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Abstract – Rats frequently engage in rough-and-tumble play, and do so in pairs. However, when multiple partners 
are present, some individuals are preferred more than others. Rats that have been isolated from their peers show 
increased motivation to engage in rough-and-tumble play. When publishing papers on group play in rats, we have 
been asked by several reviewers whether the time spent in social isolation to increase play motivation inadvertently 
reduces partner preferences. To address this question, we investigated how varying periods of social isolation (0, 2.5, 
E. J. Marijke Achterberg212, and 24 h) influences partner preferences of focal Long Evans rats when interacting with 
one unfamiliar Long Evans partner and one unfamiliar Fischer 344 partner. Regardless of the degree to which the rats 
were motivated to play, partner preferences remained stable across isolation times. This suggests that the general drive 
to play is independent of the motivation to select a specific partner. Unexpectedly, the preference for same-strain 
partners was not as strong as in previous studies with larger groups, highlighting that group size and social context are 
critical factors that can alter social dynamics and potentially override established partner preferences. These findings 
underscore the importance of group composition in the study of social behavior and suggest that partner preferences 
may reflect stable social compatibilities rather than transient changes in play motivation. 
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_____________________________________________________________________________________  
 

Of the many forms of play behavior present in mammals (Burghardt, 2005; Fagen, 1981; Pellis & 
Pellis, 2009), rough-and-tumble play (RTP), or play fighting, is the most common form of play reported 
and studied (Pellis et al., 2024; Pellis & Pellis, 1998). Regardless of the species, when animals engage in 
RTP they compete for an advantage over their partner (e.g., access to a particular location on the partner’s 
body), but this competition is coupled with cooperation, ensuring the play is reciprocal to some degree 
(Aldis, 1975; Palagi et al., 2016, 2024). Though a variety of animals engage in RTP (Burghardt, 2005; 
Fagen, 1981; Pellis & Pellis, 2009), the laboratory rat (Rattus norvegicus) has been the most intensively 
studied species, providing many insights into its neurobiology and developmental consequences 
(Achterberg & Vanderschuren, 2023; Pellis et al., 2023; VanRyzin et al., 2020a). For example, in several 
species, including humans, play has been shown to have positive effects on the development of executive 
function and its underlying neural mechanism (Baarendse et al., 2013; Bijlsma et al., 2022; Diamond et al., 



                                                                        Ham et al. 344 
 

2007; Ham et al., 2024; Marks et al., 2017; Nijhof et al., 2018) as well as broader social and affective 
processes (Panksepp & Yovell, 2014; Pellis et al., 2025; Pellis & Pellis, 2009). 

Rats of all ages engage in RTP, although its occurrence peaks during the juvenile period (Panksepp, 
1981; Pellis & Pellis, 1990; Thor & Holloway, 1984). Regardless of age, rats attack and defend the nape of 
the neck during RTP, which, if contacted, is gently nuzzled with the snout (Pellis & Pellis, 1987; Siviy & 
Panksepp, 1987). Typically, 80% or more of the nape attacks launched are defended by the recipient, and 
to do so they can use several different tactical maneuvers (Himmler, Pellis, et al., 2013; Pellis et al., 2022). 
All rat strains, including wild rats, mostly attack and defend the nape and use the same suite of defensive 
tactics, although the frequency of nape attacks and the preferred tactics used can vary (Himmler, Stryjek, 
et al., 2013; Himmler et al., 2014; Orsucci et al., 2025; Siviy, 2020).  

While RTP in rats is typically tested in dyads (Himmler, Pellis, et al., 2013; Pellis et al., 2022; 
VanRyzin et al., 2020b), we have recently started testing rats in small groups (3 or more individuals) (Ham 
et al., 2025, 2026a, 2026b; Ham & Pellis, 2023, 2024, 2025) as this more accurately reflects the context in 
which rats would play in the wild (Pellis et al., 2022, 2023). Typically, wild rats live in colonies with 
multiple breeding females, consequently, juveniles would have access to many play partners, both 
littermates and those from neighbouring litters (Calhoun, 1963; Schweinfurth, 2020). When tested in 
groups, rats form partner preferences, launching more nape attacks towards some individuals than others 
(Ham & Pellis, 2023, 2024, 2025; Holman et al., 2019). Because rats naturally engage in RTP with their 
cage mates throughout the day (Meaney & Stewart, 1981), it is common practice to socially isolate the rats 
before testing RTP play (Himmler, Pellis, et al., 2013; Pellis et al., 2022). This brief period of isolation 
increases their motivation to play, with longer isolation durations producing greater increases in the 
frequency of nape attacks (Panksepp & Beatty, 1980; Pellis et al., 1997; Siviy et al., 1997). Isolation ensures 
that the rats have not recently engaged in play within the home cage and are therefore not play-satiated at 
the start of testing. Therefore, we also subjected rats to a brief period of social isolation period prior to 
testing their play when in a group (Ham et al., 2025; Ham & Pellis, 2023, 2024, 2025). However, as we 
reported a significant, but modest degree of partner preferences in these studies, several reviewers wondered 
whether the time spent in social isolation reduces partner preferences. That is, the hypothesis may be posited 
that increasing the motivation to engage in play interferes with partner preferences because the drive to play 
overrides partner preferences. If so, the commonly used practice of isolating rats to increase play motivation 
could inadvertently alter the social dynamics being measured, complicating the interpretation of partner 
preference studies of group play. 

To test whether the degree of motivation to engage in RTP influences partner selection, we 
examined trios of juvenile male rats, that were unfamiliar with one another, after subjecting them to 
different periods of isolation. Given that our previous findings revealed that when tested in groups of four, 
Long Evans (LE) rats prefer same-strain partners over Sprague Dawley and Fischer 344 (F344) rats (Ham 
et al., 2025), the focal LE rats in the present study were tested with two partners: one LE and one F344 
partner. F344 rats were selected as the alternative strain because they exhibit more pronounced differences 
from LE rats in both the frequency and structure of play (Ham et al., 2025; S. M. Himmler et al., 2014; 
Schneider et al., 2016; Siviy et al., 1997, 2003, 2023). These characteristics make them a less compatible 
play partner and therefore provide a stronger test of strain-based partner preference than strains such as 
Sprague Dawley, which are more similar to LEs in play style and frequency (Ham et al., 2025). Triads were 
used so that the focal rat had a direct choice between two simultaneously available partners while 
minimizing the additional social complexity present in larger groups. Therefore, to increase the strength of 
partner preference, each trio consisted of two LE rats and one F344 rat. One of the LE rats from each triad 
was selected as the focal rat and the number of nape attacks it directed toward each of its group members 
following 0, 2.5, 12, and 24 h of social isolation was quantified. These durations were selected based on 
previous studies showing that increasing the length of social isolation increases the frequency of RTP, with 
motivation rising rapidly during the first few hours and approaching a plateau between approximately 12 
and 24 h of isolation (Panksepp & Beatty, 1980; Pellis et al., 1997).  Thus, these isolation times allowed us 
to sample a range of play motivation from minimal (0 h) to near-maximal levels (24 h). Based on previous 
studies, it was predicted that increased isolation time would increase the number of nape attacks launched 
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(Pellis et al., 1997). In contrast, the novel hypothesis tested in this paper predicts that higher levels of 
motivation should reduce the strength of partner preferences exhibited. 

 
Methods 

 
Ethics statement 

 
All care and testing procedures were approved by the University of Lethbridge Animal Welfare 

Committee (Protocol #2408) in compliance with guidelines from the Canadian Council for Animal Care.  
 
Subjects  
 

Sixteen Long Evans (LE) and eight Fischer 344 (F344) male rats were purchased from Charles 
River Laboratories. They arrived at the Canadian Centre for Behavioural Neuroscience at 22-23 days of 
age. Upon arrival, the rats were housed in same-strain pairs. The rats were housed in double-decker cages 
(Tecniplast® GR1800) with corncob bedding. Food and water were provided ad libitum. Animals were 
housed on a 12 h light-dark cycle with the lights on between 0730 and 1930 in a room maintained at a 
constant temperature of 21-23ºC.  

Only males were used so that all play groups were composed of individuals of the same sex. 
Previous work from our laboratory has shown that juvenile male and female rats engage in similar levels 
of RTP when tested in same-sex trios (Ham et al., 2026b). Therefore, restricting testing to males ensured 
that partner preferences were not influenced by sex-related social interactions. Future studies should 
examine whether similar patterns occur in females.  
 
Apparatus  

 
Play testing was conducted in a clear Plexiglas enclosure (80 ´ 80 ´ 50 cm). The floor of the 

enclosure was covered with around 3 cm of corncob bedding (Pellis et al., 2022). Play sessions were filmed 
with a digital video camera (Sony Handycam FDR-AX53) which was placed over the enclosure at a 90º 
angle. To illuminate the enclosure, red lights were used.  

 
Procedure  

 
At 27 days of age, the rats were habituated to the test enclosure for 10 minutes, with their cage 

mates, in red light (Pellis et al., 2022). This was repeated for three consecutive days between 0730 and 
1200. At 30 days of age testing began. Before each test session, rats were weighed and their tails marked 
with a permanent marker pen (Sharpie®).  

Eight of the 16 LE rats were designated as the ‘focal’ rats and were the primary subjects of this 
study. LE rats were used as focal subjects because the experimental design required that the focal rat have 
a choice between a same-strain and a different-strain partner. In the triads used here (LE + LE + F344), 
only LE rats had access to both a same-strain and different-strain partner. To determine if isolation time 
affected partner preference strength, rats were tested after four different isolation times. Rats were (a) not 
isolated, (b) isolated for 2.5 h, (c) isolated for 12 h, or (d) isolated for 24 h. Each focal rat underwent all 
four isolation conditions. Isolation conditions were counterbalanced so that two focal rats on test day one, 
were not isolated, two were isolated for 2.5 h, two for 12 h, and finally, two for 24 h. On the following test 
day, the isolation condition was rotated so that each rat underwent a new isolation condition. All rats within 
a group that were tested together underwent the same isolation procedure. The same isolation condition was 
not repeated for any of the animals. When socially isolated, rats were held in decker cages and had food 
and water provided ad libitum.  

Rat play was tested in groups of three, with each consisting of a focal LE rat, a partner LE rat, and 
a partner F344 rat. Triads were used so that the focal rat had a direct binary choice between two 
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simultaneously available partners, allowing the strength of partner preference to be quantified while 
minimizing additional social complexity that would arise in larger groups. Rats were always tested with 
individuals with which they were not familiar. That is, all triads were composed of strangers. Following 
one of the four isolation conditions, rats were placed into the test enclosure, in red light, for 20 min and the 
trial was recorded using a digital video camera. Following test sessions, the rats were placed back into their 
respective home cages. Testing was repeated for four days so that each focal rat underwent all four isolation 
conditions. A rest day was provided in between each test day to ensure that they were socially housed for 
24 h before starting the next round of isolation.  
 
Behavioral analysis 

 
Once the play testing was completed, the videos were analyzed using a combination of normal 

speed and frame-by-frame analysis to score behavior (Himmler, Pellis, et al., 2013; Pellis et al., 2022). As 
we were interested in how a focal rat would distribute its play among the potential play partners, we used a 
focal follow approach (Bateson & Martin, 2021) and scored the distribution of nape attacks directed at each 
partner. Playful attacks were scored when the snout of one rat was in contact with, or directed towards, the 
nape of another rat (Pellis et al., 2022).  
 
Statistical analyses  

 
All statistics and plots were done using Prism version 10 (GraphPad Software).  
To determine if rats engaged in more play following increased isolation time, Friedman tests were 

used as the data did not meet the assumptions of normality (Shapiro-Wilk: p < .05). When significant, post 
hoc evaluations of the data were conducted using a Dunn’s multiple comparisons tests.  

If the rats did not form preferences, both partners should receive around 50% of the total nape 
attacks launched by the focal subjects. Using single sample t-tests, we tested whether the focal rats directed 
significantly more than 50% of their play to the preferred partner for each of the isolation times (0, 2.5, 12, 
and 24 h). The preferred partner was identified as the one that was attacked more often, regardless of strain. 
After determining if rats expressed partner preferences, comparisons of the strain that was preferred were 
made by calculating the percentage difference in nape attacks between F344 and LE partner rats:  

 

 
 

Negative percentages indicate that F344 rats were attacked more frequently, whereas positive 
percentages indicate that LE rats were attacked more. In addition, we used Friedman tests to determine if 
same-strain partners were attacked more than F344 partners. 
 

Results 
 

LE rats played with both LE and F344 partners, with some rats consistently preferring LE partners 
(e.g., Rat 1), others preferring F344 partners (e.g., Rat 4), and yet others switching between LE and F344 
partners (e.g., Rat 2) (Figure 1). The focal LE rats did not show a significant preference for the same strain 
partners (p > .05). Nonetheless, as shown below, they did exhibit a preference for one partner over the other, 
enabling us to test the main prediction. 
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Figure 1 
 
The Percentage Difference in Nape Attacks Focal LE Rats Directed Towards F344 (Left) And LE Rats (Right) Following 0 h, 2.5 
h, 12 h, and 24 h Isolation 

 
Note. Made with BioRender.com. 
 

As expected, the number of nape attacks launched by the focal LE rats increased significantly with 
length of time isolated (X2(3) = 15.45, p = .0015). Post-hoc tests showed that LE rats launched more attacks 
following 24 h isolation compared to 0 h and 2.5 h but did not differ from 12 h. Similarly, 0 and 2.5 h did 
not differ significantly from one another (Figure 2A). The focal LE rats directed significantly more than 
50% of their play to one of their partners at all isolation times (0 h: t(7) = 5.266, p = .0012; 2.5 h: t(7) = 
3.723, p = .0074; 12 h: t(7) = 5.055, p = .0015; 24 h: t(7) = 2.498, p = .0411). The magnitude of these 
preferences was moderate to large across isolation times (Cohen’s d = 1.86, 1.32, 1.79, and 0.88 for 0 h, 
2.5 h, 12 h, and 24 h isolation, respectively. However, the strength of the preference or the percentage of 
play directed towards the preferred partner did not differ significantly with isolation time (X2(3) = 4.050, p 
= .256) (Figure 2B). 
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Figure 2 
 
Effects of Isolation Duration on Play Initiation and Partner Preference Strength in Rats 
 

 
Note. (A) The total number of nape attacks initiated by the focal rat was significantly greater following 24 h isolation compared to 
0 h and 2.5 h isolation. Data are presented as mean ± the standard deviation. (B) Rats directed significantly more of their play 
towards one partner than would be expected if the focal rat had attacked each partner equally. Significant differences are indicated 
by asterisks. However, there was no significant difference in preference strength across the four time points, suggesting that 
isolation time did not affect partner preferences. Data are presented as mean ± minimum to maximum. *p < .05, **p < .01 
 

Discussion 
 

When isolated from their peers, juvenile rats become more motivated to engage in RTP (Niesink 
& Van Ree, 1982; Panksepp & Beatty, 1980; Pellis et al., 1997; Siviy et al., 1997), a finding that was 
replicated in the present study (Figure 2A). However, the strength of partner preference did not change with 
increased motivation to play (Figure 2B), thus not supporting the hypothesis that motivation to play 
interferes with forming play partner preferences. Rather, the present results support an alternative 
hypothesis that the motivation to play and the motivation to interact with particular partners involve 
independent mechanisms. Studies have shown that distinct brain regions can be manipulated to increase or 
decrease play behavior while leaving the level of general social behavior (e.g., social investigation) 
unchanged (e.g., Achterberg et al., 2015; Nyberg et al., 2025; Veenema et al., 2013), supporting the 
likelihood that interest in certain individuals may involve different neural mechanisms.  

Moreover, the present findings are consistent with our previous studies in showing that the 
magnitude of partner preference is mild to moderate (see Ham et al., 2025, 2026b; Ham & Pellis, 2023, 
2024, 2025). That is, rats form significant, but weak partner preferences when given a choice of partners, 
with the choice influenced by many different factors (e.g., degree of familiarity, dominance, congruence in 
play style, sex of partners) depending on group composition. A yet to be resolved problem is why rats 
continue to play with less preferred partners when the preferred ones are available (e.g., Ham et al., 2025, 
2026c; Ham & Pellis, 2023).  

Because our analysis focused on the distribution of nape attacks initiated by the focal rat, we did 
not quantify how often partners initiated play toward the focal individual. It is therefore possible that partner 
preferences were influenced not only by the focal rat’s behavior but also by differences in how frequently 
partners attempted to initiate play (Ham & Pellis, 2024). Examining the bidirectional play initiation would 
help determine whether partner preferences emerge primarily from the focal animal’s choice or from 
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reciprocal interaction dynamics between partners. Future work examining bidirectional interactions will be 
important for disentangling partner preference from differences in responsiveness across strains. 
 
Two’s Company, Three’s a Crowd 
 

The present study also raises another important methodological issue that should be considered in 
future studies of partner preference. To our surprise, the focal LE rats did not develop a strong preference 
for same strain partners. In a recent experiment, using a similar methodology, we found that juvenile male 
LE rats prefer same strain partners when playing in groups where they had the choice between an LE, 
Sprague Dawley, and an F344 partner (Ham et al., 2025). In that study, LE rats played with same strain 
partners around 60% of the time, directing only 20% of their play towards Sprague Dawley partners and 
20% towards F344 partners. Given this robust effect, we expected the LE rats to show an even stronger 
preference for same strain partners, since there were fewer partners from which to choose. This was not the 
case, as either rat could be the preferred partner in each test session (Figure 1). 

Because only LE rats served as focal subjects, it is also possible that the observed patterns of partner 
preference reflect strain-specific characteristics. F344 rats are generally less playful than LE rats (Siviy, 
2020); however, they play considerably more when paired with same-strain partners (Ham et al., 2024). In 
contrast, LE rats do not substantially change how much they play when paired with same- or different-
strain partners (Ham et al., 2025). If tested as focal subjects, F344 rats might therefore exhibit different or 
possibly stronger patterns of partner selection.  

Upon closer examination of the recorded video sessions, we observed that the rats behaved 
differently in trios (present study) compared to quads (Ham et al., 2025). In the quads, when the focal LE 
played with the other LE, the F344 and Sprague Dawley typically played together, forming two sub-groups. 
In contrast, in the trios, when two animals were engaged in play, the third was left out, in which case, the 
“third” rat was often observed inserting himself into the ongoing play bout. When this occurred, one of the 
two in the dyad often stopped playing and instead attacked the “loner” rat. In the quads, the tendency for 
LE rats to preferentially engage with same-strain partners appeared to contribute to the emergence of sub-
group structure, with interactions often partitioning into two smaller units. However, given the reciprocal 
nature of play (Pellis et al., 2024), these patterns likely reflect the combined interaction dynamics of all 
animals involved, rather than being driven solely by LE preferences. In contrast, in the trios this division 
was not possible.  

These observations highlight that triadic interactions are qualitatively different from quadratic ones 
and raise an important methodological consideration: how many rats should be used when testing group 
play? Group size is known to influence social dynamics across many species, as the number of available 
interaction partners can alter patterns of competition, cooperation, and partner choice. For example, studies 
in rats have shown that prosocial behavior differs between dyadic and triadic interactions (Winokur et al., 
2023), suggesting that even small changes in group composition can reshape social structure. More broadly, 
similar effects of group size on interaction patterns have been reported in a variety of social animals, where 
the presence of additional individuals can disrupt or redirect ongoing interactions. In our study, the 
instability of trios also appeared to undermine stable partner preferences, producing more fluid and often 
disrupted social dynamics. Given our present state of knowledge about group dynamics regarding play, 
unless there are strong reasons for using triads (Achterberg et al., 2024), we recommend using groups of 
four or six (Ham & Pellis, 2023, 2024, 2025) to study partner preferences. Larger groups provide a richer 
social structure and the opportunity to form stable subgroups (Ham & Pellis, 2024, 2025). 
 

Conclusion 
 
In summary, our results demonstrate that while social isolation reliably increases the frequency of 

RTP in juvenile male LE rats as previously shown (Panksepp & Beatty, 1980; Pellis et al., 1997; Siviy et 
al., 1997), it does not alter the strength of their partner preferences. Even when highly motivated to play, 
focal rats had a preference for one of their partners, suggesting that the drive to play is distinct from the 
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drive to select a particular partner. However, group composition and size emerged as important 
methodological factors, with trios producing more fluid and less polarized social interactions than 
previously observed in groups of four. These findings underscore the importance of considering social 
context when designing group play studies and highlight that partner selection may reflect more enduring 
social or strain-based compatibilities rather than transient changes in play motivation. 
 
Author Contributions: Ham, J.R.: Conceptualization, Methodology, Validation, Formal analysis, 
Investigation, Data curation, Writing — original draft, Writing — review & editing, Visualization, 
Supervision. Jaiswal, D: Formal analysis, Investigation, Data curation, Writing — review & editing. 
Achterberg, E.J.M.: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Data 
curation, Writing — review & editing, Supervision. Pellis, S.M.: Conceptualization, Methodology, 
Validation, Formal analysis, Investigation, Resources, Data curation, Writing — original draft, Writing — 
review & editing, Supervision, Funding acquisition. 
 
Funding: This work was supported by the Natural Sciences and Engineering Research Council of Canada 
(SMP: RGPIN-2024-03978; JRH: Alexander Graham Bell CGS-D). 
 
Conflict of Interest: The authors declare no competing interests. 
 
Data Availability: The datasets supporting this article have been uploaded to figshare and are publicly 
available:https://figshare.com/articles/dataset/Data_from_Partner_preference_strength_is_not_influenced
_by_how_motivated_juvenile_male_rats_are_to_engage_in_play_fighting_/34264335 
 

References 
 
Achterberg, E. J. M., Lozeman-van ‘T Klooster, J. G., Pimentel, T. C., Aleksić, A., Hendriks, J. C. M. J., Nijhof, S., 

Van Der Ent, C. K., & Lesscher, H. M. B. (2024). Effect of social play deprivation on stress sensitivity in 
response to social and non-social challenges. Frontiers in Ethology, 3, 1458136. 
https://doi.org/10.3389/fetho.2024.1458136  

Achterberg, E. J. M., van Kerkhof, L. W. M., Damsteegt, R., Trezza, V., & Vanderschuren, L. J. M. J. (2015). 
Methylphenidate and atomoxetine inhibit social play behavior through prefrontal and subcortical limbic 
mechanisms in rats. Journal of Neuroscience, 35(1), 161–169. https://doi.org/10.1523/JNEUROSCI.2945-
14.2015  

Achterberg, E. J. M., & Vanderschuren, L. J. M. J. (2023). The neurobiology of social play behaviour: Past, present 
and future. Neuroscience & Biobehavioral Reviews, 105319. 
https://doi.org/10.1016/j.neubiorev.2023.105319  

Aldis, O. (1975). Play Fighting. Academic Press. 
Baarendse, P. J. J., Counotte, D. S., O’Donnell, P., & Vanderschuren, L. J. M. J. (2013). Early social experience is 

critical for the development of cognitive control and dopamine modulation of prefrontal cortex function. 
Neuropsychopharmacology, 38(8), 1485–1494. https://doi.org/10.1038/npp.2013.47  

Bateson, M., & Martin, P. (2021). Measuring Behaviour. An Introductory Guide (4th ed.). Cambridge University 
Press. 

Bijlsma, A., Omrani, A., Spoelder, M., Verharen, J. P. H., Bauer, L., Zwart, B. D., & Wierenga, C. J. (2022). Social 
play is critical for the development of prefrontal inhibitory synapses and cognitive flexibility in rats. Journal 
of Neuroscience, 42(46), 8716–8728. https://doi.org/10.1523/JNEUROSCI.0524-22.2022  

Burghardt, G. M. (2005). The Genesis of Animal Play: Testing the limits. MIT Press. 
Calhoun, J. B. (1963). The ecology and sociology of the Norway rat. In US Department of Health, Education, and 

Welfare, Public Health Service. https://doi.org/10.1002/bip  
Diamond, A., Barnett, W. S., Thomas, J., & Munro, S. (2007). Preschool program improves cognitive control. Science, 

318(5855), 1387–1388. https://doi.org/10.1126/science.1151148  
Fagen, R. (1981). Animal Play Behavior. Oxford University Press. 

https://doi.org/10.3389/fetho.2024.1458136
https://doi.org/10.1523/JNEUROSCI.2945-14.2015
https://doi.org/10.1523/JNEUROSCI.2945-14.2015
https://doi.org/10.1016/j.neubiorev.2023.105319
https://doi.org/10.1038/npp.2013.47
https://doi.org/10.1523/JNEUROSCI.0524-22.2022
https://doi.org/10.1002/bip
https://doi.org/10.1126/science.1151148


                                                                        Ham et al. 351 
 

Ham, J. R., Jaiswal, D., Waner-Mariquito, R., Pellis, S. M., & Achterberg, E. J. M. (2025). Juvenile male rats form 
preferences based on strain when playing in groups but not in pairs. Frontiers in Behavioral Neuroscience. 
https://doi.org/10.3389/fnbeh.2025.1617178  

Ham, J. R., & Pellis, S. M. (2023). The Goldilocks principle: Balancing familiarity and novelty in the selection of play 
partners in groups of juvenile male rats. Animal Behavior and Cognition, 10(4), 304–328. 
https://doi.org/10.26451/abc.10.04.02.2023  

Ham, J. R., & Pellis, S. M. (2024). Play partner preferences among groups of unfamiliar juvenile male rats. Scientific 
Reports, 14, 16056. https://doi.org/10.1038/s41598-024-66988-w  

Ham, J. R., & Pellis, S. M. (2025). Groups of familiar male rats form unstable partner preferences when play fighting 
during the juvenile period. iScience, 28(6), 112562. https://doi.org/10.1016/j.isci.2025.112562  

Ham, J. R., Iwaniuk, A. N. & Pellis, S. M. (2026a). Juvenile social play and the development of socio-cognitive skills 
in male rats: Does everyone benefit? Behavioural Brain Research, 508, 116198. 
https://doi.org/10.1016/j.bbr.2026.116198 

Ham, J. R., Pellis, S. M., & McDonald, R. J. (2026b). Partner choice and context-dependent sex differences in rat 
rough-and-tumble play. European Journal of Neuroscience, 63, e70426. https://doi.org/10.1111/ejn.70426  

Ham, J. R., Pellis, S. M., Pellis V. C. & Achterberg, E. J. M. (2026c). Evaluating the play fighting of rats: A 
sociological perspective. Journal of Neuroscience Methods, 434, 110836. 
https://doi.org/10.1016/j.jneumeth.2026.110836  

Ham, J. R., Szabo, M., Annor-Bediako, J., Stark, R. A., Iwaniuk, A. N., & Pellis, S. M. (2024). Quality not quantity: 
Deficient juvenile play experiences lead to altered medial prefrontal cortex neurons and sociocognitive skill 
deficits. Developmental Psychobiology, 66, e22456. https://doi.org/10.1002/dev.22456  

Himmler, B. T., Pellis, V. C., & Pellis, S. M. (2013). Peering into the dynamics of social interactions: Measuring play 
fighting in rats. Journal of Visualized Experiments, (71), 1–8. https://doi.org/10.3791/4288  

Himmler, B. T., Stryjek, R., Modlinska, K., Derksen, S. M., Pisula, W., & Pellis, S. M. (2013). How domestication 
modulates play behavior: A comparative analysis between wild rats and a laboratory strain of Rattus 
norvegicus. Journal of Comparative Psychology, 127(4), 453–464. https://doi.org/10.1037/a0032187   

Himmler, S. M., Modlinska, K., Stryjek, R., Himmler, B. T., Pisula, W., & Pellis, S. M. (2014). Domestication and 
diversification: A comparative analysis of the play fighting of the Brown Norway, Sprague-Dawley, and 
Wistar laboratory strains of (Rattus norvegicus). Journal of Comparative Psychology, 128(3), 318–327. 
https://doi.org/10.1037/a0036104  

Holman, P. J., Baglot, S. L., Morgan, E., & Weinberg, J. (2019). Effects of prenatal alcohol exposure on social 
competence: Asymmetry in play partner preference among heterogeneous triads of male and female rats. 
Developmental Psychobiology, 61(4), 513–524. https://doi.org/10.1002/dev.21842  

Marks, K. A., Vizconde, D. L., Gibson, E. S., Rodriguez, J. R., & Nunes, S. (2017). Play behavior and responses to 
novel situations in juvenile ground squirrels. Journal of Mammalogy, 98(4), 1202–1210. 
https://doi.org/10.1093/jmammal/gyx049  

Meaney, M. J., & Stewart, J. (1981). A descriptive study of social development in the rat (Rattus norvegicus). Animal 
Behaviour, 29(1), 34–45. https://doi.org/10.1016/S0003-3472(81)80149-2  

Niesink, R. J. M., & Van Ree, J. M. (1982). Short-term isolation increases social interactions of male rats: A parametric 
analysis. Physiology & Behavior, 29(5), 819–825. https://doi.org/10.1016/0031-9384(82)90331-6  

Nijhof, S. L., Vinkers, C. H., van Geelen, S. M., Duijff, S. N., Achterberg, E. J. M., van der Net, J., Veltkamp, R. C., 
Grootenhuis, M. A., van de Putte, E. M., Hillegers, M. H. J., van der Brug, A. W., Wierenga, C. J., Benders, 
M. J. N. L., Engels, R. C. M. E., van der Ent, C. K., Vanderschuren, L. J. M. J., & Lesscher, H. M. B. (2018). 
Healthy play, better coping: The importance of play for the development of children in health and disease. 
Neuroscience & Biobehavioral Reviews, 95, 421–429. https://doi.org/10.1016/j.neubiorev.2018.09.024  

Nyberg, H., Bogen, I. L., Nygaard, E., Achterberg, M., & Andersen, J. M. (2025). Maternal exposure to buprenorphine, 
but not methadone, during pregnancy reduces social play behavior across two generations of offspring. 
Psychopharmacology, 242(3), 663–680. https://doi.org/10.1007/s00213-024-06718-2  

Orsucci, I. C., Becker, K. D., Ham, J. R., Lee, J. D. A., Bowden, S. M., & Veenema, A. H. (2025). To play or not to 
play? Effects of social isolation length and stimulus rat familiarity on social play engagement in three 
laboratory rat strains. Physiology & Behavior, 302, 115080. https://doi.org/10.1016/j.physbeh.2025.115080 

Palagi, E., Cordoni, G., Demuru, E., & Bekoff, M. (2016). Fair play and its connection with social tolerance, 
reciprocity and the ethology of peace. Behaviour, 153(9–11), 1195–1216. https://doi.org/10.1163/1568539X-
00003336  

Panksepp, J. (1981). The ontogeny of play in rats. Developmental Psychobiology, 14(4), 327–332. 
https://doi.org/10.1002/dev.420140405  

https://doi.org/10.3389/fnbeh.2025.1617178
https://doi.org/10.26451/abc.10.04.02.2023
https://doi.org/10.1038/s41598-024-66988-w
https://doi.org/10.1016/j.isci.2025.112562
https://doi.org/10.1016/j.bbr.2026.116198
https://doi.org/10.1111/ejn.70426
https://doi.org/10.1016/j.jneumeth.2026.110836
https://doi.org/10.1002/dev.22456
https://doi.org/10.3791/4288
https://doi.org/10.1037/a0032187
https://doi.org/10.1037/a0036104
https://doi.org/10.1002/dev.21842
https://doi.org/10.1093/jmammal/gyx049
https://doi.org/10.1016/S0003-3472(81)80149-2
https://doi.org/10.1016/0031-9384(82)90331-6
https://doi.org/10.1016/j.neubiorev.2018.09.024
https://doi.org/10.1007/s00213-024-06718-2
https://doi.org/10.1163/1568539X-00003336
https://doi.org/10.1163/1568539X-00003336
https://doi.org/10.1002/dev.420140405


                                                                        Ham et al. 352 
 

Panksepp, J., & Beatty, W. W. (1980). Social deprivation and play in rats. Behavioral and Neural Biology, 30(2), 
197–206. https://doi.org/10.1016/S0163-1047(80)91077-8  

Panksepp, J., & Yovell, Y. (2014). Preclinical modeling of primal emotional affects (seeking, panic and play): 
Gateways to the development of new treatments for depression. Psychopathology, 47(6), 383–393. 
https://doi.org/10.1159/000366208  

Pellis, S. M., Field, E. F., Smith, L. K., & Pellis, V. C. (1997). Multiple differences in the play fighting of male and 
female rats. Implications for the causes and functions of play. Neuroscience and Biobehavioral Reviews, 
21(1), 105–120. https://doi.org/10.1016/0149-7634(95)00060-7  

Pellis, S. M., & Pellis, V. C. (1987). Play‐fighting differs from serious fighting in both target of attack and tactics of 
fighting in the laboratory rat Rattus norvegicus. Aggressive Behavior, 13(4), 227–242. 
https://doi.org/10.1002/1098-2337(1987)13:4<227::AID-AB2480130406>3.0.CO;2-C  

Pellis, S. M., & Pellis, V. C. (1990). Differential rates of attack, defense, and counterattack during the developmental 
decrease in play fighting by male and female rats. Developmental Psychobiology, 23(3), 215–231. 
https://doi.org/10.1002/dev.420230303  

Pellis, S. M., & Pellis, V. C. (1998). The structure-function interface in the analysis of play fighting. In M. Bekoff & 
J. A. Byers (Eds.), Play Behavior: Comparative, Evolutionary, and Ecological Aspects (pp. 115–140). 
Cambridge University Press. 

Pellis, S. M., & Pellis, V. C. (2009). The Playful Brain: Venturing to the Limits of Neuroscience. Oneworld 
Publications. 

Pellis, S. M., Pellis, V. C., Burke, C. J., Stark, R. A., Ham, J. R., Euston, D. R., & Achterberg, E. J. M. (2022). 
Measuring play fighting in rats: A multilayered approach. Current Protocols, 2(1). 
https://doi.org/10.1002/cpz1.337  

Pellis, S. M., Pellis, V. C., & Ham, J. R. (2024). Play fighting revisited: Its design features and how they shape our 
understanding of its mechanisms and functions. Frontiers in Ethology, 3. 
https://doi.org/10.3389/fetho.2024.1362052  

Pellis, S. M., Pellis, V. C., & Ham, J. R. (2025). Play-fighting during early childhood and its role in preventing later 
chronic aggression. In R. E. Tremblay, M. Boivin, & R. D. Peters (Eds.), Encyclopedia on Early Childhood 
Development (pp. 1–5). Centre of        Excellence for Early Childhood Development and Strategic Knowledge 
Cluster on Early Child Development. https://www.child-encyclopedia.com/aggression/according-
experts/play-fighting- during-early-childhood-and-its-role-preventing-later        

Pellis, S. M., Pellis, V. C., Ham, J. R., & Stark, R. A. (2023). Play fighting and the development of the social brain: 
The rat’s tale. Neuroscience and Biobehavioral Reviews, 145. 
https://doi.org/10.1016/j.neubiorev.2023.105037  

Schneider, P., Bindila, L., Schmahl, C., Bohus, M., Meyer-Lindenberg, A., Lutz, B., Spanagel, R., & Schneider, M. 
(2016). Adverse social experiences in adolescent rats result in enduring effects on social competence, pain 
sensitivity and endocannabinoid signaling. Frontiers in Behavioral Neuroscience, 10, 203. 
https://doi.org/10.3389/fnbeh.2016.00203  

Schweinfurth, M. K. (2020). The social life of Norway rats (Rattus norvegicus). eLife, 9, 1–26. 
https://doi.org/10.7554/eLife.54020  

Siviy, S. M. (2020). How strain differences could help decipher the neurobiology of mammalian playfulness: What 
the less playful Fischer 344 rat can tell us about play. International Journal of Play, 9(1), 9–24. 
https://doi.org/10.1080/21594937.2020.1721024  

Siviy, S. M., Baliko, C. N., & Bowers, K. S. (1997). Rough-and-tumble play behavior in Fischer-344 and Buffalo rats: 
Effects of social isolation. Physiology & Behavior, 61(4), 597–602. https://doi.org/10.1016/S0031-
9384(96)00509-4  

Siviy, S. M., Love, N. J., DeCicco, B. M., Giordano, S. B., & Seifert, T. L. (2003). The relative playfulness of juvenile 
Lewis and Fischer-344 rats. Physiology & Behavior, 80(2–3), 385–394. 
https://doi.org/10.1016/j.physbeh.2003.09.002  

Siviy, S. M., Martin, M. A., & Campbell, C. M. (2023). Noradrenergic modulation of play in Sprague-Dawley and 
F344 rats. Psychopharmacology. https://doi.org/10.1007/s00213-023-06419-2  

Siviy, S. M., & Panksepp, J. (1987). Sensory modulation of juvenile play in rats. Developmental Psychobiology, 20(1), 
39–55. https://doi.org/10.1002/dev.420200108  

Thor, D. H., & Holloway, W. R. (1984). Developmental analyses of social play behavior in juvenile rats. Bulletin of 
the Psychonomic Society, 22(6), 587–590. https://doi.org/10.3758/BF03333916  

https://doi.org/10.1016/S0163-1047(80)91077-8
https://doi.org/10.1159/000366208
https://doi.org/10.1016/0149-7634(95)00060-7
https://doi.org/10.1002/1098-2337(1987)13:4%3c227::AID-AB2480130406%3e3.0.CO;2-C
https://doi.org/10.1002/dev.420230303
https://doi.org/10.1002/cpz1.337
https://doi.org/10.3389/fetho.2024.1362052
https://doi.org/10.1016/j.neubiorev.2023.105037
https://doi.org/10.3389/fnbeh.2016.00203
https://doi.org/10.7554/eLife.54020
https://doi.org/10.1080/21594937.2020.1721024
https://doi.org/10.1016/S0031-9384(96)00509-4
https://doi.org/10.1016/S0031-9384(96)00509-4
https://doi.org/10.1016/j.physbeh.2003.09.002
https://doi.org/10.1007/s00213-023-06419-2
https://doi.org/10.1002/dev.420200108
https://doi.org/10.3758/BF03333916


                                                                        Ham et al. 353 
 

VanRyzin, J. W., Marquardt, A. E., & McCarthy, M. M. (2020a). Developmental origins of sex differences in the 
neural circuitry of play. International Journal of Play, 9(1), 58–75. 
https://doi.org/10.1080/21594937.2020.1723370  

VanRyzin, J. W., Marquardt, A., & McCarthy, M. (2020b). Assessing rough-and-tumble play behavior in juvenile 
rats. BIO-PROTOCOL, 10(1). https://doi.org/10.21769/BioProtoc.3481  

Veenema, A. H., Bredewold, R., & De Vries, G. J. (2013). Sex-specific modulation of juvenile social play by 
vasopressin. Psychoneuroendocrinology, 38(11), 2554–2561. 
https://doi.org/10.1016/j.psyneuen.2013.06.002  

Winokur, E. J., Song, C., Leija, E. S., Chen, J., Kross, S., Shamam, D., Aguilar-Rivera, M., Quinn, L. K., Rossano, 
F., & Chiba, A. A. (2023). Reciprocity in dyads and triads: Female rats alter their prosocial behavior 
according to the social context. Animal Behavior and Cognition, 10(3), 169–210. 
https://doi.org/10.26451/abc.10.03.01.2023  

 

https://doi.org/10.1080/21594937.2020.1723370
https://doi.org/10.21769/BioProtoc.3481
https://doi.org/10.1016/j.psyneuen.2013.06.002
https://doi.org/10.26451/abc.10.03.01.2023

