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Communal nesting differentially attenuates the impact of pre-weaning social isolation on behavior in male and female rats during adolescence and adulthood
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Introduction: Early social isolation (ESI) disrupts neurodevelopmental processes, potentially leading to long-lasting emotional and cognitive changes in adulthood. Communal nesting (CN), i.e., the sharing of parental responsibilities between multiple individuals in a nest, creates a socially enriching environment known to impact social and anxiety-related behaviors.

Methods: This study examines the effects of (i) the CN condition and of (ii) ESI during the 3rd week of life (i.e., pre-weaning ESI) on motor, cognitive, and emotional domains during adolescence and adulthood in male and female rats reared in the two different housing conditions, as well as (iii) the potential of CN to mitigate the impact of ESI on offspring.

Results: We found that in a spontaneous locomotor activity test, females exhibited higher activity levels compared to males. In female groups, adolescents reared in standard housing (SH) condition spent less time in the center of the arena, suggestive of increased anxiety levels, while the CN condition increased the time spent in the center during adolescence, but not adulthood, independently from ESI. The prepulse inhibition (PPI) test showed a reduced PPI in ESI adolescent animals of both sexes and in adult males (but not in adult females), with CN restoring PPI in males, but not in adolescent females. Further, in the marble burying test SH-ESI adolescent males exhibited higher marble burying behavior than all other groups, suggestive of obsessive-compulsive traits. CN completely reversed this stress-induced effect. Interestingly, ESI and CN did not have a significant impact on burying behavior in adult animals of both sexes.

Discussion: Overall, our findings (i) assess the effects of ESI on locomotion, sensorimotor gating, and compulsive-like behaviors, (ii) reveal distinct vulnerabilities of males and females within these domains, and (iii) show how early-life social enrichment may successfully counteract some of the behavioral alterations induced by early-life social stress in a sex-dependent manner. This study strengthens the notion that social experiences during early-life can shape emotional and cognitive outcomes in adulthood, and points to the importance of social enrichment interventions for mitigating the negative effects of early social stress on neurodevelopment.
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1. Introduction

Traumatic events, occurring early in life, are known to enhance the vulnerability to develop brain diseases in adulthood (Sarkar et al., 2019; Hegde and Mitra, 2020; Palma-Gudiel et al., 2020). To evaluate the vast array of long-lasting alterations after the exposure to various stress paradigms in the early post-natal life, numerous animal models have been developed and validated over the years (Murthy and Gould, 2018). Several changes induced by early-life stress have been described, including impairments in memory formation and cognitive performances (Reincke and Hanganu-Opatz, 2017; Talani et al., 2023), enhanced anxiety level (Brunton, 2015), depression-like symptoms (Vetulani, 2013) and vulnerability to develop drug use disorders (Delavari et al., 2016; de Almeida Magalhães et al., 2017).

In rodents, the neonatal maternal separation is one of the most commonly used models of early-life stress exposure to study the consequent alterations at the endocrine, neurophysiological, and behavioral level (Nishi et al., 2014; Mejía-Chávez et al., 2021). In this model, pups are removed from the dam’s nest for a few hours each day during the first two weeks of postnatal life, although protocols may differ in terms of length of separation or time window in which they are applied (Plotsky and Meaney, 1993; Hall, 1998; Fabricius et al., 2008; Cirulli et al., 2009; Marco et al., 2009; Bailoo et al., 2014). Interestingly, impairments are typically observed in male but not female rodents, which highlights a sex-dependent effect induced by this environmental manipulation (Romeo et al., 2003; Mehta and Schmauss, 2011; Kundakovic et al., 2013; Bailoo et al., 2014; Talani et al., 2023). However, other studies report opposite results (Veenema et al., 2007; Tsuda and Ogawa, 2012; Cui et al., 2020), thereby suggesting that the influence of sex as a factor for vulnerability to the effects of maternal separation needs further investigation and clarification. Age is another factor that may significantly influence the effect of early-life social experiences, as both social isolation and enrichment during the first three postnatal weeks may affect behavior differently in adolescent and adult rats (Macrì et al., 2010; Daoura et al., 2011).

Pre-weaning social isolation provides a further experimental animal model of early-life stress. This model is much less characterized and implies a shorter time window and duration of pups’ separation. Such a pre-weaning social stress significantly enhances locomotor activity in a novel environment in male and female adolescent rats and increases the response to low-to-moderate doses of methamphetamine (Pritchard et al., 2012), suggesting that subjects with a history of early-life social stress may be particularly vulnerable to the effects of psychostimulants. Notably, this latter effect occurred at different doses of methamphetamine for male (3.0 mg/kg) and female (1.0 mg/kg) rats, revealing a sex-dependent effect of early social isolation (ESI) on vulnerability to psychostimulants effects (Pritchard et al., 2012). Other studies demonstrated that early-life social isolation resulted in impulsive behavior (as indexed by faster movements) in adolescent rats and that the effect was more pronounced in males than females, suggesting that adolescent female rats are more resistant to the effects of early social stress on motor impulsive behavior (Pritchard et al., 2012). Yet, early social isolation may also lead to hypoactive behaviors in rats along with greater propensity to show depressive-like responses to stress (Spivey et al., 2009).

In rodents, the behavioral endophenotype most altered by peri-weaning social isolation is the prepulse inhibition (PPI) of the startle reflex (Wilkinson et al., 1994; Varty and Higgins, 1995; Frau et al., 2015; Sun et al., 2021). PPI refers to the inhibition of the startle response by presentation of a weak intensity prestimulus or prepulse (acoustic or tactile) that immediately precedes the pulse (startle) stimulus (Swerdlow et al., 1995). This paradigm provides a well-established operational measure of sensorimotor gating, the process that the brain enacts to attribute the salient aspects of sensory information from the environmental stimuli. As such, this protective mechanism gates out irrelevant and/or redundant sensory stimulation, thereby preventing information overload and preserving cognitive integration with its related neurobehavioral outcomes.

Another behavior affected by neonatal maternal separation is burying behavior, defined as a physiologic process, in laboratory rodents, that consists in burying harmless objects (e.g., glass marbles) using bedding material. When burying behavior become excessive, however, it is considered a valid prediction of perseveration/compulsion related disorders (Taylor et al., 2017). Recent studies have shown that mice exposed to maternal separation showed a significant increase in the number of buried marbles as clear increase of perseverative behavior, providing further empirical support for a link between childhood adversity and development of impulsive/compulsive traits (Ou et al., 2021; Jarrar et al., 2022). Interestingly, sex-dependent differences have been reported in the marble burying test, although with discrepant results (Burke et al., 2016; Mancini et al., 2021; Emtyazi et al., 2022).

If early-life social deprivation has been associated to enhanced risk of altered behavior and vulnerability to mental diseases, a potential positive impact of early social enrichment on behavior and brain development has also been described (Cirulli et al., 2010). An ethological paradigm to create a pre-weaning complex social environment is represented by communal nesting (CN), i.e., the sharing of caregiving behaviors among a group of dams in a single nest (Branchi, 2009). CN mirrors the developing pups’ natural rearing setting, which is typically much richer than the standard laboratory conditions (Branchi et al., 2006). CN has been reported to affect anxiety and depressive-like behaviors in mice (Branchi and Alleva, 2006), stimulate social interaction (D’Andrea et al., 2007), and increase resiliency to social stress in male mice (Branchi et al., 2013). Whether CN condition can attenuate, if not fully prevent, the behavioral alterations induced by an early-life stress in adolescent and/or adult rats remains to be investigated.

Here, we explored, for the first time, the effects of CN on an early social isolation (ESI) protocol, milder than the classical maternal separation paradigm, as it consisted in depriving pups of any social contact from postnatal day (PND) 14 to PND21 for 30 min/day only. Specifically, this study was undertaken to assess whether during adolescence and/or adulthood (i) ESI alters motor activity, obsessive-compulsive behavior and sensorimotor gating in rats, (ii) CN per sé is able to affect animals’ behavioral performances, (iii) CN can reverse the potential negative impact of ESI on motor activity, obsessive-compulsive behavior and sensorimotor gating. Moreover, in light of the sexual dimorphism in the “emotional brain” circuits (Fone and Porkess, 2008; Pallayova et al., 2019) and the sex-dependent differences in the neural response to social behaviors (Zilkha et al., 2021) and stress (Oyola and Handa, 2017), this study also evaluated (iv) whether early-life social rearing conditions affect behaviors of adolescents and adults in a sex-dependent manner. The Wistar rat strain was selected in light of its use in previous studies investigating either the effects of early-life social isolation on behavior and potential nonpharmacological interventions to mitigate its behavioral effects (Daoura et al., 2010; Lundberg et al., 2016; Khalifeh et al., 2019; Mohammadian et al., 2019), including the CN paradigm (Uriarte et al., 2014).



2. Materials and methods


2.1. Animals

A total of 64 male (M) and 64 female (F) Wistar rats, born from parents provided by Charles River (Italy) were used for this study, both during adolescence (32 M, 32 F) and early adulthood (32 M, 32 F). Animals were bred at the animal facility of the University of Cagliari (Italy) and housed under a 12/12 h inverted light/dark cycle (light on: 07:00 PM) with constant room temperature (22 ± 2°C) and humidity (60%) and free access to standard laboratory chow (ALTROMIN Diet 1,324, Caipet, Italy) and tap water. Experiments were conducted during the dark phase of the day/night cycle (10:00 AM-1:00 PM). All experimental procedures and animal care were performed in accordance with current Italian legislation (D.L. 26/2014), which requires the Ministry of Health (Rome, Italy) to approve a submitted Research Project for the experimentation on laboratory animals to take place (authorization n. 512/2021-PR). In addition, all procedures were in strict accordance with the European Council Directive on animal use in research (n. 2010/63/EU). All efforts were made to minimize animal discomfort and suffering to reduce the number of animals used, in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020). In all the behavioral test, each trial included animals of the same sex and from different experimental groups, and the order in which animals were tested was balanced across the SH-CTRL, SH-ESI, CN-CTRL and CN-ESI groups, and across the two sexes.



2.2. Nesting conditions

Animals were process subjected to one of the following four environmental conditions:

Standard Housing (SH): each female rat was housed with one male in a 42 × 27 × 21 cm Plexiglas cage until pregnancy could be verified. On gestational day 1 (GD1), defined by the detection of spermatozoa in the vaginal smears, the male rat was removed from the cage and the pregnant dam was housed in an individual cage and left undisturbed till delivery. Litters were culled to 8 animals (4 M, 4 F) within 24 h from birth, and left undisturbed till weaning.

Communal Nesting (CN): 3 females were housed with 1 male, which was removed after 16 days. The group of dams remained undisturbed till delivery. Each litter was culled to 8 animals (4 M, 4 F) within 24 h from birth, and left undisturbed till weaning.

Standard Housing + Early Social Isolation (SH + ESI): female rats were mated and housed as described in SH. After birth (PND1), the litters were left undisturbed with their mothers until PND14, at which time half of the pups from each nest was subjected to an early social isolation (ESI) protocol for 7 consecutive days (i.e., from PND14 to PND21), which consisted of individually removing each pup from the nest for 30 min/day. During the separation period, the pup was placed in a cage with clean bedding.

Communal Nesting + Early Social Isolation (CN + ESI): female rats were mated and housed as described in CN. Half of the pups from each nest was subjected to the ESI from PND14 to PND21, which consisted of individually removing each pup from the nest for 30 min/day. During the separation period, the pup was placed in a cage with clean bedding.

Animals were disturbed as little as possible during mating and breeding. After weaning (PND21), animals were housed in same sex/environmental condition groups of 3 or 4 per cage and tested both during adolescence and early adulthood. A first batch of animals underwent the PPI test during adolescence (i.e., between PND38 and PND40), and the locomotor activity test and the marble burying test during adulthood (i.e., between PND68 and PND78). The second batch of animals was tested in the locomotor activity test and the marble burying test during adolescence (i.e., between PND34 and PND44), and in the PPI test during adulthood (i.e., between PND72 and PND74). Each of the eight experimental groups, four per batch, included both male (n = 8) and female (n = 8) rats (Figure 1). Before starting the experiments, rats were handled daily for 5 min for 3 days by the same researchers who performed the experiments.
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FIGURE 1
 Timeline of social manipulation and behavioral testing. Rats (n = 128) were subjected to either one of two housing conditions, Standard Housing (SH) or Communal Nesting (CN), until Postnatal day (PND) 21 (n = 64 per condition, 50% males and 50% females). Between PND14 and PND21 the animals were exposed to no stress (CTRL) or to an Early Social Isolation (ESI) protocol (n = 64 per stress condition, n = 32 part of the SH group and n = 32 part of the CN group, 50% males and 50% females). Afterward, half of the rats in each environmental condition (Housing x Stress) was tested in a Pre-Pulse Inhibition test (PPI) in adolescence and in the Locomotor Activity test (LA) and Marble Burying test (MB) in adulthood (Batch 1), the remaining half was tested in LA and MB in adolescence and in PPI in adulthood (Batch 2).




2.3. Spontaneous locomotor activity

Rats were individually tested for motor activity under standardized environmental conditions (in a soundproof room under a 30 lx dim light) with a Digiscan Animal Activity Analyzer (Omnitech Electronics, Columbus, Ohio), as previously described (Struik et al., 2017). Each cage (42 × 42 × 63 cm) had two sets of 16 photocells located at right angles to each other, projecting horizontal infrared beams 2.5 cm apart and 2 cm above the cage floor and a further set of 16 horizontal beams whose height was adapted to the size of the animals. Horizontal and vertical activity were measured as total number of sequential infrared beam breaks (counts) in the sensors, while center activity was recorded as the time spent by rats in the central part of the arena, beginning immediately after placing the animals into the cage, over a period of 60 min.



2.4. Pre-pulse inhibition (PPI) of the acoustic startle reflex

PPI of the startle reflex was measured as previously described (Spano et al., 2010; Marti et al., 2021). Briefly, the apparatus (Med Associates, St Albans, VT, United States) consisted of 4 standard cages placed in sound-attenuated chambers with fan ventilation. Each cage consisted of a Plexiglas cylinder of 9 cm diameter, mounted on a piezoelectric accelerometric platform connected to an analog-digital converter. Two separate speakers conveyed background noise and acoustic bursts, each one properly placed so as to produce a variation of sound within 1 dB across the startle cage. Both speakers and startle cages were connected to a main PC, which detected and analyzed all chamber variables with specific software. Before each testing session, acoustic stimuli and mechanical responses were calibrated via specific devices supplied by Med Associates. A background noise of 70 dB was delivered for the entire PPI session, including the acclimation period of 5 min. Acclimation was followed by three consecutive sequences of trials (1st, 2nd and 3rd block). Unlike the 1st and the 3rd block, during which rats were presented with only five pulse-alone trials of 115 dB, the 2nd block consisted of a pseudorandom sequence of 50 trials, including 12 pulse-alone trials, 30 trials of pulse preceded by 74, 78, or 86 dB pre-pulses (10 for each level of pre-pulse loudness), and 8 no-stimulus trials, where only the background noise was delivered. Inter-trial intervals were selected randomly between 10s and 20s. PPI values were calculated as percentage using the following formula:
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2.5. Marble burying test

The marble burying test was performed in open transparent Plexiglas boxes (54 × 34.5 × 20 cm) and under a dim light (30 lux), as previously described (Zanda et al., 2017; Costa et al., 2019). The box floor was covered with 5 cm of bedding, on which 24 glass marbles (diameter: 1.2 cm) were positioned arranged in 6 rows of 4 marble each. Animals were allowed to acclimatize to the test room for 15 min before starting the test. At the beginning of the test session, each animal was placed in a marble-free area of the test cage (34.5 × 15 cm) and allowed to freely explore the cages for 30 min, while a video camera located on the room ceiling monitored the animal’s activity. At the end of the session, each subject was gently removed from the box and the number of marbles totally (>95%) buried was counted by an experimenter blind to the experimental conditions. Bedding was changed after each session, and marbles cleaned with soap and tap water to avoid any olfactory cue.



2.6. Statistical analyses

A sample size calculation via the G*Power software (G*Power 3.1.9.2), was performed to assess the required minimum number of rats to be employed in the study. A critical effect size f2 = 0.35 was chosen based on pilot experiments, with 80% power (1-β = 0.80) and a 5% significance level (α = 0.05) for each investigated behavior in an ANOVA.

Data are expressed as mean ± standard error of the mean (SEM) of 8 rats/group. Shapiro Wilk’s test and Levene’s test were carried out to assess the normal distribution of the dependent variables and homogeneity of variances, respectively. Afterward, a three-way analysis of variance (ANOVA) was run with the three between subject factors: Sex (Male, Female), Housing (Nesting, Standard) and early social stress (CTRL, ESI). Independent three-way ANOVAs were performed for adolescent and adult rats. When the ANOVA revealed significant first or second order interactions or main effects of factors, Bonferroni’s corrected pairwise comparisons were conducted to inspect significant differences between experimental groups. The capital letters reported in the Figures refer to significant main effects and/or interactions between factors while symbols on bars refer to the significant differences in direct comparisons between experimental groups (i.e., simple effects).

All the analyses were carried out using SPSS (IBM Corp. in Armonk, NY). A value of p < 0.05 was considered statistically significant.




3. Results


3.1. Adolescents


3.1.1. Locomotor activity

As shown in Figure 2, in adolescent males and females the spontaneous locomotor activity test revealed a significant main effect of sex in all three parameters considered, i.e., horizontal and vertical activity and the time spent in the center of the arena (F1, 56 = 106.33, F1, 56 = 34.66 and F 1, 56 = 49.25, all p < 0.0001, for horizontal and vertical activity, and center time, respectively). In particular, female rats displayed greater horizontal (+53%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 2A), and vertical (+27%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 2B) activity and spent less time (−12%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 2C) in the center of the arena compared to males, regardless of the housing conditions and the presence of ESI.
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FIGURE 2
 Horizontal (A), vertical (B), and center (C) locomotor activity in adolescent male (blue) and female (red) rats. Data are expressed as means ± SEM of the total number of counts (A,B) and the total time spent in the central part of the arena (C). SH, standard housing, CN, communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA followed by Bonferroni’s pairwise comparisons (n = 8 rats/group). SE, significant effect of sex; H, significant effect of housing. §p < 0.05; §§§p < 0.001 vs. the respective male group.


Interestingly, a significant main effect of Housing (F1, 56 = 23.46, p < 0.0001) was observed for the time spent in the center of the arena, indicating that rats reared in the CN condition spent more time in the center of the arena compared to rats reared in SH conditions (+9%, averaged mean of all CN groups vs. averaged mean of all SH groups, p < 0.0001, Figure 2C) regardless of sex or previous exposure to the ESI protocol.

By contrast, no significant main effects of stress nor first or second order interactions between factors (i.e., Housing, Stress, Sex) were observed in the three parameters considered.

Finally, Bonferroni’s pairwise comparisons carried out on simple effects confirmed that all the female groups displayed greater horizontal activity values when compared to their matched male groups (all p < 0.001, Figure 2A) and revealed that both SH female groups spent less time in the center of the arena compared to their matched male groups (p < 0.05 and p < 0.001 for CTRL and ESI groups, respectively, Figure 2C).



3.1.2. Pre-pulse inhibition (PPI) test

When adolescent rats were tested for sensorimotor gating, three-way ANOVA (factors: Housing, Stress, Sex) yielded significant main effects for Housing (F1, 56 = 41.347, p < 0.0001) and Stress (F1, 56 = 42.369, p < 0.0001), but not for Sex or interactions (Figure 3). Accordingly, Bonferroni’s comparisons on main effects shown that the CN condition was associated with a significantly higher PPI (60.4%, averaged mean of all CN groups vs. 49.2%, averaged mean of all SH groups), with an average increase of 11.2% (p < 0.001), with respect to the SH condition, regardless of sex or ESI; likewise, ESI was associated to a lower PPI (49.1%, averaged mean of all ESI groups vs. 60.5%, averaged mean of all CTRL groups), regardless of the Housing condition (−11.4%, p < 0.001).
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FIGURE 3
 Pre-pulse inhibition (PPI) test in adolescent male (blue) and female (red) rats. Data are expressed as means ± SEM of the %PPI response over the 3 pre-pulse intensities. SH: standard housing, CN, communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA followed by Bonferroni’s pairwise comparisons (n = 8 rats/group). H, significant effect of housing; ST, significant effect of stress; SE*ST, significant sex x stress interaction. *p < 0.05, **p < 0.01 vs. the respective SH group; #p < 0.05, ##p < 0.01 vs. the respective CTRL group.


Moreover, pairwise comparisons carried out on simple effects showed a lower PPI in SH-ESI groups when compared to the respective SH-CTRL controls (males: −13.6%, p < 0.05 and females: −14.6%, p < 0.01). Notably, although no significant three-way interaction was detected, pairwise comparisons suggested that CN may prevent the stress effect in males but not females. Accordingly, PPI in males subjected to CN did not differ between CN-ESI and CN-CTRL (59.0% vs. 61.6%, respectively); by contrast, in females a significant difference between CN-CTRL and CN-ESI was detected (68.1% vs. 52.9%, respectively, p < 0.01). Finally, both CN-CTRL and CN-ESI females shown greater PPI compared to their SH matched groups (CTRL: +13.5%, p < 0.01; ESI: +12.9%, p < 0.05).



3.1.3. Marble burying test

In the marble burying test, a sex-dependent effect of ESI was observed in adolescent rats housed under SH conditions, being the number of buried marbles increased in SH-ESI males but not females (Figure 4). Notably, the CN condition prevented the effect induced by the ESI protocol. Three-way ANOVA yielded all significant main effects and interactions, including a three-level interaction (Sex: F 1, 56 = 9.22, p < 0.004; Housing: F 1, 56 = 35.08, p < 0.0001; Stress: F 1, 56 = 28.25, p < 0.0001; Housing*Sex: F 1, 56 = 11.16, p < 0.001; Housing*Stress: F 1, 56 = 14.41, p < 0.0001; Stress*Sex: F 1, 56 = 11.16, p < 0.001; Housing*Stress*Sex: F 1, 56 = 9.226, p < 0.004).
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FIGURE 4
 Marble Burying test in adolescent male (blue) and female (red) rats. Values are means ± SEM of the number of marbles entirely covered with bedding. SH, standard housing, CN, communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA followed by Bonferroni’s pairwise comparisons (n = 8 rats/group). SE, significant effect of sex; H, significant effect of housing; ST, significant effect of stress; H*SE, significant housing x sex interaction; H*ST, significant housing x stress interaction; SE*ST significant sex x stress interaction; H*SE*ST, significant housing x sex x stress interaction. ***p < 0.001 vs. the respective SH group; ###p < 0.001 vs. the respective CTRL group; §§§p < 0.001 vs. the respective male group.


Post-hoc analyses showed that ESI increases the number of buried marbles in adolescent males housed in the SH condition (+242%, p < 0.001), whereas females exhibited the same level of burying activity across the CTRL-ESI conditions. Consequently, the performance of SH-ESI groups differed significantly across sexes, with males burying a number of marbles roughly double than that of females (9 ± 0.8 vs. 3.8 ± 0.6, respectively, p < 0.001). The CN condition completely reverted the ESI effect in males, with CN-ESI rats burying a lower number of marbles, compared to the SH-ESI ones (−73.6%, p < 0.001); further, burying behavior did not significantly differ between CN-ESI and CN-CTRL groups. Conversely, in females, housing condition did not affect burying behavior; accordingly, the burying activity of CN-CTRL and CN-ESI female rats did not differ from that of the SH-CTRL and SH-ESI ones (Figure 4).




3.2. Adults


3.2.1. Locomotor activity

As shown in Figure 5, in adult male and female rats, similarly to adolescents, we detected a significant main effect of Sex in all the three parameters considered in the locomotor activity test (F1, 56 = 162.74, F1, 56 = 46.13 and F1, 56 = 15.22, all p < 0.0001, for horizontal and vertical activity, and center time, respectively), indicating that females maintained greater horizontal (+56%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 5A) and vertical (+23%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 5B) activity and spent less time (−15%, averaged mean of all female groups vs. averaged mean of all male groups, p < 0.0001, Figure 5C) in the center of the arena compared to males.
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FIGURE 5
 Horizontal (A), vertical (B), and center (C) locomotor activity in adult male (blue) and female (red) rats. Data are expressed as means ± SEM of the total number of counts (A, B) and the total time spent in the central part of the arena (C). SH: standard housing, CN: communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA followed by Bonferroni’s pairwise comparisons (n = 8 rats/group). SE, significant effect of sex; H, significant effect of housing. §p < 0.05; §§§p < 0.001 vs. the respective male group.


In addition, as seen in adolescent rats, a significant main effect was also observed for the factor Housing (F1, 56 = 6.02, p < 0.017) indicating that adult rats reared in the CN versus SH condition spent more time in the center of the arena (+9%, Figure 5C) regardless of sex or exposure to the ESI paradigm. By contrast, no significant main effects of Stress nor first or second order interactions between factors were observed in the three parameters considered. Finally, Bonferroni’s pairwise comparisons carried out on simple effects confirmed that all the female groups displayed greater horizontal activity compared to their matched male groups (all p < 0.001); similarly, both CTRL female groups (i.e., SH and CN) showed greater vertical activity values compared to their matched male groups.



3.2.2. Pre-pulse inhibition (PPI) test

When adult rats were tested for sensorimotor gating, we found that ESI lowered PPI performance in SH males, an effect fully prevented by the CN condition. Conversely, the ESI protocol had no effect on females (Figure 6). Accordingly, three-way ANOVA yielded main effects for Housing (F1, 56 = 12.357, p < 0.001) and Stress (F1, 56 = 15.892, p < 0.0001), significant first order interactions for Housing*Sex (F1, 56 = 6.810, p < 0.05) and Housing*Stress (F1, 56 = 5.956, p < 0.05), as well as a significant second order interaction Housing*Stress*Sex (F1, 56 = 14.294, p < 0.0001).
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FIGURE 6
 Pre-pulse inhibition (PPI) test in adult male (blue) and female (red) rats. Data are expressed as means ± SEM of the %PPI response over the 3 pre-pulse intensities. SH: standard housing, CN, communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA followed by Bonferroni’s pairwise comparisons (n = 8 rats/group). H, significant effect of housing; ST, significant effect of stress; H*ST, significant housing x stress interaction; H*SE, significant housing x sex interaction; H*SE*ST, significant housing x sex x stress interaction. ***p < 0.001 vs. the respective SH group; ###p < 0.001 vs. the respective CTRL group; §§§p < 0.001 vs. the respective sex group.


Post-hoc analyses showed that SH-ESI male rats had a significantly lower PPI (−13.3%) when compared to the respective SH-CTRL group (47.5% vs. 60.8%, p < 0.001). Interestingly, CN abolished the ESI-induced decrease in PPI (61.3% vs. 47.5%, p < 0.001, Figure 6) to the point that a difference between ESI and CTRL male rats was no longer evident. By contrast, neither stress nor housing condition influenced the PPI score in females. As a result, a sex-related difference was also detected, with SH-ESI males showing a significantly lower PPI (−11.2%) compared to the corresponding female group (47.5% vs. 58.7%, p < 0.001, Figure 6).



3.2.3. Marble burying test

At variance from what observed in adolescent rats, burying behavior in adults displayed no significant differences across experimental groups, as neither housing condition nor early stress or sex exerted a significant effect on the number of fully buried marbles (Figure 7). Three-way ANOVA (factors: Housing, Stress, Sex) yielded no significant main effects or interactions (F1, 56 = 0.000, p = 1.00).
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FIGURE 7
 Marble Burying test in adult male (blue) and female (red) rats. Values are means ± SEM of the number of marbles entirely covered with bedding. SH, standard housing, CN, communal nesting, CTRL, no stress, ESI, early social stress. Three-way ANOVA yielded not significant effects (n = 8 rats/group).






4. Discussion

Early-life experiences, including parental care and social interactions, have profound impact on brain development and subsequent behavioral expression. In rodents, pre-weaning social isolation has been associated with behavioral alterations in the offspring that manifest during adolescence and may persist into adulthood (Hall, 1998). This study tested the hypothesis that an early-life socially enriched environment, such as that provided by the communal nesting condition, may attenuate (if not fully prevent) the behavioral effects induced by pre-weaning social isolation in male and female rats. Results revealed that early-life social stress (i.e., pre-weaning isolation) induces a significant deficit in sensorimotor gating in both adolescent males and females and in adult males as well as compulsive burying behavior in adolescent male rats, while no effects were observed on spontaneous motor behavior. Importantly, a protective effect of communal nesting was observed on both sensorimotor gating deficit and compulsive burying behavior, with significant differences between sexes (Figure 8).
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FIGURE 8
 Summary of the results obtained in adolescent and adult male (M) and female (F) rats. CN, Communal Nesting, CTRL, No Stress, ESI, Early Social Isolation, LA, Locomotor Activity test, MB, Marble Burying test, PPI, Pre-Pulse Inhibition test, SH, Standard Housing.


Although early-life isolation did not alter the animals’ spontaneous locomotor activity, we observed a significant effect of sex in two out of three parameters investigated during adolescence and adulthood. With respect to males, female Wistar rats spent more time in the center zone of the open field and travelled a greater distance in the arena (Knight et al., 2021), suggestive of decreased anxiety level and increased motor activity, respectively. Further, when compared to corresponding SH groups, a positive (but not significant) trend can be observed in the time spent in the center of the arena by adolescent CN females, suggesting that a pre-weaning social enrichment condition may decrease the level of anxiety. These findings are in line with previous studies showing that when reared in CN conditions, NIH Norway rats were more likely to enter and spend more time in the center of the open field (Martinez et al., 2015), and that Balb/c mice displayed reduced anxiety-like behavior in the same test (Curley et al., 2009). However, other studies suggested the opposite, with CN reducing in Sprague–Dawley rats the time spent in the open arms in the elevated plus maze and the latency to escape from the light side of the chamber in the light/dark test (Connors et al., 2015), and increasing thigmotaxis in the open field in CD1 Swiss-derived (ICR) mice (Branchi and Alleva, 2006). Such discrepancies highlight the need for further characterization of the effect of pre-weaning social enrichment on emotional behavior, with particular attention given to potential underlying sex- and strain-dependent differences.

Deficits in sensorimotor gating are a transdiagnostic marker of several psychiatric disorders, including schizophrenia (Braff and Geyer, 1990), Tourette syndrome (Castellanos et al., 1996), and bipolar disorder (Perry et al., 2001). PPI deficits are typically modeled in rats by individual housing from weaning until adulthood (Roncada et al., 2009), and these deficits can be reversed by the administration of antipsychotic drugs (Varty and Higgins, 1995). Importantly, gentle handling and environmental enrichment reverse PPI deficits in Sprague–Dawley rats (Varty et al., 2000; Krebs-Thomson et al., 2001), as well as other behavioral and endocrine responses related to early-life stress and psychiatric conditions in Lister Hooded rats (Schrijver et al., 2002), suggesting that social enrichment might also reduce PPI deficits induced by early-life social isolation. The impact of social isolation in the early phase of rearing on sensorimotor gating function has been seldom investigated. Isolation protocols have been typically designed to deprive rodents of social contacts soon after weaning, with male and female Sprague–Dawley rats (Weiss et al., 2001), male Lister Hooded rats (Geyer et al., 1993) and male 129 T2 and C57BL/6 J (Varty et al., 2006) socially isolated immediately after weaning (PND 21–23) and tested on PPI after about 8 weeks (PND 77–80), corresponding to yong-adult age. However, the effect of this environmental manipulation on PPI performance has yielded contrasting findings, depending on several methodological factors, such as timing of rearing, strain, caging condition, protocols, and number of PPI sessions (Geyer et al., 1993; Wilkinson et al., 1994; Domeney and Feldon, 1998). To our knowledge, only one study applied a pre-weaning social isolation paradigm to evaluate its consequences on PPI in male and female Sprague–Dawley rats (Weiss et al., 2001), but in this study the social isolation continued after weaning effectively preventing the assessment of the pre-weaning social isolation per sé on PPI. Interestingly, the developmental timing of the onset of social isolation appears to be a key factor in shaping PPI, as it has been observed that male Sprague–Dawley rats deprived of social contacts especially at adulthood do not exhibit PPI disruption (Varty et al., 1999). Here, we focused on isolation rearing only during the pre-weaning period and found that this protocol elicited a robust PPI deficit which was evident during both adolescence and adulthood in males but only during adolescence in females, suggesting a sex-dependent developmental origin of this environmental model with regard to psychiatric disorders featuring sensory gating impairments (Geyer, 2006). Notably, this study shows for the first time that the PPI deficits induced by early-life social stress were fully prevented by the CN condition in both adolescent and adult males but not in the adolescent females. CN is a naturalistic form of social environmental enrichment that begins from birth until weaning, providing pups with enhanced social and physical, and sensorimotor stimulation. As such, the observed rescue effects of CN in our study might align with the beneficial effects of repeated handling in preventing deficits in prepulse inhibition caused by isolation rearing in Sprague–Dawley and Wistar rats (Krebs-Thomson et al., 2001; Rosa et al., 2005). This suggests that, like repeated handling, CN can also have beneficial effects in mitigating the negative consequences of isolation rearing on sensorimotor integrity during development (Bakshi and Geyer, 1999).

Digging (i.e., the displacement of a substrate using mostly the forepaws), burrowing (i.e., the construction of tunnels for habitation), and burying (i.e., the displacement of either aversive or non-aversive objects underneath any available substrate) are core components of the normal behavioral repertoire of rodents (de Brouwer et al., 2019). The marble burying test is commonly used in preclinical research for the identification of anxiety- or compulsive-like features (Albelda and Joel, 2012). Maternal conditions occurring before and during pregnancy have been linked to the risk of developing obsessive-compulsive disorder (OCD) (Arnold et al., 2018; Mahjani et al., 2020), supporting the evidence that patients with anxiety, OCD and other mental disorders present a history of childhood trauma more often than the healthy population. Further, maternal separation has been reported to increase compulsive burying activity in adult male BALB/c mice, without affecting locomotor activity (Jarrar et al., 2022), and in adolescent but not adult Sprague–Dawley rats, with larger effects in males than females (Abraham et al., 2023). Notably, individual housing soon after weaning did not alter burying activity in young adult Long Evans rats, with isolated males burying a slightly (not significant) higher number of marbles than isolated females (Kinley et al., 2021). This study examined for the first time the effect of the exposure to pre-weaning social stress on burying behavior in rats reared in standard or communal nesting condition, revealing a significant effect of both ESI and housing condition during adolescence but not adulthood. Specifically, while ESI significantly increased burying activity in SH adolescent males, CN fully reverted this effect, without showing an intrinsic effect per. Again, a sex-dependent effect of ESI was detected also in this test, with SH-ESI (but not CN-ESI) adolescent females burying a significantly lower number of marbles than corresponding male group.

Due to the numerous variables involved in this study, i.e., housing condition (SH vs. CN), early-life stress (CTRL vs. ESI), sex (M vs. F) and age (adolescence vs. adulthood), to reduce complexity in the analysis of data we evaluated the effect of the first 3 variables separately in adolescent and adult animals. Yet, a simple comparison of adolescent vs. adult animals in each test shows that (i) the effect of sex in the locomotor activity test observed during adolescence is long-lasting, since it is still evident during adulthood, (ii) the CN condition protects against ESI-induced PPI deficits in males at both ages, (iii) the effect of ESI, CN and sex on burying behavior during adolescence does not persist into adulthood.

Overall, our findings show for the first time that early social experiences and housing condition interact in modulating motor, cognitive and emotional functions in a sex- and age-dependent manner. Further studies are needed to assess the potential benefits of a socially enriched rearing environment in males and females. Questions remain regarding whether being exposed to a socially stimulating environment from birth may effectively protect, or at least attenuate, against other behavioral alterations induced by social isolation early in life.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Organismo preposto al benessere degli animali (OPBA), Cagliari. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JB: Data curation, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. MC: Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – original draft, Writing – review & editing. AP: Data curation, Investigation, Methodology, Resources, Visualization, Writing – original draft. GT: Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. RF: Data curation, Investigation, Methodology, Resources, Writing – original draft, Writing – review & editing. PP: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft, Writing – review & editing. MD: Supervision, Validation, Writing – review & editing, Conceptualization, Data curation. FF: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing. PR: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing. LR: Data curation, Formal analysis, Software, Visualization, Writing – review & editing. VT: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing. RC: Conceptualization, Funding acquisition, Project administration, Supervision, Validation, Writing – review & editing. FS: Formal analysis, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. LF: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by PRIN 2017SXEXT5 (to RC, FF, VT, PR, and LF) and by grants from MIUR Progetto Eccellenza 2023/2027 (to FF).



Acknowledgments

Authors are grateful to the staff of CeSASt (Centro Servizi di Ateneo per gli Stabulari) of University of Cagliari (Italy) for animal breeding and expert assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abraham, M., Schmerder, K., Hedtstück, M., Bösing, K., Mundorf, A., and Freund, N. (2023). Maternal separation and its developmental consequences on anxiety and parvalbumin interneurons in the amygdala. J. Neural Transm. 130, 1167–1175. doi: 10.1007/s00702-023-02657-y 

 Albelda, N., and Joel, D. (2012). Current animal models of obsessive compulsive disorder: an update. Neuroscience 211, 83–106. doi: 10.1016/j.neuroscience.2011.08.070 

 Arnold, P. D., Askland, K. D., Barlassina, C., Bellodi, L., Bienvenu, O. J., Black, D., et al. (2018). Revealing the complex genetic architecture of obsessive-compulsive disorder using meta-analysis. Mol. Psychiatry 23, 1181–1188. doi: 10.1038/mp.2017.154


 Bailoo, J. D., Jordan, R. L., Garza, X. J., and Tyler, A. N. (2014). Brief and long periods of maternal separation affect maternal behavior and offspring behavioral development in C57BL/6 mice. Dev. Psychobiol. 56, 674–685. doi: 10.1002/dev.21135 

 Bakshi, V. P., and Geyer, M. A. (1999). Ontogeny of isolation rearing-induced deficits in sensorimotor gating in rats. Physiol. Behav. 67, 385–392. doi: 10.1016/s0031-9384(99)00082-7 

 Braff, D. L., and Geyer, M. A. (1990). Sensorimotor gating and schizophrenia. Human and animal model studies. Arch. Gen. Psychiatry 47, 181–188. doi: 10.1001/archpsyc.1990.01810140081011


 Branchi, I. (2009). The mouse communal Nest: investigating the epigenetic influences of the early social environment on brain and behavior development. Neurosci. Biobehav. Rev. 33, 551–559. doi: 10.1016/j.neubiorev.2008.03.011 

 Branchi, I., and Alleva, E. (2006). Communal nesting, an early social enrichment, increases the adult anxiety-like response and shapes the role of social context in modulating the emotional behavior. Behav. Brain Res. 172, 299–306. doi: 10.1016/j.bbr.2006.05.019


 Branchi, I., D’Andrea, I., Fiore, M., Di Fausto, V., Aloe, L., and Alleva, E. (2006). Early social enrichment shapes social behavior and nerve growth factor and brain-derived neurotrophic factor levels in the adult mouse brain. Biol. Psychiatry 60, 690–696. doi: 10.1016/j.biopsych.2006.01.005 

 Branchi, I., Santarelli, S., D’Andrea, I., and Alleva, E. (2013). Not all stressors are equal: early social enrichment favors resilience to social but not physical stress in male mice. Horm Behav. 63, 503–509. doi: 10.1016/j.yhbeh.2013.01.003


 Brunton, P. J. (2015). Programming the brain and behaviour by early-life stress: a focus on neuroactive steroids. J. Neuroendocrinol. 27, 468–480. doi: 10.1111/jne.12265 

 Burke, N. N., Coppinger, J., Deaver, D. R., Roche, M., Finn, D. P., and Kelly, J. (2016). Sex differences and similarities in depressive- and anxiety-like behaviour in the Wistar-Kyoto rat. Physiol. Behav. 167, 28–34. doi: 10.1016/j.physbeh.2016.08.031


 Castellanos, F. X., Fine, E. J., Kaysen, D., Marsh, W. L., Rapoport, J. L., and Hallett, M. (1996). Sensorimotor gating in boys with Tourette's syndrome and ADHD: preliminary results. Biol. Psychiatry 39, 33–41. doi: 10.1016/0006-3223(95)00101-8 

 Cirulli, F., Berry, A., Bonsignore, L. T., Capone, F., D'Andrea, I., Aloe, L., et al. (2010). Early life influences on emotional reactivity: evidence that social enrichment has greater effects than handling on anxiety-like behaviors, neuroendocrine responses to stress and central BDNF levels. Neurosci. Biobehav. Rev. 34, 808–820. doi: 10.1016/j.neubiorev.2010.02.008 

 Cirulli, F., Francia, N., Berry, A., Aloe, L., Alleva, E., and Suomi, S. J. (2009). Early life stress as a risk factor for mental health: role of neurotrophins from rodents to non-human primates. Neurosci. Biobehav. Rev. 33, 573–585. doi: 10.1016/j.neubiorev.2008.09.001 

 Connors, E. J., Migliore, M. M., Pillsbury, S. L., Shaik, A. N., and Kentner, A. C. (2015). Environmental enrichment models a naturalistic form of maternal separation and shapes the anxiety response patterns of offspring. Psychoneuroendocrinology 52, 153–167. doi: 10.1016/j.psyneuen.2014.10.021 

 Costa, G., Serra, M., Pintori, N., Casu, M. A., Zanda, M. T., Murtas, D., et al. (2019). The novel psychoactive substance methoxetamine induces persistent behavioral abnormalities and neurotoxicity in rats. Neuropharmacology 144, 219–232. doi: 10.1016/j.neuropharm.2018.10.031 

 Cui, Y., Cao, K., Lin, H., Cui, S., Shen, C., Wen, W., et al. (2020). Early-life stress induces depression-like behavior and synaptic-plasticity changes in a maternal separation rat model: gender difference and metabolomics study. Front. Pharmacol. 11:102. doi: 10.3389/fphar.2020.00102 

 Curley, J. P., Davidson, S., Bateson, P., and Champagne, F. A. (2009). Social enrichment during postnatal development induces transgenerational effects on emotional and reproductive behavior in mice. Front. Behav. Neurosci. 3:25. doi: 10.3389/neuro.08.025.2009 

 D’Andrea, I., Alleva, E., and Branchi, I. (2007). Communal nesting, an early social enrichment, affects social competences but not learning and memory abilities at adulthood. Behav. Brain Res. 183, 60–66. doi: 10.1016/j.bbr.2007.05.029


 Daoura, L., Haaker, J., and Nylander, I. (2011). Early environmental factors differentially affect voluntary ethanol consumption in adolescent and adult male rats. Alcohol. Clin. Exp. Res. 35, 506–515. doi: 10.1111/j.1530-0277.2010.01367.x 

 Daoura, L., Hjalmarsson, M., Oreland, S., Nylander, I., and Roman, E. (2010). Postpartum behavioral profiles in Wistar rats following maternal separation-altered exploration and risk-assessment behavior in MS15 dams. Front. Behav. Neurosci. 18:37. doi: 10.3389/fnbeh.2010.00037


 de Almeida Magalhães, T., Correia, D., de Carvalho, L. M., Damasceno, S., and Brunialti Godard, A. L. (2017). Maternal separation affects expression of stress response genes and increases vulnerability to ethanol consumption. Brain Behav. 8:e00841. doi: 10.1002/brb3.841


 de Brouwer, G., Fick, A., Harvey, B. H., and Wolmarans, W. (2019). A critical inquiry into marble-burying as a preclinical screening paradigm of relevance for anxiety and obsessive-compulsive disorder: mapping the way forward. Cogn. Affect. Behav. Neurosci. 19, 1–39. doi: 10.3758/s13415-018-00653-4 

 Delavari, F., Sheibani, V., Esmaeili-Mahani, S., and Nakhaee, N. (2016). Maternal separation and the risk of drug abuse in later life. Addict. Health. 8, 107–114.

 Domeney, A., and Feldon, J. (1998). The disruption of prepulse inhibition by social isolation in the Wistar rat: how robust is the effect? Pharmacol. Biochem. Behav. 59, 883–890. doi: 10.1016/s0091-3057(97)00534-0 

 Emtyazi, D., Rabelo, T. K., Katzman, H., Campos, A. C., Diwan, M., Gidyk, D., et al. (2022). Sex differences in long-term fear and anxiety-like responses in a preclinical model of PTSD. J. Psychiatr. Res. 151, 619–625. doi: 10.1016/j.jpsychires.2022.05.015


 Fabricius, K., Wörtwein, G., and Pakkenberg, B. (2008). The influence of maternal separation on adult mouse behaviour and on the total neuron number in the mouse hippocampus. Brain Struct. Funct. 212, 403–416. doi: 10.1007/s00429-007-0169-6 

 Fone, K. C. F., and Porkess, M. V. (2008). Behavioural and neurochemical effects of post-weaning social isolation in rodents—relevance to developmental neuropsychiatric disorders. Neurosci. Biobehav. Rev. 32, 1087–1102. doi: 10.1016/j.neubiorev.2008.03.003


 Frau, R., Abbiati, F., Bini, V., Casti, A., Caruso, D., Devoto, P., et al. (2015). Targeting neurosteroid synthesis as a therapy for schizophrenia-related alterations induced by early psychosocial stress. Schizophr. Res. 168, 640–648. doi: 10.1016/j.schres.2015.04.044 

 Geyer, M. A. (2006). The family of sensorimotor gating disorders: comorbidities or diagnostic overlaps? Neurotox. Res. 10, 211–220. doi: 10.1007/BF03033358 

 Geyer, M. A., Wilkinson, L. S., Humby, T., and Robbins, T. W. (1993). Isolation rearing of rats produces a deficit in prepulse inhibition of acoustic startle similar to that in schizophrenia. Biol. Psychiatry 34, 361–372. doi: 10.1016/0006-3223(93)90180-l 

 Hall, F. S. (1998). Social deprivation of neonatal, adolescent, and adult rats has distinct neurochemical and behavioral consequences. Crit. Rev. Neurobiol. 12, 129–162. doi: 10.1615/CritRevNeurobiol.v12.i1-2.50 

 Hegde, A., and Mitra, R. (2020). Environment and early life: decisive factors for stress-resilience and vulnerability. Int. Rev. Neurobiol. 150, 155–185. doi: 10.1016/bs.irn.2019.12.002 

 Jarrar, Q., Ayoub, R., Alhussine, K., Goh, K. W., Moshawih, S., Ardianto, C., et al. (2022). Prolonged maternal separation reduces anxiety state and increases compulsive burying activity in the offspring of BALB/c mice. J. Pers. Med. 12:1921. doi: 10.3390/jpm12111921 

 Khalifeh, S., Khodagholi, F., Moghtadaei, M., Behvarmanesh, A., Kheradmand, A., and Ghazvini, H. (2019). Effects of maternal deprivation on anxiety, depression, and empathy in male and female offspring of Wistar rats in the face of novel objects. Galen Med. J. 8:e1093. doi: 10.31661/gmj.v0i0.1093 

 Kinley, B. L., Kyne, R. F., Lawton-Stone, T. S., Walker, D. M., and Paul, M. J. (2021). Long-term consequences of peri-adolescent social isolation on social preference, anxiety-like behaviour, and vasopressin neural circuitry of male and female rats. Eur. J. Neurosci. 54:7790. doi: 10.1111/ejn.15520 

 Knight, P., Chellian, R., Wilson, R., Behnood-Rod, A., Panunzio, S., and Bruijnzeel, A. W. (2021). Sex differences in the elevated plus-maze test and large open field test in adult Wistar rats. Pharmacol. Biochem. Behav. 204:173168. doi: 10.1016/j.pbb.2021.173168 

 Krebs-Thomson, K., Giracello, D., Solis, A., and Geyer, M. A. (2001). Post-weaning handling attenuates isolation-rearing induced disruptions of prepulse inhibition in rats. Behav. Brain Res. 120, 221–224. doi: 10.1016/s0166-4328(00)00374-0 

 Kundakovic, M., Lim, S., Gudsnuk, K., and Champagne, F. A. (2013). Sex-specific and strain-dependent effects of early life adversity on behavioral and epigenetic outcomes. Front. Psych. 4:78. doi: 10.3389/fpsyt.2013.00078 

 Lundberg, S., Martinsson, M., Nylander, I., and Roman, E. (2016). Altered corticosterone levels and social play behavior after prolonged maternal separation in adolescent male but not female Wistar rats. Horm. Behav. 87, 137–144. doi: 10.1016/j.yhbeh.2016.11.016 

 Macrì, S., Laviola, G., Leussis, M. P., and Andersen, S. L. (2010). Abnormal behavioral and neurotrophic development in the younger sibling receiving less maternal care in a communal nursing paradigm in rats. Psychoneuroendocrinology 35, 392–402. doi: 10.1016/j.psyneuen.2009.07.016 

 Mahjani, B., Klei, L., Hultman, C. M., Larsson, H., Devlin, B., Buxbaum, J. D., et al. (2020). Maternal effects as causes of risk for obsessive-compulsive disorder. Biol. Psychiatry 87, 1045–1051. doi: 10.1016/j.biopsych.2020.01.006 

 Mancini, G. F., Marchetta, E., Riccardi, E., Trezza, V., Morena, M., and Campolongo, P. (2021). Sex-divergent long-term effects of single prolonged stress in adult rats. Behav. Brain Res. 401:113096. doi: 10.1016/j.bbr.2020.113096 

 Marco, E. M., Adriani, W., Llorente, R., Laviola, G., and Viveros, M. P. (2009). Detrimental psychophysiological effects of early maternal deprivation in adolescent and adult rodents: altered responses to cannabinoid exposure. Neurosci. Biobehav. Rev. 33, 498–507. doi: 10.1016/j.neubiorev.2008.03.008 

 Marti, M., Talani, G., Miliano, C., Bilel, S., Biggio, F., Bratzu, J., et al. (2021). New insights into methoxetamine mechanisms of action: focus on serotonergic 5-HT2 receptors in pharmacological and behavioral effects in the rat. Exp. Neurol. 345:113836. doi: 10.1016/j.expneurol.2021.113836 

 Martinez, A. R., Brunelli, S. A., and Zimmerberg, B. (2015). Communal nesting exerts epigenetic influences on affective and social behaviors in rats selectively bred for an infantile trait. Physiol. Behav. 139, 97–103. doi: 10.1016/j.physbeh.2014.11.007 

 Mehta, M., and Schmauss, C. (2011). Strain-specific cognitive deficits in adult mice exposed to early life stress. Behav. Neurosci. 125, 29–36. doi: 10.1037/a0021952 

 Mejía-Chávez, S., Venebra-Muñoz, A., García-García, F., Corona-Morales, A. A., and Orozco-Vargas, A. E. (2021). Maternal Separation Modifies the activity of social processing brain nuclei upon social novelty exposure. Front. Behav. Neurosci. 15:651263. doi: 10.3389/fnbeh.2021.651263 

 Mohammadian, J., Najafi, M., and Miladi-Gorji, H. (2019). Effect of enriched environment during adolescence on spatial learning and memory, and voluntary consumption of morphine in maternally separated rats in adulthood. Dev. Psychobiol. 61, 615–625. doi: 10.1002/dev.21808 

 Murthy, S., and Gould, E. (2018). Early life stress in rodents: animal models of illness or resilience? Front. Behav. Neurosci. 12:157. doi: 10.3389/fnbeh.2018.00157 

 Nishi, M., Horii-Hayashi, N., and Sasagawa, T. (2014). Effects of early life adverse experiences on the brain: implications from maternal separation models in rodents. Front. Neurosci. 8:166. doi: 10.3389/fnins.2014.00166 

 Ou, W., Li, Z., Zheng, Q., Chen, W., Liu, J., Liu, B., et al. (2021). Association between childhood maltreatment and symptoms of obsessive-compulsive disorder: a meta-analysis. Front. Psych. 11:612586. doi: 10.3389/fpsyt.2020.612586


 Oyola, M. G., and Handa, R. J. (2017). Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: sex differences in regulation of stress responsivity. Stress 20, 476–494. doi: 10.1080/10253890.2017.1369523 

 Pallayova, M., Brandeburova, A., and Tokarova, D. (2019). Update on sexual dimorphism in brain structure–function interrelationships: a literature review. App. Psychophysiol. Biofeedback 44, 271–284. doi: 10.1007/s10484-019-09443-1


 Palma-Gudiel, H., Fañanás, L., Horvath, S., and Zannas, A. S. (2020). Psychosocial stress and epigenetic aging. Int. Rev. Neurobiol. 150, 107–128. doi: 10.1016/bs.irn.2019.10.020


 Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M., et al. (2020). The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. PLoS Biol. 18:e3000410. doi: 10.1371/journal.pbio.3000410. 00410


 Perry, W., Minassian, A., Feifel, D., and Braff, D. L. (2001). Sensorimotor gating deficits in bipolar disorder patients with acute psychotic mania. Biol. Psychiatry 50, 418–424. doi: 10.1016/s0006-3223(01)01184-2


 Plotsky, P. M., and Meaney, M. J. (1993). Early, postnatal experience alters hypothalamic corticotropin-releasing factor (CRF) mRNA, median eminence CRF content and stress-induced release in adult rats. Brain Res. Mol. Brain Res. 18, 195–200. doi: 10.1016/0169-328X(93)90189-V


 Pritchard, L. M., Hensleigh, E., and Lynch, S. (2012). Altered locomotor and stereotyped responses to acute methamphetamine in adolescent, maternally separated rats. Psychopharmacology 223, 27–35. doi: 10.1007/s00213-012-2679-z 

 Reincke, S. A., and Hanganu-Opatz, I. L. (2017). Early-life stress impairs recognition memory and perturbs the functional maturation of prefrontal-hippocampal-perirhinal networks. Sci. Rep. 7:42042. doi: 10.1038/srep42042 

 Romeo, R. D., Mueller, A., Sisti, H. M., Ogawa, S., McEwen, B. S., and Brake, W. G. (2003). Anxiety and fear behaviors in adult male and female C57BL/6 mice are modulated by maternal separation. Horm. Behav. 43, 561–567. doi: 10.1016/S0018-506X(03)00063-1 

 Roncada, P., Bortolato, M., Frau, R., Saba, P., Flore, G., Soggiu, A., et al. (2009). Gating deficits in isolation-reared rats are correlated with alterations in protein expression in nucleus accumbens. J. Neurochem. 108, 611–620. doi: 10.1111/j.1471-4159.2008.05806.x 

 Rosa, M. L., Silva, R. C., Moura-de-Carvalho, F. T., Brandão, M. L., Guimarães, F. S., and Del Bel, E. A. (2005). Routine post-weaning handling of rats prevents isolation rearing-induced deficit in prepulse inhibition. Braz. J. Med. Biol. Res. 38, 1691–1696. doi: 10.1590/s0100-879x2005001100018 

 Sarkar, T., Patro, N., and Patro, I. K. (2019). Cumulative multiple early life hits-a potent threat leading to neurological disorders. Brain Res. Bull. 147, 58–68. doi: 10.1016/j.brainresbull.2019.02.005 

 Schrijver, N. C., Bahr, N. I., Weiss, I. C., and Würbel, H. (2002). Dissociable effects of isolation rearing and environmental enrichment on exploration, spatial learning and HPA activity in adult rats. Pharmacol. Biochem. Behav. 73, 209–224. doi: 10.1016/s0091-3057(02)00790-6 

 Spano, M. S., Fadda, P., Frau, R., Fattore, L., and Fratta, W. (2010). Cannabinoid self-administration attenuates PCP-induced schizophrenia-like symptoms in adult rats. Eur. Neuropsychopharmacol. 20, 25–36. doi: 10.1016/j.euroneuro.2009.09.004 

 Spivey, J. M., Shumake, J., Colorado, R. A., Conejo-Jimenez, N., Gonzalez-Pardo, H., and Gonzalez-Lima, F. (2009). Adolescent female rats are more resistant than males to the effects of early stress on prefrontal cortex and impulsive behavior. Dev. Psychobiol. 51, 277–288. doi: 10.1002/dev.20362 

 Struik, D., Fadda, P., Zara, T., Zamberletti, E., Rubino, T., Parolaro, D., et al. (2017). The anabolic steroid nandrolone alters cannabinoid self-administration and brain CB1 receptor density and function. Pharmacol. Res. 115, 209–217. doi: 10.1016/j.phrs.2016.11.031 

 Sun, L., Min, L., Li, M., and Shao, F. (2021). Juvenile social isolation leads to schizophrenia-like behaviors via excess lactate production by astrocytes. Brain Res. Bull. 174, 240–249. doi: 10.1016/j.brainresbull.2021.06.015 

 Swerdlow, N. R., Paulsen, J., Braff, D. L., Butters, N., Geyer, M. A., and Swenson, M. R. (1995). Impaired prepulse inhibition of acoustic and tactile startle response in patients with Huntington's disease. J. Neurol. Neurosurg. Psychiatry 58, 192–200. doi: 10.1136/jnnp.58.2.192


 Talani, G., Biggio, F., Gorule, A. A., Licheri, V., Saolini, E., Colombo, D., et al. (2023). Sex-dependent changes of hippocampal synaptic plasticity and cognitive performance in C57BL/6J mice exposed to neonatal repeated maternal separation. Neuropharmacology 222:109301. doi: 10.1016/j.neuropharm.2022.109301 

 Taylor, G. T., Lerch, S., and Chourbaji, S. (2017). Marble burying as compulsive behaviors in male and female mice. Acta Neurobiol. Exp. 77, 254–260. doi: 10.21307/ane-2017-059 

 Tsuda, M. C., and Ogawa, S. (2012). Long-lasting consequences of neonatal maternal separation on social behaviors in ovariectomized female mice. PLoS One 7:e33028. doi: 10.1371/journal.pone.0033028 

 Uriarte, N., Fernández, M. V., Agrati, D., Zuluaga, M. J., Ferreño, M., and Ferreira, A. (2014). Maternal and affective behaviors of lactating rats reared in overlapping litters. J. Physiol. Paris 108, 221–230. doi: 10.1016/j.jphysparis.2014.04.001


 Varty, G. B., Braff, D. L., and Geyer, M. A. (1999). Is there a critical developmental 'window' for isolation rearing-induced changes in prepulse inhibition of the acoustic startle response? Behav. Brain Res. 100, 177–183. doi: 10.1016/s0166-4328(98)00129-6 

 Varty, G. B., and Higgins, G. A. (1995). Examination of drug-induced and isolation-induced disruptions of prepulse inhibition as models to screen antipsychotic drugs. Psychopharmacology 122, 15–26. doi: 10.1007/BF02246437 

 Varty, G. B., Paulus, M. P., Braff, D. L., and Geyer, M. A. (2000). Environmental enrichment and isolation rearing in the rat: effects on locomotor behavior and startle response plasticity. Biol. Psychiatry 47, 864–873. doi: 10.1016/s0006-3223(99)00269-3 

 Varty, G. B., Powell, S. B., Lehmann-Masten, V., Buell, M. R., and Geyer, M. A. (2006). Isolation rearing of mice induces deficits in prepulse inhibition of the startle response. Behav. Brain Res. 169, 162–167. doi: 10.1016/j.bbr.2005.11.025


 Veenema, A. H., Bredewold, R., and Neumann, I. D. (2007). Opposite effects of maternal separation on intermale and maternal aggression in C57BL/6 mice: link to hypothalamic vasopressin and oxytocin immunoreactivity. Psychoneuroendocrinology 32, 437–450. doi: 10.1016/j.psyneuen.2007.02.008 

 Vetulani, J. (2013). Early maternal separation: a rodent model of depression and a prevailing human condition. Pharmacol. Rep. 65, 1451–1461. doi: 10.1016/S1734-1140(13)71505-6


 Weiss, I. C., Domeney, A. M., Moreau, J. L., Russig, H., and Feldon, J. (2001). Dissociation between the effects of pre-weaning and/or post-weaning social isolation on prepulse inhibition and latent inhibition in adult Sprague--Dawley rats. Behav. Brain Res. 121, 207–218. doi: 10.1016/s0166-4328(01)00166-8


 Wilkinson, L. S., Killcross, S. S., Humby, T., Hall, F. S., Geyer, M. A., and Robbins, T. W. (1994). Social isolation in the rat produces developmentally specific deficits in prepulse inhibition of the acoustic startle response without disrupting latent inhibition. Neuropsychopharmacology 10, 61–72. doi: 10.1038/npp.1994.8 

 Zanda, M. T., Fadda, P., Antinori, S., Di Chio, M., Fratta, W., Chiamulera, C., et al. (2017). Methoxetamine affects brain processing involved in emotional response in rats. Br. J. Pharmacol. 174, 3333–3345. doi: 10.1111/bph.13952 

 Zilkha, N., Sofer, Y., Kashash, Y., and Kimchi, T. (2021). The social network: neural control of sex differences in reproductive behaviors, motivation, and response to social isolation. Curr. Opin. Neurobiol. 68, 137–151. doi: 10.1016/j.conb.2021.03.005 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Communal nesting differentially attenuates the impact of pre-weaning social isolation on behavior in male and female rats during adolescence and adulthood



		1. Introduction



		2. Materials and methods



		2.1. Animals



		2.2. Nesting conditions



		2.3. Spontaneous locomotor activity



		2.4. Pre-pulse inhibition (PPI) of the acoustic startle reflex



		2.5. Marble burying test



		2.6. Statistical analyses









		3. Results



		3.1. Adolescents



		3.1.1. Locomotor activity



		3.1.2. Pre-pulse inhibition (PPI) test



		3.1.3. Marble burying test









		3.2. Adults



		3.2.1. Locomotor activity



		3.2.2. Pre-pulse inhibition (PPI) test



		3.2.3. Marble burying test















		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
@ frontiers | Frontiers in Behavioral Neuroscience

Communal nesting differentially
attenuates the impact of
pre-weaning social isolation on
behavior in male and female rats
during adolescence and
adulthood












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience






OPS/images/fnbeh-17-1257417-g004.jpg
Marble Burying test
SE, H, ST, H*SE, H*ST,
SE*ST, H*SE*ST

T mes

]

[} H#itH

S 10

5 7

gs é §§s

= 7 %
27 i,%_i i%

Males Females





OPS/images/fnbeh-17-1257417-g005.jpg
A Horizontal locomotor activity
SE

8000 3 CTRL
Esl 555688 668555

L_SH CN | |_SH CN |
Males Females
B Vertical locomotor activity
SE
250+ CTRL
200
2
£ 150
3
o 100

L_SH CN | |_SH CN |
Males Females

Center time






OPS/images/fnbeh-17-1257417-g002.jpg
Horizontal locomotor activity
SE

8000- =1 CTRL SS8885 555588

Vertical locomotor activity
SE

3 CTRL

L_sH CN | |sH cN

Males Females

Center time
SE,H






OPS/images/fnbeh-17-1257417-g003.jpg
Pre-Pulse Inhibition

CN

Females

CN | |_SH

SH

Males






OPS/images/fnbeh-17-1257417-g008.jpg
ADOLESCENCE

ADULTHOOD
LA
Horizontal & Vertical activity: F>M Horizontal & Vertical activity: F>M
Vertical activity: _SH-CTRL-F > SH-CTRL-M
Vertical activity: CN-CTRL-F > CN-CTRL-M
Time in Center: M>F Time in Center: M>F
Time in Center: CN > SH Time in Center: CN> SH
NO EFFECT OF ESI NO EFFECT OF ESI
PPI
CN>SH SH-ESI-F > SH-ESI-M
CN-ESI-M > SH-ESI-M CN-ESI-M > SH-ESI-M
CN-ESI-F > SH-ESI-F SH-CTRL-M > SH-ESI-M
CN-CTRLF > CN-ESI-F CN-ESI-M = CN-CTRLM.
CN-CTRL-F > SH-CTRLF CN prevents the effect of E5lin M
SH-CTRL > SH-ES! (in both M and F) NOEFFECT of HOUSINGin F
NO EFFECT of SEX INTERACTION
MB
SH-ESI-M > SH-CTRL-M

SH-ESI-M > SH-ESI-F

NO DIFFERENCES

SH-ESI-M > CN-ESI-M

CN-ESI-M = SH-CTRL-Mand CN-CTRL-M

CN prevents the effect of ESI






OPS/images/fnbeh-17-1257417-g006.jpg
Pre-Pulse Inhibition
H, ST, H*ST, H*SE, H*SE*ST

Females

Males





OPS/images/fnbeh-17-1257417-g007.jpg
Marble burying test

(u) s9|qiew paung

CN

Females

CN | |_SH

SH

Males






OPS/images/fnbeh-17-1257417-e001.jpg
100 —| [ mean startle amplitude for pre — pulse pulse trials / 100
mean startle amplitude for pulse alone trials





OPS/images/fnbeh-17-1257417-g001.jpg
BATCH 1 n=64 50% M, 50% F
SH-CTRL, SH-ESI, CN-CTRL, CN-ESI (8 M, 8 F each)

BATCH 2 n=64 50% M, 50% F
SH-CTRL, SH-ES), CN-CTRL, CN-ES| (8 M, 8F each)

LL
T T T T 77 T >
PND1 PND14 PND21 PND34-44 PND68-74
ADOLESCENCE ADULTHOOD





