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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. MaCa hy, James and Car ol yn
Professor and Chair, Department of Pharmacology, University of Maryland School of

Medicine

Social play is a dynamic behavior known to be sexually differentiated; in most
species, males play more than females, a gérehce driven by the medial amygdala
(MeA). Despite its wetconserved 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 transcriptionajrgtures underlying play also differ by sex. We
performed bulk RNAsequencing of MeA samples from higdnd lowplaying juvenile
rats of both sexes. Using weighted geneexpression network analysis (WGCNA) to
identify gene modules alongside analysis iffedentially 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 sepecific manner which drives neuroplasticity in the region
that enables setypical adult behavior. This neuroplasticity may preferentially occur
within inhibitory cells, as parallel singleell RNA-seq experiments indicated that
amygdala sediased DEGs are enriathan this cell type. To test our hypothesis, we
assessed the effect of juvenile play deprivation, predicting thatdelayved rats would
exhibit impairments that would differ by sex. Supporting our hypothesis, males prevented

from playing as juveniles slwed multiple impairments in adult soeexual behavior,

Fr



including decreased sexual and empdikg behavior, hypersociability, and increased
aggression. Females, however, were largely resilient, showing little to no impairments on
these or other test&or 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 ere 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
rolesin 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 dymmuni
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Chapter 1: General Introduction

1.1What defines social play?

Play is a universatewardingpart of the juvenile experience for many species,
i ncluding humans. Though playods flexible nat
(2005) five criteria are commonly used, as they combine various features used in
previous at t e ngessencet Rurglaatpdefines gay pslamay yehavior that
is 1) not Afully functional o in the context
At hat do not contribute t o -rewardingedisglayed ur vi val 0
for its own sée rather than to achieve any specific goal, 3) different in structure or
timing from the adult, fAnormal 6, functional
performed, and 5) initiated only in a Arel ax
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 antipredagbavior, 2)object play in
which an animal paws, pats, bites, carries, or flips an inanimate object, presumed to be
related to foraging/hunting behavior, ands8tial play(also known as rougandtumble
play), in which two or more juveniles energeliga@hase, pounce, wrestle, and meck
fight with other conspecifics (Fagen et al., 1981). While the boundaries of these three
play categories are often bl ursocieldand e. g. , fob
behaviors consi der astuniing and pumping averoftep pastsyob s u c h
the behavior al sequences that make up fAsoci a

category in nonhuman animals (Burghardt & Palagi, 2023). Social play is of high interest



to researchers for a few reasofiist, 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 & S¥arbrough, 2001). Social play, but not object or
locomotor play, is alspositively 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 namotherdirected social behavior that occurs in
young animals\{anderschuren 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,
soci al play is also our focus; therefore, al
refer to social play.
1.1.1Structure of social play.From the boisterous lion cub to the rambunctious
puppy to the exuberant toddlers rodgbusing on the playground, social play is
remarkably similar across mammalian species. Not unlike other forms of play, social play
is seen most abundantly in juvenileraals, between the milestones of weaning and
sexual maturity (peaking between 32 and 40 days of age in the rat; Panksepp, 1981).
Commonly expressed behaviors inclyminces, pins, wrestling, chasirajdboxing
(Thor & Holloway, 1984). Though the behav@microstructures may differ from
species to speciespaunceo ccur s when one animal jumps t ow.
nape. Considered the main index of play initiation, pouncing is thought to represent a
motivational aspect of play. In response to bgiagnced on, the recipient animal may
swerve, run away, or countattack by rolling onto its dorsal surfagqan), where it can
more easily gain access to the pouncing anin

the most characteristic indices of s@lay in ratswrestlingis often observed in



particularly vigorous play bouts, whereby a pair of animals will tumble around in an
elongated behavioral sequence consisting of multiple-tmablck exchanges of attacks
and counteattacks Chasing when me animal runs away and is pursued by the other,
can also be seen, sometimes followedbying 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 varuis a
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 animallyypic
jumps at its play partneroés nape from the si
Additionally, as mifglghthegeéxpedbioesed fwort hiphay
misinterpret playful behaviors as truly aggressive. Multiple paramefteiscial 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
partner6s nape and back, bellyortthroatuahddemoa bl e ar e a
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 levaledt¢mpted to be leveled)
in an aggressive encounter (Palagi et al., 2016; Pellis et al., 2023).

1.12. Rewarding properties of social playUnlike aggressive encounters, play
is also rewarding to both animals. Juvenile rats acquire conditioned pédeeepce
(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.,



2004), and the amount of play exhibited during the conditioning segsisiis/ely

correlates with the magnitude of CPP (Vanderschuren et al., 2016). CPP magnitude was
similarly correlated with the number of pins exhibited by the anim’ (R66) as it was

with the number of times the animal was pinneti<R.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 nepeke 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;herberg et al., 2016b). Furthermore, rats are

known to emit vocalizations during play that are in tBekBz range, whiclhave been
associated with various rewarding activities and are thertfotght to signal positive

mood (Knutson et al., 2002; Budgrf et al., 2008; Woh& 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 gcial play?

In the moment, animals participate in play because it is a pleasurable experience:
it has rewarding value and is fidone for
ultimate reason why play exists? This is not an insignificant questsgayeniles 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, 1998hil&rly, there are high

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

it
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by 66:104% over the resting metabolic rate in juvenile rats during play, indicating that
play accounts-3 % of a st andanmedybudydt @Gisiy & Adréns, 1992).ai1 | y e
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), leaviagly 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 ddaptiva(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 inclugaayas-practicetheory,
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; thacial cohesioitheory, which propass that play
establishes or strengthens social bonds in a dyad or groyghythieal fithessheory,
which suggests play evolved as a means to ensure the young of a species engage in
exercise; and thieehavioral flexibilitytheory, which posits that playight serve to
promote motor and emotional versatility, among other theories (Bekoff, 1977; Fagen,
1981; Bekoff, 1988¢pinka et al. 2001). Following further experimentation, some of
these theories later fell out of favor. A study in cooperative mongtmrsexample,
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 getie &ypothesis



would predict (Sharpe, 2005). Additionally, while it has not been formally excluded, the
play-aspractice theory is challenged by the differences known to exist between the
microstructure of juvenile play and adult mating/agonistic belhaasdescribeth

Section 1.11.

The common thread amongst the more accept
that it serves to set up the developing brain to enable adult behavior. Not unlike the
importance of sensory experience during elféycritical 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 achdbd in animals prevented from playing as
juveniles. As explained further in Chapter 3, studies on the effects of juvenile social
isolation show that plageprived animals exhibit increased anxietyd depressivike
behavior, impaired cognition, decredssocial behavior, and increased susceptibility to
addictionrelated 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 raotsarly development,
determined bylifferential steroid hormone exposure duritige perinatal periadn
rodents, the fetal testis produdegh levels oftestosteronéeginning around embryonic
day18in developing malefNeisz & Ward, 198)) This circulating testosterone can
freely enter the brain, where it can act directly via androgen receptisrkcally
convertedo estradioland other metabolitesja the aromatase enzypalowing for the

activation of estrogen receptoiiis estogen receptemediatel signalingi not that of



androgen receptoisis actually believed to driveasculinizatiorof mostsexually
differentiatedendpoints in the rodent brain, includisgx differences in celenesiscell
death,dendritic branchingand synaptigpatterning among othex(reviewed in
McCarthy, 2008) Thesestructural sex differenceslow for the organization of brain
circuitry enabling sestypical behaviors like mating and aggression to be appropriately
expressed such that the animal 6s behawudhor al phen
Aforgani zational 06 sex differencesesmagedorof ten r
sextypical behaviors seen in adulthodtbwever 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 obseratgs play more
frequently andvith more intensitythan femaleslo. As shown in Table 1.1, this male bias
has been seen across diverse mammalian species, including anicagqisvity as well
as wild populations, with the exception of the spotted hy€nacita crocutg, in which
females play more than males (Pedersen et al., 1990). This species is an interesting case,
as they exhibit several sexually dimorphic traits thatiasce ® ver sedodo as compar
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 ggeenis (Neaves et al., 1980),
traits that are believed to be driven by kiigh levels of androstenedione, a weak
androgen, seen in females but not males during development and throughout life
(Gl'ickman et al ., 1987) . -rAesv eruscehd 0 tshpee dieearsa | ce
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



of the typical process of sexual differentiatidriiee 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).



Table 1.1.Sex differences in the frequency and type of play across multiple mammalian
species. Reproduced from VanRyzin, Marquardt, & McCarthy, 2020.

Species
Studied

Humans

Rats

Cats
(domestic)

Dogs
(domestic)

Rhesus
monkeys
Squirrel
monkeys
Lowland
gorillas
Yellow-
bellied
marmots
Belding
squirrels
Bighorn
sheep
Spotted
hyenas

Sex with
Higher Play
Frequency
Males

Males

Males

Males

Males
Males
Males

Males

Males
Males

Females

References

Whiting & Edwards, 1973;
DiPietro, 1981;
Humphreys & Smith, 1987
Poole & Fish, 1976; Olioff
& Stewart, 1978; Meaney
& Stewart, 1981

Caro, 1981

Pal, 2008; Ward et al.,
2008

Goy & Deputte, 1996
Biben, 2010
Meder, 1990

Jamieson & Armitage,
1987; Monclus et aR011

Holekamp et al., 1984
Hass &Jenni, 1993

Pedersen et al., 1990

Additional Notes

Males from alimale groups play at a

higher frequency than females from-fdimale groups; mal¢
play frequency was not influenced by the number of
oppositesex playmates while female play is affected by 1
number of male playmates

In mixedsex dyads, males also engaged in offensive
behaviors and seliandicapped more than females (Warc
al., 2008)

Sex difference in frequency is based on adifigrence in
play initiations (males > females)

Male play bouts are also longer than that female play bc

Females with larger anogenital distances (i.e. masculini:
females) engaged in play more frequently than females
smaller anogenital distances (Moncluas et al., 2011)

Male lambs also exhibit a larger repertoire of play
behaviors than females

Females of this species are dominant to males, are larg
than males, and have external genitalia. Speaking to the
obsenations, adult females also have higher levels of
circulating testosterone relative to males than is typically
seen in female mammals.



Alongside this quantitative difference, there are also known qualitative sex
differences in social play. Durirgay in the midjuvenile 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 pouncexh animal (Pellis & Pellis, 1990). This strategy allows
ani mal s tthemsahkeffora thedpounce, 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 hindpawsn 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 theirplay 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 g¢&lhdicap more than females, perhaps signaling
more phayful 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).

1.31. Relevance of sex differences in social playhese 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 all@0attention deficit/hyperactivity

disorder (Alessandri, 1992; Mahendiran et al., 2019), and-eadgt 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 alsex 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 tlusex 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 A8D show greater
internalizing symptoms such as anxiety and depression than males (Werling &
Geschwind, 2013). Regardless, it is clear that there is a stro#igesexi component in
the pathology of ASD and other neurodevelopmental disorders, a biaseahibypthe 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 descabege, 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 compambansextypical
adult behaviors (e.g. mating, aggression) in which sex differences in the circulating
hormonal milieu contribute to sakfferential phenotypes. Instead, sex differences in
play likely originate from earlife developmental processesaé, 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

11



better understanding what drives sex défeses 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.
1.32 Brain regions involved in sex differenes in play.What brain regions
drive sex differences in social play? While the neural circuitry of play is still being
defined,studies usingmmediate early gene (IE@xpression to map the circuitry of play
find it diffusely embedded within broader sdaad 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 thegens 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 acentral pint of convergence between olfactory inputs and limbic
output structures controlling social and motivated behavémd thugs a principal node
in the social behavior network mediating processing of social cues (Bergan et al., 2014).
Pioneeing 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 testostene into the neonatal MeA of females increased their juvenile play
frequency to that seen in males (Meaney & McEwen, 1986Qur recent work, we
further examinedhe developmental processes in the MeA that contribute to sex

differences in play. Wdemonstrated thatevelopmental 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 was in which LSdriven sex differences in play are establishszless
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 termrmalis (Caffe et al, 1987; De Vries & Buijs, 1983); as there are more
vasopressiexpressing 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 ofite 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., 2014owever, much remains to be explored to further
understandhe full contribution of the LS to the sex bias in play.

1.4 Summary of present experiments

Althoughwe 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 exhibi
complex play (Pellis & Pellis, 208y, 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 wettonserved nature of the sex bias in play, nearly as widespread as play
itself, suggests that this sex difference serves some adaptive functiestahlishing

what makes it so has remained elusive. Through the experiments detailed in this
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dissertation, | aim to address this question, using transcriptional profiling, complex
behavioral analysis, and viral manipulation techniques to better undetistagenesis
and ultimate function of sex differences in social play.

I n Chapter 2, | explore the fAplay transcr
first ti me, identifying various gene networ k
the MeA of juwenile rats of both sexes. Surprisingly, these jalsgociated gene modules
were largely sesspecific in expression, suggesting there is a distinct transcriptomic
profile associated with playfulness in the MeA of males compared to females. | also
describe dta from a singkeell RNA-seq (scRNAseq) 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 integratirg these two datasets, | present additional bioinformatic evidence supporting
a role for MeA inhibitory neurons as a primary locus of the sex difference in play,
identifying highconfidence 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 2hat the play transcriptome in the
MeA largely differs between the sexes, a notable finding given the MeA is known to
regulate many adult sexpical behaviorsi led to the overarching hypothesis presented

in this thesis: thaplay-associated gene networks in the MeA aresmcific because

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

In Chapter 3, we test thhypothesis by investigating the effects of juvenile play
deprivation, predicting that this would result in impairments in {éfiebehavior that

would differ between the sexes. Using a novel cage design to prevent play while allowing
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for other forms ofocial 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 ssexoal domain in
adulthood, intuding 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-gpeeific manner. If these play
associated gene modules serve to enable expressiontyps=t adult behavior, as our
overarching hypothesis would suggest, then manipulation of these candidatesnio
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 aderassociated viral (AAV) system. Because our candidate hub
gene 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 CRISPRanay 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, |
discuss sirtarities and differences betweéme six candidate genes and genes in which
CRISPRa has been successfully used, making the argument that not all genes are equally

amenable to CRISPRaediated manipulation.
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Chapter2:The fApl ay t rissexspecifidipthequueaile rat medial

amygdala: a role for inhibitory neurons

2.1Introduction

Social play also known as rougandtumble play or playfighting, is acomplex
rewardingbehavior expressed by juveniles acnogst mammalian species. While its
exactfunction is debated, converging evidence suggests play serves a vital role in
appropriateébrain developmenias animals socially isolated as juveniles exhibit various
behavioral impairments in adulthood, includingoeared social behavior (Hol et al.,

1999; Van den Berg et al., 199%on Frijtag et al., 2002dndcognition (Einon et al.,
1978, Baarendse et al., 2013; Yusufishaq & Rosenkranz, 2&-i@)ncreased anxiety
and depressichike behavior(Parker, 1986; Wright et al., 1991; Arakawa et al., 2003;
Leussis & Anderson, 2008; Lukkes et al., 2009; Cuesta,tGH#0.

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 intenselyetmahes
(summarized in VanRyzin et al., 2680This 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 thairseen
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
consguences 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 inlgy 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; Rudolova et al., 2022Although males play more frequenty averagesome
females play at the level of even higlaying males, while some males play at the level
of low-playing females. These individual differences largely persist over time; play levels
in rats, analyzeddih 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 powr 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
associted with play are largely distinct in juvenile males and females. We combine these
analyses with parallel singtll RNA-sequencing analyses of the male and female
neonatal amygdala to better understand how this transcriptional sex difference is
establisked, discovering that inhibitory neurons are a major locus ebsesed gene
expression in this region. Finally, we explore the predicteetyedl specificity, function,
and key hub genes within representative y@lagociated modules of interest using

bioinformatics, phenotyping plagctive 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 undegystandin
of the genesis and relevance of sex differences in this essential adolescent behavior.
2.2 Materials andMethods

Experimental subjects Adult SpragueDawley rats (Charles River Laboratories,
Wilmington, MA) were maintained on a 12:12h reverse hdgak cycle withad libitum
access tdéood 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 stug. 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
samesexsibling pairs. Starting on P26, sarsex nonrsibling pairs of animals were
placed in an enclosure (49 x 37 cm, 24 cm high) with ‘FE&sh cellulose bedding
(Envigo, Indianapolis, IN). Animals were allowed to acclimate to the arena for 2 min,
after which tleir interactions were video recorded for 10 min before animals were
returned to their home cages. This procedure was repeated ondeataiB2 729, using
the same pairs of animals each day. All behavioral testing was performed during the dark
phase of th lightdark cycle under red light illumination. Videos were scored offline to
guantify the number of pounces, pins, and boxing behaviors, summed together as the
At ot al play behaviorso exhibited in the test

score tlat was in the top third or bottom third per sex were included in later-8gA
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analysis, resulting in four groups: leplaying females (FLO), higplaying females
(FHI), low-playing males (MLO), and higplaying males (MHI).
Bulk RNA -sequencing (RNAseq).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 digsected out and immediately flash frozen.
Tissue was stored &80°C until it was prepared for RNA extraction. RNA was extracted
using the RNeasy Kit (Qiagen, Hi l den, Ger man
instructions, including column treatment wiitNase | (Qiagen) to remove contaminating
DNA. Bulk RNA-seq was performed Istaff of Maryland Genomicat the Institute for
GenomeSciences of th&niversity of Maryland School of Medicine. Libraries were
prepared using a NEBNext Ultra Directional RNA pkepg(New England Biolabs,
| pswich, MA) using the manufacturerds protoc
channels using the 75 base pair paead protocol on an lllumina HiSeq 4000
sequencer, targeting 50 million read pairs per sample.
Bulk RNA -seq aralysis. Sequencing reads were aligned toRagtus 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). Minteensional scaling
and hierarchical clustery 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-statistics usinglimma r end ( Smyt h, 2005). We appl i€
function to identify genethat were differentially expressed across any of the four groups

(high-playing males, lowplaying males, higiplaying females, lowplaying females), as
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well as in specific pogtoc contrasts for the effects of play and sex. These analyses
identified 4,261genes with nominally significant differential expression in any contrast
related to sex and plap € 0.05). We used Weighted Gene-&gression Network
Analysis (Langfelder & Horvath, 2008) to cluster these 4,261 genes into gene co
expression modules amal characterize their patterns of expression across the four
groups. Network reconstruction was performed using the blockwiseModules() function
with power = 12, corType = O6bicord, maxPOutl
minModuleSize = 10, reassign®shold = 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 withhmastontrasts related to sex and
play. As a secondary analysis, wecat®nsidered 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
(adjustedb-value < 0.05) within mdules 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 (scRNAseq).On P4, neonates of both sexes (n=6)
were deeply anestiized 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. Slagells were isolated for transcriptional profiling by
proteolytic enzymatic digestion using the Worthington Papain Dissociation System

(Worthington Biochemical Corporation, Lakewo
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protocol. Samples were centrifugeldemn resuspended in 0.05% bovine serum albumin in
phosphatéuffered 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. Poslsuspensions were counted using a hemocytometer

and delivered tdlaryland Genomics$or further processing using thextGenomics

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

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

were prepared using the Chromium Next GEM Si

manufacturerdds instructions. Samples were

channel) using the 75 base pair paieed protocol onmlllumina HiSeq4000 sequencer.
scRNA-seq analysisThe raw scRNAseq 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 (Youngehjati, 2020). Quality
control, normalization, and analysiemperformed using the Seurat (v2) Standard
Workflow. Cells were clustered using the Louvain method, revealing 8 major cell type
clusters from which we assessed-beésed gene expressidterative sub-clustering
revealed 11inhibitory neuron supopulations To integrate our scRNA&eq and bulk
RNA-seq datasets, we developed a network analysis approach. First, we used WGCNA to
identify gene ceexpression modules in the scRMAg data, considerg 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 pao#r

of 4 for modularization, revealing 25 genee@ression modules. We then assessed the
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distribution of these 25 modules across our identified scRB\major cell types to gain
insight on potential cellype specificity of each identified module. Tdegrate this
analysis with our previous data, we assessed the association of eachseiRMAdule
with sex and play via expression of the module eigengene and compared the overlap
between each scRNgeqand buk RNAeq modul e using Fisheros e
RNAscope.To identify playactive cellswe performedn situ hybridization of
activity-related genes ijuvenileratsfollowing atimemoni t or ed fApl ay pul seo
tissue collection. Juveniles (P28) of both sexes were first isdlat@dnhours tancrease
social motivation Then,they wereplaced in an enclosure (49 x 37 cm, 24 cm high) with
TEK-Fresh cellulose bedding (Envige)th a novel samsex, samege, norsibling
play partner and allowed to play for 10 min. One hour laterwate deeplyanesthetized
with Fatal Plus and transcardially perfused with phospbatiered 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% sucrotersalu
4°C until fully submerged. Coronal sections were cut at a thickneX¥sofmon a Leica
CM2050S cryostat and directly mounted onto sHeoated slides.
In situ hybridization was carried out using the RNAscope multiplex fluorescence
assay kit(Adanced Cel | Di agnostics, Newar k, CA), f
instructions with small modifications. The following probes were useeEdri (catalog
number 318571), RBIc17a6 (31701-C2 and 31701-C4), RnSlc32al (42454C3),
Rn-Spen (84258L4), RnKlhdc8a (842574C4), and RACyp19al (52046LC2).
Briefly, tissue was baked onto slides using the Hy®EZ Oven at 60°C for 30 min,

then dehydrated using four 5 min dehydration steps in 50%, 75%, 100%, and 100%

22



ethanol, respectively. Tissue was then &datith 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 solutimr 6 min, followed by a 3 min incubation in 100%
ethanol at room temperature. Slides weredaed for 5min, then digested with Protease

Il solution for 30 min at 40°C in the HybE¥® 1l Oven. Following two 2 min washes

with the supplied wash buffer, sexts were incubated (again at 40°C) for 30 min in a
mixed probe solution containing all necessary probes for the experiment (2680 C2

probe dilution using C1 probe solution). Slides were then washed twice and stored in 5X
SSC overnight. All subsequeneps were performed at 40°C in the HyBEZl 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 Rimsces, 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 immediatiglyHoescht (1:2000; Invitrogen,
Waltham, MA) for 5 min and coveslipped using Prolong Diamond Asffade Mountant
(Thermo Fisher Scientific, Waltham, MA). Slides were imaged on a Nikon-\®&W3U
microscope equipped with 405, 488, 561, and 647 lasers, agfig (0.75 NA) and 60x

(1.49 NA) TIRF oitimmersion objective, and analyzed using Imaris (Bitplane, Zurich,

Switzerland) software.
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2.3Results
Bulk RNA-sequencing of MeA samples from highand low-players of both sexes
To assesplay-associated gene expression patterns and whether these differ
between the sexes, we figgiantifiedplayfulnessn a cohoriof n=18 male anch=18
female juvenile rats derived from 4 litte®ubjecs were weaned on P21 and allowed to
play with a sexand aganatched nossibling play partner once daily for 10 minutes on
P2629 (Figure 2.1a). As expected, wleserved gex difference in play, with males
exhibiting a higher total play score on average than fempke®(04;Figure2.1b). To
identify transcriptional patterns associated with playfulness, we identified arghlow
playing animals of both sexes. We excluded animals withremde play scores for these
analyses, expecting that we would detect the greatest differences in gene expression
paterns in animals on the extremes. Animals with play scores within the top third per sex
wer e desi gmdtaggd nggsd fmMmidgh hose with scores in
designat-plddapnisngdowresulting in fghr groups o
playing (MHI), male lowplaying (MLO), female higkplaying (FHI), and female low
playing (FLO). Subjects were sacrificed on P30, and MeA tissue was collected for bulk

RNA-sequencing.
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Figure21. The dApl ay tr anscr impdiakamgdalaislargdlyhe |j uven
sexspecific.(a) Timeline of experimental procedureb) Quantification of total play

following four days of play testing, used to determine hagid lowplayers for later

RNA-sequencing, with the top third per sex designated fighli agyhi ngo and botto
t hird perplsaeyicsgo diag@mshowing the number of differentially

expressed genes (DEGs; nomipal 0.05) associated with sex (male vs. female), male

play (high vs. lowplaying males), and female play (hig/s. lowplaying females). The

majority of playassociated DEGs are sspecific. () Cluster dendrogram of the 4,261

genes used for the weiglitgene ceexpression network analysis, with each color

representing one of the 22 modules identifiell Boxplot representations of the module
eigengene val ues aeprloasysi nggr;o ufplasingffdovaoouh i=g hl o w
representative modules, showing example modules associated with play in females only

(M1, M3), associated with play in males only (MM11), and associated with sex but

not play (M12, M16)Bars indicate group meansSEM, and points represent data from

individual rats. p < 0.05, **p < 0.01,n= 6 per group.
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Using our RNAseq data, we assessed whether playfulness was associated with
the same or different gene expression patterns in males and femaleenifed

differentially expressed genes (DEGs) associated with ailviz& comparisons between

groups,fa usi ng on the sets of DEGs a®jooci ated wi

Afemale playo (FHI vs. FLO), as well as
female). Very few genes reached stringent false discovery rates after accounting for
multiple tesing. However, at a nominal (uncorrectgeyalue < 0.05, we found 1,101
male play DEGs and 924 female play DEGs. Notably, 88lpf these playassociated
DEGs were shared between the se€x&8%6; Figure 2.1c)The playassociated gene
signatures weralso largely distinct from thseassociated with generalized sex
differences: the majority of séxiased DEGs were not shared with pésgociated DEGs
(162 of 932 total sebkiased DEGs17.4%). The minimal overlap across our three
comparisons (male plajemale play, and sexupports two hypothesesirst, there is not
one shared fApl ay tr an-playing (g lowpiagng) anirhals bf i s
both sexes. Despite the fact that the individual play levels of many of our included
subjects did nosignificantly differ, the gene expression patterns associated with play
appeared markedly different in the MeA of juvenile males and females. Second, while
they are sexspecific, these plagssociated gene expression patterns do not appear to
represent asic transcriptional sex differences in the MeA, as the set of DEGs associated
with generalized sex differences showed little overlap with the set chpkociated
DEGs.

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

sex differences in the transcriptional landscape associated withWkysed Weighted
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Gene Ceexpression Network Analysis (WGCNA) to clustbe 4,261 genes with
evidence of differential expressiamany sexor play-related contrast in our dataggdr
nominalp < 0.05) Using this analysis, wiéentified 22 modulef co-expressed gengs
ranging in size from 21 to 688 genes (Figure 2.THg expression patterns of module
eigengenesupported our earlier findings, indicating that the transcriptionabtzpe
associated with play is largely distinct in males and fems¥sle twelve of the 22
modules were significantly associated with social play (FDIR08), only one module
was associated with play in both sexBseothers werestrongly associated with play in
oneseut not the other, such that there were
associated with play in females but not males, sutivds& bM3; Figure 2.1e, top left
panel ) and fAmal e pl ay ohplyandmalesbst ndtfenmaless e associ
such avM11 & bM14; Figure 2.1, bottom left panel). Modules associated with sex but
not play were also identified, suchl@d12 andoM16 (Figure 2.1e, right panel),
representing generalized sex differences in the MeA.
Single-cell RNA-sequencing of neonatal male and female amygdala

Previously wedescribed a critical period for sexual differentiation of the
amygdala centered on postnatal day 4) (fh males, high androgen levels produced by
the fetal testis result in agher 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 daype-specific sex differences and thewtential contribubnsto
sex differences in juvenile play, wenerated singleell RNA-seq (scRNAseq data

from the amygdala of P4 male and female ¢ats 6 animals per se¥igure 2.2a).
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Following quality controlwe studied the transcriptomes of 11,756 cellsiMain
clustering identified 8 major cell type clusters. As expected, inhibitory neurons (IN;
Gadl+4) and astrocytes (Slcla2were the most abundant, followed by microglia
(Cx3cr1+)and excitatory neurons (EN; Slc17agfigure 2.2Db).

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
sexbiased DEGs (genes showing differential expression between males and females)
within the identifed major cell types. Notably, the overwhelming majority oflsiesed
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
sexbiased imibitory neuron DEGs includedeurodl which encodes a transcription
factor that functions in neuronal differentiation and plasticity (Tutukova et al., 2021);
Gabra5 which encodes a subunit of the GABfeceptor; andCrym, which encodes a
thyroid hormonebinding 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 withis cell type included
Cnrl, 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 revealelisfidict 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 andFoxp2 Figure 2.2f).
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Figure 2.2. Singlecell RNA-sequencing (ScCRNAseq) analysis indicates that there
are more sexbiased DEGSs in inhibitory neurons than excitatory.(a) Timeline of
experimental procedured)(UMAP plot identifying 8 major cell types in the neonatal
amygdala o2 male and® female samples, each containing pooled samples frgu
each IN = inhibitory neurons, EN = excitatory neurons, OPC = oligodendrocyte
precursor cells. Volcano plots showing 4eased DEG¢malebiasedlog.fold change >
0) within inhibitory neurons@) and excitatory neuronsl(with shared legend. Genes in
red showed significant séxased expression with both a significantalue as well as
log. fold change. €) Subclustering of the inhibitory neuron population, resgltm11
distinct subtypes (IN.D IN.11) and a likely erythrocyte population, with the marker
genes differentiating these subtypes showin in
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WGCNA of scRNA-seq for integration with bulk RNA-seq

To better understand potential eslpe specificity, key driver genes, and
predicted functions of our identified plagsociated gene modules (Figure 2)dve
developed a network analysis approach to integrate our sefieiyAand bulk RNAseq
analyses. ing similar procedures &sr our bulk RNAseq dataset, we conducted
WGCNA on the scRNAseq dataset, identifying 25 geneeqression modules (Figure
2.3a).Several of these modules were expressed primarily in a single cell type. For
instancewe identified modules enriched imicroglia (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 scRNAeq WGCNA with oubulk RNA-seq we firstprojeced
the eigengenes of scRNgegderived modules onto our bulk RN#eq samples to assess
their associates with sex and pl&g expected given our prior results, most SCRHG4
modules were associated with play in one sex only. Many ses&dmodules 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 btuinot males (Figure 2.3c). We also assessed gene overlap in the-se@NA
and bulk RNAseq modules (Figure 2.3d). Multiple scRMAq modules showed
significant overlap with the genes in particular bulk RE#g modules, allowing for

additional support forhe identification of key genes common to both datasets.
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Figure 2.3. Integration of the bulk and singlecell RNA-sequencing data identifies
predicted celttype specificity and likely hub genes for playassociated modules of
interest. (a) Clusterdendrogram from the network reconstruction of the scFReNE@ data,
using the set of 4,261 genes from the badkf WGCNA as input, with each color
representing one of the 25 modules identifi®)l ot plot showing likely major cell type
identity of each othe 25 scRNAseq modules.cj Heat map showing moduteait
relationships (using module eigengene) across various comparisons: FELEOHIM =
(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 singleell (scM0OscM25) and buliseq (bMBbM22) module with color
indicating the-logio(p-v al ue) of a Boxsshndicat® svo sets afsinglet e st .
cell and bulkseq modules chosen as regmmtatives: scM8 bM14 (associated with

male play) and scM& bMS3 (associated with female playg gndf) Further

interrogation of the two representative intersecting module sets, including plots showing
the average singleell module eigengene acrose #h 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€) and scM7 & bM31) that had the tof2 highest

intramodular connectivity within the bulkeq dataseh = 6 per grouplN = inhibitory
neurons, EN = excitatory neurons, OPC = oligodendrocyte precursoirtdlls,female
high-players, FLO = female loylayers, MHI = male igh-players, MLO = male low

players.
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scRNA-seq WGCNA
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Identification and evaluation of representative playassociated modules of interest

We then sought to identify modules of particular interest to investigate further,
allowing us to gain more clarity aswhat these modules reveal about sex differences in
the play transcriptome. We focused on bulk R88% module 14 (bM14) and module 3
(bM3) as our two representative plagsociated modules. Using expression of the
module eigengene (Figure 2.1e), bM14 iasded with play in malepE 0.001) but
not females = 0.72); additionally, & expression is significantly correlated wigdw
play score in males but not females=(0.013 and 0.28, respectively). This module
consists of 66 genes and is signifidcarnriched for GO terms suggesting a role in
regulation of gene expression (FEjustedp < 0.001), DNAtemplated transcriptiorp(
= 0.03), and RNA biosynthetic procegs<0.03). bM14 shows significant overlap with
the genes in scRNAeq module 5 (scM% < 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 panak), interesting result given our previous finding that
sexbiased DEGs are enriched within inhibitory neurons within this same dataset.
WGCNA also allows for the identification dighly connected h adenes within a
module which are predicted tplay acausal role as kenegulatorsof module activity
(Ghazalpour et al., 2008agot et al., 2016From the list of 12 genes shared between
bM14 and scM5, we identified genes withthe-topr ee hi ghest fAmodul e me
score, a measure of intramodular geativity often used to bioinformatically predict
potential key hub genes (Table 2.1). These incl&j&eh Rere andKmt2d interestingly,

all three genes have known roles in nuclear recepéatiated transcription, including
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that of the estrogen recep{(@hi et al., 2001; Wang et al., 2008; Oswald et al., 20C4r&)
are associated with play in males but not females at an individual level as well (Figure
2.3e, bottom panel, with-palues in Table 2.1).

Table 2.1. List of the three toppredicted hub genes for bM14From the list of 12
genes shared between bulk RI¥2g module 14 (bM14) and scRMN&Qg module 5
(scMb), these three genes have the highest module membership scorenélBdre of
intramodular canectivity) 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 Wilcoxoralues) 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 repeat| 0.854 0.008 0.706
Kmt2d histonelysine Nmethyltransferase 2D | 0.848 0.066 0.09

Therepresentative female play module, bulk Rs&g M3 (bM3), shows a strong
association with play in femaleg £ 0.004) but not malep & 0.32) at the group level,
and ts expression ialsosignificantly correlateavith raw play score in females but not
mades (@ = 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 {&distedo
= 0.04) and negative regulation of cellular procgss (.02). bM3 shows significant
overlap with the genes in scRNg&eq module 7 (scMf = 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, ppbsite
directions (coincidentallyp = 0.014 for both male play and female play). Expression of
the scM7 eigengene is higher in higlaying females than in loylaying females, while
this pattern is reversed in higand lowplaying males (Figure 2.3fop left panel).

Analysis as to the potential céyipe specificity of scM7 suggests that genes in this
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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 eeshared between bM3 and

scM7, genes with the highest module membership score (indicating-adnfjience
prediction of these genes as potential hub genes) within bM3 indKiddd8a Rprm
andApls2(Table 2.2). A recent study demonstrated that espyef one of these
candidate hub geneRprm is femalebiased in the adult mouse hypothalamus, where it
plays a role in estrogen recepttgpendent regulation of energy expenditure (van Veen et
al., 2020). Little is known about the role Kihdc8aandApls2in the brains of healthy
individuals. However, mtationsin Apls2have been linked to multiple cases of

syndromic Xlinked mental retardation associated with hydrocephalus, and individuals
with mutations in this gene exhibit elevated protein levetenmebrospinal fluid,

suggesting an important role in ependymal cells (Saillour et al., 2007; Borck et al., 2008),
as we observed. While the scRMAqg module they are a part of is associated with play in
both sexes, these candidate genes are associakeplayitin females but not males at an
individual level (Figure 2.3f, bottom panel, withvalues in Table 2.2).

Table 22. List of the three top-predicted hub genes for bM8. From the list o4

genes shared between bulk R¥&g module3 (bM3) and scRNAseq module& (scM7),

these three genésve the highest module membership scores (MM, measure of
intramodular connectivity) suggesting high confidence for their roles as hub genes in

bM3. They also exhibit significarassociations with play ifemales FHIVSFLO; values
shown are Wilcoxonalues) but not malesMHIvsMLO).

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

Apls2 adaptor related protein complex 1 0.848 0.803 0.008
subunit sigma 22

37



RNAscope phenotyping of playactive cells in MePD

By this point in our studies, two pieces of evidehdkat the majority of sex
biased DEGs are within inhibitory neurons in the neonatal amygdala (Figure 2.2c), and
that expession of one of our major pkassociated modules of interest (bM14) appears
enriched within this same cell type (Figure 2.8s8uggested that inhibitory neurons in
the MeA may represent an importaed| typedriving sex differences in social play. To
directly investigate this, we designadin situ hybridization experiment using
fluorescent RNAscope. Juvenile male and female rats were sacrificed one hour after a
playful experience with a novel play partn€issue sections containing MeA were then
processed for RNAscope, using probesvgat(inhibitory neuron marker)/glut2
(excitatory neuron marker), and the immediate early ggmné (also known agZif268),
to label playactive cells (Figure 2.4). We alswcluded a probe fo€ypl9al(aromatase),
following recent work that demonstrated that aromatgeessing 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 determiningdkiiezh sex
differences in play (VanRyzin et al., 2019). Replicating our previous work using
immunohistochemistrfVanRyzin et al., 2019)males exhibited significantly mopay-
active Egrl¥ cells in the MePDg = 0.04; Figure 2.d). In both sexes, the vast majority
of play-active cells in the MePD were GABAergic (~90% Vgat+ vs. ~10% Vglut2+);
however, the distrition between inhibitory and excitatory neurons significantly differed

between males and femalgsgure 2.4de). In the male MePD, 92% of pleactive cells
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were GABAergic, with the remaining ~7%-tabeling withVglut2 In females, the
percentage of glutamatergic plagtive cells was twice that seen in males: 14% of Egrl+
cells were glutamatergic, while 86% were GABAergic, a significant difference from that
seen in malegp(= 0.01). Additionally, around a third of plaactive cells expressed
aromatase (Figure Z2)4 While there was no sex difference in the percentage of Egrl+
cells that were Cyp19alp € 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 ctabeling withCyp19al while only 40% of GABAergic

cells did so in femalepE 0.01; Figure 2.g). Thus, there are strong sex differences in
the phenotypes of plagctive, inhibitory cells in the juvenile MePD. Males have a greater
number of playactive cells than females, the majority of which are inhibitory and express
aromatase. Of this inhibitory cell population, a greater proportion areaplive and

express aromatase in males as well.
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Figure 2.4. RNAscope phenotyping of playactive cells (a) Representativiow-
magnification image digrl (red),Vgat(green), and/glut2 (fuschia) expressiovia
fluorescenin situ hybridization (RNAscope)b) Representative higimagnification
image ofEgrl (red),Vgat(orange)Vglut2 (fuschia),andCyp19al(green)expression
alongside DAPI (blue).d) Quantification of the number of plaactive (Egrl+) cellsn
the male and female MePDhe percentage of Egrl+ cells-erpressing/gat(d) and
Vglut2(e) was also calculate@s well as the percentagekajrl+ cells {) andVgat+
cells(g) that ceexpressed Cypl9al(aromatase). Bars indicate group meai®=M, and
open circles represent data from individual raps< 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 neaitmedto phenotype cells expressing candidate hub genes
from our modules of interesgeekingto understand whether expression of these genes
was also differentially distributed amongst inhibitory and aative cells. Using
alternate sections from the same set of tissue used in our prior RNAscope experiment, we
conducted RNAscope using probesEmrl, Vgat Vglut2 and eitheSpen(candidate
hub gene for the male play module bM14Xdindc8a(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

saVi7, a module enriched in ependymal cells (Figure 2.3f).
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Figure 2.5. RNAscope phenotyping of hub gerexpressing cells(a andb) Left,
representative images 8pen(a) andKlhdc8a(b) (green),Vglut2(red), andvgat
(fuschia) expression via fluorescentsitu hybridization (RNAscope)alongside DAPI
(blue). Right, quantification of the percentageSpin- (a) andKlhdc8a (b) positive cells
that ceexpresse/gat Vglut2 or neither neuronal marker in the male and female MePD.
(c andd) Left, representative images $pen(c) andKlhdc8a(d) (green) andegrl
(orange) expression alongside DAPI (bludiddle, quantification of the percentage of
Egrl+ cells that cexpresse Spen(c) andKlhdc8a(d). Right, quantificatiorof the
percentage obpen (c) and Klhdc8a(d) positive cells that cexpressedegrl. Bars
indicate group meanlsSEM, and open circles represent data from individual nats3-
4 per group.
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As expected, the majority of Spen+ cells (around 60%) were GABAergic in both
sexes (Figure 83). Around 20% were glutamatergic, while the remaining 20% did not
co-label witheither of the two markers, suggesting that they represememnonal
Spen+ cells. Notably, nearly all (~95%) plagtive (Egrl+) cells express&pen(Figure
2.5¢, middle panel). ASpernwas highly expressed in this region, however, the converse
was mucHower: only 1418% of Spen+ cells were plagctive (Figure B¢, right panel).
There were no sex differences observed in any of these meas$owexscer, theravas a
trending sex difference in threlativeproportiors of GABAergic vs. glutamatergic
Klhdc8a+ celldn males compared to femal@s= 0.087 forchi-square test of
independencgd-igure 2.5b).Contrary to our prediction, the vast majority of Klhdc8a+
cells colabeled with either an inhibitory or excitatory neuron marker, ¥t non
neuronal Klhdc8a+ cells (those-tabeling with neither; Figure 2b). In males,

Klhdc8a+ cells were very evenly distributed amongst excitatory and inhibitory neuron
populations: ~49% of Klhdc8a+ cells-tabeled withvVgat while 47% were Vglut2+
(Figure 25h). In females, however, mokdhdc8alabeled cells were GABAergic: 61%
co-labeled withVgat, while 37% celabeled withvglut2 Around 37% of Klhdc8a+ cells
were playactive; conversely, ~46% of plactive cells were Kltic8a+, with no sex
differences observed on either measure (Figud).ZT ogether, 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 cellsypdacentral 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 bydhe fa
that inbred laboratory mice do not exhibit complex play (Pellis & Pellis, &0ihus
limiting the ability of scholars of play to benefit from techniques designed for the mouse,
few studies have investigated this behavior using advanced genomic aaliiaolools.

To our knowledge, only two studies have previously assessed gene expression patterns
associated with play using RNgeq: one profiling the amygdala (Alugubelly et al., 2019)
and one profiling the medial preoptic area (Zhao et al., 2020)abethich 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 plagssociated gene expressioa variable whih, 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 differenegjaression
patterns in male and female juvenile rats. Despite the fact that manplaighg females
played at similar levels to that seen in hjghying males (and vice versa for lgphaying
animals; Figure 2.1b), the gene expression patterns assbuidh play were markedly
distinct in males and females. Of the 1,101 genes associated with play in males
(differentially expressed between higind lowplaying males, for nomingl < 0.05),
only 82 (7.4%) were shared with the set of 924 genes assouwiileplay in females
(Figure 2.1c). These distinctive, sspecific patterns persisted when we conducted

WGCNA to identify gene modules in the bulk RM&q data: only one of the 12 play
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associated modules was associated with play in both sexes, whitajdrity 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 stuligeghe MeA is fundamental

to the expression of adult behaviors with knowndiéerential patterns, such as

parenting (Chen et al., 2019) and aggression (Edwards & Rowe, 1975; Haller, 2018), the
play-associated gene networks we identified may bespesific for a reason: because

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

typical behavior later in life.

We further explored potential selfferential gene expression patterns in the
amygdala in our parallel singkell RNA-sequencing study of neonatal males and
females. Sexkiased DEGs were enriched within inhibitory neurons, with relatively few
seen within excitatory neurons (Figure 2d)c GABAergic neurons within the MeA
have been shown to promote various se&&rual 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 socialardctions (Johnson et al., 2021). By
definition, there are strong sex differences in expression of thesessacial behaviors.

As such, it is perhaps not surprising that such strondpisesed gene expression patterns
exist within the population of inhitory neurons that appears to drive these sex
differential behavior patterns in adulthood. As we detected thesaiased DEGs id-
day-old pups, our results suggest that sex differences within MeA GABAergic cells are

set up early in development, likelyivken by perinatasteroid hormonexposure during
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the critical period in developing males. In contrast, the relative lack dfiasgd DEGs
In excitatory neurons suggests that glutamatergic neurons may serve as a generalized
Abraked on the system, inhibiti nmglydfferci al
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 newsobglpes, our analyses
revealed 11 distinct subpopulations of inhibitory neurons expressing canonical markers
even at this neonatal age (Figure ZR&suggesting deeper sequencing studies at this
timepoint may be informative.

In our final bioinformaticexperiments, we integrated our bulk and sirugé
RNA-seq datasets to further investigate two representativeagkgciated modules of
interest as case studies. Demonstrating the power of this integrative analysis, we gained
useful insight on the cetiype 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 ape's 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 infornti@n on predicted module hub gerieSpenbeing the top
candidate for bM14 anidihdc8afor bM31 that may be useful for future studies probing
the effects of manipulating these plagsociated modules vivo.

Our RNAscope experiments provided additioeatence 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 geriggrl as an activity marker, we find that the majority -@&8)

of play-active cells are GABAergic in both sesxavith males exhibiting both a higher
percentage of GABAergic plagctive cells and a higher number of plgtive cells in
general (Figure 2c4d). There was also a sex difference in the percentage of GABAergic
cells that expressed aromatase, with meidsbiting a significantly higher percentage of
Cypl9al+ Vgat+ cells (Figure ¥ Given recent work demonstrating that aromatase
expressing cells in this region are critical for-$gpical social behavior (Unger et al.,
2015; Yao et al., 2017), thesef@lPal+ Vgat+ cells may represent a critical
subpopulation of inhibitory neurons involved in piagluced, sesspecific

neuroplasticity.

We also phenotyped cells expressBpenandKlihdc8a top candidate hub genes
for the bulk RNAseq modules bM14 (maldgy) and bM3 (female play), respectively.
Spenwas highly expressed in the MeA, seen in most-plaive cells (Figure 3¢) and
preferentially expressed within GABAergic cells (Figurga. as expected. This was
true in both males and females with no déferences observed, indicating that the
underlying population of Spen+ MeA cells does not differ between the sexes, at least at
the population leveKlhdc8awas also expressed in a sizable proportion of play active
cells (~45%; Figure 8d). In malesthe ratio of GABAergic to glutamatergic KIhdc8a+
cells was close to 50/50. In females, however, a larger proportion of KlIhdc8a+ cells were
GABAergic: around 61% colocalized witfgat while 37% colocalized witNglut2
(Figure 25h). Given our previous findgs 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 littlélhdc8aexpression within neurons. Aslhdc8awas 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 fadItiét8a

sits within a broader gene mad that is ependymally enriched does not necessitate that
it too is enriched within this cell type; expressiorkdtidc8ain neurons, for example,

may cause the release of some factor or other mediator that impacts ependymal cells,
affecting expression d@he 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. Mroring thequalitative and quantitativeex 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, adsesed DEGs
in the neonatal amygdala are enriched within this cell type, as aragilag cells in the
juvenile MeA. Through integration of multiple bioinformatic approaches, we idegdify
sexspecific modules and hub genes underlying sex differences in play. While much
remains to be explored, our dataderscore the power of an integrative, systems biology
approach in studying the sepecific underpinnings of this complex, ethologigall

relevant behavior.
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Chapter 3: Social play experience in juvenile rats is indispensable for appropriate

sociosexual behavior in adulthood in males but not femalés

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 plagéengal 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 diff er enlcpegesthaiplag,l ay 6s e X
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 witfer 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 sespecific effects on latdrfe 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 haeffect on anxietylike

behavior, object memory, sex preference, or social recognition in either sex, showing the

1 Marquardt, A. E., VanRyzin, J. W., Fuguen, R. W., & McCarthy, M. M. (2023). Social play experience in juvenile
rats isindispensable for appropriate sosexual behavior in adulthood in males but not fem&emt Behav

Neuroscj 16.
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specificity of the identified impairments, though there were overall sex differences in
many of these measures. Additionally, acute play dapar impaired performance on a
test of prosocial behavior in both sexes, indicating a difference in the motivation and/or
ability to acquire this empathyriven task. Together, these findings provide novel insight
into the importance and function of juviensocial 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 rougandtumble play or playfighting) has fascinated neuroscientists
andevolutionary 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 anxietyand depressiclike 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 addictioelated 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 precludsbtlity to apply them to assess

the importance of social play specifically. First, isolation prevalhtsocial interaction
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both play and nosplay1 so it is unclear in most of these studies whether and to what
extent any identified impairments are doehe 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; agch, 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 ond sggically, male subjects
thereby preventig 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 wadinserved as play itself. Across neailyspecies
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 interec(iellis & 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) anddbseptum (Bredewold et
al., 2014), which exert sespecific 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 autisntspedalisorder, attention
deficit/hyperactivity disorder, and early onset schizophrenia (Alessandri, 1992; Jones et
al., 1994; Mslller & Husby, 2000; Jordan, 2003; Helgeland & Torgersen, 2005), many of

which also exhibit robust sex differences in diagnasig 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 thestjon: does play serve a different purpose in
males compared to females?

Here, we investigate the impact of juvenile play experience onlitdrehaviors
and how this may differ as a consequence of sex. Juvenile rats of both sexes were
deprived of playia one of two different methods, or were housed under normal
conditions, i.e. controls. For the first play deprivation method, we created perforated
Pl exiglass cage dividers (fAplay barrierso)
to physically sparate the two juvenile rats inside (&ig3.1a). 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 anxiktybehavior as compared to full isolation,
an additional benefit (Klappé&goldstein et al., 2020). For the second play degion
method, we eliminated all social interactions (play andmiay) by socially isolating
animals via singkousing, as done by others. Animals were placed in these or control
housing conditions as juveniles, thernused in standard group housargund
puberty, after which we assessed the impact on various adult behaviors. Supporting our
hypothesis, we found that social play experience impactsligg@ndpoints in a sex
specific manner. Play deprivation preferentially impacted behaviors withisocie

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 SpragueDawley rats (Charles River Laboratories, Wilmington, MA) were

maintained on a 12:12h reverse liglark cycle withad libitumaccess téood 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 multipl
litters. Rats were weaned on P21 in sa®g, 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 subjectes t

of two play deprivation groups from P2®: 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 spacemnhl.5
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 continbedtwused in

pairs for the full extent of this time period. Animals remained in these conditions until

P40, when BARR and ISO animals weréhmised in the same saiseXx, sibling pairs as
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before, under standard housing conditions. For the long duratinarq&DB)
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 expéainpeocedures
were approved by the Institutional Ani mal Ca
University of Maryland School of Medicine.
Behavioral testing
All behavioral testing was performed during the dark phase of thedagktcycle under
redlight 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 expenits, subjects were
individually placed with a sexand agematched, contrehoused stimulus animal into an
enclosure (49 x 37 cm, 24 cm high) with THEKesh cellulose bedding (Harland
Laboratories). Only BARR and ISO animals were used in this experiagetite 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 saffigte to
guantify the number of pounces, pins, and boxing behaviors, summed together as the
At ot al pl ayo exhibited in the test. Further
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 andreidealed
for 10 minutes. Videos were manually scored offline forrtheber 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 ch¢dbhigh)
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-Ald¥e video
tracking software (Stoelting, Wood Dale, IL) to determine the percentage efthe t
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 paulaftical 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, agam 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 objeetime 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, tact female rats were hormonally primed ahead of the sexual
behavior test by receiving subcutaneous injections of 10 pg of estradiol benzoate
(Millipore Sigma, St. Louis, MO) in 0.1 mL sesame oil (Millipore Sigma) 1 and 2 days
before testing (P61 and PG2spectively), and 500 ug 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 estsucycle 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 TEKFresh cellulose bedding (Harlan Laboratories, Madison, WI) with
an adult male stimulust 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 Bhavior (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 testglustifamales 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 witted 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 ejaculatieiote 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 tedength of the refractory period). From this,

each animal 6s mount r a tntomigsiomseande@dulatibons n u mb e r
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.

Socialpreference (P100+)

For the social preference test, a taltambered opetopped polycarbonate apparatus

(100 x 50 cm, 35 cm high) was wused. Il n the
novel samesex adult (P60+) stimulus rat was placed under a g&@k 20 x 20 cm)

clear polycarbonate box (Astimulus boxo0o) c

rat to see, hear, smell, and have some tactile interactions with the stimulus rat. In the

(o

N

corner of the ot her ¢ hambckarpolydadangie bpx wash a mb e r G

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 AN¥haze software. The tim@ent in each chamber and

the time spent nearby (within 5 ¢cm, deemed
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 interazone 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 emptyndber 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 interacing with
samesex versus an opposisex 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 befa@stest

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-Aisxe.

From this, the percentage of time spent closely interacting with the oppesitsimulus

animal (time spent in the interaction zone of the oppe&iechamber / time spent in the
interaction zone of the opposisex chamber + time spent in the interaction zone of the
samesex chamber) was calculated, as well as the ratio of time spanthe opposite

sex chamber to time spent near the samechamber. 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 recogniton (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
samesex juvenile (P2480) stimulus rat was placed into thest cage with the test rat for

5 min (ATraino trial ) -recorded.tAftee5 min,therstimrlusact i ons
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\infamiliar) was placed back in the test cage.

Interactions between the test rat and the stimulus rat were again recorded for 5 min
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(ATesto trial). Videos were manually scored

investigating the stimulus rat in baists, 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; hoveeyva 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.

Residenintruder assay (P120+)

We assessed aggressive behavior in the residteatler 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 tagt d 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 t he t est30minutermgetriél mterviab theaestc a g e .

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 chestloé 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 |l egs and grasp at
behavior; and overall clinch attackghe 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 BARGESimg conditions, as described
above. On P26, animals were individually placed irm@ciosure (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 hdxadowed 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 insideconfinement box to freely escape.

On P27, one animal from a seand conditioamatched 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 motivatihg animal to seek release. Video

recording and a cowuip 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 recordiag 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 experimefttened 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 allfav 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 thfe pair was the test subject versus the confined
subject).
Statistical analysis

Specific values for test statistigsyalues, and effect sizes are listed in Table
and referenced in text, when appropriate. Statistical analysis was performed using
RSudio (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
ShapireWilk normality test to determine if data were normally distributed. Data which
were nomally distributed were then analyzed with a tway 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 detectsd,
hocanal ysis was conducted using a Tukeyods hon
determine which groups differed. If a significant main effect of condition was detected in
cases in which a oagay ANOVA was conducted (i.e. tests in which sex was not a
factor, such as male sex behavigpsthoma nal ysi s was conducted usi
significant difference procedure, as there were three groups (Meier, 2006). In some cases
(Novel Object Recognition, Social Preference, and Sex Preference testsyyect-
tests were used to determine whether group means differed from chance; additionally,
pairedt-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 usiskaKr
Wallis tests or Wilcoxon rank sum tests when appropriate, as described irBlable
Analyses were considered significant wipen 0.05.

Factor Analysis
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We chose 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 inatled in the factor analysis. Data were normalized by log
transformation, then initially analyzed for adequacy for factor analysis using the-Kaiser
MeyerOl ki n factor adequacy test and Bartlettos
matrix of the dataseln both the SDB and LDB studies, female data was deemed
insufficiently correlated and therefore inadequate for factor analysis based on these
indices (KaiseiMeyerOl ki n MSA below 0.5 for both studi
0.05). For this reason, ve®nducted 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 indicatedppropriateness for factor analysis, with an overall Kaiser
Meyer-Olkin MSA above 0.5 (SDB: MSA = 0.53; LDB: MSA = 0.53) and a significant
pval ue f or Barpt0.601; LDBP<0.0019. This(reSulsl in an overall
of 23 for both studiesSDB: 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-faatiing
cutoff of 0.5. The resulting factors were retained if their eigenvalue was greater than 1
(based on the Kaiser criterion), which generated a-flaer solution for both th8DB
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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idenifying a threefactor 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 onay 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< 0.05).
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Data

Description of

Test strncbure Type of test analysis Test value p-val | Effect size
Open Field - Acute Deprivation n = 10-14 per group
i -
Center Time Non-normal zzsltlcoxon D Effect of sex W=657 0.919 7=0.0126
Kruskal-Wallis test: ~ Effect of .
Non-nomal s eotidibot %2(2)=0.893 0.64 n2(H)=0.033
Kruskal-Wallis test: ~ Effect of -
Non-nommal Emales L 22yF1.9 0.387 Nn2(H)=-0.003
Play - Acute Deprivation n =10 per group
Total Pl Doesial Two-way ANOVA  Main effect: F(1,36)=4.929 | 0.036 2(H)=-0.101
otal Play distribution Wo-way ain effect: sex (1,36)=4. = N2(H)=-0.
Normal S Main effect: » _
distribution Two-way ANOVA condition F(1,36)=5.358 0.026 12(H)=-0.11
Normal Interaction: sex
= 2 =
bt Two-way ANOVA o e F(1,36)=2.357 0.134 N2(H)=0.048
Elevated Plus Maze — SDB n = 7-15 per group
Time in Open Arms Normal . ; . 5 _
%) distbutica Two-way ANOVA  Main effect: sex | F(1,70)=2.835 0.097 12=0.038
Normal Main effect:
= 4 2 2=
disribution | TWO-WeYANOVA . F(2.70%=1.330 | 0.271 | n2=0.037
Normal . Interaction: sex -
Tt ot Two-way ANOVA - F(2,70)=0.107 0.899 12=0.003
. Normal .
Distance Traveled SR e Two-way ANOVA  Main effect: sex | F(1,70)=4.704 0.034 12=0.065
distribution
Mosmal TosuapANOYA  Jainelfce F(2.70)=0.183 | 0.833 | n2=0.005
distribution ¥ condition ’ ’ ' =0
Normal Interaction: sex _
distributica Two-way ANOVA e F(2,70)=0.912 0.406 12=0.025
Elevated Plus Maze — LDB n = 10-13 per group
i e 0 Two-way ANOVA  Main effect: sex | F(1,62)=7.654 | 0.007 | 12=0.106
(%) distribution
Normal Main effect:
[0-W: J ) 5 —
distibatio Two-way ANOVA coiidion F(2,62)=3.038 0.055 12=0.089
Normal Interaction: sex -
distribution Two-way ANOVA x condition F(2,62)=0.149 0.862 12=0.005
. . Normal S . - o
Distance Traveled SR e Two-way ANOVA  Main effect: sex | F(1,62)=8.595 0.005 12=0.113
distribution
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Table 3.1 continued

Normal

Main effect:

Wilcoxon rank-

distribution | TWO-WAY ANOVA "L F(2,62)=10.326 | <0.001 | 112=0.250
Loy ANOVA:  orprye BARR | <0.001 | d=1.655
Tukey post-hoc
Two-way ANOVA:  cpr oo 150 | 0.544 | d=0.298
Tukey post-hoc
Twona ANOVAS  gupg e KO | 0.003 | ¢=0.937
Tukey post-hoc
Normal Interaction: sex
/0= 2 9! =
distribution Two-way ANOVA ot o F(2.62)=0.239 0.788 12=0.008
Open Field Test —LDB n = 12-15 per group
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Center Time Non-normal Effect of sex W=1080.5 <0.001 | r=0.428
sum test
Jeal-Walli -
ot | Caskal Walmtest: | Bffectol 72(2)-0.024 0.988 | d=-0.055
males condition
Kruskal-Wallis test: ~ Effect of
Non-normal P Sodition %2(2)=0.234 0.89 a=-0.052
v : Normal g 5 iz
Line Crossings A e Two-way ANOVA  Main effect: sex | F(1,70)=19.673 | <0.001 | n2=0.221
distribution
DokmEl. Twoiway ANOVA. DR effect: F(Q2,70)=4.649 | 0.013 | 42=0.117
distribution condition
Two-way ANOVA:  cypy o paRR | wa 0.01 | ¢=0.709
Tukey post-hoc
Drowgy ANOVL  eyprversa |k 0.117 | &=0509
Tukey post-hoc
Boavay ANOVA:  piprys 150 | wha 0.512 | d=0311
Tukey post-hoc
Normal Interaction: sex -
Gistebution Two-way ANOVA T F(2,70%0.777 0.464 12=0.022
Novel Object — SDB n = 11-14 per group
- . Normal Male CTRL vs
Discrim ination Ratio distribution One sample #test 0 #(11)=3.369 0.006 a=0.972
Normal Male BARR vs u
distribution One sample #test 0 (13)=4.537 <0.001 | @=1.213
Normal. Onesampletest  MaleISOvs0 | (12)=3.437 0.005 | ¢=0.953
distribution
Normal Female CTRL il s
distribition One sample ~test 460 #(13)=2.822 0.014 d=0.754
Normal Female BARR -
disteibiition One sample £test <50 #(13)=3.322 0.006 d=0.888




Table 3.1 continued

Normal FemaleISO vs
distribution One sample ~test 0 7(10)=3.932 0.003 d=1.186
Mpemal Two-way ANOVA  Main effect: sex | F(1,72)=0.421 | 0.519 | 12=0.008
distribution ’ ’ ’ ’ ’
Normal Main effect: 5
= , 9 2=
distribution Two-way ANOVA condition F(2,72)-1.334 0.27 12=0.036
Normal Interaction: sex A
distribution Two-way ANOVA < condition F(2,72)=0.634 0.533 n2=0.017
Novel Object —LDB n=9-15 per group
R 5 Normal Male CTRL vs P
Discrim ination Ratio distribution One sample ~test 0 #(10)=2.631 0.025 a=0.793
Normal Male BARR vs
2 =3. .005 = ¥
distribution One sample #test 0 #(8)=3.806 0.00 d=1.269
Normal
distribution One sample #test MaleISO vs 0 7(14)=3.943 0.001 d=1.018
Normal Female CTRL
distribution One sample #test R #(10)=4.947 <0.001 | d=1.492
Normal Female BARR
distribution One sample ~test V&0 (11)=3.541 0.005 d=1.022
Normal FemaleISO vs
= ;i 2 =1.165
distribution One sample ~test 0 7(12)=0.001 0.003 d=1.16:
Hommal Two-way ANOVA  Main effect: sex | F(1,65=0.756 | 0.388 | n2=0.013
distribution
Normal Main effect: _
S Son Two-way ANOVA ol F(2,65)=0.416 0.661 12=0.013
Normal Interaction: sex
= ' 2 2 2=
distibution Two-way ANOVA < coiidition F(2,65)=0.723 0.489 12=0.022
Female Sex Behavior — SDB n = 12-14 per group
; ; : Effect of
Lordosis Quotient Non-nomal | Kruskal-Wallis test e %2(2)3.257 0.196 n2(H)=0.034
condition
: : Normal Effect of i
Proceptive Behaviors distribution One-way ANOVA cotidiion F(2,37)=0.137 0.873 12=0.007
Female Sex Behavior — LDB n = 7-12 per group
. . . Effect of .
Lordosis Quotient Non-nommal | Kruskal-Wallis test coritiion %2(2)=3.52 0.172 N2(H)=0.056
. . . Effect of =
Proceptive Behaviors Non-nomal | Krmskal-Wallis test condition %2(2y1.61 0.447 1n2(H)=-0.014

Male Sex Behavior - SDB

n = 11-14 per group
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Table 3.1 continued

Average Number of Normal Effect of
P - 2 2 2
Mounts distribution SES condition 512 Jaman B e
Average Number of Normal ! . Effect of "
Intromissions distribution Quesiay ANONA. condition B35~ 2265 0.13 0133
Average Mount Rate N'Ol')].] - ) One-way ANOVA Effec.t .Of F(2,35)=4.818 0.014 0.11
distribution condition
Kruskal-Wallis:
Fisher's LSD post- CTRL vs. BARR | wa 0.03 d=0.618
hoc
Kruskal-Wallis:
Fisher's LSD post-  CTRL vs. ISO wa 0.005 d=0.981
hoc
Kruskal-Wallis:
Fisher's LSD post- BARR vs. ISO n/a 0.407 d=0221
hoc
. Chi-square % ejaculated vs. 5t i
Percent that Ejaculated | Non-nommal goedncssot blesk 90% - CTRL %2=0.818 0.366 0=0.273
Chi-square % ejaculated vs. e »
goodness of fittest ~ 90% - BARR 01 R grEs
Chi-square % ejaculated vs.
— 5 =
goodness of fittest ~ 90% - ISO Rl 0:518 =018
Male Sex Behavior - LDB n =8-13 per group
Average Number of Normal . Effect of 5 .
Motits g . One-way ANOVA Ciaditee F(2,33)=3.949 0.029 12=0.193
One-way ANOVA:
Fisher's LSD post- CTRL vs. BARR | wa 0.03 d=0.654
hoc
One-way ANOVA:
Fisher's LSD post- CTRL vs. ISO na 0.014 d=0.626
hoc
One-way ANOVA:
Fisher's LSD post-  BARR vs. ISO wa 0.767 d=0.06
hoc
Average Number of Kruskal-Wallis Effect of . P
B . Non-normal tst condition 72(2)=8.304 0.016 n2(H)=0.191
Kruskal-Wallis:
Fisher's LSD post- CTRL vs. BARR | wa 0.026 d=0.796
hoc
Kruskal-Wallis:
Fisher's LSD post-  CTRL vs. ISO wa 0.012 d=0.906
hoc
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Table 3.1 continued

Kruskal-Wallis:

Fisher's LSD post-  BARR vs. ISO n/a 0.763 d=0.182
hoc
; Effect of
Average Mount Rate Non-nommal | Kruskal-Wallis test o *2(2¥3.779 0.151 N2(H)=0.054
condition
; Chi-square % ejaculated vs. s E
Percent that Ejaculated | Non-nommal goodness of fit test  90% - CTRL %2=0.056 0.814 9=0.084
Chi + % ejaculated
(:ls"“‘“ “f gteast YEO0M- 22=10 0.002 | p=1
goodness o est  BARR
Chi-square % ejaculated n _
goodness of fit test  vs. 90% -ISO peIm SH00L | ig0049
Social Preference — SDB n =12-14 per group
Percent of Time Near Normal Male CTRL vs
Social Box distribution One sample #test 50% #(11)=8.363 <0.001 | d=2.414
Normal Male BARR vs
distribution One sample ~test 50% 1(13)=19.047 <0.001 | 4=5.091
Normal Male ISO vs
= 3 . =1.85
disteibution One sample #test 50% #(12)=6.702 <0.001 | #=1.859
Normal Female CTRL
distribution One sample #test vs 50% 7(13)=10.423 <0.001 | @=2.786
Normal Female BARR
distribution One sample #test vs 50% #(13)=7.674 <0.001 | @=2.051
Normal FemaleISO vs
distribution One sample #test 50% #(11)=6.631 <0.001 | #=1.914
s ol Two-way ANOVA  Main effect: sex | F(1,73)=18.582 | <0.001 | 12=0.142
distribution
Normal Main effect: - »
distribution Two-way ANOVA contition F(2,73)=8.168 <0.001 | 12=0.126
Normal Interaction: sex _ _
distribution Two-way ANOVA < condition F(2,73)=10.672 | <0.001 | 12=0.165
Twvo-way ANOVA: Male CTRL vs.
Tukey post-hoc Female CTRL n/a 0.778 a=0s79
Female BARR
;“ : _\“ Y ‘:‘}VOVA‘ vs. Female n/a 1 d=0.006
ukey post-hoc CTRL
Two-way ANOVA:  Male BARR vs.
Tukey post-hoc Female CTRL n/a e
Twvo-way ANOVA: Female ISO vs. s
Tukey post-hoc Female CTRL H nies a=Nass
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Table 3.1 continued

Tivo-wvay ANOVA:

Male ISO vs.

Tukey post-hoc Female CTRL 5 K el
;‘I;k"e‘“}‘)'; e O ‘j’"j’;[];eBg% n/a 0.786 | d=0.501
;::z;‘;’-‘;ﬂoocm’ %Z‘; ?;g S| n/a <0.001 | ¢=1.911
g;’;‘gs‘f_‘;ﬁm i;:’,’:]gg? Y| wa 0.984 | d=0247
2 ;]fe:'l‘)’; ;_‘ZiVA g %i Igg&s' n/a 0.936 | d=0247
;::z;‘;‘f‘;ﬂfcm: ;’;’:‘aﬁm wa <0.001 | d=2.515
o e P o1 [ oz
2:;’;‘;)‘;;’_2’2,”" g ﬁfﬁﬂ f’fg;jm n/a 0.999 | @=0.126
;::;;o ;IZ fCVA" ;Z;'::}ﬁg S| w/a <0.001 | d=2.056
;:z;;;;”: chA’ ﬁ:ﬁi ?:R"Rf wa <0.001 | d=2.156
T R P Pv
g::o TiENear Socil | e wormnl ::’;'f‘t’;‘;" a0k Effect of sex W=449 0.001 | 7=0.365
Non-normal E‘s':s::‘ll'::’““is f::‘:;’l‘"‘;fn 722)=19374 | <0.001 | n2(H)=0.483
g’,;’;;";’;n”;’ggshoc ?::RCT RLvs. | peys <0.001 | 7=0.696
Dkl HGCELE o oms | o
g’;;:;’;t";‘;’:‘flm %‘g" BARRvs. | pe 499 <0.001 | r=0.738
Non-nomnal | prusal-Wallistest:  Effect of 220557 0757 | n28)=-0.039
Social Preference — LDB n=11-13 per group
gz‘:i:‘fg;inme Ik 1;‘;::’:;‘; fiog | Onesample £test 1;%’;/1" CIRES® | oy <0.001 | ¢=1.917
1;‘;::‘:1:“: tion | Ome sample £-test 15\%’;/:“ BARRYVS | J11)-6.794 <0.001 | d=1.961

68




Table 3.1 continued

Normal

Male ISO vs

distribution One sample #test 50% #(10)=3.837 0.003 d=1.157
1;‘;::‘:;‘: tion | Onesample #test f:';;arCTRL (11)=5.178 <0.001 | d=1.495
1;‘;;:’:[:: tion | One sample test f:“;;‘;: BARR | /115547 <0.001 | d=1.601
1;‘;::‘:;‘; tion | Ome sample rtest g;",}:""’ ISOvs | f12-2.520 0.027 | d=0.699
1:]::?:;: tion Two-way ANOVA  Main effect: sex | F(1,66)=9.471 0.003 12=0.121
;‘;ﬁ_’i‘bﬂtim Two-way ANOVA Ic‘ﬁflig;i’gf“: F(2.66)-1.192 | 0.31 12=0.03
I:i(;::li]bftion Two-way ANOVA 2122?5:::‘); S| B(2.66)=0.239 | 0.788 | 12=0.006
ng TENER SO | ool :uv;ll“t’:s‘:“ - Effect of sex W=354 <0.001 | 7=0.390
Non-normal fj‘a‘;zls"al'wams Tests fgﬁ;‘ﬁl‘(’i 72(2)=0.134 0.935 | n2(H)=-0.058
Non-normal g}::ll"::'wams Tesk: fgﬁ‘ﬁgﬂ 22(2)=2.51 0.285 | n2(H)=0.015
Sex Preference — SDB n = 12-14 per group
g;‘;z‘s‘:tg‘:; I;:: 1;‘;::’:;‘; tio | One sample rtest ls‘gj:/:f CIRL™s | «11y-3.953 0.002 | @=1.141
1;‘;::‘:;‘: fiog | Ome sample £test 15\/‘[)2: BARRYS | /13)-4.000 0.001 | ¢=1.071
I;‘;:l“:;‘; tiog | One sample #test 15\/(1;;? it #(12)=2.423 0.032 | d=0.672
1;‘;;:‘:;‘: tion | One sample #test f :‘;‘6‘,;: CIRL | y13-2355 0.035 | d=0.629
1;‘;:1":;‘1: tion | Ome sample rtest ‘F:';‘;‘,,'/: BARR | /13y-3.007 0.01 d=0.804
1;‘;:‘:;‘; tion | One sample r-test g;;}:"'“so Y8 | q11)=3.558 0.004 | d=1.027
;‘;’:‘i’bﬂﬁm Two-way ANOVA  Main effect: sex | F(1.73)=0.037 | 0.849 | 12=0.001
g‘i‘s’t‘:’i’bﬂﬁm Two-way ANOVA Ic‘ﬁ?lic‘;i;f)ff“: F(2.73)=0.559 | 0.574 | n2=0.015
i‘;}‘ﬁ ioq | TWo-way ANOVA i“ii‘:;:g; X | F(2.73)0.996 | 0.374 | n2=0.026
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Table 3.1 continued

70

: = = 71 Cm
Batio Tlme Near Non-nommal Wileoxer:mokeum Effect of sex W=795 0.887 1=0.017
Opposite-Sex Box test
Kruskal-Wallis test:  Effect of -
Non-nommal s Sah ¥%2(2y=3.334 0.189 N2(H)=0.037
Kruskal-Wallis test: ~ Effect of 574 5 AL
Non-normal farales coiidition %2(2)y=0.017 0.992 N2(H)=-0.054
Sex Preference — LDB n =12-13 per group
Percent Time Near Normal Male CTRL vs
. - =3. K =0.95
Opposite-Sex Box distribution Ouejpample £-test 50% D= 000 AR6
Normal Male BARR vs
- 5 =0.5
discbiton One sample 7-test 50% #{11)y=1.966 0.075 a=0.567
Normal Male ISO vs
- & i =0.675
distribution One sample #test 50% (11)=2.339 0.04 a=0.67
Normal Female CTRL _ _
distribution One sample ~test vs 50% #(11)=4.881 <0.001 | @=1.409
Normal Female BARR
Sistatatich One sample 7-test vs 50% #{11)=1.557 0.148 d=0.449
Normal FemaleISO vs . =
distribution One sample ~test 50% #(12)=4.034 0.002 d=1.119
Normal Two-way ANOVA  Main effect: sex | F(1.67)=0.741 | 0.392 | n2=0.011
distribution ’ ? . ) .
Normal Main effect:
W =0.02
distribution Two-way ANOVA B F(2,67)0.811 0.449 12=0.023
Normal Interaction: sex
distribution Two-way ANOVA Sl F(2,67F1.167 0.317 12=0.033
io Ti 71 <-
it Tune e Non-nommal GRS st i Effect of sex W=595 0.437 1=0.092
Opposite-Sex test
Kruskal-Wallis test: ~ Effect of .
Non-normal B cotdtion 22)r1.5 0.472 n2(H)=-0.015
Kruskal-Wallis test: ~ Effect of
5 2(2 =
Non-nomal females condition %2(2)=5.059 0.08 Nn2(H)=0.09
Social Recognition — SDB n =9-13 per group
. I Normal o Male CTRL - -
Interaction Time distribution Paired £test Train vs. Test #(12)=2.336 0.038 d=0.592
Normal ; Male BARR -
distribution Paired 7-test Train vs. Test {111.892 0.085 d=0.518
Normal g Male ISO - 4 =%
distribiition Paired £test Tralnvs, Test #(12)=2.491 0.028 d=0.746
Normal ; Female CTRL - _ 2
dlstribiitio Paired ttest Tiatnvs. Test #(9)=4.316 0.002 d=1.276




Table 3.1 continued

Normal

Female BARR -

distribation | PAired Ftest Toainvs Test | 182692 0.027 | d=1.055
I;Z:ﬁ‘;l: o | PAired Ftest gf:‘;'f:sﬁ « | 184791 0.001 | d=1.455
gﬁﬂ?;gff""““ga“"ﬂ Non-normal :Z,‘]lf‘t’:s"t“ rank- gt of sex W=253 <0.001 | 7=0.446
Non-nomal fﬁ‘a‘izls‘“l'wams fouk fgﬁ;ﬁ;‘(’; 12(2)=0.03 0.985 | n2(H)=-0.056
Noa-fiormal If:;::ll‘:slwalhs et fgﬁ;ﬁ;‘;ﬁ 122022 0.896 | n2(H)=-0.072
Social Recognition — LDB n=12-13 per group
Interaction Time 1;‘;:;‘;;“:“0“ Paired £test 1;'{’;':;‘3:1}1;“ #(11)=2.653 0.022 | @=0.713
1;‘;;:’::‘: tion | PAIred Ftest 1;'[":; lffRTI:st (11)=2.425 0.033 | d=0.707
1;‘;:‘:;"‘ fiog | PRired Ftest 1;'{’;‘:] If:.)_l'.es | an=3.019 0.012 | d=0.629
I:i‘;:'l"’i‘l::ﬁon Paired £test g:‘:’l:'fscgsl; " | qan=6.737 <0.001 | 7=1.861
:‘;I"l’;‘: Giog | PAired Ftest ﬁf‘;‘l’;‘ff‘;gl: " | q11)=10.557 <0.001 | d=3.492
1;‘;::_‘;;‘[:@“ Paired £test I;f:i:lf :.ST‘:‘ o | 1125839 <0.001 | 7=1.477
Ej’,‘j;gff“"“ﬁg B8 | Non-normal :::f‘t’:s"t“ rank-  Efectofsex | W=110 <0.001 | 7=0.718
Non-normal fi:;:l:al-Wal]is = fgﬁﬁl‘(’i 72(2)=0.126 0.939 | n2(H)=-0.057
Non-nomal If::;flll‘::'wams feak fgﬁ;{l 12(2)-3.552 0.169 | m2(H)=0.046
Resident Intruder Assay — LDB n =10 per group
gzzgaéi‘ljﬂ‘:g‘be" oE gﬁt’?ﬁ tion | One-way ANOVA f(flfledi;‘(’)fl F271.773 | 0.189 |n2=0.116
?:r::%?[i‘g:t:er ok Non-nomal | Krmskal-Wallis test f(ifledcitti(;i %2(2)=4.08 0.13 n2(H)=0.077
ﬁ;:::ﬁz te PNO::::}‘):: ol Non-nommal | Krmskal-Wallis test f(fxfledcitti?)i %2(2)=4.856 0.088 12(H)=0.106
‘él‘;‘:le;:c’;\‘:e’ e Non-normal | Kruskal-Wallis test fg};ﬁ;‘;ﬂ 72(2)=0.799 0.671 | n2(H)=-0.045
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Table 3.1 continued

Average Number of

Aggressive Behaviors | ormal One-wayANOva  Effectof FQ.27)=4.815 | 0.016 | 112=0.263
distribution condition
(Total)
One-way ANOVA:
Fisher's LSD post- CTRL vs. BARR | n/a 0.056 d=0.863
hoc
One-way ANOVA:
Fisher's LSD post- CTRL vs. ISO na 0.005 d=1.481
hoc
One-wvay ANOVA:
Fisher's LSD post-  BARR vs. ISO na 0.3 d=0.456

hoc

Empathy/Prosocial Helping Behavior

n = 4-5 per group

Average Mean Latency

to Release Cagemate - | ormal Two-way ANOVA  Main effect: sex | F(1,15)=4.757 | 0.046 | 42=0.217
distribution
Days 1-6
Normal " ) Main effect: - i
distribution Two-way ANOVA S F(1,15)=6.049 0.027 12=0.287
Normal " Interaction: sex o
distribution Two-way ANOVA < condition F(1,15)=0.157 0.697 12=0.01
Average Mean Latency Noial
to Release Cagemate - W Two-way ANOVA  Main effect: sex | F(1,15)=4.028 0.063 12=0.217
S distribution
Days 7-12
Normal Main effect:
= s 5 2=
dischatio Two-way ANOVA cotiditon F(1,15)=0.344 0.566 12=0.022
Normal Interaction: sex -
distribution Two-way ANOVA " oon F(1,15)=0.99 0.336 12=0.062
Factor Analysis— SDB n = 6-9 per group
. . Normal Effect of -
Factor Scores - Anxiety distribution One-way ANOVA condition F(2,20)=0.439 0.651 12=0.042
Factor Scores - Salience | Normal OnewayANOvA  Lffectof F(2,20)=4.029 | 0.034 | n2=0.287
distribution K condition
One-way ANOVA:
Fisher's LSD post- CTRL vs. BARR | wa 0.0285 | a=1.521
hoc
One-way ANOVA:
Fisher's LSD post- CTRL vs. ISO wa 0.015 d=1.33
hoc
One-wvay ANOVA:
Fisher's LSD post-  BARR vs. ISO wa 0.797 d=0.119

hoc
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Table 3.1 continued

Factor Scores - Normal Effect of _ -
Sociosexual Behavior distribution R R S condition B i e e
One-way ANOVA:
Fisher's LSD post- CTRL vs. BARR | wa 0.019 d=1.265
hoc
One-vay ANOVA:
Fisher's LSD post- CTRL vs. ISO na 0.447 d=0.55
hoc
One-wvay ANOVA:
Fisher's LSD post-  BARR vs. ISO wa 0.059 d=0.877
hoc
Factor Analysis— LDB n = 7-8 per group
Factor Scores - Anxiety | Normal Effect of _
I distribution One-way ANOVA condition F(2,20)=0.537 0.593 12=0.051
Factor Scores - Anxiety | Normal Effect of
2 2=
1 disteibution One-way ANOVA conidition F(2,20)=3.306 0.058 12=0.248
Factor Scores - Normal Effect of _ s
Sociosexual Behavior distribution Oneway ANOVA condition L L A2-0:296
One-way ANOVA:
Fisher's LSD post- CTRL vs. BARR | wa 0.009 d=1.706
hoc
One-way ANOVA:
Fisher's LSD post- CTRL vs. ISO wa 0.167 d=0.746
hoc
One-way ANOVA:
Fisher's LSD post-  BARR vs. ISO wa 0.147 d=0.683

hoc
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3.4Results

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 opeelfl and playfulness tests, respectively), saaesibling
pairs of rats of both sexes were placed into control (CTRL) or barrier (BARR) cages or
were singlehoused in isolation cages (ISO). One week later, we assessed -dikgiety
behavior via the openeid 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 fieldFigure 31b). 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 contiebused animald=jgure 31c; Argue &

McCarthy, 2015). Irdrestingly, when we assessed the BARR and ISO play data, we
detected a significant main effect of both sex(0.036) and treatmenp & 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. Althougkxhecondition
interaction did not reach statistical significanpe=(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 playtg\elhis 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 comg@aoemales. Overall, these initial
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studies indicate that the modified housing used to prevent play does not in itself increase
anxietylike behavior or impair the ability to play if given the opportunity and provides
intriguing evidence in support of theéega 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 anima}, (viewed from the side (left panel, no
animals shown) and straight on (right panel). Acute play deprivation has no effect on
anxietylike behavior as evidenced by center time in an open field bestith timeline of
experiment shown above grgphdditionally, the ability and motivation to engage in
play is maintained showing ntactplay in BARR and ISO animals of both sexes
compared to historical control dataith timeline of experiment shown above graph
timeline of experimental procedurs the remainder of the study shown ind. Al
behavioral tests shown on the timelimere conducted in both the short and long duration
barrier studies, unless otherwise notdrs indicate group means + SEM, and open
circles represent data from individual rats. *p < 0105,10-14 per group.
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For adult behavioral experiments, rats weesaned on P21 into sarsex sibling
pairs. |In the fishort duration barriero exper
barrier or isolation cages starting on P26 or remained in control housing conditions
(Figure 31d). Animals remained in these conditsountil P40, a twaveek 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 thereamgreex differences in
resiliency to play deprivation, we repeated
barriero experiments (LDB). I n this study, a
isolation conditions for as long as could be toleratesthan 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 periodhoé 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 8ieB 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 artilegybehavior
later in life, we conducted two tests of aniyiike 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. Secamedassessed 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 stugigeré 31c) and as
such it was no longer novel. In both testve assessed measures of both ankilety
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 arm$-{gure 32a & 3.2c). However, replicating other studighnston
& 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 animpls 0.007 and 0.097,
respectively) whereby males spent significantly less time in the open athesnaze.
Mirroring these findings, we observed a significant main effect of sex in the distance
traveled in the maze in both studies (SPB: 0.034; LDB:p = 0.005;Figure 32b &
3.2d), with males exploring the maze significantly less than femaléiselbDB animals,
we also observed a main effect of conditipr<(0.001) on distance traveldeélost hoc
analysis indicated that BARR animals of both sexes were significantly more active in the
maze than both CTRLlp( 0.001) and ISOp(= 0.003) animals.
Open field test

Similar to performance on the elevated plus maze, we found that males across the
three conditions exhibited more anxidifye behavior, as they spent significantly less
time in the center of the open field arena than females(001;Figure 32¢).
Additionally, we observed an increase in hyperactivity in animals deprived of play
(Figure 32f). Post hocanalysis following a significant main effect of both spx(

0.001) and conditionp(= 0.013) on the number of gridline crossings indiddatat CTRL
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animals of both sexes were significantly less locomotive than BARR anipwl8.01),
with a trending effect when compared to ISO animals as wellQ.117). As before,

females across condition were also more locomotive on this test than males.

Figure 3.2. Juvenile play deprivation induces laterlife hyperactivity but has no

effect on anxietylike behavior; however, males exhibit more anxietyike behavior

than females.Percentage of time spent in the open amhsuid distance traveled)(in

an elevated plus maze on P47 in the short duration batuidy, with the same measures
shown for the long duration barristudy(c andd). 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 shoeandf, 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 < 0.00h,= 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 F@ure 33a &
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.

Novel Object Recognition

Short Duration Barrier Long Duration Barrier
A B
\ Female I[ Male [ Female Il Male |
1.0 s
o 8 1.0 8
Q =
2 0.5 g g ) i 3 j
[v] - [s] ~ = .
14 e j:: :é: 8 e
c
: e L 5 % :
g 0.0 o o : o @ 0.0 3
E ° E
= o © =
B-05 B-05 :
[a) 3 o
1.0 -1.0
Control Barrier Isolated Control Barrier Isolated Control Barrier Isolated Control Barrier Isolated

Figure 3.3. Juvenile play deprivation has no effect on novel object memory in
adulthood. Discrimination ratio & & b, calculated as the time spent investigating the
novel object minus that of the familiar object, divided by the total time spent
investigating either objectip the short and long duration barrier studrespectively, 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 beavior, as there were no differences in receptivity (lordosis quokgnite
3.4a) or proceptivity (number of proceptive behavidiigure 34b) 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 34c & 3.4d).
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Female Sex Behavior
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Figure 3.4. Juvenile play deprivation has no effect on copulatory behavior in adult
females.Lordosis quotientd, the number of lordoses exhibited by the female divided by
the total number of mounts by teémulus male) and the number of proceptive behaviors
(b, total number of hops, darts, and solicitations) exhibited in-entante test with a
sexually experienceadult male stimulus rat on P&& the short duration barrier study,
with the same measursesown for the long duration barrier studyciandd. Bars

indicate group means = SEM, and open circles represent data from individuakrats.

14 per group.
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Male sex behavior

In contrast to females, there was a significant impairment in sex belvaaidult
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 eithearsigmifi
trending effects on the average number of mounts ($380.075; LDB:p = 0.029;
Figure 35a & 3.5e) and the average number of intromissions (§D80.13; LDB:p =
0.016;Figure 35b & 3.5f) in both the SDB and LDB animals, with BARR and I8@les
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 #iatig) in the
SDB animals [ = 0.014;Figure 35c) which was also trending in the LDB animais=(
0.151;Figure 359). Post hocanalysis of data from the SDB animals revealed both
BARR (p = 0.03) and ISO( = 0.005) males had a significantly lower motate 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 mat(Uotehemawiese aksown | &s biegs & xlw
meaning that they do not ejaculate in the course of202@inute assay with a sexually
receptive female (Dewsbury, 1972; Pattij et al, 2005; Portillo et al., 2006). To determine
if play deprivation affectedth@ici dence of fAdudso, we cal cul at
animals in each group that ejaculated in one or both of #mi2(te sex behavior tests,

compared to the proportion that did not ejaculate in either test. We then conducted
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individual chitsquare goodness fit tests comparing the distribution of each group (Male
CTRL, BARR, and I1SO) to the expected distribution (90% ejaculators, 10% non
ejacul ators/ 6dudso) . Il n the SDB -ani mal s,
ejaculators did not significantly ddf from the expected distribution across any of the

three groupsKigure 35d). In the LDB animals, CTRL males also did not show a
significant differenceKigure 35h). However, the distribution of ejaculators vs. non
ejaculators in BARRg = 0.002) and IS (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 Adudso. Together,
deprivation impairs both the numbete 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 deprivationinduces deficits in adult male copulatory

behavior. Quantification of the average number of moumas ihtromissionslf), and the
mount rate ¢, 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
theshort duration barrier experiment. The same measures are shelm iior the long
duration barrier experimerd.andh 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 < 0004.,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 comtnohals
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 sot¢istimulus 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 pex@.001;Figure 36a; ratio data and
representative traces shownHigure 36b). Post hocanalysis indicated that male BARR
animals had a significantly higher social preference compared to all other groups,
including male CTRL§ < 0.001) and male ISQb& 0.001) animalsThis 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 F&upp.
3.S1a). However, while a small but significapt< 0.003) sex difference in the
percentage of time near the social box was detected in the LDB &tigdyd 36¢; ratio
data shown ifrigure 36d), with males showing increased social preference relative to

females, there was no effect of juvenile housingddmn.
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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 percentaga) @nd ratio p) of time spent near the social stimulus

box compared to time spent near the nonsocial, empty stimulus box in the short duration
barrier experiment. la andb, *** indicates male BARR animals significantly differed

from all other groups on both measunegh p < 0.001. The inset imnshows

representative traces from CTRL, BARR, and ISO males. The same measures are shown
in c andd for the long duration barriestudy. Bars indicate group means + SEM, and

open circles represent data from individual ratg. £0.01, ***p < 0.001n = 11-14 per
group.See also Supplemental Figure 3.S1.
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