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Abstract

Social play is a highly rewarding and motivated behavior predominately displayed by juveniles 

and expressed by nearly all mammalian species. Prior work suggested that the vasopressin (AVP) 

and oxytocin (OT) systems can regulate the expression of social play in sex-specific ways. Here 

we investigated whether there are sex differences in the recruitment of vasopressinergic and 

oxytocinergic brain regions following social play exposure in juvenile rats. Single-housed rats 

were allowed to play, in their home cage, with an age- and sex-matched unfamiliar conspecific for 

10 min, or received similar handling but no partner. Double-labeled fluorescent 

immunohistochemistry for Fos and either AVP or OT was completed in adjacent series of tissue to 

determine recruitment of AVP- and OT-immunoreactive neurons in response to social play. 

Exposure to social play did not increase recruitment of AVP or OT neurons in the supraoptic (SO) 

or paraventricular (PVH) hypothalamic nuclei of either sex compared to the no-play control 

condition. Interestingly, there was a robust sex difference in SO recruitment, irrespective of social 

play condition, with males exhibiting twice the recruitment of SO-AVP and SO-OT neurons 

compared to females. Lastly, exposure to social play increased recruitment of the posterior bed 

nuclei of the stria terminalis (pBST) and the posterodorsal medial amygdalar nucleus (MEApd) 

compared to the no-play control condition, and this effect was most pronounced in females. Our 

findings revealed sex differences in the recruitment of brain regions (i) independent of play 

condition (i.e., SO) possibly representing a sex difference in the baseline levels of AVP and OT 

signaling required for typical functioning and (ii) specific to play condition (i.e., pBST, MEApd). 

In sum, this study provides further evidence that the neural substrates underlying social play 

behavior are sex-specific.
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1 INTRODUCTION

Social play behavior is predominately displayed by juveniles of both sexes across nearly all 

mammalian species (1, 2). This evolutionary conservation is likely due to the importance of 

social play in the development of social, emotional, and cognitive skills that are essential for 

appropriate social interactions in adulthood (3–6). Moreover, social play is a highly 

rewarding behavior (7–9) and can be modulated by motivational state (10, 11). 

Understanding the neurobiological underpinnings of social play may have important 

implications for neurodevelopmental disorders like autism spectrum disorders (ASD), where 

the motivation to engage in social play is impaired (12, 13).

The neuropeptides vasopressin (AVP) and oxytocin (OT) have been implicated in the 

regulation of many social behaviors (14–16), including social play (17–22). These 

neuropeptides are evolutionally conserved across the animal kingdom (15, 16, 23), and have 

been implicated in neurodevelopmental disorders like ASD (24, 25). Notably, clinical trials 

have administered these neuropeptides to human subjects to test their ability to improve 

social functioning (clinicaltrials.gov).

We recently demonstrated that the regulation of social play by AVP and OT is sex-specific in 

juvenile rats. Specifically, central blockade of the AVP 1a receptor (V1aR) decreased social 

play behavior in males and increased social play behavior in females (18), while local V1aR 

blockade in the lateral septum (LS) produced the opposite pattern of results (18, 19). 

Although central or intra-LS blockade of the OT receptor (OTR) did not alter social play 

expression in either sex (18, 19), local infusion of OT into the LS decreased social play in 

juvenile females and did not alter social play in males (19). However, it is unclear whether 

the sex-specific regulation of social play by the AVP and OT systems corresponds with sex 

differences in the activation of vasopressinergic and oxytocinergic brain regions during 

social play.

In the current study, we determined whether there are sex differences in the recruitment of 

vasopressinergic and oxytocinergic brain regions in response to social play exposure in 

juvenile rats. We analyzed recruitment of the supraoptic (SO) and paraventricular (PVH) 

hypothalamic nuclei, which are the largest sources of AVP and OT (26). We also analyzed 

recruitment of regions of extrahypothalamic AVP synthesis, specifically the posterior region 

of the bed nuclei of the stria terminalis (pBST) and the posterodorsal part of the medial 

amygdalar nucleus (MEApd) (27–29). Recruitment was measured via fluorescent double-

labeled immunohistochemistry for AVP or OT combined with Fos, a commonly used 

indirect measure of neuronal activation (30, 31). We hypothesized that Fos induction within 

AVP and OT neurons would be increased in rats that were exposed to social play compared 

to those that were not exposed to social play, and that sex differences in Fos induction 

patterns might be observed.
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2 MATERIAL AND METHODS

2.1 Animals

Experimentally naïve male and female Wistar rats (28 days old at arrival; Charles River 

Laboratories, Kingston, NY) were housed in single sex groups of two to four in standard rat 

cages (48 × 27 × 20 cm) and maintained under standard laboratory conditions (12 hr light/

dark cycle, lights off at 14:00 h, 22 C, 50% humidity, food and water ad libitum). All 

housing and testing was in accordance with the National Institute of Health Guidelines for 
Care and Use of Laboratory Animals and the Boston College Institutional Animal Care and 

Use Committee.

2.2 Behavioral procedure and analysis

Following arrival, rats were acclimated to the housing room for at least 24 hrs prior to the 

start of daily handling. At 31–32 days of age, experimental rats were individually housed in 

clean cages approximately 4 h prior to the onset of the dark phase and were maintained 

individually housed for the remainder of the experiment (stimulus rats remained group 

housed). That same day, during the first hour of the dark phase, experimental rats received 

the first of two habituation sessions (that occurred on consecutive days) to the social play 

procedure: home cages were removed from the cage rack and placed on the floor of the 

housing room, wire cage lids were removed and replaced with a Plexiglas lid, and a tripod 

and video camera were set up above each cage. After ten minutes, wire lids were replaced 

and cages returned to the cage rack. During habituation sessions, no social play partners 

were present. The day after the last habituation session, subjects underwent the social play 

test (at 33–34 days old). The 10 min social play test procedure was identical to the habitation 

sessions described above, except that the Play groups (males n=8, females n=8) were 

exposed to an age- and sex-matched unfamiliar stimulus rat during the test while the No-

Play groups (males n=8, females n=8) were not given access to a conspecific. Stimulus rats 

were striped with a permanent marker 30–60 min prior to testing in order to distinguish them 

from the experimental rats during later video analysis. After the test, rats were left 

undisturbed in the housing room until sacrifice 80 min later (see 2.3 Histological procedure). 

Food and water were not available during the 10 min habituation or testing sessions, but 

were immediately returned when each session was complete. All habituation and testing 

took place during the first hour of the dark phase, and testing order was counterbalanced 

across sex and play conditions. All sessions were videotaped for future behavioral analysis.

Behavior during the test was analyzed using JWatcher software (jwatcher.ucla.edu), by a 

trained observer unaware of the sex of each subject. Videos for subjects in the Play groups 

were analyzed for the amount of time spent engaged in social play behavior (playful 

interactions with the intruder), social investigation (sniffing the anogenital region of 

intruder), allogrooming (grooming head and neck of intruder), and non-social behavior (e.g., 

cage exploration, self-grooming). The frequency of main stereotypical play behaviors, 

specifically, nape attacks (resident attacks or makes nose contact with nape of intruder), pins 

(resident holds intruder in supine position) and supine positions (resident is pinned on its 

back by intruder) was also analyzed (individually as well as total), according to (18). Nape 

attacks and pins are considered measures of social play motivation, while supine positions 
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represent play receptivity (5, 10, 11) and are less frequently expressed by experimental rats 

in our testing paradigm (18, 19, 32). Videos for subjects in the No-Play groups were 

watched to confirm the presence of typical behaviors (such as cage exploration and self-

grooming) and the absence of abnormal behaviors.

2.3 Histological procedure

Rats were deeply anesthetized with isoflurane, then transcardially perfused with 0.9% saline 

followed by 4% paraformaldehyde in 0.1 M borate buffer (pH 9.5). Brains were extracted 

and post-fixed overnight in a solution of 12% sucrose dissolved in the perfusion liquid, then 

rapidly frozen in hexanes cooled in dry ice, and stored at −45°C. Brains were sliced into 

30μm coronal sections using a sliding microtome (Leica SM2000R) and collected into four 

series. Three series were put into cryoprotectant solution (0.05 M sodium phosphate buffer, 

30% ethylene glycol, 20% glycerol) and stored at −20°C until later immunohistochemical 

processing. One series was collected into tris-buffered saline solution (TBS; 50 mM, pH 

7.6), mounted onto gelatin-coated slides, and stained with thionin (as described in: 33) for 

identification of cytoarchitectonic borders of brain regions as defined in Swanson’s rat brain 

atlas (34).

Separate series of brain sections were processed using double-label fluorescent 

immunohistochemistry for Fos and either AVP or OT. AVP and OT were visualized using 

highly specific monoclonal antibodies raised against mammalian AVP and OT-associated 

neurophysins and exhibit no cross-reactivity (35). Tissue was processed sequentially, first for 

Fos and then for AVP or OT. The histological procedures described below were completed in 

semi-darkness and out of direct light to preserve fluorescence.

For each series, tissue was removed from cryoprotectant storage solution and thoroughly 

rinsed in TBS. To process for Fos, tissue was incubated for 24 h at 4°C in a blocking 

solution [TBS with 0.3% Triton X-100 and 2% normal donkey serum (017-000-121, Jackson 

ImmunoResearch, West Grove, PA)] with the primary antibody anti-cFos raised in rabbit 

(1:7.5K; ABE457, Millipore, Billerica, MA). After rinses in TBS, tissue was incubated for 

one hour in the blocking solution containing the secondary antibody Alexa 594 anti-rabbit 

raised in donkey (1:500; 711-585-152, Jackson ImmunoResearch, West Grove, PA). 

Following rinses in TBS, tissue was then processed for AVP or OT by incubation for 24 h at 

4°C in the blocking solution containing either anti-AVP-associated neurophysin raised in 

mouse (1:10K; PS41, Dr. Harold Gainer, NIH, Bethesda, MD) or anti-OT-associated 

neurophysin raised mouse (1:10K; PS38, Dr. Harold Gainer, NIH, Bethesda, MD). Tissue 

was then rinsed in TBS and incubated for 1 h in the blocking solution containing the 

secondary antibody Alexa 488 anti-mouse raised in donkey (1:500; 715-545-150, Jackson 

ImmunoResearch, West Grove, PA). Following rinses in TBS, tissue was mounted onto 

gelatin-coated slides, air-dried, coverslipped with Vectashield HardSet Mounting Medium 

with DAPI (4′,6-diamidino-2-phenylindole; H-1500; Vector Labs, Burlingame, CA, USA), 

and stored at 4 °C.
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2.4 Image acquisition and analysis

For the SO and PVH, images of the processed tissue sections were acquired with a 20X 

objective on a Zeiss AxioImager fluorescence microscope with ApoTome attachment (Carl 

Zeiss Microscopy GmbH, Jena, Germany), Hamamatsu Orca-R2 camera (Bridgewater, NJ), 

and Zen software (Carl Zeiss Microscopy GmbH, Jena, Germany). For the SO, three 

bilateral sets of images were taken at the mid-rostral, middle, and mid-caudal points of the 

region (corresponding to atlas levels 21, 23, and 25; (34); Figure 1A). For the PVH, bilateral 

images were taken across three adjacent sections of the most AVP- and OT-dense area 

(corresponding a region spanning from caudal atlas level 25 thru rostral atlas level 27 (34); 

Figure 1B). For both the SO and PVH, single or tiled images were taken as needed to 

capture the entirety of the AVP or OT population at each sampling location, and counts were 

done within the neuroanatomical borders of each brain region (Figure 1A, 1B) based on 

neuropeptide distribution, reference to the adjacent Nissl-stained series, and the Swanson rat 

brain atlas (34).

For the pBST and MEApd, images of the processed tissue sections were acquired with a 

20X objective on a Keyence BZ-X700E/BZ-X710 fluorescence microscope and associated 

BZ-H3AE software (Keyence Corporation of America, Elmwood Park, New Jersey). For the 

pBST, three bilateral sets of images were taken: one at atlas level 21, and two (one dorsal, 

one ventral) at atlas level 22 ((34); Figure 1C). For the MEApd, three bilateral sets of images 

(taken at atlas levels 28–30 (34)) sampled the rostocaudal extent of the region (Figure 1D). 

Counts for the pBST and MEApd were done for the entirety of each image obtained, and the 

image field-of-view was 724.69 μm × 543.52 μm (Figure 1C, 1D).

Analysis was conducted from the triple-merged images (composite images showing each 

fluorophore/stain used; Figure 1E, far-right image); however, single-label images (Figure 

1E, first three images) were consulted as needed to confirm the cell and stain type. A neuron 

was counted as AVP- or OT-immunoreactive (-ir) only if both the cell body and the nucleus 

were visible. A neuron was counted as Fos-ir when the Fos labeling was contained within 

the nucleus. The nuclear counterstain, DAPI, was used in all images to identify nuclei. All 

analysis was conducted by an experimenter unaware of the experimental condition or sex of 

the rats corresponding to the images.

For the SO and PVH, the number of double-labeled neurons (AVP-ir + Fos-ir, OT-ir + Fos-

ir) and the total number of Fos-ir neurons were quantified. The percent of the total Fos 

induction that occurred within AVP-ir and OT-ir neurons was then calculated separately for 

each series [(number of double-labeled neurons in one series)/(total number of Fos-ir 

neurons in the same series)*100]. Due to the high density of AVP- and OT-synthesizing 

neurons in the SO and PVH, the total number of AVP-ir or OT-ir neurons was not counted. 

AVP-ir neurons in the pBST and MEApd could not be consistently identified; thus, only 

total Fos induction in these brain regions was quantified. The number of double-labeled 

neurons (for SO and PVH) and total number of Fos-ir neurons (for all brain regions 

analyzed) were averaged by hemisphere at each sampling location. Although multiple 

sampling locations were analyzed across each brain region, no significant regional 

differences were found in the pattern of Fos induction (i.e., in repeated measures ANOVAs 
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there were no significant within-subjects interactions with sampling position). Therefore, 

counts were summed across samples for each brain region.

2.5 Statistical analysis

For the Play groups, independent sample t-tests were used to analyze the effect of sex on 

social behaviors during the test. Two-way analysis of variances (ANOVAs) were used to 

analyze the effects of play condition and sex on Fos induction within AVP or OT neurons in 

the SO and PVH, and total Fos induction in the pBST and MEApd. Mixed design (tissue 

series × play condition × sex) ANOVAs were used to analyze total Fos induction within the 

SO and PVH. If a main effect of play condition was reported, then post hoc independent 

samples t-tests were completed and Cohen’s d effect size measures computed to determine if 

the effect was similar in males and females. Pearson correlations (using all subjects in the 

play condition) were completed to explore whether the number of double-labeled neurons in 

SO or total Fos induction in the pBST and MEApd (neuronal populations that had robust 

and/or differential Fos induction) was related to the time spent engaged in social play 

behavior (as an indicator of overall playfulness). All data were assessed for normality at the 

group level via Shapiro-Wilk; data analyzed with t-Tests were assessed with Levene’s test 

for equality of variances and adjusted t/df values were used as directed by this test. Due to 

tissue damage, Fos data for the following were not collected: SO (AVP: 2 females play; OT: 

2 females play, 1 female no-play), PVH (AVP: 1 female play, 1 male no-play; OT: 1 female 

play), pBST (1 male play, 1 male no-play, 1 female play), MEApd (2 males no-play 

condition, 1 female no-play condition). Data were analyzed using IBM SPSS Statistics 24, 

and statistical significance was set at p < 0.05.

3 RESULTS

3.1 Effect of Sex on Social Play Behavior

Males and females in the Play groups exhibited similar behavior during the test (Figure 2). 

Specifically, there were no significant sex differences in the duration of social play behavior 

(t(14) = 1.10, p = 0.30), social investigation (t(14) = 0.81, p = 0.43), or allogrooming (t(14) = 

1.07, p = 0.30). There were also no significant sex differences in social play motivation as 

measured by the number of nape attacks (t(14) = 0.95, p = 0.40) and pins (t(14) = 0.05, p = 

0.96), but there was a trend for females exhibiting reduced play receptivity compared to 

males as measured by the number of supine positions (t(14) = 1.99, p = 0.07). However, the 

total number of all three play elements combined was similar between the sexes (males: 47 

± 9, females 36 ± 9; t(14) = 0.87, p = 0.40).

3.2 Effects of Play condition and Sex on Fos induction in the SO

In the SO, there was no effect of play condition on Fos induction within AVP-ir neurons or 

OT-ir neurons. However, Fos induction was significantly greater in males compared to 

females within AVP-ir neurons (Figure 3A, F) and OT-ir neurons (Figure 3B, F; see Table 1 

for complete statistics). Fos induction within OT-ir, but not AVP-ir, neurons significantly 

correlated with the percent of time subjects were engaged in social play (OT: r(14) = 0.54, p 
< 0.05; AVP: r(14) = 0.35, p = 0.22; Figure 3C). Although this correlation effect appeared to 
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be driven by the males, it did not reach significance for either sex when examined separately 

(males: r(8) = 0.62, p = 0.10; females: r(6) = −0.10, p = 0.85).

The patterns of SO-AVP and SO-OT activation reflected the pattern of total Fos induction 

within the SO. Specifically, the total number of Fos-ir nuclei in the SO was greater in males 

than in females (Figure 3D, F), but was not affected by play condition and did not differ 

between the two series of tissue (see Table 1 for complete statistics). This resulted in the 

percent of the total SO Fos induction that occurred within AVP-ir or OT-ir neurons being 

similar across sexes and play conditions (AVP: 66.6% ± 2.7, OT: 27.3% ± 3.2; see Table 1 

for statistics and Section 2.4 for calculation). Since total Fos induction was similar in the 

two series of tissue and AVP and OT rarely colocalize in the SO (36), we can further 

estimate the percent of Fos-ir only nuclei (those that did not occur within AVP-ir and OT-ir 

cell bodies) by recalculating the percent of total SO Fos induction that occurred within AVP-

ir or OT-ir neurons from the average amount of total Fos induction between the two series 

(AVP: 75.4% ± 4.1, OT: 22.1% ± 1.9). Estimates from both the within series (Figure 3E, 

left) and between series (Figure 3E, right) calculations suggest that Fos induction within 

AVP-ir and OT-ir neurons accounted for > 90% of the total Fos induction observed in the 

SO.

3.3 Effects of Play Condition and Sex on Fos induction in the PVH

In the PVH, there was negligible Fos induction within AVP or OT neurons (Figure 4A, B). 

Some Fos induction was observed in non-AVP-ir or non-OT-ir neurons in the PVH, but total 

PVH Fos-ir was similar across groups and between the two series of tissue (see Table 1 for 

statistics; Figure 4C). Therefore, no further analyses were justified.

3.4 Effects of Play Condition and Sex on Fos induction in the pBST and MEApd

AVP-ir neurons in the pBST and MEApd could not be consistently identified (see also 

sections 2.4 and 4.3); thus, only total Fos induction in these brain regions was quantified. In 

the pBST, Fos induction was significantly greater in subjects in the Play compared to the No 

Play groups (see Table 1 for statistics; Figure 5A, B). Females had greater Fos induction 

than males which was reflected by the main effect of sex as well as the play condition by sex 

interaction approaching significance (see Table 1 for statistics). Post hoc tests to assess 

whether the effect of play condition on pBST Fos induction was similar between the sexes 

showed that there was a significant difference between the Play and No Play groups in 

females (t(6.5) = 2.76, p <0.05, d = 1.47), and this comparison approached significance in 

males (t(12) = 1.91, p = 0.08, d = 1.02). Fos induction in the pBST did not correlate with the 

percent of time subjects were engaged in social play (r(14)= 0.01, p = 0.99).

In the MEApd, Fos induction was significantly greater in subjects in the Play compared to 

the No Play groups (see Table 1 for statistics; Figure 5C, D). There was no effect of sex on 

MEApd Fos induction, but a sex by play condition interaction approached significance (see 

Table 1 for statistics). Post hoc tests to assess whether the effect of play condition on 

MEApd Fos induction was similar between the sexes showed a significant difference 

between the Play and No Play groups in females (t(8.7) = 3.42, p <0.01, d = 1.73), but not in 
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males (t(12)=1.33, p = 0.21, d = 0.72). Fos induction in the MEApd did not correlate with the 

percent of time subjects were engaged in social play (r(16)= −0.19, p = 0.49).

4 DISCUSSION

In the current study, we examined recruitment of vasopressinergic and oxytocinergic brain 

regions, and observed region- and sex-specific patterns of Fos induction in response to social 

play exposure in juvenile rats. Contrary to our hypothesis, exposure to social play did not 

increase Fos induction of AVP- or OT-synthesizing neurons in the SO or PVH of either sex 

compared to the no-play control condition. However, a positive correlation was found 

between recruitment of SO-OT neurons and the percentage of time spent engaged in social 

play. Interestingly, we observed a robust sex difference in Fos induction in the SO, 

irrespective of social play condition, with males exhibiting twice the recruitment of SO-AVP 

and SO-OT neurons compared to females. In contrast, there was very little recruitment of 

PVH-AVP or PVH-OT neurons across all conditions. Although AVP neurons could not be 

quantified in the pBST or MEApd, these two regions showed increased Fos induction in the 

social play compared to the no-play control condition, and this effect was most pronounced 

in females. Despite sex differences in neural recruitment patterns, males and females 

displayed similar levels of social play behavior which was consistent with prior reports (18, 

19, 32). Together, the sex-specific recruitment of the SO (irrespective of play condition), and 

pBST and MEApd (specific to the social play condition) strongly suggest that the functional 

neural systems that support the expression of social play behavior are different in males and 

females.

4.1 Sex differences in baseline activation of the SO

Irrespective of play condition, juvenile male rats exhibited twofold greater recruitment of 

SO-AVP and SO-OT neurons compared to females. This sex difference in recruitment could 

be reflective of sex differences in the number of AVP or OT neurons in the SO (which was 

not assessed in the current study, see section 2.4). Indeed, the area of the SO expressing AVP 

neurons has been reported to be larger in juvenile and adult male compared to female rats 

(37, 38). However, this difference in area appears to be due to differences in neuronal size as 

opposed to neuronal number (37). Moreover, there is no sex difference in SO-OT expression 

in juvenile or adults rats (39, 40). Therefore, our results likely suggest a baseline difference 

in the activation of vasopressinergic and oxytocinergic neurons in the SO, and the potential 

for higher basal AVP and OT signaling in juvenile male compared to female rats.

In both sexes and across play conditions, activation of AVP and OT neurons represented 

nearly all of the observed SO Fos induction, consistent with the composition of the SO (36, 

41). We estimated that < 10% of the total Fos induction was outside of AVP-ir and OT-ir 

neurons; this non-AVP and non-OT Fos induction is more likely to represent activation of 

excitatory neuronal or astrocytic populations (41), rather than inhibitory neuronal 

populations (42, 43). This additional Fos induction could also be the result of sampling error 

(e.g., due to the nature of 2D imaging, the counts for AVP and OT being completed in 

separate series of tissue, or weakly labeled AVP/OT neurons that were not classified as AVP- 

or OT-positive).
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Exposure to social play did not increase Fos induction within any of the AVP or OT 

populations investigated in the current study. When considered in isolation, one possible 

interpretation of our data is that these neuropeptides are unimportant for the expression of 

social play behavior. However, prior studies in juvenile rats have shown this is not the case 

(18–20). Instead of direct real-time control of social play behavior, it could be that a specific 

baseline level of AVP and OT signaling is required for normal expression of social play 

behavior, and that alternations to these baseline levels via pharmacological manipulations 

(18, 19) or a congenital absence of AVP signaling (20) results in alternations in social play. 

If this were the case, then the robust sex difference in baseline activation of SO-AVP and 

SO-OT neurons could represent a new example of the dual-function hypothesis (44), 

suggesting that these sex differences in the brain exist in order to prevent sex differences in 

levels of social play behavior. This interpretation is consistent with earlier data in juvenile 

rats showing the emergence of sex differences in social play behavior when AVP signaling is 

disrupted (18, 19), and OT signaling is increased (19).

Although we did not observe differences in the recruitment of AVP- and OT-synthesizing 

neurons in subjects exposed to social play compared to no-play controls in the present study, 

not all sources of AVP and OT were investigated. For example, AVP- and OT-synthesizing 

neurons are found in scattered islands of accessory magnocellular groups (26) and few 

studies have explored the function of these neurons (45). There might also be species 

differences in the activation of these neuronal populations in response to social play, as a 

social play-induced increase in SO-AVP Fos induction was observed in juvenile male golden 

hamsters (21). Lastly, immediate early gene induction mapping comes with limitations, and 

in the current study only one marker (Fos) was used to assess neuronal recruitment (30, 31). 

Thus, mapping the induction of other immediate early genes or performing 

electrophysiological recordings could reveal social play-specific recruitment of AVP or OT 

neuronal populations.

4.2 A potential role for SO-OT neurons in social play expression

SO-OT activation was positively correlated with the percentage of time rats spent engaged in 

social play behavior. We postulate that individual differences in the level of social play 

expression could account for this correlation, in the absence of a main effect of social play 

exposure on SO-OT recruitment. Correlations derived from a small sample tend to be 

underpowered and should be interpreted with caution. Indeed, post hoc power analyses using 

G*Power (46) showed the statistical power of this correlation to be 0.55 (the sex-specific 

correlations had even lower power, 0.40 for males and 0.05 for females). Therefore, this 

finding warrants future investigations to more directly assess a potential role for SO-OT 

neurons in social play expression. Interestingly, recent evidence has implicated SO-OT 

neurons in other social behaviors. For example, SO-OT neurons are recruited during 

conditioned mate guarding in female rats (47) and pup exposure in female mice (48), and 

may facilitate social recognition in male mice and rats (49). SO-OT recruitment could be a 

consequence of social play expression, since tactile stimulation increased Fos induction in 

SO-OT neurons of adult male rats (50) and central or LS-specific blockade of OT signaling 

did not alter social play expression in juvenile male or females rats (18, 19). Conversely, SO-

OT could regulate social play expression by activation of specific pathways and/or target 
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regions. In support, local brain region-specific manipulations of OT signaling altered social 

play expression in juvenile female rats (19). To better understand the possible role of SO-OT 

neurons in social play behavior, future work could investigate the efferent targets of SO-OT 

neurons that are recruited during social play, and whether inhibition or stimulation of SO-OT 

neurons alters social play expression.

4.3 Social play recruits the pBST and MEApd in sex-specific ways

We observed increased Fos induction in the social play compared to the no-play control 

condition in the pBST and MEApd. Importantly, the effect sizes of these comparisons were 

larger in females compared to males, especially in the MEApd. Thus, the pBST and MEApd 

are potentially important regions in regards to the sex-specific regulation of social play, and 

may serve as additional examples of the dual-function hypothesis (44). That is, greater play-

specific recruitment of the pBST and MEApd in females compared to males may be 

important for preventing sex differences in the levels of social play behavior. Our pBST 

results are in agreement with increased BST Fos induction (in a region rostral to that 

analyzed in the current study) in juvenile male rats (51) and increased pBST Fos induction 

in juvenile male golden hamsters (21) in response to social play. Further, while social play 

exposure increased MEApd Fos induction in juvenile male golden hamsters (21), prior 

studies in juvenile male rats did not observe increased Fos induction when the entire 

amygdala (52) or entire MEA (51) were assessed. Together, this highlights the importance of 

neuroanatomical specificity and the inclusion of both sexes in studies investigating the 

neural substrates underlying social play behavior.

Whether the Fos induction observed in the pBST or MEApd reflected activation of AVP 

neurons remains unknown as we were unable to confidently identify AVP-ir neurons in these 

regions. This is most likely due to a combination of factors including the lower density, 

smaller size, and lighter staining of AVP-ir neurons in the pBST and MEApd compared to 

those in the SO and PVH (53, 54), intermingled placement of extrahypothalamic AVP-ir 

neurons among AVP-ir fibers (53, 54), as well as the low number of extrahypothalamic 

AVP-ir neurons in juveniles compared to adults (53). Methodological limitations may have 

also contributed to our difficulty in identifying extrahypothalamic AVP-ir neurons. In situ 
hybridization techniques tend to report higher numbers of AVP-positive neurons in juvenile 

rats compared to immunohistochemical methods (38, 53).

It is important to note that extrahypothalamic sources of AVP likely contribute to the sex-

specific regulation of social play behavior. Specifically, pBST-AVP mRNA expression 

negatively correlated with social play expression in juvenile male, but not female, rats (17). 

This seems in line with the observation that social play behavior increased in juvenile male, 

but not female, rats upon V1aR antagonist administration in the LS (18, 19), a brain region 

that receives AVP fiber projections from the pBST (55). Our finding of sex differences in the 

recruitment of the pBST and MEApd during social play provides a means by which 

differential activation of extrahypothalamic-AVP to LS pathways (55, 56) could support the 

sex-specific regulation of social play. Obtaining direct evidence for this hypothesized 

functional pathway is an important avenue for future research.
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4.4 Weak recruitment of the PVH across conditions

There was negligible Fos induction of AVP and OT neurons in the PVH across sexes and 

experimental conditions, suggesting that, despite prior evidence that PVH-AVP expression 

positivity correlates with social play in juvenile male rats (17), there is little activation of 

these populations during social play. Further, although Fos induction was reported in AVP-ir 

neurons following social play exposure in juvenile male golden hamsters, the level of Fos 

induction did not differ from the control condition (21). We observed some Fos induction in 

cells not labeled for either AVP or OT; this weak PVH recruitment was similar between the 

sexes and there was no effect of social play exposure of total Fos induction, consistent with 

prior reports in juvenile male rats (52). The PVH is a highly heterogeneous brain region, 

containing multiple distinct populations (57) and determining the phenotypes of PVH cells 

recruited during this behavioral paradigm should be investigated in future research.

4.5 Conclusion

We identified neural substrates whose Fos induction patterns were associated with the 

expression of social play behavior by juvenile rats that were exposed in their home cage to a 

novel conspecific: the pBST, the MEApd, and possibly SO-OT neurons. Furthermore, we 

observed sex differences in Fos induction patterns for the SO, pBST, and MEApd. Because 

males and females show similar levels of social play behavior, our findings may indicate that 

these sex differences in the brain act to prevent sex differences in the expression of social 

play. Specifically, we propose that the robust sex difference in the activation of the SO 

represents a sex difference in the baseline levels of AVP and OT signaling required for 

typical functioning, and that females require greater increases from baseline pBST and 

MEApd activation in order to show levels of social play behavior similar to that of males.
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Figure 1. 
Representation of sampling locations shown on modified rat brain atlas templates (34) for 

the SO (A), PVH (B), pBST (C), and MEApd (D); headings refer to atlas level and distance 

in mm from bregma; green-filled areas refer to the analyzed locations. Example of analysis 

procedure (E) showing OT cytoplasmic labeling in green, Fos nuclear staining in red, and 

DAPI nuclear counterstain in blue. The number of double-labeled (white arrow) and single-

labeled Fos-immunoreactive nuclei (yellow arrowheads) were counted. Scale bar = 25 μm, 

opt = optic tract, fx = fornix.
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Figure 2. 
The percent of time juvenile male and female rats spent engaged in social behaviors (A) and 

the frequency rats expressed stereotypical social play elements (B) during the 10 min test in 

which each rat is exposed in its home cage to an age- and sex-matched unfamiliar stimulus 

rat. Data presented as mean ± SEM.
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Figure 3. 
Effects of play condition and sex on Fos induction within the SO. Fos induction within AVP-

ir (A) and OT-ir (B) neurons. (C) Correlation between the time rats spent engaged in social 

play and Fos induction within OT-ir neurons. (D) Total SO Fos induction in AVP and OT 

tissue series. (E) Percent of total Fos induction that occurred within SO AVP-ir and SO OT-

ir neurons within each series (left), and estimated between series (right). (F) Representative 

photomicrographs illustrate Fos induction (red), AVP-ir or OT-ir neurons (green), and the 

nuclear counterstain DAPI (blue). Bar graphs display mean ± SEM; *p < 0.05, **p < 0.01; 

opt = optic tract; scale bars = 50 μm.

Reppucci et al. Page 17

J Neuroendocrinol. Author manuscript; available in PMC 2019 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Fos induction within the PVH. Fos induction within AVP-ir (A) and OT-ir (B) neurons, and 

total PVH Fos induction in AVP and OT tissue series (C). Bar graphs display mean ± SEM.

Reppucci et al. Page 18

J Neuroendocrinol. Author manuscript; available in PMC 2019 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Fos induction in pBST (A) and MEApd (C). Representative photomicrographs of pBST (B) 
and MEApd (D) illustrate Fos induction (red), AVP-ir fibers (green), and the nuclear 

counterstain DAPI (blue). Bar graphs displays mean ± SEM; yellow arrowheads on insets 

indicate Fos-ir nuclei; **p < 0.01; # p<0.05 between Play and No-Play groups of the same 

sex; int = internal capsule, opt = optic tract; scale bars = 50 μm.
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