overlap with 

scM7, a module enriched in ependymal cells (Figure 2.3f).  

 

 

Figure 2.5. RNAscope phenotyping of hub gene-expressing cells. (a and b) Left, 

representative images of Spen (a) and Klhdc8a (b) (green), Vglut2 (red), and Vgat 

(fuschia) expression via fluorescent in situ hybridization (RNAscope), alongside DAPI 

(blue). Right, quantification of the percentage of Spen- (a) and Klhdc8a- (b) positive cells 

that co-expressed Vgat, Vglut2, or neither neuronal marker in the male and female MePD. 

(c and d) Left, representative images of Spen (c) and Klhdc8a (d) (green) and Egr1 

(orange) expression alongside DAPI (blue). Middle, quantification of the percentage of 

Egr1+ cells that co-expressed Spen (c) and Klhdc8a (d). Right, quantification of the 

percentage of Spen- (c) and Klhdc8a- (d) positive cells that co-expressed Egr1. Bars 

indicate group means ± SEM, and open circles represent data from individual rats. n = 3-

4 per group. 
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As expected, the majority of Spen+ cells (around 60%) were GABAergic in both 

sexes (Figure 2.5a). Around 20% were glutamatergic, while the remaining 20% did not 

co-label with either of the two markers, suggesting that they represent non-neuronal 

Spen+ cells. Notably, nearly all (~95%) play-active (Egr1+) cells expressed Spen (Figure 

2.5c, middle panel). As Spen was highly expressed in this region, however, the converse 

was much lower: only 14-18% of Spen+ cells were play-active (Figure 2.5c, right panel). 

There were no sex differences observed in any of these measures. However, there was a 

trending sex difference in the relative proportions of GABAergic vs. glutamatergic 

Klhdc8a+ cells in males compared to females (p = 0.087 for chi-square test of 

independence; Figure 2.5b).  Contrary to our prediction, the vast majority of Klhdc8a+ 

cells co-labeled with either an inhibitory or excitatory neuron marker, with few non-

neuronal Klhdc8a+ cells (those co-labeling with neither; Figure 2.5b). In males, 

Klhdc8a+ cells were very evenly distributed amongst excitatory and inhibitory neuron 

populations: ~49% of Klhdc8a+ cells co-labeled with Vgat, while 47% were Vglut2+ 

(Figure 2.5b). In females, however, more Klhdc8a-labeled cells were GABAergic: 61% 

co-labeled with Vgat, while 37% co-labeled with Vglut2. Around 37% of Klhdc8a+ cells 

were play-active; conversely, ~46% of play-active cells were Klhdc8a+, with no sex 

differences observed on either measure (Figure 2.5d). Together, these RNAscope studies 

further clarify the phenotype of cells expressing our hub genes of interest and provide 

additional support to the notion that MeA inhibitory cells play a central role in the 

establishment of sex differences in social play.  
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2.4 Discussion 

 Here, we present the first characterization of sex differences in the complex 

transcriptional landscape underlying social play behavior. Likely influenced by the fact 

that inbred laboratory mice do not exhibit complex play (Pellis & Pellis, 2017a), thus 

limiting the ability of scholars of play to benefit from techniques designed for the mouse, 

few studies have investigated this behavior using advanced genomic and molecular tools. 

To our knowledge, only two studies have previously assessed gene expression patterns 

associated with play using RNA-seq: one profiling the amygdala (Alugubelly et al., 2019) 

and one profiling the medial preoptic area (Zhao et al., 2020), both of which identified 

alterations in specific neurotransmitter signaling pathways following social play. 

However, these studies only included male subjects and therefore could not assess the 

impact of sex on play-associated gene expression ï a variable which, as we demonstrate 

here, has a substantial influence on the transcriptional patterns observed. 

 Exploiting the power of individual differences in play patterns, we first sought to 

determine whether social play is associated with the same or different gene expression 

patterns in male and female juvenile rats. Despite the fact that many high-playing females 

played at similar levels to that seen in high-playing males (and vice versa for low-playing 

animals; Figure 2.1b), the gene expression patterns associated with play were markedly 

distinct in males and females. Of the 1,101 genes associated with play in males 

(differentially expressed between high- and low-playing males, for nominal p < 0.05), 

only 82 (7.4%) were shared with the set of 924 genes associated with play in females 

(Figure 2.1c). These distinctive, sex-specific patterns persisted when we conducted 

WGCNA to identify gene modules in the bulk RNA-seq data: only one of the 12 play-
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associated modules was associated with play in both sexes, while the majority associated 

with play in one sex but not the other. This finding is especially noteworthy given the 

common hypothesis that play functions to shape neural circuitry enabling expression of 

adult behavior, an idea supported by play deprivation studies. As the MeA is fundamental 

to the expression of adult behaviors with known sex-differential patterns, such as 

parenting (Chen et al., 2019) and aggression (Edwards & Rowe, 1975; Haller, 2018), the 

play-associated gene networks we identified may be sex-specific for a reason: because 

play is serving to modulate MeA circuitry in a sex-specific way to enable such sex-

typical behavior later in life.  

 We further explored potential sex-differential gene expression patterns in the 

amygdala in our parallel single-cell RNA-sequencing study of neonatal males and 

females. Sex-biased DEGs were enriched within inhibitory neurons, with relatively few 

seen within excitatory neurons (Figure 2.2c-d). GABAergic neurons within the MeA 

have been shown to promote various socio-sexual behaviors, including pheromone 

detection, reproductive behavior, and aggression (Simmons & Yahr, 2003; Pereno et al., 

2011; Hong et al., 2015), while glutamatergic neurons appear to serve an antagonistic 

role, directing behavior away from social interactions (Johnson et al., 2021). By 

definition, there are strong sex differences in expression of these socio-sexual behaviors. 

As such, it is perhaps not surprising that such strong sex-biased gene expression patterns 

exist within the population of inhibitory neurons that appears to drive these sex-

differential behavior patterns in adulthood. As we detected these sex-biased DEGs in 4-

day-old pups, our results suggest that sex differences within MeA GABAergic cells are 

set up early in development, likely driven by perinatal steroid hormone exposure during 
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the critical period in developing males. In contrast, the relative lack of sex-biased DEGs 

in excitatory neurons suggests that glutamatergic neurons may serve as a generalized 

ñbrakeò on the system, inhibiting social behavior in a manner that does not strongly differ 

between the sexes. It is also possible that further sex differences may exist within discrete 

subpopulations of MeA GABAergic neurons. While our sequencing studies did not have 

the resolution to accurately ascribe patterns to specific neuronal subtypes, our analyses 

revealed 11 distinct subpopulations of inhibitory neurons expressing canonical markers 

even at this neonatal age (Figure 2.2e-f), suggesting deeper sequencing studies at this 

timepoint may be informative.  

 In our final bioinformatic experiments, we integrated our bulk and single-cell 

RNA-seq datasets to further investigate two representative play-associated modules of 

interest as case studies. Demonstrating the power of this integrative analysis, we gained 

useful insight on the cell-type specificity, likely function, and predicted hub genes within 

bM14, our representative male play module, and bM3, our representative female play 

module. Consisting of many genes with roles in transcriptional regulation, bM14 overlaps 

with scM5 and appears enriched within inhibitory neurons (Figure 2.3e). Conversely, 

bM3, a module enriched for genes involved in protein binding, overlaps with scM7, 

enriched in ependymal cells (Figure 2.3f). These analyses also provided additional 

confidence in and information on predicted module hub genes ï Spen being the top 

candidate for bM14 and Klhdc8a for bM3 ï that may be useful for future studies probing 

the effects of manipulating these play-associated modules in vivo.  

 Our RNAscope experiments provided additional evidence supporting the notion 

that MeA inhibitory neurons play a primary role in sex differences in social play. Using 
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the immediate early gene Egr1 as an activity marker, we find that the majority (85-95%) 

of play-active cells are GABAergic in both sexes, with males exhibiting both a higher 

percentage of GABAergic play-active cells and a higher number of play-active cells in 

general (Figure 2.4c-d). There was also a sex difference in the percentage of GABAergic 

cells that expressed aromatase, with males exhibiting a significantly higher percentage of 

Cyp19a1+ Vgat+ cells (Figure 2.4g). Given recent work demonstrating that aromatase-

expressing cells in this region are critical for sex-typical social behavior (Unger et al., 

2015; Yao et al., 2017), these Cyp19a1+ Vgat+ cells may represent a critical 

subpopulation of inhibitory neurons involved in play-induced, sex-specific 

neuroplasticity.  

We also phenotyped cells expressing Spen and Klhdc8a, top candidate hub genes 

for the bulk RNA-seq modules bM14 (male play) and bM3 (female play), respectively. 

Spen was highly expressed in the MeA, seen in most play-active cells (Figure 2.5c) and 

preferentially expressed within GABAergic cells (Figure 2.5a), as expected. This was 

true in both males and females with no sex differences observed, indicating that the 

underlying population of Spen+ MeA cells does not differ between the sexes, at least at 

the population level. Klhdc8a was also expressed in a sizable proportion of play active 

cells (~45%; Figure 2.5d). In males, the ratio of GABAergic to glutamatergic Klhdc8a+ 

cells was close to 50/50. In females, however, a larger proportion of Klhdc8a+ cells were 

GABAergic: around 61% colocalized with Vgat, while 37% colocalized with Vglut2 

(Figure 2.5b). Given our previous findings highlighting the importance of inhibitory 

neurons to play sex differences, this sex difference in the proportion of Klhdc8a+ cells 

within GABAergic vs. glutamatergic neurons was notable, although surprising given we 
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expected to see little Klhdc8a expression within neurons. As Klhdc8a was identified as a 

hub gene for a module enriched in ependymal cells (Figure 2.3f), we expected it too 

would be preferentially expressed within that cell type. However, the fact that Klhdc8a 

sits within a broader gene module that is ependymally enriched does not necessitate that 

it too is enriched within this cell type; expression of Klhdc8a in neurons, for example, 

may cause the release of some factor or other mediator that impacts ependymal cells, 

affecting expression of the other module genes as our bioinformatic analyses would 

predict.  

 Together, these analyses provide novel insight into the transcriptional patterns 

underlying social play, a fundamental adolescent behavior critical for appropriate brain 

development. Mirroring the qualitative and quantitative sex differences seen in 

expression of social play, the gene expression programs associated with play in the MeA 

are markedly divergent in male and female juvenile rats. We demonstrate that the 

inhibitory neuron population is likely central to this sex difference, as sex-biased DEGs 

in the neonatal amygdala are enriched within this cell type, as are play-active cells in the 

juvenile MeA. Through integration of multiple bioinformatic approaches, we identify key 

sex-specific modules and hub genes underlying sex differences in play. While much 

remains to be explored, our data underscore the power of an integrative, systems biology 

approach in studying the sex-specific underpinnings of this complex, ethologically 

relevant behavior. 

  



 
 

48 
 

Chapter 3: Social play experience in juvenile rats is indispensable for appropriate 

socio-sexual behavior in adulthood in males but not females1 

3.1 Abstract 

Social play is a dynamic and rewarding behavior abundantly expressed by most mammals 

during the juvenile period. While its exact function is debated, various rodent studies on 

the effects of juvenile social isolation suggest that participating in play is essential to 

appropriate behavior and reproductive success in adulthood. However, the vast majority 

of these studies were conducted in one sex only, a critical concern given the fact that 

there are known sex differences in playôs expression: across nearly all species that play, 

males play more frequently and intensely than females, and there are qualitative sex 

differences in play patterns. Further limiting our understanding of the importance of play 

is the use of total isolation to prevent interactions with other juveniles. Here, we 

employed a novel cage design to specifically prevent play in rats while allowing for other 

forms of social interaction. We find that play deprivation during the juvenile period 

results in enduring sex-specific effects on later-li fe behavior, primarily in males. Males 

prevented from playing as juveniles exhibited decreased sexual behavior, 

hypersociability, and increased aggressiveness in adulthood, with no effects on these 

measures in females. Importantly, play deprivation had no effect on anxiety-like 

behavior, object memory, sex preference, or social recognition in either sex, showing the 

 
1 Marquardt, A. E., VanRyzin, J. W., Fuquen, R. W., & McCarthy, M. M. (2023). Social play experience in juvenile 

rats is indispensable for appropriate socio-sexual behavior in adulthood in males but not females. Front Behav 

Neurosci, 16.  
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specificity of the identified impairments, though there were overall sex differences in 

many of these measures. Additionally, acute play deprivation impaired performance on a 

test of prosocial behavior in both sexes, indicating a difference in the motivation and/or 

ability to acquire this empathy-driven task. Together, these findings provide novel insight 

into the importance and function of juvenile social play and how this differs in males and 

females. 

3.2 Introduction  

Broadly seen in most mammalian species from rodents to humans, social play 

(also known as rough-and-tumble play or play-fighting) has fascinated neuroscientists 

and evolutionary biologists alike for decades. Though animals spend upwards of 20% of 

their time participating in play during adolescence (Pellis & Pellis, 2009), this well-

conserved behavior serves no obvious purpose, yet appears fundamental for appropriate 

development. Various studies have found that juvenile social isolation in rats leads to 

impairments in social behavior (Hol et al., 1999; Van den Berg et al., 1999; Von Frijtag 

et al., 2002), cognition (Einon et al., 1978, Baarendse et al., 2013; Yusufishaq & 

Rosenkranz, 2013), and sexual behavior (Gerall et al., 1967, Cooke et al., 2000), 

increases anxiety- and depression-like behavior (Parker, 1986; Wright et al., 1991; 

Arakawa et al., 2003; Leussis & Anderson, 2008; Lukkes et al., 2009; Cuesta et al., 

2020), and impacts susceptibility to addiction-related behaviors (Whitaker et al., 2013; 

Baarendese et al., 2014). 

While these studies provide insight on the impacts of juvenile social isolation writ 

large, there are three important caveats that preclude the ability to apply them to assess 

the importance of social play specifically. First, isolation prevents all social interaction ï 
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both play and non-play ï so it is unclear in most of these studies whether and to what 

extent any identified impairments are due to the lack of play versus the lack of general 

social interaction, as well as the additional stress that total isolation induces (Begni et al., 

2020). Second, in many of these studies, animals were isolated through adulthood, when 

testing was conducted; as such, it is also unclear whether and to what extent there may be 

an effect of acute isolation on the observed phenotypes. Finally, and most notably, the 

majority of these studies were conducted in only one sex ï typically, male subjects ï 

thereby preventing the ability to assess whether there are sex differences in the identified 

impairments. 

This final caveat is of critical importance given there are robust sex differences in 

social play that are seemingly as well-conserved as play itself. Across nearly all species 

that play, from rodents to humans, male juveniles play more frequently and intensely than 

females (see VanRyzin et al., 2020a for review). Additionally, there are known sex 

differences in the qualitative characteristics of social play interactions (Pellis & Pellis, 

1990, 1997). Studies investigating the neural underpinnings of this behavioral sex 

difference have identified various nodes within the larger circuitry of social behavior, 

including the medial amygdala (VanRyzin et al., 2019) and lateral septum (Bredewold et 

al., 2014), which exert sex-specific influences on play following sexual differentiation 

early in life as part of typical brain development. Indeed, deficits in play are core 

symptoms of neurodevelopmental disorders like autism spectrum disorder, attention-

deficit/hyperactivity disorder, and early onset schizophrenia (Alessandri, 1992; Jones et 

al., 1994; Mølller & Husby, 2000; Jordan, 2003; Helgeland & Torgersen, 2005), many of 

which also exhibit robust sex differences in diagnosis and symptomology (Aleman et al., 
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2003; Ramtekkar et al., 2010; Arnett et al., 2015; Halladay et al., 2015; Giordano et al., 

2021; Prosperi et al., 2021). The robust and conserved nature of this sex difference, then, 

speaks to its importance and begs the question: does play serve a different purpose in 

males compared to females? 

Here, we investigate the impact of juvenile play experience on later-life behaviors 

and how this may differ as a consequence of sex. Juvenile rats of both sexes were 

deprived of play via one of two different methods, or were housed under normal 

conditions, i.e. controls. For the first play deprivation method, we created perforated 

Plexiglass cage dividers (ñplay barriersò) that could be placed into standard home cages 

to physically separate the two juvenile rats inside (Figure 3.1a). Improving upon previous 

methodology, this manipulation prevents play while still allowing for other forms of 

social interaction in the visual, auditory, olfactory, and tactile domain. Interaction with a 

conspecific across a similar physical barrier has been shown to be socially rewarding 

(Peartree et al., 2014) and to reduce anxiety-like behavior as compared to full isolation, 

an additional benefit (Klapper-Goldstein et al., 2020). For the second play deprivation 

method, we eliminated all social interactions (play and non-play) by socially isolating 

animals via single-housing, as done by others. Animals were placed in these or control 

housing conditions as juveniles, then re-housed in standard group housing around 

puberty, after which we assessed the impact on various adult behaviors. Supporting our 

hypothesis, we found that social play experience impacts later-life endpoints in a sex-

specific manner. Play deprivation preferentially impacted behaviors within the socio-

sexual domain, decreasing sexual behavior, increasing sociability, and increasing 
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aggressiveness in adulthood in males but not females, providing valuable insight on sex 

differences in the function of this fundamental adolescent behavior. 

3.3 Materials and Methods 

Animals and housing conditions 

Adult Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were 

maintained on a 12:12h reverse light-dark cycle with ad libitum access to food and water. 

Animals were mated in our facility and allowed to deliver normally under standard 

laboratory conditions, with the day of birth designated as postnatal day 0 (P0). Both male 

and female pups were used, with condition groups and sexes balanced across multiple 

litters. Rats were weaned on P21 in same-sex, sibling pairs and housed in polycarbonate 

cages (20 x 40 x 20 cm) with corncob bedding. For the short duration barrier (SDB) 

experiments, rats either remained in control housing conditions or were subjected to one 

of two play deprivation groups from P26-40: barrier separation (BARR) or full social 

isolation (ISO). On P26, a thin, transparent Plexiglass cage divider (Total Plastics, 

Baltimore, MD; approximately 45 x 21 x 0.5 cm) containing 98 evenly spaced 1.5 cm 

diameter holes was inserted into the middle of the home cage of BARR rats. This 

Plexiglass barrier created two identical compartments within the home cage and served to 

separate the pair of animals and therefore prevent them from physically engaging in 

social play behavior, while still allowing for visual, olfactory, auditory, and tactile 

communication between the two. In contrast, on P26, ISO rats were placed alone in a new 

standard cage and subjected to full social isolation. Control rats continued to be housed in 

pairs for the full extent of this time period. Animals remained in these conditions until 

P40, when BARR and ISO animals were re-housed in the same same-sex, sibling pairs as 
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before, under standard housing conditions. For the long duration barrier (LDB) 

experiments, the same experimental procedures applied, except animals were placed in 

the appropriate housing conditions for a longer period: from P21 (upon weaning) through 

P45. A total of 196 rats were used across all experiments. All experimental procedures 

were approved by the Institutional Animal Care and Use Committeeôs regulations at the 

University of Maryland School of Medicine. 

Behavioral testing 

All behavioral testing was performed during the dark phase of the light-dark cycle under 

red light illumination. Unless stated otherwise, all behavioral tests were performed and 

scored offline by an experimenter blind to condition (at all times) and sex (when 

appropriate). 

Social play (P28) 

 In a separate cohort of animals used for initial experiments, subjects were 

individually placed with a sex- and age-matched, control-housed stimulus animal into an 

enclosure (49 x 37 cm, 24 cm high) with TEK-Fresh cellulose bedding (Harland 

Laboratories). Only BARR and ISO animals were used in this experiment, as the goal 

was to assess whether the motivation and/or ability to play was maintained in animals 

despite the altered housing conditions. Animals were allowed to acclimate to the arena 

for 2 min, then video recorded for 10 min. Videos were manually scored offline to 

quantify the number of pounces, pins, and boxing behaviors, summed together as the 

ñtotal playò exhibited in the test. Further detail on the scoring parameters for each of the 

three assessed play behaviors can be found in VanRyzin et al., 2020b. 

Open field (P33 or P59) 
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Rats were individually placed in an open polycarbonate arena (78 x 78 cm, 40 cm 

high) underlaid with a grid delineating perimeter and center regions and video-recorded 

for 10 minutes. Videos were manually scored offline for the number of gridline crossings 

and time spent in the center region of the arena. 

Elevated plus maze (P47) 

Rats were individually placed in the center of a black polycarbonate plus maze 

consisting of two open (102.5 x 12 cm) and two closed (102.5 x 12 cm, 45.5 cm high) 

opposing arms, elevated 72 cm from the ground. Rats were allowed to explore the maze 

for 5 min while automatically recorded using a video camera and ANY-maze video 

tracking software (Stoelting, Wood Dale, IL) to determine the percentage of the test 

duration spent in the open arms of the maze and the total distance traveled.  

Novel object recognition (P60) 

Rats were individually placed in the same open polycarbonate arena used for the 

open field test for 5 min and allowed to investigate a pair of identical objects placed on 

opposite ends of the arena. Following this initial exposure, rats were placed back in their 

home cages. One hour later, rats were returned to the arena, where they were exposed to 

the now familiar object and a novel object, again on opposite ends of the arena. Videos 

were recorded during both sessions and manually scored offline using a virtual stopwatch 

for the time spent investigating each object on the second test, from which the 

discrimination ratio ((time with novel object - time with familiar object) / (time with 

novel object + time with familiar object)) was calculated. The position of objects within 

the arena and the order of object exposure was counterbalanced across groups. 

Female sex behavior (P63) 
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For the SDB study, intact female rats were hormonally primed ahead of the sexual 

behavior test by receiving subcutaneous injections of 10 µg of estradiol benzoate 

(Millipore Sigma, St. Louis, MO) in 0.1 mL sesame oil (Millipore Sigma) 1 and 2 days 

before testing (P61 and P62, respectively), and 500 µg of progesterone (Millipore Sigma) 

in 0.1 mL sesame oil 6 hr before testing on P63. For the LDB study, female subjects were 

allowed to naturally cycle without any hormonal priming. Vaginal smears were taken 

daily to determine estrus cycle stage, and females were tested on the day of proestrus.  

For the sex behavior test itself, females were placed in an enclosure (49 x 37 cm, 

24 cm high) with TEK-Fresh cellulose bedding (Harlan Laboratories, Madison, WI) with 

an adult male stimulus rat for 10 min. Videos were manually scored for the number of 

lordoses in response to a mount by the stimulus male and the number of proceptive 

behaviors (number of hops, darts, and solicitations) as previously described (VanRyzin et 

al., 2016). 

Male sex behavior (P63 and P70) 

Intact male rats were tested for expression of copulatory behaviors in response to 

a hormonally primed female stimulus rat. Two tests of male sex behavior took place: one 

on P63, and another one week later on P70. For both tests, stimulus females were 

hormonally primed as described above, with subcutaneous injections of estradiol 

benzoate 1 and 2 days before and progesterone 6 hr before testing. For the sex behavior 

tests, males were placed in an enclosure as described above with a primed adult female 

stimulus rat for 20 min. Videos were manually scored offline for the number of mounts, 

intromissions, and ejaculations as previously described (VanRyzin et al., 2016). The 

refractory period, or the resting period following an ejaculation before the male rat began 
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exhibiting mounts and intromissions again, was also recorded and used to determine the 

active time (full time of the 20 minute test - length of the refractory period). From this, 

each animalôs mount rate (the total number of mounts, intromissions, and ejaculations 

divided by the active time and multiplied by 60 to get the mounts per minute) was 

calculated for each test, as well as the percentage of animals in each group that ejaculated 

on one or both tests.  

Social preference (P100+) 

For the social preference test, a two-chambered open-topped polycarbonate apparatus 

(100 x 50 cm, 35 cm high) was used. In the corner of one chamber (ñsocial chamberò), a 

novel same-sex adult (P60+) stimulus rat was placed under a small (20 x 20 x 20 cm) 

clear polycarbonate box (ñstimulus boxò) containing small 1.25 cm holes to allow the test 

rat to see, hear, smell, and have some tactile interactions with the stimulus rat. In the 

corner of the other chamber (ñempty chamberò), an identical clear polycarbonate box was 

placed without a stimulus rat. Test rats were individually placed in the neutral zone of 

this apparatus and allowed to freely explore for 5 min while video recorded and 

automatically tracked using ANY-maze software. The time spent in each chamber and 

the time spent nearby (within 5 cm, deemed the ñinteraction zoneò) each stimulus box 

was recorded, and the percentage of time near the social box (time spent in the interaction 

zone of the social chamber / time spent in the interaction zone of the social chamber + 

time spent in the interaction zone of the empty chamber) was calculated, as well as the 

ratio of time spent near the social chamber to time spent near the empty chamber. The 

position of the social chamber and the empty chamber within the arena was 

counterbalanced across groups. 
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Sex preference (P100+) 

Using the same apparatus and procedure as described above for the social preference test, 

the sex preference test assessed the amount of time a test rat spent interacting with a 

same-sex versus an opposite-sex stimulus animal. In this test, one chamber of the 

apparatus contained a novel adult (P60+) male rat under the stimulus box, while the other 

chamber contained a novel adult female rat under the stimulus box. As before, test rats 

were individually placed in the neutral zone of the apparatus and allowed to freely 

explore for 5 min while video recorded and automatically tracked using ANY-maze. 

From this, the percentage of time spent closely interacting with the opposite-sex stimulus 

animal (time spent in the interaction zone of the opposite-sex chamber / time spent in the 

interaction zone of the opposite-sex chamber + time spent in the interaction zone of the 

same-sex chamber) was calculated, as well as the ratio of time spent near the opposite-

sex chamber to time spent near the same-sex chamber. The position of the chamber 

containing the male stimulus animal and the chamber containing the female stimulus 

animal within the arena was counterbalanced across groups. 

Social recognition (P100+) 

To allow for habituation and increase social motivation, rats were singly housed in a test 

cage identical to their home cage for 2 hr before the start of the test. After 2 hr, a novel 

same-sex juvenile (P24-30) stimulus rat was placed into the test cage with the test rat for 

5 min (ñTrainò trial) and their interactions were video-recorded. After 5 min, the stimulus 

rat was removed, and the test rat remained in the test cage for a retention interval of 30 

min, after which the same stimulus rat (now familiar) was placed back in the test cage. 

Interactions between the test rat and the stimulus rat were again recorded for 5 min 



 
 

58 
 

(ñTestò trial). Videos were manually scored offline for the time spent by the test rat 

investigating the stimulus rat in both tests, and the ratio of the time spent interacting with 

the stimulus rat on the Test trial (familiar) compared to the Train trial (novel) was 

calculated. Separately, a control experiment was independently conducted which 

followed the same procedure; however, a novel stimulus rat was placed in the cage with 

the test rat in both the Train trial and the Test trial, to control for any effects of a second 

interaction trial in general, unrelated to recognition of the stimulus animal or the lack 

thereof. 

Resident intruder assay (P120+) 

We assessed aggressive behavior in the resident-intruder assay in adult males using a 

procedure modified from Koolhaas et al. (2013). Males were isolated in their home cages 

for 48 hours prior to the start of the test. On the test day, a novel, smaller (weighing 

>150g less than the test animal) stimulus male was placed into the cage with the test 

male. Their interactions were recorded for 15 minutes, after which the stimulus male was 

removed from the test animalôs home cage. After a 30 minute inter-trial interval, the test 

was repeated with a novel stimulus male. Videos were manually scored offline for the 

following behaviors: keep downs, in which the test animal pins down the stimulus animal 

by placing its front paws on the chest of the stimulus; lateral threats, in which the test 

animal pushes its flank towards the stimulus; upright postures, in which both animals 

stand up on their hind legs and grasp at each otherôs front legs; nonsexual mounting 

behavior; and overall clinch attacks. The total number of aggressive behaviors displayed 

in each test was calculated. 

Empathy/Prosocial Helping Behavior 
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We assessed empathy behavior using a paradigm modified from Kight et al. (2021). Rats 

of both sexes were weaned on P21 into CTRL or BARR housing conditions, as described 

above. On P26, animals were individually placed in an enclosure (49 x 37 cm, 24 cm 

high) with TEK-Fresh cellulose bedding (Harland Laboratories) containing an empty and 

open 14 x 8 x 9 cm clear polycarbonate confinement box and allowed to explore for 10 

min to habituate to the box and arena. This confinement box contained a hinged door that 

is blocked by a lever when closed, requiring the animal outside the confinement box to 

push the lever open in order for the animal inside the confinement box to freely escape. 

On P27, one animal from a sex- and condition-matched cagemate pair was placed inside 

the confinement box. A funnel filled with ice was positioned over the confinement box, 

dripping cool water inside and thus motivating the animal to seek release. Video 

recording and a count-up timer began when the other member of the cagemate pair (the 

test subject) was placed in the arena. If at any time the test subject released their 

cagemate from the confinement box, the recording was stopped and the time of release 

recorded. Animals were allowed to interact for 10 seconds, then swiftly returned to 

CTRL or BARR housing conditions. If 15 min elapsed without release, the lever blocking 

the door was loosened slightly by the experimenter (turned 90 degrees such that there was 

no gap in the door but that the lever no longer blocked exit) to facilitate learning. If an 

additional 5 minutes passed (20 minutes total testing time), the recording was stopped 

and the door opened further to allow for free exit. In this case, the time of release was 

denoted as 20 min (the maximum). This procedure was repeated once daily until P38, 

with each member of the cagemate pair serving the same role each day (i.e. there was no 
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switching as to which member of the pair was the test subject versus the confined 

subject).  

Statistical analysis 

Specific values for test statistics, p values, and effect sizes are listed in Table 3.1 

and referenced in text, when appropriate. Statistical analysis was performed using 

RStudio (RStudio Team, 2021; version 1.4.1106) and GraphPad Prism (GraphPad 

Software, San Diego, California; version 7.04). All data were initially analyzed with a 

Shapiro-Wilk normality test to determine if data were normally distributed. Data which 

were normally distributed were then analyzed with a two-way ANOVA with factors for 

sex and juvenile housing condition (CTRL, BARR, or ISO) unless otherwise stated. If a 

significant main effect of housing condition or a significant interaction was detected, post 

hoc analysis was conducted using a Tukeyôs honestly significant difference test to 

determine which groups differed. If a significant main effect of condition was detected in 

cases in which a one-way ANOVA was conducted (i.e. tests in which sex was not a 

factor, such as male sex behavior), post hoc analysis was conducted using Fisherôs least 

significant difference procedure, as there were three groups (Meier, 2006). In some cases 

(Novel Object Recognition, Social Preference, and Sex Preference tests), one-sample t-

tests were used to determine whether group means differed from chance; additionally, 

paired t-tests were used to compare the Train trial to the Test trial for the Social 

Recognition test. Data which were not normally distributed were analyzed using Kruskal-

Wallis tests or Wilcoxon rank sum tests when appropriate, as described in Table 3.1. 

Analyses were considered significant when p < 0.05.  

Factor Analysis 
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 We chose a priori to conduct factor analysis on the Short Duration Barrier and 

Long Duration Barrier studies separately, to determine whether the identified factors 

would be similar or different across the two experiments. Only subjects that had complete 

datasets were included in the factor analysis. Data were normalized by log 

transformation, then initially analyzed for adequacy for factor analysis using the Kaiser-

Meyer-Olkin factor adequacy test and Bartlettôs test of sphericity for the correlation 

matrix of the dataset. In both the SDB and LDB studies, female data was deemed 

insufficiently correlated and therefore inadequate for factor analysis based on these 

indices (Kaiser-Meyer-Olkin MSA below 0.5 for both studies; Bartlettôs sphericity p > 

0.05). For this reason, we conducted factor analysis on only the male data, a choice 

supported by the fact that the vast majority of our observed effects of play deprivation 

were seen in males but not females. Using male data alone, datasets from both the SDB 

and LDB study indicated appropriateness for factor analysis, with an overall Kaiser-

Meyer-Olkin MSA above 0.5 (SDB: MSA = 0.53; LDB: MSA = 0.53) and a significant 

p-value for Bartlettôs test (SDB: p = 0.001; LDB: p < 0.001). This resulted in an overall n 

of 23 for both studies (SDB: n = 6 for CTRL; n = 8 for BARR; n = 9 for ISO. LDB: n = 8 

for CTRL; n = 7 for BARR; n = 8 for ISO). 

Factor analysis was then conducted using varimax rotation with a factor-loading 

cutoff of 0.5. The resulting factors were retained if their eigenvalue was greater than 1 

(based on the Kaiser criterion), which generated a three-factor solution for both the SDB 

and LDB datasets. Behavioral variables which had low communality (below 0.3) and did 

not load onto any of the three factors above the factor loading cutoff of 0.3 were 

removed, and analysis was repeated using the parameters described above, again 
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identifying a three-factor solution for both datasets. We then calculated individual factor 

scores for each subject and analyzed these scores for an effect of condition independently 

by factor using a one-way ANOVA, as described further above. 

 

Table 3.1. Summary of statistical parameters. Summary of the statistical tests 

conducted in this study, including the number of subjects per group. Text in bold 

indicates significant comparisons (p < 0.05). 
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3.4 Results 

To ensure our manipulation did not induce overt behavioral pathology on its own, 

we began by assessing the acute effects of play deprivation. During the juvenile age (at 

either P26 or P21 for the open field and playfulness tests, respectively), same-sex sibling 

pairs of rats of both sexes were placed into control (CTRL) or barrier (BARR) cages or 

were single-housed in isolation cages (ISO). One week later, we assessed anxiety-like 

behavior via the open field test. In a separate cohort of BARR and ISO animals, we also 

assessed playfulness. We found no effect of sex or housing condition on center time in 

the open field (Figure 3.1b). As seen in previous studies of juvenile isolation (Panksepp 

& Beatty, 1980; Ikemoto & Panksepp, 1992), we found that the ability and motivation to 

participate in play was not only intact in BARR and ISO animals but was increased 

relative to our historical data for control-housed animals (Figure 3.1c; Argue & 

McCarthy, 2015). Interestingly, when we assessed the BARR and ISO play data, we 

detected a significant main effect of both sex (p = 0.036) and treatment (p = 0.026), with 

males of both housing conditions and ISO animals of both sexes playing significantly 

more than females and BARR animals, respectively. However, this effect of condition 

seems to be driven more strongly in females than in males. Although the sex x condition 

interaction did not reach statistical significance (p = 0.13), the mean difference in play 

levels between female BARR and ISO animals (12.7 vs. 29.0 play events) is much larger 

than that of male BARR and ISO animals (28.6 vs. 31.9 play events). This suggests that 

the increased social interaction allowed by the BARR housing condition is sufficient to 

reduce play motivation in females but not males, an unexpected finding speaking to the 

differential role that play may serve in females compared to males. Overall, these initial 
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studies indicate that the modified housing used to prevent play does not in itself increase 

anxiety-like behavior or impair the ability to play if given the opportunity and provides 

intriguing evidence in support of the idea that play may serve different purposes across 

the sexes. 
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Figure 3.1. Experimental approach and assessment of acute effects of barrier 

separation/isolation. Cartoons depicting the perforated Plexiglass cage divider (in light 

gray) used to prevent play in BARR animals (a), viewed from the side (left panel, no 

animals shown) and straight on (right panel). Acute play deprivation has no effect on 

anxiety-like behavior as evidenced by center time in an open field test (b, with timeline of 

experiment shown above graph); additionally, the ability and motivation to engage in 

play is maintained (c, showing intact play in BARR and ISO animals of both sexes 

compared to historical control data, with timeline of experiment shown above graph). A 

timeline of experimental procedures for the remainder of the study is shown in d. All 

behavioral tests shown on the timeline were conducted in both the short and long duration 

barrier studies, unless otherwise noted. Bars indicate group means ± SEM, and open 

circles represent data from individual rats. *p < 0.05, n = 10-14 per group. 
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For adult behavioral experiments, rats were weaned on P21 into same-sex sibling 

pairs. In the ñshort duration barrierò experiments (SDB), rats were then placed into 

barrier or isolation cages starting on P26 or remained in control housing conditions 

(Figure 3.1d). Animals remained in these conditions until P40, a two-week period 

encompassing the peak of the window in which social play is maximally expressed 

(Panksepp, 1981), after which they were returned to standard group housing for the 

remainder of the experiments. To determine whether there were any sex differences in 

resiliency to play deprivation, we repeated our behavioral assays in the ñlong duration 

barrierò experiments (LDB). In this study, animals were placed in control, barrier, or 

isolation conditions for as long as could be tolerated based on size: starting at weaning 

(P21) and lasting until P45, an age where rats of both sexes have typically entered 

puberty, at which point playfulness dramatically decreases (Meaney & Stewart, 1981; 

Panksepp, 1981). Given the relatively short period of time in which playfulness is seen in 

rats, the additional 10 days of play deprivation in the LDB study (an additional 5 days 

before and 5 days after the SDB deprivation period) represents an appreciable expansion 

in play deprivation time as compared to the SDB study, while maintaining specificity to 

the time period in which play is the predominant social behavior. 

Anxiety-like behavior 

To determine whether juvenile play deprivation affected anxiety-like behavior 

later in life, we conducted two tests of anxiety-like behavior. First, we assessed 

performance on the elevated plus maze at P47, one week after BARR and ISO animals 

were returned to standard housing conditions in the SDB study and two days after the 

return to standard housing in the LDB study. Second, we assessed performance on the 
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open field test at P59. This latter open field test was only conducted in the LDB study, as 

the SDB animals were exposed to the open field in our initial studies (Figure 3.1c) and as 

such it was no longer novel. In both tests, we assessed measures of both anxiety-like 

behavior and hyperactivity.   

Elevated plus maze 

 In both the SDB and LDB studies, we found no effect of housing condition on 

time in the open arms (Figure 3.2a & 3.2c). However, replicating other studies (Johnston 

& File, 1991; Knight et al., 2022), we observed a small but significant sex difference in 

the LDB animals with a trending effect in the SDB animals (p = 0.007 and 0.097, 

respectively) whereby males spent significantly less time in the open arms of the maze. 

Mirroring these findings, we observed a significant main effect of sex in the distance 

traveled in the maze in both studies (SDB: p = 0.034; LDB: p = 0.005; Figure 3.2b & 

3.2d), with males exploring the maze significantly less than females. In the LDB animals, 

we also observed a main effect of condition (p < 0.001) on distance traveled. Post hoc 

analysis indicated that BARR animals of both sexes were significantly more active in the 

maze than both CTRL (p < 0.001) and ISO (p = 0.003) animals. 

Open field test 

 Similar to performance on the elevated plus maze, we found that males across the 

three conditions exhibited more anxiety-like behavior, as they spent significantly less 

time in the center of the open field arena than females (p < 0.001; Figure 3.2e). 

Additionally, we observed an increase in hyperactivity in animals deprived of play 

(Figure 3.2f). Post hoc analysis following a significant main effect of both sex (p < 

0.001) and condition (p = 0.013) on the number of gridline crossings indicated that CTRL 
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animals of both sexes were significantly less locomotive than BARR animals (p = 0.01), 

with a trending effect when compared to ISO animals as well (p = 0.117). As before, 

females across condition were also more locomotive on this test than males.  

 

Figure 3.2. Juvenile play deprivation induces later-life hyperactivity but has no 

effect on anxiety-like behavior; however, males exhibit more anxiety-like behavior 

than females. Percentage of time spent in the open arms (a) and distance traveled (b) in 

an elevated plus maze on P47 in the short duration barrier study, with the same measures 

shown for the long duration barrier study (c and d). In d, ** indicates BARR animals 

traveled significantly farther than both CTRL and ISO animals, with p < 0.01. An open 

field test was also conducted at P59 in the long duration barrier experiment, with center 

time (in seconds) and the number of gridline crossings shown in e and f, respectively. In 

f, * indicates CTRL animals exhibited significantly fewer line crossings than BARR 

animals with p < 0.05. Bars indicate group means ± SEM, and open circles represent data 

from individual rats. *p < 0.05, **p < 0.01, ***p < 0.001, n = 10-15 per group.  
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Novel object recognition 

The performance of animals in both the SDB and LDB studies on this task 

suggested intact object memory within our retention interval (1 hour), as evidenced by a 

discrimination ratio (DR) significantly different from chance (DR = 0; Figure 3.3a & 

3.3b) for all six groups. However, there was no effect of sex or housing condition on 

discrimination ratio, indicating no difference in object memory. 

 

 

Figure 3.3. Juvenile play deprivation has no effect on novel object memory in 

adulthood. Discrimination ratio (a & b, calculated as the time spent investigating the 

novel object minus that of the familiar object, divided by the total time spent 

investigating either object), in the short and long duration barrier studies, respectively, at 

P60. Bars indicate group means ± SEM, and open circles represent data from individual 

rats. n = 9-15 per group. 
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Sex behavior 

Female sex behavior 

As described further in the Materials and Methods section, females in the SDB 

study were hormonally primed and assessed for copulatory behavior with a sexually 

experienced adult male rat. We observed no effect of juvenile housing condition on 

female sex behavior, as there were no differences in receptivity (lordosis quotient, Figure 

3.4a) or proceptivity (number of proceptive behaviors, Figure 3.4b) across groups. To 

ensure the artificial hormonal priming was not obscuring a potential deficit, we allowed 

for natural cycling in the LDB study, conducting the behavioral assay when female 

subjects were in proestrus and thus sexually receptive. Even in naturally cycling 

conditions, we again observed no effect of play deprivation on either sexual receptivity or 

proceptivity (Figure 3.4c & 3.4d). 
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Figure 3.4. Juvenile play deprivation has no effect on copulatory behavior in adult 

females. Lordosis quotient (a, the number of lordoses exhibited by the female divided by 

the total number of mounts by the stimulus male) and the number of proceptive behaviors 

(b, total number of hops, darts, and solicitations) exhibited in a ten-minute test with a 

sexually experienced adult male stimulus rat on P63 for the short duration barrier study, 

with the same measures shown for the long duration barrier study in c and d. Bars 

indicate group means ± SEM, and open circles represent data from individual rats. n = 7-

14 per group. 
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Male sex behavior 

In contrast to females, there was a significant impairment in sex behavior in adult 

males prevented from playing as juveniles. To account for potential changes in 

performance due to experience, male sex behavior testing was conducted twice, one week 

apart on P63 and P70, and values averaged by subject. We observed either significant or 

trending effects on the average number of mounts (SDB: p = 0.075; LDB: p = 0.029; 

Figure 3.5a & 3.5e) and the average number of intromissions (SDB: p = 0.13; LDB: p = 

0.016; Figure 3.5b & 3.5f) in both the SDB and LDB animals, with BARR and ISO males 

exhibiting an often stepwise decrease in the numbers of both sexual behaviors compared 

to CTRL males. This resulted in a significant reduction in the average mount rate (the 

total number of mounts, intromissions, and ejaculations divided by the active time) in the 

SDB animals (p = 0.014; Figure 3.5c) which was also trending in the LDB animals (p = 

0.151; Figure 3.5g). Post hoc analysis of data from the SDB animals revealed both 

BARR (p = 0.03) and ISO (p = 0.005) males had a significantly lower mount rate than 

their CTRL counterparts.  

We also assessed the proportion of animals that ejaculated across the two tests of 

sexual behavior. It is well known in the field of rodent sexual behavior that around 10% 

of all sexually mature male rats will be ñdudsò (otherwise known as ñsexually sluggishò), 

meaning that they do not ejaculate in the course of a 20-30 minute assay with a sexually 

receptive female (Dewsbury, 1972; Pattij et al, 2005; Portillo et al., 2006). To determine 

if play deprivation affected the incidence of ñdudsò, we calculated the proportion of 

animals in each group that ejaculated in one or both of the 20-minute sex behavior tests, 

compared to the proportion that did not ejaculate in either test. We then conducted 
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individual chi-square goodness of fit tests comparing the distribution of each group (Male 

CTRL, BARR, and ISO) to the expected distribution (90% ejaculators, 10% non-

ejaculators/òdudsò). In the SDB animals, the distribution of ejaculators vs. non-

ejaculators did not significantly differ from the expected distribution across any of the 

three groups (Figure 3.5d). In the LDB animals, CTRL males also did not show a 

significant difference (Figure 3.5h). However, the distribution of ejaculators vs. non-

ejaculators in BARR (p = 0.002) and ISO (p < 0.001) males significantly differed from 

the expected distribution. In both groups, only ~60% of animals ejaculated in one or both 

tests, while ~40% were ñdudsò. Together, these studies indicate that juvenile play 

deprivation impairs both the number/rate of sexual behaviors (SDB and LDB) and the 

proportion of animals which successfully ejaculate (LDB) in adult males, a notable 

finding given the paramount importance sexual behavior plays in reproductive fitness. 

 

Figure 3.5. Juvenile play deprivation induces deficits in adult male copulatory 

behavior. Quantification of the average number of mounts (a), intromissions (b), and the 

mount rate (c, the total number of all mounts, intromissions, and ejaculations divided by 

the active time, multiplied by 60 to indicate the number of mounts per minute) across two 

ten-minute tests with a hormonally primed adult female stimulus rat on P63 and P70 in 

the short duration barrier experiment. The same measures are shown in e ï g for the long 

duration barrier experiment. d and h indicate the proportion of animals in each group 

which ejaculated on one or both tests. Bars indicate group means ± SEM, and open 

circles represent data from individual rats. *p < 0.05, **p < 0.01, n = 8-14 per group. In 

h, ** and *** indicate that the proportion of animals which ejaculated is significantly 

different (**p < 0.01, *** p < 0.001) from 90%, the amount expected for control animals 

based on historical data.  
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Social preference 

 In both the SDB and LDB studies, all six groups demonstrated significant social 

preference compared to chance (50%), exhibiting a much higher percentage of time 

interacting closely with the social stimulus box compared to the empty stimulus box. In 

the SDB study, we additionally observed a significant sex x condition interaction on the 

percent of time spent near the social stimulus box (p < 0.001; Figure 3.6a; ratio data and 

representative traces shown in Figure 3.6b). Post hoc analysis indicated that male BARR 

animals had a significantly higher social preference compared to all other groups, 

including male CTRL (p < 0.001) and male ISO (p < 0.001) animals. This appeared to be 

a true difference in sociability not affected by differences in overall exploration time, as 

there was no effect of condition on the time spent near either stimulus box (Supp. Figure 

3.S1a). However, while a small but significant (p = 0.003) sex difference in the 

percentage of time near the social box was detected in the LDB study (Figure 3.6c; ratio 

data shown in Figure 3.6d), with males showing increased social preference relative to 

females, there was no effect of juvenile housing condition.  
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Figure 3.6. Juvenile play deprivation, but not full social isolation, induces 

hypersociability in adult males in the short but not the long duration barrier study. 

Quantification of the percentage (a) and ratio (b) of time spent near the social stimulus 

box compared to time spent near the nonsocial, empty stimulus box in the short duration 

barrier experiment. In a and b, *** indicates male BARR animals significantly differed 

from all other groups on both measures, with p < 0.001. The inset in b shows 

representative traces from CTRL, BARR, and ISO males. The same measures are shown 

in c and d for the long duration barrier study. Bars indicate group means ± SEM, and 

open circles represent data from individual rats. **p < 0.01, ***p < 0.001, n = 11-14 per 

group. See also Supplemental Figure 3.S1. 

  


