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Post-weaning social isolation alters sociability in a sex-specific manner
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Adolescence is a critical period for brain development in humans and stress exposure during this time can have lasting effects on behavior and brain development. Social isolation and loneliness are particularly salient stressors that lead to detrimental mental health outcomes particularly in females, although most of the preclinical work on social isolation has been done in male animals. Our lab has developed a model of post-weaning adolescent social isolation that leads to increased drug reward sensitivity and altered neuronal structure in limbic brain regions. The current study utilized this model to determine the impact of adolescent social isolation on a three-chamber social interaction task both during adolescence and adulthood. We found that while post-weaning isolation does not alter social interaction during adolescence (PND45), it has sex-specific effects on social interaction in young adulthood (PND60), potentiating social interaction in male mice and decreasing it in female mice. As early life stress can activate microglia leading to alterations in neuronal pruning, we next examined the impact of inhibiting microglial activation with daily minocycline administration during the first 3 weeks of social isolation on these changes in social interaction. During adolescence, minocycline dampened social interaction in male mice, while having no effect in females. In contrast, during young adulthood, minocycline did not alter the impact of adolescent social isolation in males, with socially isolated males exhibiting higher levels of social interaction compared to their group housed counterparts. In females, adolescent minocycline treatment reversed the effect of social isolation leading to increased social interaction in the social isolation group, mimicking what is seen in naïve males. Taken together, adolescent social isolation leads to sex-specific effects on social interaction in young adulthood and adolescent minocycline treatment alters the effects of social isolation in females, but not males.
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1 Introduction

Since the COVID-19 pandemic, adolescents are experiencing social isolation in ways that they have not previously. The level of social isolation experienced during the height of the COVID-19 pandemic has resulted in higher rates of depression and anxiety among young adults (Zhou et al., 2020). Conversely, high quality interactions with peers during adolescence in humans promote resilience later in life (van Harmelen et al., 2017). Rodent models have also demonstrated that social isolation, whether brief or chronic, has long lasting effects on brain development and behavior into adulthood. In rats, prolonged social isolation results in increased aggression toward conspecifics (Popova and Petkov, 1990). These changes in behavior are reflected in changes to the hypothalamic-pituitary-adrenal (HPA) axis and subsequent release of stress related hormones such as corticosterone in rodents (Cacioppo et al., 2015). In mice, social isolation increases anxiety-like behavior and promotes ethanol seeking behavior (Kwak et al., 2009; Lopez and Laber, 2015). Additionally, these changes are more prominent in females than in males, as females experience higher rates of anxiety-like behavior than males following social isolation (Liu et al., 2020).

Post-weaning social isolation has effects far beyond behavior. Stressful experiences lead to changes in synaptic plasticity in various regions of the brain, and the brain is especially vulnerable to these changes during postnatal development (McGrath and Briand, 2019). Recent research has focused on microglia and their critical role in these changes. Microglia are a crucial part of the brain's immune system, and chronic stress leads to increased activation of this system. Microglial activation following chronic stress causes morphological changes to microglia in which they become hyper-ramified. Hyper-ramification of microglia following chronic psychological stress is associated with behaviors that are representative of anhedonia and anxiety (Tynan et al., 2010). Examining the effects of chronic stress, such as adolescent social isolation, is critical in understanding how the brain is permanently changed over time, and how these changes can be attenuated.

The anti-inflammatory drug, minocycline, has shown success in inhibiting microglial growth. Minocycline administration during a period of prolonged stress successfully reverses the effects of chronic stress exposure on microglial ramification (Hinwood et al., 2013). Inhibition of microglia through the administration of minocycline is not only effective in reversing the effects of stress, it also increases active coping behaviors in rodents (Schmidtner et al., 2019). Minocycline also encourages active recovery from social withdrawal (Henry et al., 2008). The current study aims to examine how minocycline administration impacts the effects of adolescent social isolation stress on social behavior both in adolescence and in adulthood.



2 Material and methods


2.1 Subjects

Male and female c57BL/6J mice were bred in house. On PND 21, at weaning, mice were randomly assigned to either isolation or group housing (3–5 mice per cage). Mice remained in these housing conditions for the duration of the experiment. All mice were held in an animal care facility with temperature and humidity control and kept on a 12 h light/dark cycle beginning at 7:30 a.m. The animals received food and water ad libitum and were given a cotton nestlet for enrichment. All procedures were approved by the Temple University Animal Care and Use Committee.



2.2 Drugs

Minocycline was purchased from Millipore Sigma (Burlington, MA) and was dissolved in sterile 0.9% saline. A dose of 40 mg/kg was delivered daily via intraperitoneal injection from postnatal day 21–42.



2.3 Three-chambered social interaction test

All animals were tested twice in a three-chambered social interaction test, once in adolescence (PND45) and once in young adulthood (PND60). The apparatus consisted of a rectangular plexiglass three-chambered box with a lid. Each chamber was 16 × 8 × 9 in with a 2 × 3 in. (high) door leading from the center chamber to either right or left side. Both right and left sides of the chamber contained a wire cage measuring 3.5 in. in diameter and 7.5 in. tall for either a novel partner or novel object to be placed in. Novel partners were age and sex matched to the test animal and the partner and object used at PND60 were different than the partner and object used at PND45. After being brought from the animal facility, the animals were allowed to habituate for 20 min to the dimly lit room (93 lumens). In the first portion of the test, the animals were allowed to freely explore the apparatus for 20 min. Time spent interacting with the empty cylinders by sniffing was hand scored using AnyMaze tracking software. The animal was then briefly removed while the novel partner and novel object were placed in the cylinders. The side which contained the novel partner vs. novel object were randomized in a counter-balanced fashion. The animal was placed back into the middle chamber of the apparatus and allowed to freely explore for 10 min. Time spent interacting with the cylinders by sniffing was again hand scored using AnyMaze tracking software (Figure 1A).
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FIGURE 1
 Post-weaning social isolation stress leads to sex-specific effects on social behavior during adulthood. (A) Experimental timeline. Post-weaning social isolation stress does not impact male (B) or female (C) social preference score at PND45. Post-weaning social isolation leads to a significant increase in social preference score in males (D) and a significant decrease in social preference score in females (E) at PND60. **p < 0.01, ***p < 0.001; n = 16–21/group.




2.4 Adolescent drug treatment

A subset of animals received daily intraperitoneal (I.P.) injections of minocycline or saline for 21 days starting at PND21. Mice were weighed daily at the time of injection to insure proper dosing. We did not observe a significant difference in social interaction between the unhandled animals compared to the saline animals [exploration time during habituation, t(75) = 0.015, p = 0.98; exploration during social phase, t(75) = 0.72, p = 0.47] therefore, the data from the unhandled and saline animals were combined.



2.5 Data analysis

Analyses were performed using GraphPad Prism 9.5 Software. All data from the social interaction experiments were analyzed using repeated measures two-way ANOVAs with test phase (habituation and test) as the repeated independent variable and housing condition as the second independent variable and social preference score as the dependent variable. Data were analyzed separately at each age (PND45; PND60). The social preference score was calculated by subtracting the time the experimental animal spent sniffing the novel object cylinder from the time the experimental animal spent sniffing the novel partner cylinder. For the habituation phase both cylinders are empty but the preference score is based on the preference for the cylinder that would contain the novel partner during the social phase of the test. To determine whether there were sex differences during young adulthood, additional two-way ANOVAs were run with only data from the test phase at PND60 and sex and housing condition as the independent variables. Sidak's post-hoc comparisons were made when interactions were detected (p < 0.05).




3 Results


3.1 Post weaning social isolation does not alter sociability in adolescence

Group housed (GH) and socially isolated (SI) male mice exhibit a similar social preference at postnatal day 45 (PND45) exhibiting a significantly higher social preference score during the test phase compared to the habituation phase [effect of test: F(1, 38) = 23.2, p < 0.0001; effect of housing: F(1, 38) = 0.774, p = 0.39; interaction: F(1, 38) = 0.547, p = 0.46; n = 20/group; Figure 1B]. Similarly, at PND45, female mice exhibit a social preference regardless of whether they were group housed or socially isolated at weaning [effect of test: F(1, 35) = 35.6, p < 0.0001; effect of housing: F(1, 35) = 0.0359, p = 0.85; Interaction: F(1, 35) = 1.77, p = 0.19; n = 16–21/group; Figure 1C].



3.2 Post weaning social isolation has sex-specific effects on sociability in young adulthood

During young adulthood on postnatal day 60 (PND60), the socially isolated males displayed significantly greater social preference than group housed controls [effect of housing: F(1, 38) = 13.9, p = 0.0006; effect of test: F(1, 38) = 60.13, p < 0.0001; interaction: F(1, 38) = 14.9, p = 0.0004; post-hoc tests: GH test vs SI test: p < 0.0001; GH habituation vs. GH test: p = 0.02; SI habituation vs. SI test: p < 0.0001; n = 20/group; Figure 1D]. In contrast, adolescent social isolation decreased social preference in females at PND60 compared to group housed controls [effect of housing: F(1, 35) = 7.12, p = 0.178; effect of test: F(1, 35) = 46.1, p < 0.0001; interaction: F(1, 35) = 4.29, p = 0.046; post-hoc test: GH test vs. SI test: p = 0.001; GH habituation vs. GH test: p =0.001; SI habituation vs. SI test: p = 0.79; n = 16–21/group; Figure 1E]. When we statistically compare the social preference score during the test phase across males and females we see a significant interaction between biological sex and housing condition [effect of housing: F(1, 73) = 1.69, p = 0.198; effect of sex: F(1, 73) = 5.65, p = 0.02; interaction: F(1, 73) = 18.45, p < 0.0001; post-hoc test: male GH vs. male SI: p = 0.001; female GH vs. female SI: p = 0.04; male SI vs. female SI: p < 0.0001].



3.3 Adolescent minocycline treatment decreases sociability in males but not females

Adolescent minocycline treatment dampened social preference in adolescent males at PND45 [effect of test: F(1, 20) = 4.21, p = 0.053; effect of housing: F(1, 20) = 0.007, p = 0.93; interaction: F(1, 20) = 1.31, p = 0.27; n = 10–12/group; Figures 2A, B]. However, adolescent minocycline treatment did not alter social preference in females at PND45 [effect of test: F(1, 19) = 34.8, p < 0.0001; effect of housing: F(1, 19) = 1.07, p = 0.31; interaction: F(1, 19) = 0.26, p = 0.61; n = 10–11/group; Figure 2C]. Of note, we did not detect any effect of minocycline in total exploration time spent sniffing during the habituation phase (MEAN±STDEV: drug naïve GH males: 154 ± 48 s; drug naïve ISO males: 126 ± 46 s; minocycline GH males: 135 ± 64 s; minocycline ISO males: 131 ± 23 s).
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FIGURE 2
 Adolescent minocycline treatment reverses the impact of post-weaning social isolation stress on social behavior in females during adulthood. (A) Experimental timeline. Adolescent minocycline treatment decreases social preference score in males (B) at PND 45, while not impacting social preference in females at this timepoint (C). At PND60, adolescent minocycline treatment did not alter the impact of post-weaning social isolation, as isolated males continued to exhibit an increase in social preference (D). In contrast, adolescent minocycline treatment reversed the impact of adolescent social isolation in females, with isolated females exhibiting an increase in social preference at PND60 compared to group housed females (E). *p < 0.05, ***p < 0.001; n = 10–12/group.




3.4 Adolescent minocycline treatment reverses impact of social isolation on sociability in females in young adulthood

Similar to what was seen in our unhandled and saline treated male mice, postweaning social isolation led to an increase in social preference in adult male mice compared to group housed controls [effect of housing: F(1, 20) = 4.56, p = 0.045; effect of test: F(1, 20) = 41.9, p < 0.0001; interaction: F(1, 20) = 12.63, p = 0.002; post-hoc test: GH test vs. SI test: p = 0.0006; Figure 2D]. In contrast to what is seen in our unhandled and saline treated female mice, following adolescent minocycline treatment, both group-housed and socially isolated females exhibited a significant social preference [effect of housing: F(1, 20) = 7.19, p = 0.015; effect of test: F(1, 20) = 46.1, p < 0.0001; interaction: F(1, 20) = 1.64, p = 0.22; Figure 2E]. In contrast to what we see in the absence of minocycline, following minocycline treatment, when we statistically compare the social preference score during the test phase across males and females we do not see a significant interaction between biological sex and housing condition [effect of housing: F(1, 39) = 16.39, p = 0.0002; effect of sex: F(1, 39) = 1.70, p = 0.20; interaction: F(1, 39) = 0.46, p = 0.50].




4 Discussion

Overall, the present study demonstrates that post-weaning social isolation stress leads to a sex-specific effect on sociability during young adulthood. In male mice, adolescent social isolation potentiated social preference in young adulthood whereas in female mice social preference was disrupted. During adolescence, no effects of housing were seen suggesting that the social isolation is impacting a developmental process that occurs between PND45 and PND60. Along with these sex-specific effects of post-weaning social isolation, we also found sex differences in the ability of minocycline to alter these social phenotypes. While minocycline disrupted social preference in adolescent males regardless of housing condition, it had no impact on the ability of adolescent social isolation to increase sociability in young adult males. In contrast, minocycline reversed the direction of the effects of post-weaning social isolation on young adult social behavior in females, with minocycline treated females exhibiting increased sociability following adolescent social isolation. This data suggests a sex-specific role for microglia that differs over developmental time periods.


4.1 Post-weaning social isolation stress leads to sex-specific effects on social behavior during young adulthood

Adolescent social isolation leads to structural and functional changes in the brain (Orben et al., 2020; Deutschmann et al., 2022; McGrath and Briand, 2022). Chronic stress during this developmental period further increases one's susceptibility to neuropsychiatric diseases in adulthood, including anxiety, affective disorders, and alcohol and substance use disorders (Rivera-Irizarry et al., 2020). Many stress-related psychiatric diseases are more prevalent in women (Kessler et al., 2012; Altemus et al., 2014) and understanding the potential sex-specific impacts of adolescent stress can provide models to further explore the brain mechanisms underlying stress-induced vulnerability.

The present study investigated the effects of post-weaning social isolation on social behavior in males and females. We found that post-weaning social isolation led to potentiated social preference in male mice in young adulthood at PND60. Other groups have demonstrated increased social preference following post-weaning social isolation in males (Ferdman et al., 2007; Rivera-Irizarry et al., 2020). In addition, other models of post-weaning stress in male mice have also led to an increase in social preference in adulthood. Repeated footshock stress at PND21 led to an increase in social interaction in males in adulthood (Kumamoto et al., 2018). Although there is some congruence in the literature, not all studies examining the impact of post-weaning social isolation on social preference find consistent results (Kuniishi et al., 2022). These discrepancies may be impacted by the age at testing. In the current study we find no impact of social isolation at PND45 and studies that have examined social interaction at older time points (Ferdman et al., 2007; Rivera-Irizarry et al., 2020) are more likely to see increases is social interaction compared to those that look earlier (Kuniishi et al., 2022). Additionally, many of these other studies have examined a battery of behavioral tests including tests that elicit anxiety-like behavior (Rivera-Irizarry et al., 2020; Kuniishi et al., 2022) and the timing of these tests relative to the social interaction testing could influence these results (Lukkes et al., 2009). Differences could also be driven by differences in novelty preference as the social interaction procedure in the current study compared social interaction to exploration of a novel object rather than an empty cylinder or chamber as done in many other studies (Kumamoto et al., 2018; Rivera-Irizarry et al., 2020; Kuniishi et al., 2022).

In contrast to what we saw in males, the current study found that post-weaning social isolation decreased social preference in adult female mice. One factor that may be mediating these effects is the impact of social hierarchy. While social dominance hierarchies alter the impact of social reward in males such that subordinate males find social interaction less rewarding, this is not the case in females (Cross et al., 2024). Therefore, the differences in social interaction seen in the group housed animals may be mediated, in part, by social hierarchy and the lack of hierarchical experience may increase social reward in males.

Our work adds to the growing literature examining the role of isolation stress on the long-term behavioral impairments in social behavior in females (Hermes et al., 2011; Tanaka et al., 2019; Wang Z.-J. et al., 2022). The sex differences seen in the current study are consistent with the sex-specific outcomes of social stress in humans (Kessler et al., 2012; Altemus et al., 2014; Laman-Maharg and Trainor, 2017; Liu et al., 2020) and they point toward different neurological sequelae in response to social isolation. In fact, adolescent social isolation leads to sex-specific alterations in gene expression within the prefrontal cortex, nucleus accumbens, and ventral tegmental area (Walker et al., 2022). Overall, our data here suggests that social isolation during adolescence leads to opposing behavioral effects during young adulthood in males and females and provides further support for sex differences in the mechanisms driving social stress induced behavioral alterations.



4.2 Post-weaning social isolation stress does not impact social behavior during adolescence

Given the literature on stress sensitivity during adolescence, we would expect to see post-weaning social isolation stress led to social behavioral impairments during this time. Interestingly, we did not observe this effect within the present study.

We found that socially isolated males and females did not display a significant difference in their social preference when tested during adolescence compared to their group-housed controls. While this may seem contradictory to previous work, few studies exploring the effects of post-weaning social isolation stress have tested the animal's social interaction behavior during the adolescent time point. Further this is consistent with work demonstrating increased “resilience” to stress during adolescence can manifest as alterations later in adulthood (Pantoja-Urbán et al., 2024).

With these results seen in the present study, we expand upon the importance of examining social behavior at various timepoints to better the understanding of behavioral changes produced by isolation stress, as well as understanding the periods of development that are most sensitive to the stress exposure. Although adolescence has been established as a critical period of development in its relation to stress sensitivity, there may be greater effects on long-term brain development and behavior, with increasing prevalence during adulthood. With this, more research is needed investigating the impact of early social isolation stress on adolescent social behavior in both males and females (Lukkes et al., 2009; Eiland and Romeo, 2013; Walker D. M. et al., 2019).



4.3 Adolescent minocycline treatment reverses decrease in social preference in young adult females following post-weaning social isolation

It is well-established that early life stress leads to alterations in brain structure and function, which have the capacity to induce behavioral changes. Of the brain structures that are altered, microglia exhibit increased vulnerability to psychosocial stress exposure (Tynan et al., 2010; Wohleb et al., 2011; Hinwood et al., 2013; Bollinger et al., 2016; Gildawie et al., 2020; Brenhouse, 2023; Biltz et al., 2024). Social stress during adolescence leads to changes in microglial structure and function (Cao et al., 2021; Lee et al., 2022; Singaravelu et al., 2022; Wang Y. et al., 2022; Xu et al., 2022), with changes playing an important role in mediating social behavior (Catale et al., 2020; Piirainen et al., 2021). Further, the impact of stress during adolescence on microglia is often sex-specific, with females exhibiting more stress-induced increases in microglial complexity than males (Bekhbat et al., 2021). Although highly complex, ramified microglia have long been considered quiescent, following chronic stress, microglia exhibit a hyper-ramified morphological state that is correlated with stress-induced behavioral alterations (Walkera et al., 2013; Walker D. J. et al., 2019; Piirainen et al., 2021). One such behavioral alteration seen following stress-induced microglial activation, is decreased sociability (Wohleb et al., 2012, 2014; Ramirez et al., 2015; Stein et al., 2017). Administration of minocycline, an antibiotic with anti-inflammatory properties, attenuates the over-activation of microglia (Hinwood et al., 2013; Kobayashi et al., 2013; Catale et al., 2020). Following stress exposure, minocycline administration can reverse the microglial hyper-ramification and, in turn, reverse stress-induced behavioral impairments (Hinwood et al., 2013; Schmidtner et al., 2019; Catale et al., 2020).

Consistent with this previous work, we showed that adolescent minocycline treatment was able to reverse the effect of post-weaning social isolation stress on social behavior in the females during young adulthood. This effect of minocycline seen here is consistent with the literature reflecting minocycline's ability to attenuate behavioral deficits following exposure to a stressor (Wang et al., 2018; Schmidtner et al., 2019). Our work contributes to the growing research demonstrating minocycline's role in alleviating behavioral deficits through the inhibition of hyper-ramified microglia. Of note, although minocycline does inhibit microglial activation, it is a tetracycline antibiotic that has other effects that are not specific to microglia, including actions on the gut microbiome (Kobayashi et al., 2013; Aronson, 2016; Schmidtner et al., 2019). Therefore, although our work suggests that microglia are playing a role in social behavior following stress, future studies using more specific manipulations of microglia are needed.



4.4 Adolescent minocycline treatment diminishes social preference in males during adolescence while not impacting behavior in young adulthood

Here we found that both the adolescent group-housed and socially isolated males exposed to adolescent minocycline treatment displayed a decrease in social preference compared to their baseline controls. While this result may seem to conflict with previous findings demonstrating minocycline's protective effects following behavior impairments, administration of the drug has shown to lead to adverse reactions in some cases, potentially attributed to antibiotic induced shifts in the microbiota (Aronson, 2016; Catale et al., 2020; Carson et al., 2023). In addition to the potential aversive effects, minocycline treatment has also shown to lead to reductions in locomotor behavior in rodents (Diguet et al., 2004a,b; Chen et al., 2009). While we did not see any differences in the locomotor behavior during the social interaction test in the current study, there may be adverse effects that easily visible. Taken together, this may explain why the adolescent males of the present study display a decrease in social preference, as the treatment may have led to the animals experiencing adverse reactions to the drug, leading to a decrease in locomotor behavior, further impacting their sociability.



4.5 Adolescent minocycline treatment leads to sex-specific alterations in social behavior

Taken together, we find that the effects of adolescent minocycline administration are sex specific. While the majority of preclinical studies that have examined the impact of stress on neuroimmune signaling have examined only male animals (Tynan et al., 2010; Hinwood et al., 2012; Magalhães et al., 2024), human subjects research suggests that women may be particularly vulnerable to chronic stress exposure, including social isolation (Liu et al., 2020). Preclinically, chronic stress often leads to sex specific alterations in neuroimmune signaling (Deak et al., 2015; Bekhbat and Neigh, 2018a,b; Bekhbat et al., 2021). During development, microglial colonization differs across sex, with males exhibiting higher levels of microglial colonization early in life (PND4) and this flipping at PND30 to females exhibiting more microglia maintained in an activated state than males (Schwarz et al., 2012). Therefore, female mice may be more vulnerable to manipulations the alter neuroimmune function, like social isolation, during this time period whereas male mice would be more vulnerable earlier. This is supported by work demonstrating that during early postnatal development, microglial phagocytosis plays a critical role in the development of social play behavior in males but not females (Kopec et al., 2018; VanRyzin et al., 2022). The current study supports a role for microglia in adolescence in shaping adult female social behavior as inhibiting microglia with minocycline administration during adolescence blocked the ability of social isolation to disrupt social behavior, whereas the augmented social interaction seen in male mice following social interaction may not be driven by microglial function.




5 Conclusions

Overall, the current study has shown that post-weaning social isolation stress leads to a sex-specific effect on sociability during young adulthood, with the socially isolated males expressing an increase in social behavior while the females express a decrease. Furthermore, when exposed to adolescent minocycline treatment, we find that during adolescence, the male's experience a decrease in their social behavior, yet this does not carry over into young adulthood as they show no effect on social behavior at this timepoint. Although, the females express the opposite, showing no effect on their social behavior during adolescence yet an increase in social behavior during young adulthood. Our results seen here further support previous work highlighting minocycline's ability to attenuate behavioral deficits following stress exposure. This suggests that minocycline may be a potential treatment method for behavioral impairments following early life stress.



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 Temple University Institutional Animal Care and Use committee. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

TM: Formal analysis, Investigation, Visualization, Writing – original draft, Writing – review & editing. EB: Formal analysis, Investigation, Project administration, Visualization, Writing – original draft, Writing – review & editing. BR: Investigation, Writing – original draft, Writing – review & editing. AM: Investigation, Project administration, Writing – original draft, Writing – review & editing. NM: Investigation, Writing – original draft, Writing – review & editing. CS: Investigation, Writing – original draft, Writing – review & editing. LB: Conceptualization, Formal analysis, Funding acquisition, Methodology, Project administration, Supervision, Visualization, 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 work was supported by National Institute on Drug Abuse (NIDA) Grant R01 DA047265 (LB), R01 DA049837 (LB), and R25 NS119644 (NM).



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.



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

 Altemus, M., Sarvaiya, N., and Neill Epperson, C. (2014). Sex differences in anxiety and depression clinical perspectives. Front. Neuroendocrinol. 35, 320–330. doi: 10.1016/j.yfrne.2014.05.004

 Aronson, J. K. (ed.)., (2016). “Minocycline,” in Meyler's Side Effects of Drugs, 16th Edn (Oxford: Elsevier), 1042–1052

 Bekhbat, M., Mukhara, D., Dozmorov, M. G., Stansfield, J. C., Benusa, S. D., Hyer, M. M., et al. (2021). Adolescent stress sensitizes the adult neuroimmune transcriptome and leads to sex-specific microglial and behavioral phenotypes. Neuropsychopharmacology 46, 949–958. doi: 10.1038/s41386-021-00970-2

 Bekhbat, M., and Neigh, G. N. (2018a). Stress-induced neuroimmune priming in males and females: comparable but not identical. Brain Behav. Immun. 73, 149–150. doi: 10.1016/j.bbi.2018.05.001

 Bekhbat, M., and Neigh, G. N. (2018b). Sex differences in the neuro-immune consequences of stress: Focus on depression and anxiety. Brain Behav. Immun. 67, 1–12. doi: 10.1016/j.bbi.2017.02.006

 Biltz, R. G., Swanson, S. P., Draime, N., Davis, A. C., Yin, W., Goodman, E. J., et al. (2024). Antagonism of the brain P2X7 ion channel attenuates repeated social defeat induced microglia reactivity, monocyte recruitment and anxiety-like behavior in male mice. Brain Behav. Immun. 115, 356–373. doi: 10.1016/j.bbi.2023.10.011

 Bollinger, J. L., Bergeon Burns, C. M., and Wellman, C. L. (2016). Differential effects of stress on microglial cell activation in male and female medial prefrontal cortex. Brain Behav. Immun. 52, 88–97. doi: 10.1016/j.bbi.2015.10.003

 Brenhouse, H. C. (2023). Points of divergence on a bumpy road: early development of brain and immune threat processing systems following postnatal adversity. Mol. Psychiatry 28, 269–283. doi: 10.1038/s41380-022-01658-9

 Cacioppo, J. T., Cacioppo, S., Capitanio, J. P., and Cole, S. W. (2015). The Neuroendocrinology of social isolation. Annu. Rev. Psychol. 66, 733–767. doi: 10.1146/annurev-psych-010814-015240

 Cao, P., Chen, C., Liu, A., Shan, Q., Zhu, X., Jia, C., et al. (2021). Early-life inflammation promotes depressive symptoms in adolescence via microglial engulfment of dendritic spines. Neuron 109, 2573–2589. e9. doi: 10.1016/j.neuron.2021.06.012

 Carson, M. D., Warner, A. J., Hathaway-Schrader, J. D., Geiser, V. L., Kim, J., Gerasco, J. E., et al. (2023). Minocycline-induced disruption of the intestinal FXR/FGF15 axis impairs osteogenesis in mice. JCI Insight 8:e160578. doi: 10.1172/jci.insight.160578

 Catale, C., Gironda, S., Lo Iacono, L., and Carola, V. (2020). Microglial function in the effects of early-life stress on brain and behavioral development. J. Clin. Med. 9:468. doi: 10.3390/jcm9020468

 Chen, H., Uz, T., and Manev, H. (2009). Minocycline affects cocaine sensitization in mice. Neurosci. Lett. 452, 258–261. doi: 10.1016/j.neulet.2009.01.078

 Cross, E. A., Huhman, K. L., and Albers, H. E. (2024). Sex differences in the impact of social status on social reward and associated mesolimbic activation. Physiol. Behav. 273:114410. doi: 10.1016/j.physbeh.2023.114410

 Deak, T., Quinn, M., Cidlowski, J. A., Victoria, N. C., Murphy, A. Z., Sheridan, J. F., et al. (2015). Neuroimmune mechanisms of stress: sex differences, developmental plasticity, and implications for pharmacotherapy of stress-related disease. Stress 18, 367–380. doi: 10.3109/10253890.2015.1053451

 Deutschmann, A. U., Kirkland, J. M., and Briand, L. A. (2022). Adolescent social isolation induced alterations in nucleus accumbens glutamate signalling. Addict. Biol. 27:e13077. doi: 10.1111/adb.13077

 Diguet, E., Fernagut, P.-O., Wei, X., Du, Y., Rouland, R., Gross, C., et al. (2004a). Deleterious effects of minocycline in animal models of Parkinson's disease and Huntington's disease. Eur. J. Neurosci. 19, 3266–3276. doi: 10.1111/j.0953-816X.2004.03372.x

 Diguet, E., Gross, C. E., Tison, F., and Bezard, E. (2004b). Rise and fall of minocycline in neuroprotection: need to promote publication of negative results. Exp. Neurol. 189, 1–4. doi: 10.1016/j.expneurol.2004.05.016

 Eiland, L., and Romeo, R. D. (2013). Stress and the developing adolescent brain. Neuroscience 249, 162–171. doi: 10.1016/j.neuroscience.2012.10.048

 Ferdman, N., Murmu, R. P., Bock, J., Braun, K., and Leshem, M. (2007). Weaning age, social isolation, and gender, interact to determine adult explorative and social behavior, and dendritic and spine morphology in prefrontal cortex of rats. Behav. Brain Res. 180, 174–182. doi: 10.1016/j.bbr.2007.03.011

 Gildawie, K. R., Orso, R., Peterzell, S., Thompson, V., and Brenhouse, H. C. (2020). Sex differences in prefrontal cortex microglia morphology: impact of a two-hit model of adversity throughout development. Neurosci. Lett. 738:135381. doi: 10.1016/j.neulet.2020.135381

 Henry, C. J., Huang, Y., Wynne, A., Hanke, M., Himler, J., Bailey, M. T., et al. (2008). Minocycline attenuates lipopolysaccharide (LPS)-induced neuroinflammation, sickness behavior, and anhedonia. J. Neuroinflamm. 5:15. doi: 10.1186/1742-2094-5-15

 Hermes, G., Li, N., Duman, C., and Duman, R. (2011). Post-weaning chronic social isolation produces profound behavioral dysregulation with decreases in prefrontal cortex synaptic-associated protein expression in female rats. Physiol. Behav. 104, 354–359. doi: 10.1016/j.physbeh.2010.12.019

 Hinwood, M., Morandini, J., Day, T. A., and Walker, F. R. (2012). Evidence that microglia mediate the neurobiological effects of chronic psychological stress on the medial prefrontal cortex. Cereb. Cortex 22, 1442–1454. doi: 10.1093/cercor/bhr229

 Hinwood, M., Tynan, R. J., Charnley, J. L., Beynon, S. B., Day, T. A., Walker, F. R., et al. (2013). Chronic stress induced remodeling of the prefrontal cortex: structural re-organization of microglia and the inhibitory effect of minocycline. Cereb. Cortex 23, 1784–1797. doi: 10.1093/cercor/bhs151

 Kessler, R. C., Petukhova, M., Sampson, N. A., Zaslavsky, A. M., and Wittchen, H. U. (2012). Twelve-month and lifetime prevalence and lifetime morbid risk of anxiety and mood disorders in the United States. Int. J. Methods Psychiatr. Res. 21, 169–184. doi: 10.1002/mpr.1359

 Kobayashi, K., Imagama, S., Ohgomori, T., Hirano, K., Uchimura, K., Sakamoto, K., et al. (2013). Minocycline selectively inhibits M1 polarization of microglia. Cell Death Dis. 4:e525. doi: 10.1038/cddis.2013.54

 Kopec, A. M., Smith, C. J., Ayre, N. R., Sweat, S. C., and Bilbo, S. D. (2018). Microglial dopamine receptor elimination defines sex-specific nucleus accumbens development and social behavior in adolescent rats. Nat. Commun. 9:3769. doi: 10.1038/s41467-018-06118-z

 Kumamoto, H., Yamaguchi, T., Konno, K., Izumi, T., Yoshida, T., Ohmura, Y., et al. (2018). Repeated fluvoxamine treatment recovers early postnatal stress-induced hypersociability-like behavior in adult rats. J. Pharmacol. Sci. 136, 1–8. doi: 10.1016/j.jphs.2017.12.002

 Kuniishi, H., Nakatake, Y., Sekiguchi, M., and Yamada, M. (2022). Adolescent social isolation induces distinct changes in the medial and lateral OFC-BLA synapse and social and emotional alterations in adult mice. Neuropsychopharmacology 47, 1597–1607. doi: 10.1038/s41386-022-01358-6

 Kwak, C., Lee, S.-H., and Kaang, B.-K. (2009). Social isolation selectively increases anxiety in mice without affecting depression-like behavior. Korean J. Physiol. Pharmacol. 13, 357–360. doi: 10.4196/kjpp.2009.13.5.357

 Laman-Maharg, A., and Trainor, B. C. (2017). Stress, sex, motivated behaviors. J. Neurosci. Res. 95, 83–92. doi: 10.1002/jnr.23815

 Lee, H.-L., Jung, K.-M., Fotio, Y., Squire, E., Palese, F., Lin, L., et al. (2022). Frequent low-dose δ9-tetrahydrocannabinol in adolescence disrupts microglia homeostasis and disables responses to microbial infection and social stress in young adulthood. Biol. Psychiatry 92, 845–860. doi: 10.1016/j.biopsych.2022.04.017

 Liu, H., Zhang, M., Yang, Q., and Yu, B. (2020). Gender differences in the influence of social isolation and loneliness on depressive symptoms in college students: a longitudinal study. Soc. Psychiatry Psychiatr. Epidemiol. 55, 251–257. doi: 10.1007/s00127-019-01726-6

 Lopez, M. F., and Laber, K. (2015). Impact of social isolation and enriched environment during adolescence on voluntary ethanol intake and anxiety in C57BL/6J mice. Physiol. Behav. 148, 151–156. doi: 10.1016/j.physbeh.2014.11.012

 Lukkes, J. L., Watt, M. J., Lowry, C. A., and Forster, G. L. (2009). Consequences of post-weaning social isolation on anxiety behavior and related neural circuits in rodents. Front. Behav. Neurosci. 3:18. doi: 10.3389/neuro.08.018.2009

 Magalhães, D. M., Mampay, M., Sebastião, A. M., Sheridan, G. K., and Valente, C. A. (2024). Age-related impact of social isolation in mice: young vs middle-aged. Neurochem. Int. 174:105678. doi: 10.1016/j.neuint.2024.105678

 McGrath, A. G., and Briand, L. A. (2019). A potential role for microglia in stress- and drug-induced plasticity in the nucleus accumbens: a mechanism for stress-induced vulnerability to substance use disorder. Neurosci. Biobehav. Rev. 107, 360–369. doi: 10.1016/j.neubiorev.2019.09.007

 McGrath, A. G., and Briand, L. A. (2022). Post-weaning social isolation causes sex-specific alterations to dendritic spine density in subregions of the prefrontal cortex and nucleus accumbens of adult mice. Brain Res. 1777:147755. doi: 10.1016/j.brainres.2021.147755

 Orben, A., Tomova, L., and Blakemore, S.-J. (2020). The effects of social deprivation on adolescent development and mental health. Lancet Child. Adolesc. Health 4, 634–640. doi: 10.1016/S2352-4642(20)30186-3

 Pantoja-Urbán, A. H., Richer, S., Mittermaier, A., Giroux, M., Nouel, D., Hernandez, G., et al. (2024). Gains and losses: resilience to social defeat stress in adolescent female mice. Biol. Psychiatry 95, 37–47. doi: 10.1016/j.biopsych.2023.06.014

 Piirainen, S., Chithanathan, K., Bisht, K., Piirsalu, M., Savage, J. C., Tremblay, M.-E., et al. (2021). Microglia contribute to social behavioral adaptation to chronic stress. Glia 69, 2459–2473. doi: 10.1002/glia.24053

 Popova, J. S., and Petkov, V. V. (1990). Changes in 5-HT1 receptors in different brain structures of rats with isolation syndrome. Gen. Pharmacol. 21, 223–225. doi: 10.1016/0306-3623(90)90905-2

 Ramirez, K., Shea, D. T., McKim, D. B., Reader, B. F., and Sheridan, J. F. (2015). Imipramine attenuates neuroinflammatory signaling and reverses stress-induced social avoidance. Brain Behav. Immun. 46, 212–220. doi: 10.1016/j.bbi.2015.01.016

 Rivera-Irizarry, J. K., Skelly, M. J., and Pleil, K. E. (2020). Social isolation stress in adolescence, but not adulthood, produces hypersocial behavior in adult male and female C57BL/6J mice. Front. Behav. Neurosci. 14:129. doi: 10.3389/fnbeh.2020.00129

 Schmidtner, A. K., Slattery, D. A., Gläsner, J., Hiergeist, A., Gryksa, K., Malik, V. A., et al. (2019). Minocycline alters behavior, microglia and the gut microbiome in a trait-anxiety-dependent manner. Transl Psychiatry 9, 1–12. doi: 10.1038/s41398-019-0556-9

 Schwarz, J. M., Sholar, P. W., and Bilbo, S. D. (2012). Sex differences in microglial colonization of the developing rat brain. J. Neurochem. 120, 948–963. doi: 10.1111/j.1471-4159.2011.07630.x

 Singaravelu, S. K., Goitom, A. D., Graf, A. P., Moerz, H., Schilder, A., Hoheisel, U., et al. (2022). Persistent muscle hyperalgesia after adolescent stress is exacerbated by a mild-nociceptive input in adulthood and is associated with microglia activation. Sci. Rep. 12:18324. doi: 10.1038/s41598-022-21808-x

 Stein, D. J., Vasconcelos, M. F., Albrechet-Souza, L., Ceresér, K. M. M., and de Almeida, R. M. M. (2017). Microglial over-activation by social defeat stress contributes to anxiety- and depressive-like behaviors. Front. Behav. Neurosci. 11:207. doi: 10.3389/fnbeh.2017.00207

 Tanaka, K., Osako, Y., Takahashi, K., Hidaka, C., Tomita, K., Yuri, K., et al. (2019). Effects of post-weaning social isolation on social behaviors and oxytocinergic activity in male and female rats. Heliyon 5:e01646. doi: 10.1016/j.heliyon.2019.e01646

 Tynan, R. J., Naicker, S., Hinwood, M., Nalivaiko, E., Buller, K. M., Pow, D. V., et al. (2010). Chronic stress alters the density and morphology of microglia in a subset of stress-responsive brain regions. Brain Behav. Immun. 24, 1058–1068. doi: 10.1016/j.bbi.2010.02.001

 van Harmelen, A.-L., Kievit, R. A., Ioannidis, K., Neufeld, S., Jones, P. B., Bullmore, E., et al. (2017). Adolescent friendships predict later resilient functioning across psychosocial domains in a healthy community cohort. Psychol. Med. 47, 2312–2322. doi: 10.1017/S0033291717000836

 VanRyzin, J. W., Marquardt, A. E., Argue, K. J., Vecchiarelli, H. A., Ashton, S. E., Arambula, S. E., et al. (2022). Microglial phagocytosis of newborn cells is induced by endocannabinoids and sculpts sex differences in Juvenile Rat Social Play. Neuron 110:1271. doi: 10.1016/j.neuron.2022.03.013

 Walker, D. J., Zimmer, C., Larriva, M., Healy, S. D., and Spencer, K. A. (2019). Early-life adversity programs long-term cytokine and microglia expression within the HPA axis in female Japanese quail. J. Exp. Biol. 222:jeb187039. doi: 10.1242/jeb.187039

 Walker, D. M., Cunningham, A. M., Gregory, J. K., and Nestler, E. J. (2019). Long-term behavioral effects of post-weaning social isolation in males and females. Front. Behav. Neurosci. 13:66. doi: 10.3389/fnbeh.2019.00066

 Walker, D. M., Zhou, X., Cunningham, A. M., Lipschultz, A. P., Ramakrishnan, A., Cates, H. M., et al. (2022). Sex-specific transcriptional changes in response to adolescent social stress in the brain's reward circuitry. Biol. Psychiatry 91, 118–128. doi: 10.1016/j.biopsych.2021.02.964

 Walkera, F. R., Nilsson, M., and Jones, K. (2013). Acute and chronic stress-induced disturbances of microglial plasticity, phenotype and function. Curr. Drug Targets 14, 1262–1276. doi: 10.2174/13894501113149990208

 Wang, Y., Hu, Z., Liu, H., Gu, Y., Ye, M., Lu, Q., et al. (2022). Adolescent microglia stimulation produces long-lasting protection against chronic stress-induced behavioral abnormalities in adult male mice. Brain Behav. Immun. 105, 44–66. doi: 10.1016/j.bbi.2022.06.015

 Wang, Y.-L., Han, Q.-Q., Gong, W.-Q., Pan, D.-H., Wang, L.-Z., Hu, W., et al. (2018). Microglial activation mediates chronic mild stress-induced depressive- and anxiety-like behavior in adult rats. J. Neuroinflamm. 15:21. doi: 10.1186/s12974-018-1054-3

 Wang, Z.-J., Shwani, T., Liu, J., Zhong, P., Yang, F., Schatz, K., et al. (2022). Molecular and cellular mechanisms for differential effects of chronic social isolation stress in males and females. Mol. Psychiatry 27, 3056–3068. doi: 10.1038/s41380-022-01574-y

 Wohleb, E. S., Fenn, A. M., Pacenta, A. M., Powell, N. D., Sheridan, J. F., Godbout, J. P., et al. (2012). Peripheral innate immune challenge exaggerated microglia activation, increased the number of inflammatory CNS macrophages, and prolonged social withdrawal in socially defeated mice. Psychoneuroendocrinology 37, 1491–1505. doi: 10.1016/j.psyneuen.2012.02.003

 Wohleb, E. S., Hanke, M. L., Corona, A. W., Powell, N. D., Stiner, L. M., Bailey, M. T., et al. (2011). β-Adrenergic receptor antagonism prevents anxiety-like behavior and microglial reactivity induced by repeated social defeat. J. Neurosci. 31, 6277–6288. doi: 10.1523/JNEUROSCI.0450-11.2011

 Wohleb, E. S., McKim, D. B., Shea, D. T., Powell, N. D., Tarr, A. J., Sheridan, J. F., et al. (2014). Re-establishment of anxiety in stress-sensitized mice is caused by monocyte trafficking from the spleen to the brain. Biol. Psychiatry 75, 970–981. doi: 10.1016/j.biopsych.2013.11.029

 Xu, Y., Zhang, J., Fang, Z., and Zhang, H. (2022). The effects of social defeat stress on hippocampal glial cells and interleukin-6 in adolescence and adulthood. Neuroreport 33, 828–834. doi: 10.1097/WNR.0000000000001854

 Zhou, S.-J., Zhang, L.-G., Wang, L.-L., Guo, Z.-C., Wang, J.-Q., Chen, J.-C., et al. (2020). Prevalence and socio-demographic correlates of psychological health problems in Chinese adolescents during the outbreak of COVID-19. Eur. Child Adolesc. Psychiatry 29, 749–758. doi: 10.1007/s00787-020-01541-4

Copyright
 © 2024 Myers, Birmingham, Rhoads, McGrath, Miles, Schuldt and Briand. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Post-weaning social isolation alters sociability in a sex-specific manner



		1 Introduction



		2 Material and methods



		2.1 Subjects



		2.2 Drugs



		2.3 Three-chambered social interaction test



		2.4 Adolescent drug treatment



		2.5 Data analysis







		3 Results



		3.1 Post weaning social isolation does not alter sociability in adolescence



		3.2 Post weaning social isolation has sex-specific effects on sociability in young adulthood



		3.3 Adolescent minocycline treatment decreases sociability in males but not females



		3.4 Adolescent minocycline treatment reverses impact of social isolation on sociability in females in young adulthood







		4 Discussion



		4.1 Post-weaning social isolation stress leads to sex-specific effects on social behavior during young adulthood



		4.2 Post-weaning social isolation stress does not impact social behavior during adolescence



		4.3 Adolescent minocycline treatment reverses decrease in social preference in young adult females following post-weaning social isolation



		4.4 Adolescent minocycline treatment diminishes social preference in males during adolescence while not impacting behavior in young adulthood



		4.5 Adolescent minocycline treatment leads to sex-specific alterations in social behavior







		5 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















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

Post-weaning social isolation
alters sociability in a sex-specific
manner





OPS/images/fnbeh-18-1444596-g001.gif
B

SN

‘Qn

© opasen
= sy isves






OPS/images/fnbeh-18-1444596-g002.gif
/4

bdaz












OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Behavioral Neuroscience







