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Adolescence is a developmental period characterized by brain maturation and changes in social engagement. Changes in the social environment influence social behaviors. Memories of social events, including remembering familiar individuals, require social engagement during encoding. Therefore, existing differences in adult and adolescent social repertoires and environmentally-driven changes in social behavior may impact novel partner preference, associated with social recognition. Several amygdala subregions are sensitive to the social environment and can influence social behavior, which is crucial for novelty preference. Amygdala neurons project to the septum and nucleus accumbens (NAc), which are linked to social engagement. Here, we investigated how the social environment impacts age-specific social behaviors during social encoding and its subsequent impact on partner preference. We then examined changes in amygdala-septal and -NAc circuits that accompany these changes. Brief isolation can drive social behavior in both adults and adolescents and was used to increase social engagement during encoding. We found that brief isolation facilitates social interaction in adolescents and adults, and analysis across time revealed that partner discrimination was intact in all groups, but there was a shift in preference within isolated and non-isolated groups. We found that this same isolation preferentially increases basal amygdala (BA) activity relative to other amygdala subregions in adults, but activity among amygdala subregions was similar in adolescents, even when considering conditions (no isolation, isolation). Further, we identify isolation-driven increases in BA-NAc and BA-septal circuits in both adults and adolescents. Together, these results provide evidence for changes in neuronal populations within amygdala subregions and their projections that are sensitive to the social environment that may influence the pattern of social interaction within briefly isolated groups during development.
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Introduction

Younger populations require socially enriching experiences, and these experiences have a lasting impact on a variety of behaviors, namely, cognitive flexibility, anxiety-like behaviors, and social responses (Hol et al., 1999; Hellemans et al., 2004; Varlinskaya and Spear, 2008; Amitai et al., 2014; Butler et al., 2016; Schneider et al., 2016). Adolescence, in particular, is a key period of time with heightened social sensitivity across several species (Varlinskaya and Spear, 2008; Seffer et al., 2015; Foulkes and Blakemore, 2016; Orben et al., 2020; Ferrara et al., 2021a). Alterations in social behavior characterize several neuropsychiatric disorders, with depression and anxiety often characterized by social avoidance and withdrawal (Rankin et al., 2008; Trew, 2011; Meyer-Lindenberg and Tost, 2012; Fernández-Theoduloz et al., 2019). Diagnosis rates are high during adolescence suggesting susceptibility, and there are added negative outcomes of reduced social engagement on long-term behavioral responses in those diagnosed (Gerhard et al., 2021). The social environment influences social function and can bidirectionally influence neuropsychiatric disorder diagnosis (Meyer-Lindenberg and Tost, 2012). A clear understanding of the behavioral and biological mechanisms sensitive to the social environment may inform neuropsychiatric and developmental disorders characterized by changes in social function.

Many behaviors change over the course of development (Campbell and Spear, 1972; Spear, 2000; Douglas et al., 2004; Pattwell et al., 2012; Loh et al., 2022). Adolescence is characterized by transitions in social engagement, where social play is gradually replaced by increases in social investigation [e.g., nose–body and anogenital sniffing; Hol et al. (1999); Varlinskaya and Spear (2008), and Ferrara et al. (2021b)]. Disruptions to the social repertoire especially during social maturation can have detrimental effects on socialization (Hol et al., 1999; Schneider et al., 2016). Manipulations of the social environment through deprivation or isolation can have a bidirectional impact on behavior. Long-term social disruption can impair social learning and interaction, and shorter-term isolation can facilitate age-specific social behaviors during adolescence (Ferrara et al., 2021b; Kinley et al., 2021; Lee et al., 2021; Caruso et al., 2022). This facilitation of social behavior with brief isolation can improve social recognition memory in adolescents, while reducing it in adults, which is indexed with increased novel partner investigation relative to a familiar (Ferrara et al., 2022). This increase in novel partner investigation relative to a familiar is otherwise known as novel partner preference and requires recognition memory and the ability to discriminate between a novel and familiar partner. The impact of brief isolation on social recognition memory tasks might point to an additional influence of social partner preferences that are sensitive to heightened social states. However, the behavioral mechanisms related to social recognition and the impact of isolation are unclear, as isolation-driven facilitation of social interaction may promote shifts in partner preference unrelated to social recognition. This same isolation can engage a network of developing brain regions and may, therefore, influence partner preference from adolescence to adulthood (Lee et al., 2021).

The amygdala is sensitive to and regulates social behavior (Twining et al., 2017; Hu et al., 2021; Opendak et al., 2021; Terranova et al., 2022). Brief isolation can increase neuronal and microglial activity within both lateral (LA) and basal (BA) regions of the amygdala (Ferrara et al., 2021b,2022). The medial and basomedial amygdala subregions (MeA and BMA, respectively) are sensitive to the social environment and are critical for social memory, and may, therefore, be similarly sensitive to brief isolation (Mesquita et al., 2016; Twining et al., 2017). However, the amygdala circuits sensitive to the isolation that affect social memory over the course of development are unclear. Neurons from the amygdala project to many regions, including the septum and the nucleus accumbens (NAc), and these brain regions regulate several social behaviors critical for social memory, ranging from social preference to reward (Caffe et al., 1987; McDonald, 1991; Calderazzo et al., 1996; Trezza et al., 2011; Dölen et al., 2013; Kohls et al., 2013; Lukas et al., 2013; Bredewold et al., 2015; Clemens et al., 2020; Hintiryan et al., 2021). Locally, both the septum and NAc are sensitive to social stressors, and their activity can influence social memory processes (Hodges et al., 2017, 2019; Kopec et al., 2018; Folkes et al., 2020). The amygdala, septum, and NAc have been linked to age-specific social behaviors that change from adolescence to adulthood, including social play (Trezza et al., 2012; Kopec et al., 2018; Clemens et al., 2020; Ferrara et al., 2021b), while amygdala inputs to the septum and NAc can regulate social memory and sociability, respectively (Willuhn et al., 2014; Rodriguez et al., 2021). Adolescents are more sensitive to shifted social environments. In addition, a simple shift in the social environment, brief social isolation, is linked to less novel partner preference in social recognition memory tasks in adults and more preference in adolescents. Therefore, amygdala-septum and amygdala-NAc pathways may be more sensitive to isolation in adolescents and influence social memory differentially in adults and adolescents.

In the following experiments, we tested the social behaviors impacted by isolation in the context of novel partner preference within isolated and non-isolated adults and adolescents. We then used a retrobead approach combined with immediate early gene expression to quantify changes in the pattern of overall activity in amygdala subregions and the activity of neurons projecting to the NAc and septum in isolated adults and adolescents. These results identify patterns within, but not between, isolated and non-isolated cohorts of social interaction and degree of partner preference, and the amygdala circuits sensitive to this environmental shift.



Materials and methods

Experiments were approved by the Institutional Animal Care and Use Committee at Rosalind Franklin University of Medicine and Science and abided by the National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory Animals (2011).


Subjects

Subjects were male Sprague Dawley rats purchased from Envigo (adolescent n = 49, adult n = 48; Indianapolis, IN) and housed 2–3 per cage in the Rosalind Franklin University animal facility. Rats had free access to food and water at all times and were maintained on a reverse light cycle (12 h light/dark). Adolescent rats arrived at the animal facility on postnatal days (PND) 20–21, and adult rats arrived on PND 64–69. Adolescents were between the ages of PND 28–38, and adult rats were PND > 70 for behavioral and immunofluorescent experiments.



Partner preference training, testing, and scoring

Open field behavior and social interaction were measured in a dimly lit room (10–15 lux white light and dim red light). Transparent Plexiglas cages (dimensions 28.58 cm × 17.78 cm × 20.32 cm) used for brief isolation contained bedding and were at least 12 inches from all other cages in the animal colony [as seen in Ferrara et al. (2021b)]. Rats were randomly assigned to 2-h isolation or control conditions, where isolated groups were placed into Plexiglas cages for 2 h, and control groups were left in the home cage. All rats were then acclimated to a black opaque plexiglass open field apparatus for 5 min immediately before social interaction, used here as familiarization for the partner preference task. During this familiarization period, a novel age-matched same-sex conspecific partner was placed into the apparatus, and rats were allowed to freely interact for 5 min. Rats were then brought back to their home cages. After 30 min, rats were returned to the open field and were allowed to investigate the previous stimulus rat (familiar) and a new age-matched same-sex rat (novel) under separate wire cages on the opposite sides of the open field apparatus for 5 min.

All interactions were video recorded and captured with ANY-maze software (Stoelting, Wood Dale, IL, United States). Videos were then uploaded into CowLog software (3.0.2; Hänninen and Pastell, 2009) and scored for social interaction consisting of nose–body contact, anogenital sniffing, play, and chase behaviors during social interaction (the familiarization component of partner preference test). During the partner preference test, the social investigation was scored as the nose touching the cage of a novel or familiar partner. All scoring was by a rater blind to condition [as in Ferrara et al. (2022)]. Data were exported in a CSV file and then transferred to an Excel file (Microsoft, Redmond, WA, United States) where the sum of each interaction was calculated.

Discrimination index was calculated as the amount of time investigating a novel partner subtracted from a familiar partner, and this difference was then divided by the total time spent investigating both partners, then multiplied by 100. Cumulative time spent interacting was calculated for each individual animal by summing the time spent investigating a novel or familiar partner for each minute and dividing it by the total time spent investigating a novel or familiar partner, respectively, to show a percentage of total time investigating each partner.



Retrobead surgery

In a separate set of experiments, red retrobead IX (Lumafluor, Inc.; Durham, NC, United States) was infused into the septum or nucleus accumbens (NAc). Rats were first anesthetized with 4% isoflurane and oxygen until deeply anesthetized and maintained at 1.5–2.5% for the remainder of the surgery. A 10 μL Hamilton syringe with a 26-gauge needle (World Precision Instruments) containing the retrobeads was mounted onto a stereotaxic infusion pump (World Precision Instruments, Sarasota, FL, United States). All groups received bilateral infusions of retrobead (0.5 μL/side; 50 nanoliters/min) into the septum (adolescent: AP: −0.15, ML: 1.6; V: 6.6; adult: AP: −0.15, ML: 1.7, V: −6.6 at a 10° angle) or NAc (adolescent: AP: + 2.0, ML: 1.4; V: 6.7; adult: AP: + 2.0, ML: 1.6, V: −6.7) from bregma (Watson, 2007). The syringe was left in place for an additional 5 min following virus infusion to allow for diffusion. Approximately 1 week later, animals were isolated for 2 h and were then perfused for immunofluorescent quantification of the immediate early gene zif268 as a proxy of cellular activity.



Immunofluorescence

Rats were deeply anesthetized following the brief isolation manipulation or control home cage and perfused with 0.1 M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Brains were sliced on a vibratome in 40 μm sections and mounted onto gelatinized slides. Slides were rehydrated in wash buffer (PBS + 0.05% Tween-20), and endogenous peroxidase activity was blocked (PBS + 0.3% H2O2), and slices were permeabilized (PBS + 0.03% Triton X). Slices were then incubated in blocking solution for 1 h (PBS + 0.7% normal goat serum), and then EGR1 (zif268) antibody (Cell Signaling, 1:500, #15F7) overnight at 4°C. Slices were then incubated in a secondary solution (1:500, Alexa Fluor 488, Invitrogen, Waltham, MA, catalog #: A32731) for 2 h, rinsed with wash buffer, and coverslipped with a DAPI counterstain.



Microscopy

Amygdala regions were identified based on the rat brain atlas (Watson, 2007). Basal, medial, and basomedial amygdala regions were captured on a Nikon Eclipse E600 microscope (Melville, NY, United States) using a 10× objective lens. Three square sections in each region were captured and analyzed bilaterally by an individual blind to condition. Images were then exported as TIFF files, and particles were quantified using ImageJ software (NIH, Bethesda, MD, United States). Zif268 and retrobead particles were counted by using the subtract background function and difference of Gaussian filtering and were then made binary. The watershed function was then used to separate overlapping particles, and particles were counted using the “Analyze Particles” function with a circularity between 0.04 and 1.00 (similar to Ferrara et al., 2019). Retrobeads were similarly quantified using ImageJ software particle counts with the exception that a Kuwahara filter was applied to reduce speckles with edges of retrobeads left intact. Retrobead and zif268 binary images were then added as Image A and Image B regions in the “Just Another Colocalization Plugin” in ImageJ, and objects-based method analyses were performed to identify the number of zif268-positive cells overlapping with retrobead particles. For each slice, zif268+ and retrobead numbers were normalized to DAPI. For each amygdala subregion, the zif+ to DAPI ratio in the no isolation homecage condition was averaged, and each subregion in isolation conditions was divided by the homecage average and multiplied by 100 to give a percent increase in zif268+ cells in isolated conditions from the no isolation.



Statistical analyses

GraphPad Prism 8.0 (San Diego, CA, United States) was used for statistical analyses and figures. Data are represented as group averages with standard error of the mean (SEM). Behavioral experiments were analyzed using an unpaired t-test to compare social interaction between non-isolated and isolated groups, one-sample t-test to compare discrimination index values to chance investigation (e.g., 0), a two-way repeated measures ANOVA between conditions, and an F-test to compare the global fit of a second-order polynomial curve across time during social interaction. Correlations were analyzed with simple linear regression and a comparison of slopes from a line fitted to zero. For correlations, the percentage of time spent investigating was calculated by adding the time spent engaging in nose–body contact and anogenital sniffing and creating a percentage based on total behavior. Immunofluorescent data were analyzed using a one-way or two-way ANOVA. Fisher’s LSD post hoc analyses were used where main effects or interactions were observed.




Results


Facilitated social interaction contributes to increased discrimination between novel and familiar partners within briefly isolated adolescents

We used a brief, 2-h isolation to determine the impact of changes in the social environment on social interaction and subsequent partner preference (Figure 1A). We found that isolated adolescents spent a greater amount of time socially interacting than their non-isolated counterparts [t(19) = 2.384, p = 0.0277; No isolation n = 9, isolation n = 12; Figure 1B]. We next looked at the time spent investigating during each minute of the social interaction session. Using a repeated measures two-way ANOVA with time (5 m familiarization) and condition (no isolation, isolation) as factors, we found the main effect of time [F(4,76) = 6.519, p = 0.0001] and condition [F(1,19) = 5.682, p = 0.0277], but no interaction [F(4,76) = 1.490, p = 0.214]. Post hoc analyses comparing the first minute of each condition to the remaining minutes found that isolated rats reduced social interaction from minute 1 to minute 3 (p = 0.0011) and to minute 4 (p = 0.0002) and to the final minute 5 (p = 0.0005; Figure 1D). There were no significant differences for minute-by-minute comparisons in the no isolation condition (Figure 1C). This difference in the pattern was confirmed by the examination of the distribution of interaction across time using a cumulative time histogram [F-test to compare the global fit of a second-order polynomial least squares line for isolation and no isolation conditions; F(3,99) = 4.840, p = 0.0035; Figure 1E]. These results replicate prior work showing the facilitation of social interaction following 2-h isolation and extend this to demonstrate that different patterns of social behavior across time can occur among isolated and non-isolated rats, though these changes in interaction patterns are not dependent on the social environment as there was no significant interaction between condition and time.
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FIGURE 1
Facilitated social interaction contributes to increased discrimination between novel and familiar partners within briefly isolated adolescents. Schematic outlining both isolated (2 h) and non-isolated groups undergo social interaction and 30-min later social preference testing (A). Social isolation increases social interaction (B). Social interaction is similar across time in non-isolated adolescents (C). Social interaction decreases in isolated adolescents over time (D). Fitted lines significantly differ between isolated and non-isolated adolescents (E). Isolation increases the time spent investigating a novel, relative to a familiar, partner during a novel partner test (F) also evidenced in a discrimination index (G). Non-isolated adolescents show an elevated cumulative time spent investigating a novel partner relative to a familiar (H), and isolated adolescents show a similar pattern consistent across time (I). No isolation n = 9, isolation n = 12. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


We next used a two-way ANOVA with condition (no isolation, isolation) and target (novel partner, familiar partner) as factors to understand the impact of isolation on social partner preference. In adolescents, we found the main effect of condition [F(1,19) = 11.69, p = 0.0029] and the main effect of target [F(1,19) = 10.68, p = 0.004], but no interaction between the two [F(1,19) = 1.361, p = 0.2579]. Post hoc analyses found that isolated adolescents spent more time investigating a novel partner relative to a familiar partner (p = 0.0031; Figure 1F). We also compared discrimination index values between conditions using an unpaired t-test and found no difference between groups [t(19) = 0.444, p = 0.662; Figure 1F]. However, using a one-sample t-test, we found discrimination index [t(11) = 2.818, p = 0.0167; Figure 1G] values differed when compared to equal levels of partner exploration, while non-isolated rats did not [t(8) = 2.126, p = 0.0662] differ from this. Due to within-condition differences, we were next interested in understanding alterations in the distribution of time spent investigating novel and familiar partners within isolated and non-isolated groups, as shifts in this pattern over the course of time may help clarify the main effects of the condition and partner preference. Using a two-way repeated measures ANOVA with time and condition (no isolation, isolation) as factors, we found the main effect of time [F(4,32) = 403.6, p < 0.001] but no main effect of condition [F(1,8) = 3.942, p = 0.0823], and no interaction [F(4,32) = 2.328, p = 0.0774]. Post hoc analyses found significant differences at minutes 3 (p = 0.0013) and 4 (p = 0.0108) in non-isolated adolescents, indicating differences in the rate at which a novel and a familiar partner is investigated at that time (Figure 1H). In the isolated group, there was a main effect of time [F(4,44) = 390.8, p < 0.001], main effect of condition [F(1,11) = 7.234, p = 0.021], and an interaction [F(4,44) = 4.233, p = 0.0055]. Post hoc analyses found significant differences between novel and familiar partner cumulative time spent interacting during minutes 2 (p = 0.0003), 3 (p < 0.0001), and 4 (p = 0.0006; Figure 1I). These cumulative plots normalize for differences in time spent investigating novel and familiar partners, and illustrate that disproportionally more time is spent with novel partners after 2 min in control but earlier in isolated rats. This suggests that within the condition, elevated discrimination index values (compared to no preference) are linked to different distributions of preference across time even when total differences in time with each partner are accounted. Together with the social interaction training data, these results show that differences in the rate of social interaction over the course of time are accompanied by patterns of novel or familiar partner investigation within isolated and non-isolated rats quantified with cumulative novel and familiar interaction plots within each condition. However, without a significant interaction during social preference testing and only marginal impact using a discrimination index, brief isolation can influence the partner investigation but this condition does not necessarily influence the degree of social target investigation.



Among briefly isolated adults, facilitated social interaction occurs alongside reductions in novel and familiar partner preference

To understand the relationship in adults between social interaction during familiarization and social preference, the same design was tested in a different cohort of adult rats (as seen in Figure 1A). Replicating prior results, brief isolation increased the time spent socially interacting [t(19) = 3.698, p = 0.0015; no isolation n = 11, isolation n = 10; Figure 2A]. We next used a two-way ANOVA with time (5-min familiarization) and condition (no isolation, isolation) as factors to understand differences in social interaction across time. We found the main effects of time [F(4,76) = 7.497, p < 0.0001] and isolation [F(4,76) = 13.67, p = 0.0015], but no interaction [F(4,76) = 1.38, p = 0.2488]. Post hoc analyses showed that the non-isolated group show significantly lower social interaction in minutes 3 (p = 0.0052), 4 (p = 0.0356), and 5 (p = 0.0046) relative to the first minute (Figure 2B). In the isolated group, only the final 2 min were significantly different from the first minute (minute 4 p = 0.0007; minute 5 p = 0.0046; Figure 2C). An F-test for global fit was also significantly different between conditions [F(4,76) = 9.329, p < 0.0001; Figure 2D] indicating differences in patterns of social interaction over the course of time within isolated and non-isolated conditions.
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FIGURE 2
Among briefly isolated adults, facilitated social interaction occurs alongside shifted partner preference (A). Social interaction decreases over time in non-isolated (B) and isolated (C) adults. Fitted lines significantly differ for the time spent interacting between conditions (D). During partner preference testing, non-isolated adults spend more time investigating a novel relative to a familiar partner and this is reduced in the isolated condition (E,F). Cumulative plots indicate different patterns of novel and familiar partner investigation across conditions, with isolated adults showing a greater difference in novel and familiar rates (G,H). No isolation n = 11, isolation n = 10. *p < 0.05, **p < 0.01, ***p = 0.0007.


We next tested groups for novel or familiar partner investigation during a partner preference test. Using a repeated measures two-way ANOVA with condition (no isolation, isolation) and target (novel, familiar partner) as factors, we found the main effect of target [F(1,19) = 9.739, p = 0.0056] but not condition [F(1,19) = 0.0511, p = 0.8235] nor an interaction [F(1,19) = 1.383, p = 0.2541]. Post hoc analyses found that the non-isolated group spent more time investigating a novel relative to a familiar partner (p = 0.0057) but did not in the isolated group (p = 0.1949; Figure 2E). Using a discrimination index to account for within-subjects changes in novel and familiar partner investigation, we did not find differences between conditions [t(19) = 1.099, p = 0.286; Figure 2F], but we did find that non-isolated animals had significant discrimination index values [t(10) = 2.936, p = 0.0149] compared to equivalent degree of novel and familiar investigation, whereas isolated groups did not [t(9) = 1.479, p = 0.1734], indicating increased novelty preference in the non-isolated group that was not different between groups. To test differences in the distribution of time spent investigating a novel and familiar partner within the condition, we next used repeated measures two-way ANOVA with time (5-min partner preference test) and target (novel, familiar partner) as factors. In the non-isolated group, we found the main effect of time [F(4,36) = 454.6, p < 0.0001] but no main effect of target [F(1,9) = 2.576, p = 0.1429] nor an interaction [F(4,36) = 0.8944, p = 0.4774]. Post hoc analyses revealed a significant difference at minute 4 (p = 0.0186). This result indicated that non-isolated rats showed a similar investigation preference across the session (Figure 2G). In the isolated group, we found the main effect of time [F(4,40) = 792.6, p < 0.001] and an interaction [F(4,40) = 2.647, p = 0.0473], but no main effect of target [F(1,10) = 4.143, p = 0.0692]. Post hoc analyses found a significant difference between novel and familiar partners at minutes 2 (p = 0.0001) and 3 (p = 0.0179). This indicates that in isolated rats, the preference between novel and familiar partners shifts across the session (Figure 2H). Similar to adolescents, these results suggest that changes in the time spent socially interacting over the course of several minutes during a training period may be linked to distinct rates of novel and familiar partner investigation after isolation, even when investigation time is similar between partners, as indexed with cumulative plots. While the rate and degree of partner preference were different within conditions in adults, the degree of investigation between social targets is not dependent on the condition, as evidenced by a lack of interaction during social preference testing.



Novel partner preference is related to social interaction and investigation in adults

We were next interested in whether social interaction, and specifically social investigation were associated with changes in novel partner preference measured with a discrimination index. We defined social interaction as the sum of all social behaviors over the course of the 5 m familiarization phase, and social investigation as the time spent engaging in nose–body contact and anogenital sniffing because odor cues form the basis of social recognition memory. In non-isolated groups, social interaction and the percentage of time spent investigating during familiarization were not correlated with partner discrimination at testing in adolescents [SI: R2: 0.01852, F(1,7) = 0.1321, p = 0.727; II: R2: 0.082; F(1,7) = 0.6253, p = 0.455; Figure 3A] and adults [SI: R2: 0.0965, F(1,9) = 0.9616, p = 0.352; II: R2: 0.0881; F(1,9) = 0.8693, p = 0.376; Figure 3B]. In isolated adolescents, the time spent socially interacting during the familiarization phase prior to testing was modestly correlated with partner discrimination at testing [R2: 0.3279; F(1,10) = 4.878, p = 0.0517] but the percentage of time spent investigating was not [R2: 0.2418; F(1,10) = 3.190, p = 0.1044; Figure 3C]. In isolated adults, social interaction during the familiarization phase prior to testing was negatively correlated [R2: 0.7931; F(1,8) = 30.67, p = 0.0005] and the percentage of time spent investigating (nose–body and anogenital sniffing during familiarization) was positively correlated with partner discrimination at test [R2: 0.7269; F(1,8) = 21.29, p = 0.0017; Figure 3D]. These results suggest that within-group changes among isolated adults and adolescents may be related to an emerging pattern where social interaction itself is inversely but the investigation is positively correlated with novel partner preference.
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FIGURE 3
Novel partner preference is related to social interaction and investigation in adults. Social interaction and the percentage of time spent socially investigating are not related to discrimination index values in adult and adolescent non-isolated groups (A,B). Time spent on social interaction was modestly correlated with discrimination index values, where a greater amount of social interaction was related to lower discrimination index values (C). In isolated adults, discrimination index values were positively correlated with the investigation but negatively correlated with social interaction (D). *p < 0.05.




Isolation increases activity in adolescent basal amygdala-nucleus accumbens and -septal circuits relative to the BMA and MeA amygdala

Our prior work shows that isolation increases activity in lateral and basal regions of the amygdala, and others have demonstrated critical roles for the NAc and septum in social behavior (Everts and Koolhaas, 1999; Manduca et al., 2016; Ferrara et al., 2021b). We were next interested in whether isolation differentially engages the activity of amygdala-NAc and -septal circuits sensitive to social circumstances to understand the impact of isolation on partner preference. Adult and adolescent rats were infused with a retrobead into the NAc or the septum and were isolated to quantify changes in (1) amygdala subregions engaged by isolation using immediate early gene zif268 as a proxy for cellular activity, (2) density of neurons projecting to the NAc and septum through retrobead quantification, and (3) the proportion of cells activated and projecting to the NAc or septum as a result of isolation (Figures 4A,B). In adolescents, a repeated measures one-way ANOVA to assess isolation-driven increases in zif268 expression in the BA, BMA, and MeA subregions of the amygdala found no differences in effects of isolation across amygdala subregions [F(2,14) = 0.829, p = 0.457; NAc retrobead injection n = 3, septum retrobead injection n = 5; Figure 4C] nor when comparisons included homecage conditions [highest F: main effect of condition F(1,9) = 1.583, p = 0.2400]. These results indicate that there is a more marginal and variable impact of isolation on immediate early gene activity across amygdala subregions in adolescents. A repeated measures two-way ANOVA was used with retrobead injection site (NAc, Septum) and amygdala subregion (BA, BMA, MeA) as factors to test differences in the density of amygdala projecting NAc and septum neurons in adolescents. We found a significant main effect of amygdala subregion [F(2,12) = 37.49, p < 0.0001] and an interaction [F(2,12) = 8.055, p = 0.0061], but no main effect of retrobead injection site [F(1,6) = 0.0009, p = 0.9776]. Post hoc comparisons show a greater number of BA neurons projecting to the NAc relative to BMA (p < 0.0001) and MeA (p < 0.0001), as well as significantly more BA neurons projecting to the septum relative to BMA (p = 0.036) and MeA (p = 0.0306; Figure 4D). To understand whether isolation differentially engages adolescent amygdala-septal and -NAc circuits, we next quantified the number of cells labeled with both zif268 and a retrobead. Using a repeated measures two-way ANOVA, we found a significant main effect of amygdala subregion [F(2,12) = 25.51, p < 0.001] but no main effect of retrobead site [F(1,6) = 2.577, p = 0.1595] nor an interaction [F(2,12) = 0.7784, p = 0.481]. Post hoc comparisons found a greater percent of zif268 co-labeled with BA neurons projecting to the NAc relative to BMA (p = 0.0248) and MeA (p = 0.002), and a greater percent of zif268 co-labeled with BA neurons projecting to the septum relative to BMA (p = 0.0002) and to the MeA (p < 0.0001; Figure 4E). These results indicate that there are similar patterns of activity across amygdala subregions, and BA-NAc and -septum circuits may be preferentially engaged relative to the BMA and MeA to support isolation-driven changes in social interaction and partner preference.
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FIGURE 4
Isolation increases activity in adolescent BA-NAc and -septal circuits relative to the BMA and MeA amygdala. Reconstruction of retrobead injections in the NAc and septum of adolescents (A). Representative images depicting zif268 expression in green, retrobead expression in red, and DAPI in blue in the BA, BMA, and MeA. BA insets show co-labeled zif268+ retrobead cells at the tip of white triangles and retrobead only cells at the tip of gray triangles (B). Zif268 expression is not significantly different in the BA, BMA, or MeA of isolated adolescents (C). Retrobead density is highest in the BA for septum and NAc projections (D). Isolation increases the number of BA-NAc and BA-septum zif268 expressing cells relative to the BMA (E). Homecage n = 3, isolated NAc retrobead n = 3, isolated septum retrobead n = 5. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Isolation selectively increases adult basal amygdala activity but does not preferentially engage nucleus accumbens or septal amygdala circuits

We next investigated differences in the sensitivity of amygdala-NAc and -septum neurons to isolation using the same approach as above (Figures 5A,B). When normalized to homecage averages, a one-way repeated measures ANOVA found differences in zif268 expression between amygdala subregions as a result of isolation in adults [F(2,12) = 12.87, p = 0.0038; NAc retrobead injection n = 4, septum retrobead injection n = 3]. Post hoc comparisons found that BA zif268 expression was elevated relative to the BMA (p = 0.0034) and MeA (p = 0.0192; Figure 5C). When including comparisons with homecage groups, we found the main effect of condition [F(1,8) = 6.400, p = 0.0353], amygdala subregion [F(2,16) = 4.867, p = 0.0223], and an interaction [F(2,16) = 4.867, p = 0.0223] with a significant increase in BA activity after isolation relative to homecage (p = 0.0006). We next used a repeated measures two-way ANOVA to investigate differences in the density of amygdala neurons projecting to the NAc and septum with amygdala subregion (BA, BMA, and MeA) and retrobead injection site (NAc, septum) as factors. There was a significant main effect of amygdala subregion [F(2,10) = 46.72, p < 0.0001], main effect of retrobead site [F(1,5) = 14.26, p = 0.0129], and an interaction between the two [F(2,10) = 22.03, p = 0.0002]. Similar to adolescents, follow-up comparisons found a greater density of BA neurons projecting to the NAc relative to BMA (p < 0.0001) and MeA (p < 0.0001), but only modestly more BA-septum neurons relative to BMA (p = 0.081; Figure 5D). We next used a mixed model two-way ANOVA with the same factors (instead of repeated measures, due to uneven within subjects matching because retrobeads were not detected across all amygdala subregions in all subjects). Using this two-way ANOVA, there was no main effect of retrobead injection site [F(1,5) = 0.2199, p = 0.6588], no main effect of amygdala subregion [F(1.867,5.601) = 4.884, p = 0.0551], and no interaction [F(2,6) = 0.5501, p = 0.6034; Figure 5E]. These results suggest that isolation preferentially engages the adult BA relative to other amygdala subregions, with a similar degree of activation in amygdala-NAc and -septal following isolation.
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FIGURE 5
Isolation selectively increases adult BA activity but does not preferentially engage NAc or septal amygdala circuits. Retrobead expression reconstructions for NAc and septum injections in adults (A). Representative immunofluorescent images of the BA, BMA, and MeA with zif268 (green), retrobeads from the NAc or septum (red), and DAPI (blue). BA insets indicate retrobead only neurons at the tip of gray triangles, and zif+ retrobead co-labeled cells at the tip of white triangles (B). Isolation increases zif268 expression in the BA relative to the BMA and MeA of adults (C). Retrobead density is highest in BA relative to the BMA and MeA when retrobeads were infused into the NAc, and retrobead density is only modestly higher in the BA relative to the BMA when infused into the septum (D). There were no significant differences in the activity of amygdala-NAc or -septum circuits following isolation in adults (E). Homecage n = 3, isolated NAc retrobead n = 4, isolated septum retrobead n = 3. #p = 0.081, *p < 0.05, **p < 0.01, ***p < 0.0001.





Discussion

Our current results outline the impact of brief isolation on partner preference and amygdala circuits sensitive to isolation. Though the degree of novel partner preference did not depend on isolation conditions, we did observe a number of within-group alterations that shed light on how social interaction is related to partner preference in adults and adolescents. Specifically, we found that novel partner preference within isolated groups was related to the duration of social investigation but was inversely related to global social interaction, and this effect increases with age. These results suggest that isolation itself does not impact partner preference; rather there are within-cohort differences in partner preference that are related to social interaction behaviors. We also identified two distinct amygdala circuits sensitive to isolation that may contribute to alterations in social interaction and preference within isolated and non-isolated conditions. In isolated adolescents, there were no differences in activity (measured with immediate early gene, zif268, expression) in the BA, BMA, and MeA, but the activity of BA neurons projecting to the septum and the NAc relative to MeA and BMA regions were increased under isolation conditions. In adults, isolation selectively increases activity in the BA relative to the BMA and MeA and does not preferentially impact amygdala BA, BMA, or MeA neurons projecting to the NAc or septum. These results suggest that when isolated, the degree of activity between regions sensitive to social circumstances and circuits within these regions are differentially impacted with age that may influence social behavior, where social behaviors facilitated by isolation contribute to an emerging relationship with partner preference selectively within isolated conditions.

Within isolated and non-isolated groups, we found that isolated adolescents show a reduction in time spent interacting over time and this effect is absent in non-isolated adolescents, though this change over time is not dependent on isolation. In adults, we identify a reduction in social interaction over the course of time within both non-isolated and isolated groups, but within condition, comparisons did show that non-isolated adults show a longer duration of this reduction. Within (but not between) these groups, we also found differences in social preference patterns over time, linked to the degree of novel and familiar partner investigation at later times when compared to equivalent novel and familiar investigation levels. The larger reductions in social interaction over time in non-isolated adults and isolated adolescents provide evidence for within-group dynamics that are related to subsequent discrimination, as these two groups show improved novel partner preference. Shifts in the degree of interaction as a result of stress influence social preference (Hodges et al., 2017; Eacret et al., 2019). Our results add to this literature and suggest that a degree of habituation or familiarization within (but not between) a group, indexed with a persistent reduction in interaction from initial interaction levels, to a partner may improve discrimination between novel and familiar partners.

Isolation not only influences the degree of interaction but also increases the number of social behaviors across ages that are known to hold rewarding properties (e.g., social play) and may shift partner preferences toward familiar partners. The increase in a host of behaviors in isolation-driven states, particularly between ages that show dramatic changes in social behavior, provides behavioral mechanisms for social preference. In line with this, isolated and non-isolated adolescents show socially conditioned place preference, whereas adults only show socially conditioned place preference following isolation, indicating group differences in the rewarding nature of social interactions (Douglas et al., 2004). It has also been suggested that there are specific aspects of social interaction aside from social play that can drive social preference and reward, linking all adolescent social interaction, not limited to play, to social preference (Thiel et al., 2008; Peartree et al., 2012). Further, individual differences in fighting and chase versus investigation-like behaviors contribute to dynamic social hierarchies, highlighting the importance of individual differences and perhaps a balance in these behaviors that may promote shifts in social preference (So et al., 2015). In the current study, we found that the percentage of time spent socially investigating is positively related to novel partner preference, while total social interaction (e.g., play, chase, investigation) is inversely correlated with partner preference in isolated adults. Interestingly, this pattern is relatively weak in adolescents and becomes stronger with social maturation, indicating developmental differences and alterations in the social repertoire over time that are related to novel partner preference in line with the idea that the nature and value of social interactions change over the course of development.

Neural circuits sensitive to isolation form a network that changes with isolation, and it has been proposed that isolation shifts the activation of this larger neural circuit to preserve/maintain social homeostasis (Lee et al., 2021). We previously identified the basolateral amygdala as a critical region regulating isolation-driven changes in social behavior across ages (Ferrara et al., 2021b), and several other amygdala subregions and outputs have been implicated in social behavior and sensitivity to the social environment, with relatively little known about changes in activity during development (Everts and Koolhaas, 1999; Manduca et al., 2016; Mesquita et al., 2016; Twining et al., 2017). To understand whether a broader amygdala network may be sensitive to the isolation that subsequently impacts adults and adolescents differently, we first quantified activity in the BA, BMA, and MeA following brief isolation. We found that adolescents show similar levels of activity between amygdala subregions following isolation, and adults show a selective increase in BA activity relative to the BMA and MeA. Within the BA, NAc- and septum-projecting neurons show elevated activity following isolation in adolescents relative to the BMA and MeA but no such differences were seen in adults. Interestingly, BA-NAc and -septum adult activation are higher than adolescent activation. This may indicate that both -NAc and -septum projections are sensitive to isolation in adults or alternatively that other amygdala projections may show a more selective subregion activation, as seen in our adolescent cohort. Future work should investigate the contribution of these amygdala projections or alternative projections to isolation-driven changes in social behavior. These results suggest that adolescents may be more sensitive to changes in the social environment, observed with heightened activity in BA-NAc and BA-septal circuits relative to other amygdala subregions, which may contribute to partner preference following brief isolation in adolescents. In line with this, activity in a BA-septum circuit is required for novel partner preference, while increases in BA-NAc circuits may govern the rewarding nature of social interactions (Amaral et al., 2021; Rodriguez et al., 2021). In adults, overall similar levels of amygdala-NAc and -septum activity may contribute to the persistent levels of social interaction over time and subsequent reductions in novel partner preference relative to a familiar partner within, but not between, isolated and non-isolated groups. However, we note that exposure to a novel environment itself can drive increases in immediate early gene expression, which may contribute to isolation-driven changes in zif268 protein observed here. This increase has been demonstrated in the amygdala for novel context encoding, as well as for context fear memory, and the amygdala can regulate immediate early gene expression in other brain regions following context learning (Rosen et al., 1998; Huff et al., 2006; Asok et al., 2013; Antoine et al., 2014; Heroux et al., 2018). Based on this, it is possible that the increased zif268 activity observed here is produced by a change in the environment rather than by social deprivation. However, studies probing for zif268 protein (as in the present study), rather than mRNA [as in Asok et al. (2013) and Heroux et al. (2018)], found no such increase in zif268 expression (e.g., Trask and Helmstetter, 2022), suggesting that while this is possible in the present manuscript, novel context exploration is likely not the sole driver of zif268 activity.

Together, we provide evidence that isolation uniformly increases social interaction and differentially alters patterns of amygdala activity within isolated adults and adolescents. However, non-isolated and isolated cohorts show different patterns of social interaction and activation of BA-NAc and -septum circuits that may contribute to shifts in social preference within isolated adults and adolescents. We provide a framework for behavioral and biological mechanisms that are differentially impacted by age that ultimately sheds light on the importance of the social environment for social memory.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Rosalind Franklin University of Medicine and Science.



Author contributions

NF and JR: conceptualization and methodology. NF, ST, AR, and MP: data curation. NF: wrote the original draft and formally analyzed the data. NF, ST, AR, and JR: reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Institute of Health (NIH) grants: MH118237, MH109484 (JR), and F32MH122092 (NF).



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

Amaral, I. M., Scheffauer, L., Langeder, A. B., Hofer, A., and El Rawas, R. (2021). Rewarding social interaction in rats increases CaMKII in the nucleus accumbens. Biomedicines 9:1886. doi: 10.3390/biomedicines9121886

Amitai, N., Young, J. W., Higa, K., Sharp, R. F., Geyer, M. A., and Powell, S. B. (2014). Isolation rearing effects on probabilistic learning and cognitive flexibility in rats. Cogn. Affect. Behav. Neurosci. 14, 388–406. doi: 10.3758/s13415-013-0204-4

Antoine, B., Serge, L., and Jocelyne, C. (2014). Comparative dynamics of MAPK/ERK signalling components and immediate early genes in the hippocampus and amygdala following contextual fear conditioning and retrieval. Brain Struct. Funct. 219, 415–430. doi: 10.1007/s00429-013-0505-y

Asok, A., Schreiber, W. B., Jablonski, S. A., Rosen, J. B., and Stanton, M. E. (2013). Egr-1 increases in the prefrontal cortex following training in the context preexposure facilitation effect (CPFE) paradigm. Neurobiol. Learn. Memory 106, 145–153.

Bredewold, R., Schiavo, J. K., van der Hart, M., Verreij, M., and Veenema, A. H. (2015). Dynamic changes in extracellular release of GABA and glutamate in the lateral septum during social play behavior in juvenile rats: implications for sex-specific regulation of social play behavior. Neuroscience 307, 117–127. doi: 10.1016/j.neuroscience.2015.08.052

Butler, T. R., Karkhanis, A. N., Jones, S. R., and Weiner, J. L. (2016). Adolescent social isolation as a model of heightened vulnerability to comorbid alcoholism and anxiety disorders. Alcohol. Clin. Exp. Res. 40, 1202–1214. doi: 10.1111/acer.13075

Caffe, A. R., Van Leeuwen, F. W., and Luiten, P. G. M. (1987). Vasopressin cells in the medial amygdala of the rat project to the lateral septum and ventral hippocampus. J. Comp. Neurol. 261, 237–252. doi: 10.1002/cne.902610206

Calderazzo, L., Cavalheiro, E. A., Macchi, G., Molinari, M., and Bentivoglio, M. (1996). Branched connections to the septum and to the entorhinal cortex from the hippocampus, amygdala, and diencephalon in the rat. Brain Res. Bull. 40, 245–251. doi: 10.1016/0361-9230(96)00033-0

Campbell, B. A., and Spear, N. E. (1972). Ontogeny of memory. Psychol. Rev. 79:215.

Caruso, A., Ricceri, L., Caruso, A., Nicoletti, F., Gaetano, A., and Scaccianoce, S. (2022). Postweaning social isolation and autism-like phenotype: a biochemical and behavioral comparative analysis. Behav. Brain Res. 428:113891. doi: 10.1016/j.bbr.2022.113891

Clemens, A. M., Wang, H., and Brecht, M. (2020). The lateral septum mediates kinship behavior in the rat. Nat. Commun. 11:3161. doi: 10.1038/s41467-020-16489-x

Dölen, G., Darvishzadeh, A., Huang, K. W., and Malenka, R. C. (2013). Social reward requires coordinated activity of nucleus accumbens oxytocin and serotonin. Nature 501, 179–184. doi: 10.1038/nature12518

Douglas, L. A., Varlinskaya, E. I., and Spear, L. P. (2004). Rewarding properties of social interactions in adolescent and adult male and female rats: impact of social versus isolate housing of subjects and partners. Dev. Psychobiol. 45, 153–162. doi: 10.1002/dev.20025

Eacret, D., Grafe, L. A., Dobkin, J., Gotter, A. L., Renger, J. J., Winrow, C. J., et al. (2019). Orexin signaling during social defeat stress influences subsequent social interaction behaviour and recognition memory. Behav. Brain Res. 356, 444–452. doi: 10.1016/j.bbr.2018.05.032

Everts, H. G. J., and Koolhaas, J. M. (1999). Differential modulation of lateral septal vasopressin receptor blockade in spatial learning, social recognition, and anxiety-related behaviors in rats. Behav. Brain Res. 99, 7–16. doi: 10.1016/s0166-4328(98)00004-7

Fernández-Theoduloz, G., Paz, V., Nicolaisen-Sobesky, E., Pérez, A., Buunk, A. P., and Cabana, Á et al. (2019). Social avoidance in depression: a study using a social decision-making task. J. Abnorm. Psychol. 128, 234–244.

Ferrara, N. C., Jarome, T. J., Cullen, P. K., Orsi, S. A., Kwapis, J. L., Trask, S., et al. (2019). GluR2 endocytosis-dependent protein degradation in the amygdala mediates memory updating. Sci. Rep. 9, 1–10.

Ferrara, N. C., Trask, S., and Rosenkranz, J. A. (2021a). Maturation of amygdala inputs regulate shifts in social and fear behaviors: a substrate for developmental effects of stress. Neurosci. Biobehav. Rev. 125, 11–25. doi: 10.1016/j.neubiorev.2021.01.021

Ferrara, N. C., Trask, S., Avonts, B., Loh, M. K., Padival, M., and Rosenkranz, J. A. (2021b). Developmental shifts in amygdala activity during a high social drive state. J. Neurosci. 41, 9308–9325. doi: 10.1523/JNEUROSCI.1414-21.2021

Ferrara, N. C., Trask, S., Yan, L., Padival, M., Helmstetter, F. J., and Rosenkranz, J. A. (2022). Isolation driven changes in Iba1-positive microglial morphology are associated with social recognition memory in adults and adolescents. Neurobiol. Learn. Mem. 192:107626.

Folkes, O. M., Báldi, R., Kondev, V., Marcus, D. J., Hartley, N. D., Turner, B. D., et al. (2020). An endocannabinoid-regulated basolateral amygdala–nucleus accumbens circuit modulates sociability. J. Clin. Investig. 130, 1728–1742. doi: 10.1172/JCI131752

Foulkes, L., and Blakemore, S. J. (2016). Is there heightened sensitivity to social reward in adolescence? Curr. Opin. Neurobiol. 40, 81–85.

Gerhard, D. M., Meyer, H. C., and Lee, F. S. (2021). An adolescent sensitive period for threat responding: impacts of stress and sex. Biol. Psychiatry 89, 651–658. doi: 10.1016/j.biopsych.2020.10.003

Hänninen, L., and Pastell, M. (2009). CowLog: Open-source software for coding behaviors from digital video. Behav. Res. Methods 41, 472–476.

Hellemans, K. G., Benge, L. C., and Olmstead, M. C. (2004). Adolescent enrichment partially reverses the social isolation syndrome. Dev. Brain Res. 150, 103–115. doi: 10.1016/j.devbrainres.2004.03.003

Heroux, N. A., Osborne, B. F., Miller, L. A., Kawan, M., Buban, K. N., Rosen, J. B., et al. (2018). Differential expression of the immediate early genes c-Fos, Arc, Egr-1, and Npas4 during long-term memory formation in the context preexposure facilitation effect (CPFE). Neurobiol. Learn. Memory 147, 128–138. doi: 10.1016/j.nlm.2017.11.016

Hintiryan, H., Bowman, I., Johnson, D. L., Korobkova, L., Zhu, M., Khanjani, N., et al. (2021). Connectivity characterization of the mouse basolateral amygdalar complex. Nat. Commun. 12:2859. doi: 10.1038/s41467-021-22915-5

Hodges, T. E., Baumbach, J. L., Marcolin, M. L., Bredewold, R., Veenema, A. H., and McCormick, C. M. (2017). Social instability stress in adolescent male rats reduces social interaction and social recognition performance and increases oxytocin receptor binding. Neuroscience 359, 172–182. doi: 10.1016/j.neuroscience.2017.07.032

Hodges, T. E., Louth, E. L., Bailey, C. D., and McCormick, C. M. (2019). Adolescent social instability stress alters markers of synaptic plasticity and dendritic structure in the medial amygdala and lateral septum in male rats. Brain Struct. Funct. 224, 643–659. doi: 10.1007/s00429-018-1789-8

Hol, T., Van den Berg, C. L., Van Ree, J. M., and Spruijt, B. M. (1999). Isolation during the play period in infancy decreases adult social interactions in rats. Behav. Brain Res. 100, 91–97. doi: 10.1016/s0166-4328(98)00116-8

Hu, R. K., Zuo, Y., Ly, T., Wang, J., Meera, P., Wu, Y. E., et al. (2021). An amygdala-to-hypothalamus circuit for social reward. Nat. Neurosci. 24, 831–842. doi: 10.1038/s41593-021-00828-2

Huff, N. C., Frank, M., Wright-Hardesty, K., Sprunger, D., Matus-Amat, P., Higgins, E., et al. (2006). Amygdala regulation of immediate-early gene expression in the hippocampus induced by contextual fear conditioning. J. Neurosci. 26, 1616–1623.

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, 7790–7804. doi: 10.1111/ejn.15520

Kohls, G., Perino, M. T., Taylor, J. M., Madva, E. N., Cayless, S. J., Troiani, V., et al. (2013). The nucleus accumbens is involved in both the pursuit of social reward and the avoidance of social punishment. Neuropsychologia 51, 2062–2069. doi: 10.1016/j.neuropsychologia.2013.07.020

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

Lee, C. R., Chen, A., and Tye, K. M. (2021). The neural circuitry of social homeostasis: consequences of acute versus chronic social isolation. Cell 184, 1500–1516.

Loh, M. K., Ferrara, N. C., Torres, J. M., and Rosenkranz, J. A. (2022). Medial orbitofrontal cortex and nucleus accumbens mediation in risk assessment behaviors in adolescents and adults. Neuropsychopharmacology [Epub ahead of print]. doi: 10.1038/s41386-022-01273-w

Lukas, M., Toth, I., Veenema, A. H., and Neumann, I. D. (2013). Oxytocin mediates rodent social memory within the lateral septum and the medial amygdala depending on the relevance of the social stimulus: male juvenile versus female adult conspecifics. Psychoneuroendocrinology 38, 916–926. doi: 10.1016/j.psyneuen.2012.09.018

Manduca, A., Servadio, M., Damsteegt, R., Campolongo, P., Vanderschuren, L. J., and Trezza, V. (2016). Dopaminergic neurotransmission in the nucleus accumbens modulates social play behavior in rats. Neuropsychopharmacology 41, 2215–2223. doi: 10.1038/npp.2016.22

McDonald, A. J. (1991). Topographical organization of amygdaloid projections to the caudatoputamen, nucleus accumbens, and related striatal-like areas of the rat brain. Neuroscience 44, 15–33. doi: 10.1016/0306-4522(91)90248-m

Mesquita, L. T., Abreu, A. R., de Abreu, A. R., de Souza, A. A., de Noronha, S. R., Silva, F. C., et al. (2016). New insights on amygdala: basomedial amygdala regulates the physiological response to social novelty. Neuroscience 330, 181–190. doi: 10.1016/j.neuroscience.2016.05.053

Meyer-Lindenberg, A., and Tost, H. (2012). Neural mechanisms of social risk for psychiatric disorders. Nat. Neurosci. 15, 663–668.

National Research Council (US) Committee for the Update of the Guide for the Care and Use of Laboratory Animals (2011). Guide for the care and use of laboratory animals, 8th Edn. Washington, DC: National Academies Press (US).

Opendak, M., Raineki, C., Perry, R. E., Rincón-Cortés, M., Song, S. C., Zanca, R. M., et al. (2021). Bidirectional control of infant rat social behavior via dopaminergic innervation of the basolateral amygdala. Neuron 109, 4018–4035. doi: 10.1016/j.neuron.2021.09.041

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.

Pattwell, S. S., Duhoux, S., Hartley, C. A., Johnson, D. C., Jing, D., Elliott, M. D., et al. (2012). Altered fear learning across development in both mouse and human. Proc. Natl. Acad. Sci. U.S.A. 109, 16318–16323. doi: 10.1073/pnas.1206834109

Peartree, N. A., Hood, L. E., Thiel, K. J., Sanabria, F., Pentkowski, N. S., Chandler, K. N., et al. (2012). Limited physical contact through a mesh barrier is sufficient for social reward-conditioned place preference in adolescent male rats. Physiol. Behav. 105, 749–756. doi: 10.1016/j.physbeh.2011.10.001

Rankin, K. P., Santos-Modesitt, W., Kramer, J. H., Pavlic, D., Beckman, V., and Miller, B. L. (2008). Spontaneous social behaviors discriminate behavioral dementias from psychiatric disorders and other dementias. J. Clin. Psychiatry 69, 60–73. doi: 10.4088/jcp.v69n0109

Rodriguez, L. A., Kim, S. H., Page, S. C., Nguyen, C. V., Pattie, E. A., Hallock, H. L., et al. (2021). Expression of brain-derived neurotrophic factor in basolateral amygdala inputs to lateral septum is necessary for mice to identify socially novel individuals. bioRxiv [Preprint]. doi: 10.1101/2021.10.21.464669

Rosen, J. B., Fanselow, M. S., Young, S. L., Sitcoske, M., and Maren, S. (1998). Immediate-early gene expression in the amygdala following footshock stress and contextual fear conditioning. Brain Res. 796, 132–142.

Schneider, P., Bindila, L., Schmahl, C., Bohus, M., Meyer-Lindenberg, A., Lutz, B., et al. (2016). Adverse social experiences in adolescent rats result in enduring effects on social competence, pain sensitivity and endocannabinoid signaling. Front. Behav. Neurosci. 10:203. doi: 10.3389/fnbeh.2016.00203

Seffer, D., Rippberger, H., Schwarting, R. K., and Wöhr, M. (2015). Pro-social 50-kHz ultrasonic communication in rats: post-weaning but not post-adolescent social isolation leads to social impairments—phenotypic rescue by re-socialization. Front. Behav. Neurosci. 9:102. doi: 10.3389/fnbeh.2015.00102

So, N., Franks, B., Lim, S., and Curley, J. P. (2015). A social network approach reveals associations between mouse social dominance and brain gene expression. PLoS One 10:e0134509. doi: 10.1371/journal.pone.0134509

Spear, L. P. (2000). The adolescent brain and age-related behavioral manifestations. Neurosci. Biobehav. Rev. 24, 417–463.

Terranova, J. I., Yokose, J., Osanai, H., Marks, W. D., Yamamoto, J., Ogawa, S. K., et al. (2022). Hippocampal-amygdala memory circuits govern experience-dependent observational fear. Neuron 110, 1416–1431.e13. doi: 10.1016/j.neuron.2022.01.019

Thiel, K. J., Okun, A. C., and Neisewander, J. L. (2008). Social reward-conditioned place preference: a model revealing an interaction between cocaine and social context rewards in rats. Drug Alcohol Depend. 96, 202–212. doi: 10.1016/j.drugalcdep.2008.02.013

Trask, S., and Helmstetter, F. J. (2022). Unique roles for the anterior and posterior retrosplenial cortices in encoding and retrieval of memory for context. Cereb. Cortex [Epub ahead of print]. doi: 10.1093/cercor/bhab436

Trew, J. L. (2011). Exploring the roles of approach and avoidance in depression: an integrative model. Clin. Psychol. Rev. 31, 1156–1168.

Trezza, V., Damsteegt, R., Achterberg, E. M., and Vanderschuren, L. J. (2011). Nucleus accumbens μ-opioid receptors mediate social reward. J. Neurosci. 31, 6362–6370. doi: 10.1523/JNEUROSCI.5492-10.2011

Trezza, V., Damsteegt, R., Manduca, A., Petrosino, S., Van Kerkhof, L. W., Pasterkamp, R. J., et al. (2012). Endocannabinoids in amygdala and nucleus accumbens mediate social play reward in adolescent rats. J. Neurosci. 32, 14899–14908. doi: 10.1523/JNEUROSCI.0114-12.2012

Twining, R. C., Vantrease, J. E., Love, S., Padival, M., and Rosenkranz, J. A. (2017). An intra-amygdala circuit specifically regulates social fear learning. Nat. Neurosci. 20, 459–469. doi: 10.1038/nn.4481

Varlinskaya, E. I., and Spear, L. P. (2008). Social interactions in adolescent and adult Sprague–Dawley rats: impact of social deprivation and test context familiarity. Behav. Brain Res. 188, 398–405. doi: 10.1016/j.bbr.2007.11.024

Watson, C. (2007). The rat brain in stereotaxic coordinates: Hard cover edition. Cambridge, MA: Academic press.

Willuhn, I., Tose, A., Wanat, M. J., Hart, A. S., Hollon, N. G., Phillips, P. E., et al. (2014). Phasic dopamine release in the nucleus accumbens in response to pro-social 50 kHz ultrasonic vocalizations in rats. J. Neurosci. 34, 10616–10623. doi: 10.1523/JNEUROSCI.1060-14.2014



OPS/images/fnbeh-16-956102-g002.jpg
Adult: Social interaction

A B L, c D
—~ — [1 Chase
__ 1909/0 Nosolation| £ E glr:;se ©» Bl Play 20~
% O lIsolation g 15- Ml Ano-gen g’ 15— Bl Ano-gen. % T ]
= & 1 Nose-body S [ ] Nose-body . £ 5 =&
g 100 k% o S S - oy
o = S 10+ - = S 5 ",
£ o = = E 104 & "\~
5 % & - :ﬂ)-) *HK = ? 4
3 O e il 29 e 7 i : 5 I
o) = 3
£ & 3 = HHI‘I = £ ¥ L
> %) 0= ol o717 71 =
. om 1 2 3 3 2 12 3 45 0 1T 1 T 1
Minute Minute 012345
Minute
Adult: Social preference testing
E F G H _
El Novel Q No Isolation Q Isolation
- 200~ B Familiar _ 1004 0.286 o 100 o 100~
O\O | — —
2. * 0195 < 80 ﬂ S go- S go-
= - () )
g, g 60- (;) . = =
3 c 409 o © g %07 g o7
= 100= : @) (% (%
= T 20- 40~ 40-
S = qé qé
% 50— 5 g 0 (@] — /o =
O 8 o) 8 GZJ 20 -6~ NI: Novel GZJ 20 I Novel
£ S 201 o T s Bl B TR
= & o = -o- NI: Familiar 3 |- Familiar
0 | | -40 = 0 | | | I [ = 0 | | | 1 |
om = 3
R 3 12 3 45 3 1.2 3 4 5
X Q . . o
\60\"’ \%o\ Time (min) Time (min)





OPS/images/fnbeh-16-956102-g001.jpg
No isolation immediate Social interaction 30m  Social preference
Isolation (2hr) (5m) test (5m)
Adolescent: Social interaction
B C D E
O No Isolation L1 Nose-body
150+ 20- 1 Nose-body 20 Bl Ano-gen. 25~
O O Isolation 0 Bl Anogen.  © Bl Play »
o) o (o B 1 Play o) 1 Chase D 20—
= S 15— S 15— S
B 100— 5 19 1 Chase 5 19 HH 5
© * @ © B |
L L 2 2
£ £ £ 10+ £
= = = ARk £ 10+
Q50+ 2 S oy = 8
=
w [o) 7)) w 5 w
() () QO O 5-
£ ? £ £ £
= = = =
0 5m 0 | I i | | 0 P 1 1 1 1
1 2 3 4 5 1 2 3 4 5 012345
Minute Minute Minute
Adolescent: Social preference testing
F G H I
El Novel T, S No Isolation S Isolation
— 200~ mm Familiar ' o 100~ o 1007
o 100- * = £
—~~ E - E -
£ 150- < ‘ o £ 80 £ 80
D \; o = £
3 8 £ 60 oo
2 100- g 907 0P a a
= Is % @ 40— 0 40—
S A ) R . () -
0 g 0 o z 20 - NI Novel g 20 -6~ |: Novel
= g - ‘—3" -®- NI: Familiar ‘—g -®- |: Familiar
0 l l a o E 01— — E 0T —
S &\00 50 O 1 2 3 4 5 O 1 2 3 4 S
N
\%0\’5\ \eo\q’ om Time (min) Time (min)





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/nav.xhtml




Contents





		Cover



		Developmental differences in amygdala projection neuron activation associated with isolation-driven changes in social preference



		Introduction



		Materials and methods



		Subjects



		Partner preference training, testing, and scoring



		Retrobead surgery



		Immunofluorescence



		Microscopy



		Statistical analyses







		Results



		Facilitated social interaction contributes to increased discrimination between novel and familiar partners within briefly isolated adolescents



		Among briefly isolated adults, facilitated social interaction occurs alongside reductions in novel and familiar partner preference



		Novel partner preference is related to social interaction and investigation in adults



		Isolation increases activity in adolescent basal amygdala-nucleus accumbens and -septal circuits relative to the BMA and MeA amygdala



		Isolation selectively increases adult basal amygdala activity but does not preferentially engage nucleus accumbens or septal amygdala circuits







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnbeh-16-956102-g005.jpg
80- W BA
. = 1 BMA
E §60_DMeA
a S
X Yo
E = 407 L T
S # 5 T
» b= !—l = 204 S
m 1
h & Ba= ¢ ML MEA
C | l | C |h|‘T |'¥;| C 1 1 1 1 1 1
v & = XX ¥ ¥ XX ¥ ¥
V> W PN PN AR






OPS/images/fnbeh-16-956102-g004.jpg
BA inset

0. o

- ) 82.76;m

Co-label I~
:R‘ftr_o. onry- A

\

Retrobead (%DAPI)

*okok 20+
Sk =)
sl £ ¥k 3 5.
] o
o * £
10~ ’_| & 107
-I-“ g
. ! 8 s
"W il G
Nl =Py LI ]
| 1 | 1 | 1 | | LD | 1 |
F ¥ oFav X T X o X

NAc Septum NAc Septum





OPS/images/fnbeh-16-956102-g003.jpg
A Adolescent
No Isolation
5 150
S S
N, ~ - 1l (%)
E x 100+ O
T § O guee™ -
8= M
? 3 0 QO
2z %] —%e o
£ ®
g © T
0 | | - 1
-50 0 50 100
Testing: discrimination index
C Adolescent
Isolation
160-
.
o
PN
£ % 100-
— o
32
(@] i
NG
o 2 907
£ £
C
o
|_
0 1 1 1
-50 0 50 100

Testing: discrimination index

B Adult
150 No isolation
S —o— Sl (s)
3. |
£ % 100- O O
'c—i § o o]
82 | —
o . K
DE = e
8 é \' _____________ -"” O
£ /Q/O”O/
g Y S
= =
0 1 | I I I |
40 20 0 20 40 60 80
Testing: discrimination index
D Adult
150- Isolation
(.
(@)
B~
£ <100+
=
3 £
© .s
(I
o 2 50+
== .
% - Sj (S)* 5\\
= o Il (%)*
1 | I I T |

Testing: discrimination index





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

Developmental differences
in amygdala projection neuron
activation associated with
isolation-driven changes
in social preference












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







