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Introduction

Social play behaviour facilitates the development of social, emotional and cognitive capacities, including resilience. Deprivation of social play in rats leads to alterations in anxiety, stress and social behaviour. The aim of this study was to elucidate the effects of social play deprivation, specifically on the responsivity to social and non-social challenges. We hypothesised that play deprivation leads to impairments in stress resilience later in life, particularly in social contexts. 





Methods

To test this, play-deprived rats were compared with undeprived control rats for their responsivity to (1) a novel environment, (2) facing an aggressive male rat in its territory (resident-intruder test) and (3) an encounter with two unfamiliar conspecifics in a neutral, familiar environment (stranger encounter test). 





Results

Corticosterone concentrations in response to these different stressors were comparable between play-deprived and control rats. Behavioural analysis revealed that play-deprived rats responded similar to undeprived controls when confronted with an aggressive rat in its territory. In the stranger encounter test, the unfamiliar strangers directed more play behaviour towards play-deprived animals than towards undeprived control animals. 





Discussion

Together our results indicate that, except for subtle differences in play behaviour in a social challenging condition, play deprivation did not result in altered corticosterone responses to the different stressors. Our data add to the existing knowledge about the impact of social play for the development of resilient and social behaviour later in life.
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Introduction

Social play is a highly rewarding activity and is abundantly displayed in young mammals. including humans, as well as in certain birds and reptiles (Graham and Burghardt, 2010; Ginsburg et al., 2007; Pellis and Pellis, 2009; Vanderschuren and Trezza, 2014). It is well accepted that play is important for a healthy development of brain and behaviour (Ginsburg et al., 2007; Pellis and Pellis, 2009; Achterberg and Vanderschuren, 2023). Play allows for experimentation with one’s behavioural repertoire. Therefore, it is assumed that play facilitates the development of social competence, emotional and motor capacities, resilience, creativity and problem-solving skills (Pellis and Pellis, 2009; Vanderschuren and Trezza, 2014; Špinka et al., 2001; Lillard, 2017; Nijhof et al., 2018).

Rodent studies have been instrumental in understanding the impact of social play on the development of social behaviour, but also on (emotional) resilience. For example, rats that were deprived of social play have been shown to develop social and cognitive dysfunctions. Several studies have revealed anomalies in anxiety, stress and social behaviour in rats that were deprived of social play behaviour (Hol et al., 1999; Van den Berg et al., 1999; Von Frijtag et al., 2002; Lukkes et al., 2009; Baarendse et al., 2013; Bijlsma et al., 2022). In line with these findings, human case studies suggest that play in a natural environment can increase children’s problem-solving skills and resilience to stress (Harrison and Harrison, 2013), while reduced risky and outdoor play is associated with lower self-esteem and academic achievements (Tremblay et al., 2011, 2015). An important group in this respect are children with a neurodevelopmental disability or with a chronic disease (Nijhof et al., 2018). Limited opportunities to participate successfully in (social) play may contribute to the risk for developmental delays in the social, emotional, physical, and cognitive domain that characterises these children (e.g. Pinquart, 2017; Maurice-Stam et al., 2019; Martinez et al., 2011; Schulte and Barrera, 2010; Munambah et al., 2020).

The hypothalamus-pituitary-adrenal (HPA) axis has been implicated in the regulation of the stress response and play behaviour in rats. For example, repeated treatment with corticosterone during early life (postnatal day (PND) 1-4) reduced social play behaviour during adolescence (Meaney et al., 1982), while daily injections with corticosterone from PND26-40 did not affect social play behaviour (Meaney and Stewart, 1983). Glucocorticoid treatment between PND 28 and 42 caused more aggressive play and blunted the corticosterone response to novel environment stress in another study (Veenit et al., 2013). The regulation of the HPA axis changes from pre-weaning through adolescence (McCormick et al., 2008), paralleling the marked neuronal development and reorganisation during adolescence (Willing and Juraska, 2015).

The aim of this study was to further elucidate the effects of social play deprivation, with a particular focus on the responsivity to social and non-social stressors. We hypothesised that a lack of social play experience during early life leads to atypical tuning of the hypothalamic-pituitary-adrenal axis and thereby to impairments in stress resilience later in life, particularly in social contexts. To test this, rats deprived of social play (SPD) were compared with rats that were group housed (i.e. they could play freely) during early adolescence for their responsivity to situations both humans and rats encounter in their natural environment. As a non-social stressor, a novel environment test (NET) was performed. As social stressors, we exposed the rats either to a modified resident-intruder test (RIT) or to two strangers in a familiar environment (stranger encounter test, SET).





Methods




Animals

Male Lister Hooded rats (N = 84; Charles River, Sulzfeld, Germany) arrived at the animal facility with nursing mothers at PND 14. They were housed in Macrolon cages (L40 x W26 x H20 cm) under controlled conditions (20-21°C temperature, 60-65% relative humidity) at a 12-h light/dark circle (lights off at 9 pm). Food and water were available ad libitum. In addition, male Wistar rats (N = 8, >400g), from an in-house breeding colony, were used as resident for the resident/intruder test. These rats were solitarily housed in another room under otherwise identical housing conditions and selected for their territorial behaviour. Experimental procedures were carried out in the dark phase. Experiments were approved by the Animal Ethics Committee of Utrecht University and in accordance with the Dutch and European regulations (Wet op dierproeven 2014 and Guideline 86/609/EEC; Directive 2010/63/EU).





Social play deprivation

Social play behaviour in rats is most abundant between PND 21-42 (Panksepp, 1981). Play deprivation was induced as previously described (Bijlsma et al., 2022, 2024, Marquardt et al., 2023; Peartree et al., 2012). Immediately after weaning on PND 21, the rats were divided into either the control or SPD group in weight matched pairs, both from the same mother. A transparent plexiglass barrier separated the rats in the cages of the social SPD pairs (see Figure 1). The barrier contained small holes allowing the rats to see, smell and hear each other, but preventing them to engage in social (play) and other behaviour involving physical contact. From PND 21 to 42, the rats were only handled for their weekly health check and cage change. After the social play deprivation period on PND 42, SPD rats were re-socialised by removing the barrier. Both groups stayed housed in the same pairs until the experiments commenced in adulthood from PND 75 onwards. After re-socialisation, the rats were frequently handled and habituated to the tail incision method used for blood sampling (Figure 1).




Figure 1 | Schematic of the experimental design. On postnatal day (PND) 21, rat pairs were divided into the control or social play deprivation (SPD) group. A transparent, perforated barrier separated the rats of the SPD group, making them unable to engage in social play behaviour. After 3 weeks, on PND 42, the barriers were removed. In adulthood, between PND 74 and 112, in experiment 1 rats were subjected to the novel environment and resident-intruder stress tests. In experiment 2, rats were subjected to a stranger encounter paradigm.  Plasma corticosterone was measured at different time points before, during, and after the tests. Social behaviour was scored in the resident-intruder and stranger encounter test. This image was created using BioRender.com.







Stress tests

Different tests were chosen to represent challenging situations that both humans and male rats encounter in their natural environment as adults. It is plausible for adult humans to come across novel environments, meet multiple strangers in a familiar environment (e.g. in a pub) or encounter aggressive individuals. Male rats in the wild may leave their natal areas (Greenwood, 1980; Gardner-Santana et al., 2009; Gatto-Almeida et al., 2022). During that transition, rats may encounter novel environments that need to be explored and aggressive conspecifics in their respective territories. It is also possible for rats to come across strangers when they themselves establish a new territory. These challenges can be tested in a laboratory setting using the NET and RIT. In addition, we designed the SET to capture behaviour displayed when confronted with two unfamiliar animals in a familiar environment. Specifics of these tests are described below.




Novel environment test

The NET was used to examine corticosterone concentrations in response to a non-social mild stressor (Brown et al., 1974; File and Peet, 1980; Marques et al., 2008). Rats were placed alone in a novel environment, i.e. a clean Macrolon cage (L40 x W26 x H20 cm) for 180 minutes with food and water access. Blood samples were taken right before the NET (baseline) and 15, 30, 45, 60, 90, 120 and 180 minutes into the NET.





Modified resident-intruder test

The RIT, as described by Koolhaas et al. (2013) is a standardised test to measure aggression and social stress. We decided to modify the paradigm to a milder social stress paradigm. For that purpose, the resident was not housed with a female companion before the test. We theorised that this would make the resident less aggressive and elicit a subtle form of social stress rather than only physical stress due to fighting. The behaviour of the intruder (focal rat) directed towards the resident (unfamiliar conspecific) and vice versa was analysed.

This test was performed two weeks after the novel environment test. Prior to the modified resident-intruder test, the resident rats (unfamiliar conspecific) were placed into the test room in their own homecage. One by one, the focal rats were placed into one of the residents’ cages for 10 minutes. Over two weeks, every resident was used once a week and had 2 interactions on its designated test-day. The interaction was recorded and stored for offline behavioural analysis. Blood samples were taken from the focal rats 60 minutes before (baseline) and 15, 30, 45, 60, 90, 120 and 180 minutes after the end of the RI test, during which the focal rats were housed individually. After the last blood sample was taken, the focal rats returned to their homecages.





Stranger encounter test

During the period between social play deprivation and testing in adulthood (PND 75-80), the focal animals were habituated to the tail incision procedures and the test cages (social interaction cage: L40 x W40 x H60 cm). The stimulus rats (strangers) were habituated to encountering an unfamiliar animal in the test cages. In this habituation phase, the unfamiliar animals were “stranger” rats from a different homecage.

Both the focal and the stranger rats were socially isolated 24 hours prior to the experiment to control the level of and enhance the motivation for social interaction. This test lasted for 15 minutes, during which time the focal rat (control or SPD) was introduced in the test cage to the pair of stranger rats. After the test, the animals returned to their respective homecages. This test was repeated 3 times for each focal animal, with at least one day in between and every time the focal animals were unfamiliar to the stranger pair of rats. Around the first test, blood samples were collected 60 min prior to (baseline) and 15, 45 and 90 minutes after the start of the SET.






Blood sampling and corticosterone analysis




Blood sampling

During the intermediate period between SPD and testing in adulthood, the experimental animals were habituated to the tail incision procedures, a procedure with minimal consequences for corticosterone concentrations (Fluttert et al., 2000). These habituation procedures consisted of several steps. Repetitions of procedures were performed on different days. Step 1: Rats could explore the towel for 5 minutes; this was repeated 3 times. Step 2: While exploring the towel, part of the towel is placed on top of the rat. This was repeated 3 times. Step 3: While exploring the towel, part of the towel is placed on top of the rat and the rat is gently restrained in one place while the tail is gently held. This is repeated 5 times. Step 4: Similar to step 3 but a covered razorblade is pressed against the tail while the tail is being held.





Radioimmunoassay

To examine the corticosterone concentration in blood plasma at different time points (NET and RIT), blood samples (< 100 µL) were collected with Microvettes (CB 300 K2E, Sarstedt, Nümbrecht, Germany) from a small incision in one of the lateral tail veins and stored on ice (Fluttert et al., 2000). The samples were centrifuged the same day (10 min, 2400 rpm, -4°C. Microlite RF, Thermo Refrigerated Centrifuge) and plasma was stored at -20°C until further processing. Plasma corticosterone concentrations were determined in duplicate using ImmuChem™ Double Antibody Corticosterone 125I radioimmunoassay kits for rats and mice (MP Biomedicals LLC, Orangeburg. USA). The samples were diluted 1:200 and processed according to the manufacturer’s protocol. The covariance coefficient between the duplicate samples was always <10%, indicating reliable duplications. The average corticosterone concentration between duplicates was used for the final analyses.





Enzyme-linked immunosorbent assay for plasma corticosterone analysis

For the SET, plasma concentrations of corticosterone were measured using a commercially available rat corticosterone (CORT) high sensitivity ELISA kit (AC-15F1, Immunodiagnostic Systems) according to the manufacturer’s instructions. Blood was collected in heparin-coated test tubes and was centrifuged at 4°C for 30 min at 3000 rpm. The supernatant (plasma) was collected and stored at -20°C until analysed. Samples were tested in duplicate and were processed in a 1:10 dilution according to the manufacturer’s instructions. GraphPad Prism was used to interpolate corticosterone concentrations from a four-parametric logarithmic standard curve. Intra-assay variability was between 5.99 and 9.62% CV (coefficient of variation) and inter-assay variability was 5.20% CV.






Behavioural analysis

Behaviour in the modified RIT and SET was recorded (Logitec C922 Pro Stream webcam) and stored for off-line analysis. All behavioural data were analysed using Observer XT 15/16 (Noldus Information Technology B.V., Wageningen, the Netherlands).

For the modified RIT, the behaviour of both the resident and intruder rats was assessed. The behaviours that we observed were based on previous detailed descriptions of the behavioural repertoire of residents and intruders (Koolhaas et al., 2013). For the resident, the following behaviours were scored (duration and frequency); inactivity, non-social behaviour, moving towards, social exploration, ano-genital sniffing, lateral threat, upright position, clinch attack and keep down. For the intruder, non-social behaviour, moving towards, social exploration, freezing, upright position, clinch attack (initiated by resident) and submission were assessed (see Table 1 for the ethogram).


Table 1 | Ethogram of the modified resident-intruder test (RIT).



For the SET, the focal animals were the experimental rats. The analysis was aimed at understanding their interaction with the stranger rats, based on the paradigms described in Pellis et al. (2022). The behaviour of the stranger rats directed to one another is not discussed in this paper. The frequency and duration of the following behaviours were scored: pouncing, pinning, social exploration and non-social behaviour (see Table 2 for the ethogram).


Table 2 | Ethogram of the stranger encounter test (SET).







Statistical analyses

The data were analysed with GraphPad Prism 9.3.0 for Windows (GraphPad Software, San Diego, USA).




Novel environment test

Two-way repeated measures ANOVA was used to analyse the corticosterone response in the NET (control, N = 16 and SPD, N = 16), with group as the between-subjects factor and time as the within-subjects factor.





Modified resident-intruder test

After the RIT, it became clear that in some cases the residents fought with their intruder, thereby possibly provoking more social stress than intended with this test and compared to the majority of the experimental animals. Therefore, we decided to exclude the corticosterone and behavioural data from the intruders that were engaged in fights (N = 4 and 3 from control and SPD, respectively) from the RIT analyses. The corticosterone response data for these animals were analysed separately (see Supplementary Data S5). Because of one missing data point, the multiple imputation method (5 imputations) was used to enter this missing data point after which a repeated measures ANOVA was used to analyse the RIT data (control, N = 12 and SPD, N = 13), again with group as the between-subjects factor and time as the within-subjects factor. To determine differences in the intruders’ behavioural response during the RIT, we compared the total duration, frequencies, and latencies to start the behaviour between groups using an unpaired Students t-test.





Stranger encounter test

The behavioural data were analysed using a repeated measures ANOVA with test-day as within-subjects factor and treatment as between-subjects factor.





Corticosterone concentrations

The corticosterone concentrations for the three tests (novel environment, resident intruder and stranger encounter) were analysed using repeated measures ANOVAs with time as within-subject factor and group as between-subjects factor.

To test whether variances of the differences between treatments were equal, the Geisser and Greenhouse epsilon hat method was used. If the assumption of sphericity was violated, the degrees of freedom were corrected to more conservative values. Corrected degrees of freedom are presented rounded to the nearest integer. Post hoc pairwise comparisons were performed with Tukey’s tests, when applicable. For all statistical tests, alpha was set to 0.05.







Results




Plasma corticosterone response in the NET

Analysis of the plasma corticosterone concentrations in the NET revealed a significant overall time-dependent corticosterone response (Ftime(3.4, 104.5) = 19.27, p<0.0001). The SPD rats reached peak corticosterone concentrations at 30 min (279 ± 32.77 ng/ml) and corticosterone concentrations peaked at 90 min for the control group (244.96 ± 50.42 ng/ml). However, SPD did not significantly affect the plasma corticosterone response in the NET, when compared to control rats (Ftreatment*time (7,210) = 1.74, p=0.10), nor was there an overall group effect (Ftreatment(1,30) = 0.094, p=0.76; Figure 2A). At 180 min, plasma corticosterone returned to concentrations comparable or lower to before exposure to the novel environment (t = 0). Peak values or area under the curve (AUC) did not differ between control and SPD rats (data not shown). For the numerical data, see Supplementary Table S1.




Figure 2 | Plasma corticosterone concentrations (ng/ml) in response to the novel environment test (NET), resident-intruder test (RIT) and stranger encounter test (SET). (A) Plasma corticosterone at different time points relative to the novel environment stress test (NET) for control (°, N = 16) and social play deprived (SPD, deprived in the peak play period from post-natal day 21-42) (•, N = 16). Except for effects of time, no difference between control and SPD rats were found. (B) Plasma corticosterone concentrations at time points relative to the 10-minute RIT (ends on t=0) for control (°, N = 12) and SPD (•, N = 13). Except for effects of time, no differences between socially housed and SPD rats were found. (C) Plasma corticosterone concentrations at time points relative to a 15-minute SET. A trend for an interaction effect of treatment and time was found (p=0.07). SPD rats tended (p=0.06) to have higher initial corticosterone concentrations compared to control rats (°, N = 16) and SPD (•, N = 16). The dotted line indicates the start of the test. Data are presented as mean ± SEM.







Plasma corticosterone response in the modified RIT

There was an overall effect of exposure to the RIT test on plasma corticosterone concentrations over time (Ftime(7,161) = 4.57, p = 0.005; Figure 2B). The peak corticosterone concentrations for both groups were observed at 15 min after the RI (control: 171.8 ± 17.75, SPD: 176.7 ± 17.15 ng/ml). However, there was no difference between control and SPD rats in their plasma corticosterone response to the RIT (Ftreatment*time(7,161) = 0.05, p=0.99), nor was there an overall treatment effect (Ftreatment(1,23) = 0.73, p=0.40) (Figure 2B). Peak values or AUC did not differ between control and SPD rats (data not shown). For the numerical data, see Supplementary Table S2.





Plasma corticosterone response in the SET

When comparing SPD and control rats. a trend for an interaction effect emerged (Ftime*treatment(3,90) = 2.47, p = 0.07, Figure 2C) but there was no overall effect of SPD on the corticosterone response to the SET (Ftreatment(1,30) = 0.74, p = 0.40). Additionally, the corticosterone response changed over time (Ftime(3,90) = 9.30, p < 0.001). Post hoc analysis showed that SPD rats tended to have higher initial corticosterone concentrations compared to control animals (SPD vs control 60 minutes before test: p = 0.06). Both groups reached their peak corticosterone concentrations 15 minutes after the test (control: 156.19 ± 23.56, SPD: 222.28 ± 46.59 ng/ml). There were no significant differences between treatment groups on any of the timepoints after exposure to the SET (SPD vs control 15 minutes after test: p = 0.22; SPD vs control 45 minutes after test: p = 0.68; SPD vs control 90 minutes after test: p = 0.08).

Separate analyses of the two groups revealed that the corticosterone response significantly changed over time for both the control and SPD rats (Fcontrol,time(3,45) = 4.96, p = 0.005; FSPD,time(3,45) = 6.37, p = 0.001). In the control group, corticosterone concentrations increased 15 minutes after the test whereas the SPD group showed only a trend towards increased corticosterone concentrations compared to baseline (see Supplementary Table S3). Subsequently, corticosterone concentrations remained elevated in the control rats whereas they declined in the SPD rats (see Supplementary Table S3). Peak values or AUC did not differ between control and SPD rats (data not shown).





Behaviour in the modified RIT

Inherent to the resident-intruder test is the potential variation in the degree of aggressive behaviour of the resident and the degree of social behaviour displayed by the resident rat. Together these determine the degree of stress the intruder experienced during the RI test. Behaviour of the resident towards an experimental rat or the behaviour of the experimental rat towards the resident did not differ between control or SPD rats (see Supplementary Table S4 for a summary and the statistics).





Behaviour in the SET




Frequency of play behaviour




Pounces initiated by the focal rats

Comparison of initiated pouncing behaviour between the SPD and control group revealed no significant effects (Fday*treatment(2,60) = 0.20, p = 0.82; Fday(2,60) = 1.00, p = 0.38; Ftreatment(1,30) = 0.51, p = 0.48; Figure 3A).




Figure 3 | Frequency and duration of (social play) behaviour in the stranger encounter test (SET). (A) Frequency of play invitations initiated (pouncing) and received (being pounced) for the focal rats during the 15-minute test, with white bars representing control rats (unrestricted play behaviour during adolescence) and grey bars representing SPD rats (deprived of social play behaviour during post-natal day 21-42). No significant effects were observed for pouncing initiated by the experimental rats. For the frequency of received pounces, there was a main effect for day. The total number of received pounces was significantly higher on day 1 compared to both days 2 and 3, with no significant difference between days 2 and 3. (B) Frequency of pins performed and received (being pinned) by the focal rat. On the third test day, the experimental rats tended to pin more compared to day 1, irrespective of treatment. Additionally, SPD animals were being pinned more than controls on day 1. Both SPD and control animals received more pins on day 1 compared to day 2 whereas only SPD animals received more pins on day 1 compared to day 3. (C) Duration of social play, social and non-social exploration in seconds. SPD rats played longer than control animals on day 1 which disappeared on days 2 and 3. Regardless of treatment, less time was spent on social exploration on day 1 compared to days 2 and 3. SPD animals spent less time exploring the cage on day 1 compared to control animals but not on days 2 and 3. In addition, SPD animals spent less time exploring the cage on day 1 compared to days 2 and 3. Individual animals are represented as dots. Data are represented as mean ± SEM. *p < 0.05. **p < 0.01. Control: n = 16; SPD: n = 16.







Pounces received by the focal rats

The results did not show an interaction effect, but there was a main effect for the day of testing (Fday*treatment(2,60) = 2.11, p = 0.13; Fday(2,60) = 18.73, p < 0.001; Ftreatment(1,30) = 0.50, p = 0.48). Regardless of treatment, the total number of pounces the focal animal received was higher on day 1 compared to both days 2 and 3 (day 1 vs day 2: p < 0.001; day 1 vs day 3: p < 0.001). The frequency of received pounces did not differ between days 2 and 3 (p = 0.82).





Pins initiated by the focal rats

The data did not reveal a significant interaction between the treatment and day of testing (Fday*treatment(2,60) = 0.20, p = 0.82; Fday(2,60) = 3.65. p = 0.03; Ftreatment(1,30) = 0.04, p = 0.85; Figure 3B). However, a significant day effect emerged, indicating a trend for an increased number of pins initiated by the focal animals on day 3 compared to day 1, regardless of treatment (day 1 vs day 3: p = 0.06). No significant differences were observed between the other days (day 1 vs day 2: p = 0.92; day 2 vs day 3: p = 0.26).





Pins received by the focal rats

The data showed that, particularly on day 1, SPD rats were pinned more by the stimulus rats compared to control rats (Fday*treatment(2,60) = 5.27. p = 0.01; Fday(2,60) = 27.87, p < 0.001; Ftreatment(1,30) = 3.88, p = 0.06) (SPD day 1 vs control day 1: p = 0.002). No treatment effects were found on days 2 and 3 (SPD day 2 vs control day 2: p = 0.54; SPD day 3 vs control day 3: p = 0.75). Further post hoc analysis showed that in both treatment groups, the rats received a significantly higher number of pins on day 1 compared to day 2 (FSPD, day(2,30) = 27.84, p < 0.001; Fcontrol, day(2.30) = 4.99, p = 0.01) (SPD day 1 vs SPD day 2: p < 0.001; control day 1 vs control day 2: p = 0.02). SPD animals were pinned more frequently on day 1 compared to day 3 (SPD day 1 vs SPD day 3: p < 0.001) but this effect was not observed in the control group (control day 1 vs control day 3: p = 0.30). Results of day 2 did not differ from those of day 3 for either play-deprived or control group (SPD day 2 vs SPD day 3: p = 0.99; control day 2 vs control day 3: p = 0.56).






Duration of play behaviour, social exploration and non-social behaviour




Duration of play behaviour

The total amount of time spent playing between SPD and control rats over the three test days revealed an interaction effect, i.e. the animals spent different amounts of time playing over days depending on their housing condition during adolescence (Fday*treatment(2,60) = 5.42, p = 0.007; Fday(2,60) = 37.93, p < 0.001; Ftreatment(130) = 2.50, p = 0.13) (Figure 3C). Post hoc tests demonstrated that the time both SPD and control rats engaged in play varied across days (FSPD,day(2,30) = 33.73, p < 0.001; Fcontrol,day(2,30) = 7.94, p = 0.002). Specifically, both SPD and control rats played longer on day 1 compared to days 2 and 3 (SPD day 1 vs SPD day 2: p < 0.001; SPD day 1 vs SPD day 3: p < 0.001; control day 1 vs control day 2: p = 0.008; control day 1 vs control day 3 p < 0.02). However, no statistical differences were observed between the results for days 2 and 3 for both treatment groups (SPD day 2 vs SPD day 3: p = 0.74; control day 2 vs control day 3: p = 1.00). In addition, on day 1, SPD animals played longer compared to control animals (SPD day 1 vs control day 1: p = 0.008). However, SPD did not influence the duration of total play behaviour on days 2 and 3 (SPD day 2 vs control day 2: p = 0.62; SPD day 3 vs control day 3: p = 0.67).





Duration of social exploration

Concerning the time spent on social exploration, no interaction was observed between the day of testing and the housing condition during adolescence (Fday*treatment(2,60) = 1.23, p = 0.30; Fday(2,60) = 15.11. p < 0.001; Ftreatment(1,30) = 1.07, p = 0.31). However, there was a main effect of the day of testing. Post hoc analysis revealed that the duration of social exploration on day 1 was shorter compared to day 2 and 3 (day 1 vs day 2: p < 0.001; day 1 vs day 3: p < 0.001). No significant differences were observed between the amount of time spent on social exploration on day 2 compared to day 3 (day 2 vs day 3: p = 1.00).





Duration of non-social behaviour

The amount of time spent on non-social behaviour revealed an interaction effect for day and treatment group (Fday*treatment(2,60) = 7.95, p < 0.001; Fday(2,60) = 1.06, p = 0.35; Ftreatment(1,30) = 0.02, p = 0.90). SPD rats spent less time exploring the cage, walking around or interacting with bedding compared to control rats on day 1 (SPD day 1 vs control day 1: p = 0.002). On days 2 and 3, control and SPD rats spent equal amounts of time exploring the cage (SPD day 2 vs control day 2: p = 0.41; SPD day 3 vs control day 3: p = 0.13). Further post hoc testing showed that the interaction effect was caused by the behaviour of the SPD rats, not the control rats (FSPD,day(2,30) = 10.17, p < 0.001; Fcontrol,day(2,30) = 1.29, p = 0.29). Specifically on day 1, SPD rats spent less time on non-social behaviours compared to days 2 and 3 (SPD day 1 vs SPD day 2: p = 0.009; SPD day 1 vs SPD day 3: p < 0.001). However, no difference was found when comparing days 2 and 3 (SPD day 2 vs SPD day 3: p = 1.00).








Discussion

Emerging evidence supports the notion that a lack of social play in early life can lead to impairments in stress resilience and social interaction later in life. In this study, we hypothesised that an atypical development of the HPA axis contributes to these impairments in adulthood. To test this hypothesis, we examined the effects of SPD in juvenile rats on plasma corticosterone concentrations in adulthood when subjected to three potentially stressful tests; NET, modified RIT and SET. These tests reflect aspects of challenges that male rats may encounter in the wild, i.e. entering a novel environment when leaving the home territory, being confronted with territorial aggression from an unfamiliar conspecific and encountering strangers in a newly established territory. Plasma corticosterone concentrations were not significantly different between SPD and control rats in response to a NET or the modified RIT, nor were there behavioural differences between SPD and control rats in the RIT. Prior to the SET, SPD rats tended to have higher initial corticosterone concentrations compared to control rats, yet the corticosterone concentrations in response to the SET were comparable between the groups. Interestingly, in the SET, we found a difference in the degree SPD rats are played with by unfamiliar conspecifics, especially in the first encounter.




Corticosterone concentrations in response to stressors are not markedly altered by play deprivation during the play peak

The SPD and control rats did not differ in their plasma corticosterone curves in response to a NET or the modified RIT whereas SPD animals showed a trend approaching significance towards an elevated baseline level of corticosterone in the SET. Peak concentrations and AUC did not differ between control and SPD animals in any test. The lack of overall differences in responsivity to these environmental (social) challenges between control and SPD rats is in line with previous findings. For example, SPD rats showed a similar plasma corticosterone response to restraint stress when compared to undeprived rats (Lukkes et al., 2009). However, in the study by Van den Berg et al. (1999), SPD rats showed prolonged higher corticosterone concentrations in response to a RIT compared to undeprived rats.

The residents in the current experiment were not housed with a female and therefore showed a milder behavioural repertoire towards the intruder. Indeed, no differences in any of the behavioural measures were observed between SPD and control rats in this test. A limitation of the current study is that the residents did not always respond similarly towards intruders. Indeed, no fights occurred for 3 out of 16 SPD rats and 4 out 16 control rats. These results were not included in the corticosterone analysis and analysed separately because it provides a different experience for the experimental animals (see Supplementary Data S5). Indeed, as shown in Supplementary Data S5, non-fighting rats showed lower overall corticosterone concentrations compared to the rats that did encounter aggression (Figure 1B) with no difference between control and SPD rats.

For the current study, relatively milder stressors were used when compared to previously published reports on the impact of SPD on stress responsivity. This relatively milder stress approach was chosen to investigate the impact of SPD on the responsivity to more conflicting (social) environmental challenges compared to more severe stressful conditions (Lukkes et al., 2009; Van den Berg et al., 1999). The current data suggest that the stress response is comparable for SPD and control rats in these environmental challenges.

Taken together, these findings suggest that SPD has little impact on the stress response in conflicting (social) environmental challenges, in contrast to previously reported altered responses to severely stressful experiences. However, the discrepancy between the current study and previous findings can be attributed to the methodology to induce SPD. Whereas Lukkes et al. (2009) and Van den Berg et al. (1999) used isolation housing, we placed a divider in the home cage that prevented the rats from engaging in physical play but allowed them to see, hear and smell each other. It is likely that the total lack of social contact during early development may impact stress responsivity whereas ‘merely’ limiting social play whilst maintaining other means of social contact does not affect the corticosterone response to stress to a similar degree.





Subtle effects in the behavioural response of SPD animals in the SET

In this study, we introduced a novel social stress situation (the SET) that could be intimidating but not necessarily aversive. For that purpose, rats were confronted in a familiar environment, with two unfamiliar rats that were socially housed and cage-mates. This was done to simulate a context where rats establish a new territory in which they encounter unfamiliar individuals. This social context induced an increase in corticosterone concentrations, suggesting that this test may indeed reflect a social stressor.

Although there was no difference between SPD and control rats in the corticosterone concentrations after exposure to the SET, there was more play directed towards SPD rats than to the non-deprived control rats in this context. This effect was only present on the first day of testing and specifically for the number of pins received by the SPD animals. Interestingly, there was no difference in play initiation by the SPD or control rats. It remains to be investigated why the stranger rats played more with the SPD rats compared to the control rats. A possible explanation is that SPD rats emit (ultrasonic) vocal or behavioural signals that promote play. In addition, because these rats lack three weeks of play experience and are housed with similar treated animals after the SPD period, these animals may respond differently than the stranger rats. Indeed, while juvenile male rats respond to a pounce with a complete rotation (a pin), from puberty onwards they respond also with a partial rotation (Pellis and Pellis, 1990; Pellis et al., 1992). It could be that in the first test SPD rats respond with a more juvenile approach by rolling into the pin position, whereas in the subsequent tests they alter their response to a pounce. To gain insight into what is underlying the differences in play behaviour on test-day 1 compared to test-day 2 and 3, a microstructural analysis of the different responses to a pounce (Stark, 2021; Pellis et al., 2022) could be compared between control- and SPD rats. In addition, the behaviour of the individual stranger rats towards the experimental rat as well as towards one another could be further analysed. Important in this respect is the limitation that these observations represent male rats only. Female rats do not change their pattern of play behaviour with age to the same degree (Pellis and Pellis, 1990), which could provide an additional clue for the behavioural differences observed. However, this is beyond the scope of the current study.






Conclusion

SPD rats exposed to relatively mild stressors did not respond differently in terms of corticosterone concentrations. Behaviourally, the SPD rats responded similarly to the undeprived rats in a modified RIT. More play behaviour was directed towards them upon a first exposure to two unfamiliar stranger rats in a SET. These results highlight the importance of play behaviour for social behaviour in specific situations in adulthood, independent of corticosterone concentrations.
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Behaviol Description

Pouncing One animal attempts to nose/rub the nape of the neck of the partner, which is an index of play solicitation.

Being pounced The animal is being nosed/rubbed in the nape of the neck.

Pinning The animal standing over an animal lying on its dorsal surface on the floor, sometimes licking or grooming the ventrum of the
pinned rat.

Being pinned The animal lying on its dorsal surface, often its ventrum is licked or groomed.

Social play The total of chasing, boxing, pouncing and pinning each other.

Social exploration A gentle nibbling/sniffing of the fur of any accessible area of the skin of the other rat.

Non-social behaviour Exploration of the cage, self-grooming, rearing, walking around.

Based on Panksepp and Beatty, 1980 and Achterberg et al,, 2014.
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Behaviors

Scored for: resident
(r), intruder (i)

Description

Inactivity

Non-social behaviour
Social exploration
Ano-genital sniffing
Moving towards
Lateral threat

Upright position

Clinch attack
Keep down
Freezing

Submission

Based on Koolhaas et a

1980.

i

rfi

/i

/i

Lying down in a stretched or curled up position. Eyes open or closed. Yawning and stretching
may occur.

Exploration of the cage, self-grooming, rearing, walking around.

A gentle nibbling/sniffing of the fur of any accessible area of the skin of the other rat.

Sniffing and/or licking other rat’s genitalia, adopting a characteristic posture with head pointed down.
Moving in the direction of the other animal.

‘The animal adopts an arched-back attitude oriented toward the opponent.

The rat stands on its hindlegs in reaction to approach or upright of the opponent. They may hold on to
each other’s forepaws. Piloerection in the dominant male. Eyes may be half closed, while teeth-
chattering may occur.

Very rapid rolling, jumping and biting of both animals that are in close contact.
Standing over the opponent or keeping it against the substrate. Piloerection mostly present.
A state of attentive voluntary immobility of the animal.

Lying on the back during and following keeping down by the opponent. Kicking movements with the
paws may occur.





