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Abstract

Background: Social experiences influence susceptibility to substance use disorder. The 

adolescent period is associated with the development of social reward and is exceptionally 

sensitive to disruptions to reward-associated behaviors by social experience. Social isolation 

during adolescence alters anxiety- and reward-related behaviors in adult males, but less is known 

about females. The medial amygdala (meA) is a likely candidate for the modulation of social 

influence on drug reward because it regulates social reward, develops during adolescence, and is 

sensitive to social stress. However, little is known regarding how meA responds to drugs of abuse.

Methods: We used adolescent social isolation coupled with RNA-sequencing to better 

understand the molecular mechanisms underlying meA regulation of social influence on reward.
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Results: We show that social isolation in adolescence, a well-established preclinical model 

for addiction susceptibility, enhances preference for cocaine in male but not female mice and 

alters cocaine-induced protein and transcriptional profiles within the adult meA particularly in 

males. To determine if transcriptional mechanisms within meA are important for these behavioral 

effects, we manipulated Crystallin mu (Crym) expression, a sex-specific key driver gene identified 

through differential gene expression and co-expression network analyses, specifically in the meA. 

Overexpression of Crym, but not another key driver that did not meet our sex-specific criteria, 

recapitulated the behavioral and transcriptional effects of adolescent social isolation.

Conclusions: These results demonstrate that meA is essential for modulating the sex-specific 

effects of social experience on drug reward, and establish Crym as a critical mediator of sex-

specific behavioral and transcriptional plasticity.
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INTRODUCTION:

Social experience has profound effects on reward-associated behaviors including 

susceptibility to substance use disorders (SUDs). Humans with strong social connections 

are less likely to develop such disorders and display better treatment outcomes (1, 2). In 

contrast, adults and adolescents with SUDs have fewer and less stable social connections 

(3, 4) and individuals reporting greater loneliness are more likely to use drugs of abuse (5). 

While these findings suggest an effect of SUDs on social relationships, evidence shows that 

early disruptions in social attachment increase risk for SUDs in adulthood (6), suggesting 

that social disruptions earlier in life influence lifetime risk for SUD.

In rodents, social deprivation also influences self-administration of and preference for 

various drugs of abuse (7) and these effects are particularly potent if isolation takes place 

during adolescence (8). Adolescence is an especially sensitive period for programming 

reward-associated behaviors by social experience (9, 10). During adolescence, there is a 

highly conserved shift in the salience of social reward (11) and a re-organization of social 

structure away from family and towards peers (12). This restructuring of social organization 

is necessary for social species to develop the behavioral strategies essential for survival in 

adulthood (13). While critical to normative development, evidence suggests that the quality 

of social interactions during adolescence matter. For example, negative or lack (social 

isolation) of peer interactions in adolescence are strong predictors of neuropsychiatric 

disorders throughout life (14–18).

Given that adolescence is a secondary period of sexual differentiation and maturation 

(19), it is unsurprising that effects of social experience are different between sexes in 

humans (14, 20–22). However, less is known regarding how social experience influences 

sex-specific reward-related behaviors in rodents (8, 23, 24). In male rodents, adolescent 

social isolation (SI) in particular has long been used as a preclinical model for understanding 

neurotransmitter systems, brain regions, and candidate genes and proteins that may 

Walker et al. Page 2

Biol Psychiatry. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



contribute to susceptibility to substance use and anxiety disorders (8). Few studies have 

investigated the sex-specific impact of adolescent SI, and investigations into underlying 

molecular mechanisms are especially lacking.

Medial amygdala (meA), part of the extended reward circuitry, is a key regulator of social 

reward including parental, copulation and aggressive behaviors (25–28). meA undergoes 

developmental changes in size, synaptic pruning, cell number and gene expression during 

adolescence (29, 30) and is sensitive to adolescent (31, 32) and adult (33) social stress 

at the cellular and molecular levels in males. Thus, meA is a promising target that is 

likely programmed by social experience, shaping subsequent reward-related behaviors in 

adulthood. We hypothesized that sexually-divergent effects of SI on drug-seeking/reward 

may be mediated in part via transcriptional changes in meA.

We tested this hypothesis by analyzing cocaine-induced behavior and transcription in meA 

after SI in male and female mice. Our findings revealed that, like in humans, adolescent 

SI induces different, in many cases opposite, changes in adult reward-related behavior in 

males vs. females. Further, sex-specific isolation-induced transcriptional changes in meA 

mirror the behavioral adaptations observed after SI. Through a series of bioinformatic 

approaches, we identified crystallin mu (Crym), a thyroid hormone-binding protein, as a key 

mediator in meA of this sex-specific behavioral and transcriptional regulation. Manipulation 

of Crym expression specifically in the meA replicates behavioral and transcriptional effects 

of SI, suggesting that thyroid hormone signaling helps shape effects of social experience 

on reward. Together, these studies identify a molecular mechanism by which sex-specific 

effects of social experience are programmed at the level of the meA to establish cocaine-

related behaviors later in life.

RESULTS:

Adolescent SI affects reward-related behavior in males but not females

In humans (15, 17, 18) and rodents (9), social experience during adolescence influences 

drug-taking behaviors in adulthood. Therefore, we used cocaine conditioned place 

preference (CPP; 7.5 mg/kg) to determine if adolescent SI alters cocaine reward sensitivity 

in adult male and female mice (Figure 1B; Suppl Figure 1A). Animals were isolated from 

postnatal day P22-P42 and rehoused with their original cagemates at P42 (Figure 1A) until 

behavioral testing (Figure 1B–D). Two-way ANOVA revealed an interaction of sex and SI 

(Figure 1B; F(1, 143)=8.98; p<0.01). Tukey post-hoc analysis indicated that, as predicted, SI 

in males increased cocaine CPP over control males (p=0.04), an effect not seen in females 

(p=0.3). SI induced a gain of sex difference in cocaine CPP in SI animals (SI males vs. 

females; p<0.01), and a sex-specific effect on the proportion of animals that formed an 

aversion for cocaine (SI males = 0% vs. SI females = ~15%; Suppl Figure 1C; p=0.002). 

Together, these data suggest that SI induces a male-specific increase in aspects of cocaine 

reward.

The male-specific impact of SI on cocaine CPP was unexpected given that adolescence is 

a period of enhanced vulnerability for SUDs across sexes (34). In adolescent girls, social 

stress increases rates of other neuropsychiatric disorders including depression and anxiety 
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(14, 21). Therefore, we tested the hypothesis that adolescent SI exerts long-term effects on 

anxiety-related behaviors in male and female mice. Differences in anxiety-related behaviors 

were assessed by use of elevated plus maze (EPM), marble burying (MB) (Figure 1C–D) 

and open field (OF) (Suppl Fig 1C). Rather than increasing anxiety-related behaviors as 

predicted, SI abolished known sex differences (35–37) in EPM and MB (Figure 1B–C; Supp 

Figure 1B; EPM: Sex × SI F(1, 105)=5.3, p=0.02; Tukey post-hoc: control males vs. females 

p=0.02; total marbles buried: Kruskal-Wallis H(3, 78)=10.2, p=0.02), but had no effect on 

OF (Suppl Fig 1C). These behavioral effects were driven by opposite consequences of SI 

on males vs. females; generally SI in males decreases measures of anxiety (time in open 

arm of EPM and decreased marbles buried), whereas females displayed an increase in those 

endpoints. These data suggest that SI abolishes sex-specific behaviors through opposite, 

albeit relatively subtle, effects in both males and females.

Adolescent SI disrupts cocaine-induced repression of FOS and alters transcription in 
males but not female meA.

meA is a likely candidate for mediating sex-specific effects of social influence on cocaine 

reward, although this has not to date been tested directly. meA is a known sexually 

dimorphic brain region (38) which undergoes permanent developmental changes during 

adolescence (29), is disrupted by adolescent social stress (31, 32) and is critical for 

regulating sex-specific social behaviors (25, 26, 28, 39). While meA has been studied 

extensively in stress and natural reward (25–27, 39), very little is known about its role in 

drug reward (40, 41). Therefore, we tested the hypothesis that meA is responsive to cocaine 

and sensitive to reprogramming by SI in males and females by measuring FOS in meA 1 

hr after a saline or cocaine injection (Figure 2A – E). By looking at FOS at this time point 

(used for CPP), we sought to better understand cellular processes contributing to sex-specific 

behavioral effects of SI. Similar to effects of SI on CPP, SI disrupts meA response to cocaine 

in males only (Kruskal-Wallace H(3, 78)=10.2, p=0.02). Specifically, in group-housed control 

males cocaine represses FOS in meA (p<0.05), an effect not observed after SI or in females. 

Rather, SI represses FOS expression at baseline when compared to group-housed control 

males (p<0.05). These results are specific to meA as SI has few sex-specific effects on 

FOS in other reward-associated brain regions (42). Importantly, no effects were observed in 

female meA suggesting that 1) male meA is more sensitive to cocaine than females and 2) SI 

disrupts this male-specific sensitivity.

We next hypothesized that meA undergoes lasting sex-specific transcriptional 

reprogramming in response to adolescent SI that underlies the observed behavioral effects 

on cocaine reward. Using bulk RNAseq, we analyzed transcriptome-wide gene expression 

changes in meA of control males and females and SI males and females after acute (1 

hr after first dose) or chronic (24 hr after 10th dose) exposures to cocaine (7.5 mg/kg) 

or saline (Figure 3C–F; Suppl Figure 2; Suppl Table 1). We chose these two dosing 

paradigms to model sex-specific behavioral effects of adolescent SI on cocaine CPP and 

self-administration (24) (see Supplemental Methods).

We focused first on differentially-expressed genes (DEGs) in control (Figure 3C) and SI 

(Figure 3D) males and females after acute cocaine (Figure 3C–D). We considered genes 
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to be differentially expressed if they met the following criteria: nominal p-value <0.05 and 

a 30% change in expression. We have successfully employed these criteria in numerous 

previous studies (42–45). In support of this approach, our analysis replicated known sex 

differences (e.g., Avp, Cyp19a1, Greb1, and Gal) and cocaine-induced differences (Fosb, 
Nr41a, and Egr1) in expression of several genes identified through both candidate gene and 

single-cell RNAseq studies (39, 46, 47).

Union heatmaps of meA DEGs regulated by cocaine in control males and females (Figure 

3C) and SI males and females (Figure 3D) revealed that SI induced opposite transcriptional 

responses to acute cocaine in males but not females (Figure 3C–D). Additionally, SI-specific 

union heat maps of DEGs affected by acute cocaine (Figure 3D) or repeated cocaine 

(Suppl Figure 2C–D) reveal a robust transcriptional response to cocaine in SI males but 

not females (~twice as many transcripts are regulated by cocaine in SI vs. group-housed 

control males) suggesting that, even at the transcriptional level, SI induces hypersensitivity 

to cocaine in males. Similar to effects of SI on sex-specific behaviors, we observed a loss 

of sex differences specifically in DEGs in SI animals when compared to group-housed 

controls after saline or cocaine (Figure 3E–F). Together, these data suggest an interaction 

between sex differences in gene expression and transcriptional responses to cocaine in meA 

which are disrupted by adolescent social experience and point to transcriptional mechanisms 

underlying the behavioral impact of SI.

To better understand this interaction at the transcriptome-wide level, we used rank rank 

hypergeometric overlap (RRHO) to determine if cocaine-induced sex-specific transcription 

is disrupted by SI (Figure 3G–H). RRHO is a threshold-free method of comparing 

directional changes in expression across the entire transcriptome (48). Comparing sex 

differences in expression patterns in control females vs. males to those in SI females vs. 

males after acute saline (Figure 3G) or cocaine (Figure 3H) revealed considerable overlap 

of sex-specific expression patterns under saline conditions which are lost after cocaine. 

Interestingly, these effects are reversed after chronic cocaine where a loss of sex differences 

is observed in saline but not cocaine animals (Supplemental Figure 2E, F). This analysis 

shows that SI alters the global sex-specific transcriptional response to one dose of cocaine in 

meA, an effect that may contribute to the behavioral impact of SI on cocaine CPP.

SI disrupts sex-specific global co-expression in meA

We next used gene co-expression network analysis (Figure 4; Suppl Figure 4) coupled with 

pattern analysis (Suppl Fig 3), a dimensional reduction technique previously used by our 

laboratory (49), to: 1) determine if the SI-induced disruption of transcriptional patterns 

influences sex-specific global gene co-expression (Suppl Fig 4) and 2) identify key driver 

genes responsible for transcriptional and behavioral effects of adolescent SI (Figure 4).

We used multiscale embedded gene co-expression analysis (MEGENA) (50) which 

identifies modules of co-expressed genes and establishes a hierarchical organization among 

the modules - meaning rather than identifying modules consisting of a small number of 

genes as is done in other co-expression analyses, the entire transcriptome is analyzed for 

global co-expression. These large co-expression modules (maximum ~5,000 genes) are 

referred to as “parent” modules and are plotted as inner rings of sunburst plots (Suppl 
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Figure 4A – D) and used to determine how sex-specific global co-expression is disrupted 

by SI (Suppl Figure 3). Next these parent modules are further analyzed for more strongly 

co-expressed sub-modules (outer rings of sunburst plots) which we interrogated for key 

driver genes related to transcriptional and behavioral effects of adolescent SI (Figure 4).

Co-expression modules were identified for each of the four groups (control males/females, 

SI males/females) by collapsing data from all four treatments (acute/chronic cocaine and 

saline). This was done to ensure robust statistical power and identify relationships that 

hold across multiple variables. We first asked if the SI-induced transcriptional disruption of 

sex-specific gene expression alters global transcriptomic “structure” by comparing parent 

modules across the 4 groups. Importantly, the larger the parent co-expression module the 

more co-expression that can be interpreted as increased transcriptomic structure. We found 

that sex differences in transcription are reflected in global transcriptomes of control males 

and females (Suppl Figure 4 A, B). In control animals, males had more parent modules 

composed of fewer genes (Suppl Figure 4A,E,F) than females (Suppl Figure 4B,E,F), an 

effect that was dramatically reversed after SI: males have fewer parent modules than SI 

females (Suppl Figure 4C–E), and the size of SI male parent modules is closer to that of 

control females (Suppl Figure 4F). The most striking effect was in SI females (Suppl Figure 

4D–F) where the number of modules is vastly greater than the other groups and the size 

of the modules is significantly smaller (p<0.05). Enrichment of sex- and SI-specific DEGs 

identified via pattern analysis (see Supplemental Methods, Suppl Fig 3, Suppl Table 2) 

was also disrupted in SI animals, with males having more enrichment of sex-specific genes 

than females (Suppl Figure 4A–D). Together, these data reveal that, similar to sex-specific 

disruption of behavior and transcription, adolescent SI has opposite effects on global gene 

co-expression networks in meA, with larger parent modules observed in males and smaller 

parent modules observed in females.

Identification of sex-specific key driver genes underlying sex-specific effects of SI

The finding that transcriptional effects of SI closely mirror behavioral effects of SI suggests 

that transcriptional mechanisms control sex-specific behaviors after SI. We integrated co-

expression and sex-specific pattern and enrichment analyses to identify key driver genes 

predicted to mediate these behavioral responses using four criteria chosen to reflect the 

sex-specific behavioral and transcriptional effects observed (Figure 4A): 1) key driver is 

conserved in all 4 groups (control males/females and SI males/females); 2) connectivity 

of key driver within the module is greater in control males or females but not in SI 

animals (representing a loss of sex differences); 3) co-expression modules with key driver 

are enriched in sex-specific DEGs across multiple groups (group-housed controls or SI; 

representing genes affected by both cocaine and SI in a sex-specific manner); and 4) key 

driver itself exhibits sex-specific expression after at least 1 treatment (acute/chronic saline/

cocaine; representing sex-specific effects of cocaine or SI on key driver). Of 60 key drivers 

conserved across all 4 groups, only 4 met all four criteria (Figure 4B). Because SI had 

more potent effects on males, we identified key drivers with male-biased connectivity. Of 

the 2 male-biased key drivers that met all criteria, Crym displayed the greater male-biased 

connectivity in controls (Figure 4B–I). Additionally, of the 4 key drivers, only Crym is a 

transcriptional regulator (51) and we hypothesized that transcriptional changes within meA 
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drive sex-specific behavioral effects of SI. Crym is a thyroid hormone-binding protein (52, 

53) that is neuroprotective in striatum (54) and a marker of opioid-activated dopamine 

receptor 1-expressing neurons in nucleus accumbens (55).

Crym overexpression in adult meA mirrors sex-specific behavioral and transcriptional 
effects of SI

SI induces a sex difference in Crym expression at baseline (24 hr after chronic saline) 

which we validated in a separate cohort of animals using qPCR (SI males < SI females) 

and is stimulus-dependent specifically in males: it is induced in meA by acute saline 

(control males) or cocaine (SI males) (Figure 4E). Therefore, based on patterns of Crym 
expression in control and SI mice, we hypothesized that Crym overexpression in meA 

would recapitulate effects of SI on cocaine-related behaviors particularly in males. AAV 

vectors (AAV2-hsyn-Crym-GFP or GFP alone as a control vector) were injected bilaterally 

into meA of adult males and females and behavioral testing was conducted ~3 weeks 

later when transgene expression is maximal (Figure 5A). Targeting was confirmed by 

immunohistochemistry (Figure 5B) and qPCR (Figure 5C). As expected, there were no 

differences in cocaine CPP between GFP control males and females. However, Crym 
overexpression increased cocaine CPP specifically in males compared to GFP controls 

(p=0.05), suggesting that cocaine induction of Crym observed in SI males controls cocaine 

CPP (Figure 5D; Suppl Figure 5B).

Baseline sex differences in Crym expression after SI (Figure 4E) suggest that other 

sex-specific behaviors may be modulated by Crym overexpression. Therefore, we tested 

anxiety-related behaviors after Crym overexpression (Figure 5E–F; Suppl Fig 5C–D). As 

with SI, predicted sex differences in EPM (Figure 5D; Sex × Virus F(1,66=5.11; p=0.029) 

were observed in GFP controls but not after Crym overexpression (Tukey post hoc: GFP 

control males vs. females; p<0.05). Two-way ANOVA revealed no significant effects of 

Crym overexpression on marbles buried (Figure 5F; Sex × Virus F(1,69)=1.07; p=0.11) or 

OF (Suppl Figure 5D; Sex × Virus F(1,69)=0.17; p=0.71). However, similar to SI, Crym 
overexpression increased the proportion of females that buried marbles to male levels 

(Suppl Figure 5C; Chi-squared: GFP control males (χ2=1.2; p=0.27), GFP control females 

(χ2=9.97; p<0.01), Crym males (χ2=1.33; p=0.25), and Crym females (χ2=0.0; p=1.0). 

These data indicate that Crym signaling in meA regulates reward- and anxiety-related 

behaviors especially in males.

To validate our bioinformatic approach for identifying sex-specific key driver genes, we 

overexpressed another gene of interest, Lhx8, in meA that does not meet all criteria for a 

sex-specific key-driver gene (Suppl Figure 6A – H). No effects on cocaine CPP are observed 

(Suppl Figure 7B–C) and sex differences are maintained in EPM (Suppl Figure 7D) and MB 

(Suppl Figure 7E–F), thus validating our network analysis and selection criteria.

To determine if Crym action is specific to meA, we overexpressed Crym in nucleus 

accumbens, a region where Crym expression is unaffected by SI or cocaine (42) (Suppl 

Figure 8) and found no effects on OF (Suppl Figure 8B), MB (Suppl Figure 8C–D) or 

cocaine CPP (Suppl Figure 8E–F). These findings provide regional specificity for the actions 

of Crym in meA in regulating sex-specific behavior.
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Crym overexpression in adult meA mimics transcriptional effects of adolescent SI

We next tested the hypothesis that Crym in meA acts through transcriptional mechanisms to 

affect behavior. Using RNAseq of meA with qPCR-confirmed Crym overexpression (Figure 

5C), we first compared effects of Crym overexpression on DEGs in males vs. females. 

Union heatmaps of all DEGs altered by Crym overexpression across sexes (compared to 

GFP controls) revealed that Crym overexpression induces more DEGs in males than females 

(Figure 6A) along with a male-specific repression of DEGs (Figure 6A–B) and a blunting 

of overlap of transcriptome-wide patterns (indicated by cooler colors; Figure 6C). Finally, 

as with SI, sex differences in DEGs in control males and females are lost after Crym 
overexpression (Figure D–E & G; Suppl Table 3). However, these effects do not disrupt 

global sex-specific patterns of expression, as RRHO revealed that Crym overexpression 

had no effect on sex differences transcriptome-wide (Figure 6F). These data mirror the 

transcriptional effects observed after SI (Figure 3; Suppl Figure 2), suggesting that altered 

Crym signaling in meA—through viral manipulation or in response to SI—controls sex-

specific behavior through meA transcription.

To link the transcriptional changes induced by Crym to those altered by cocaine in 

SI animals, we compared expression changes of DEGs (Figure 7A) and transcriptome-

wide patterns (Figure 7C) regulated by Crym in males and females to the control and 

SI-induced response to acute cocaine in both sexes (Figure 7B–C). We observed key 

sex-specific patterns in Crym-regulated genes after acute cocaine, which may contribute 

to the observed behavioral phenotypes. First, Crym overexpression reflects cocaine-induced 

transcriptional profiles, both DEGs (Figure 7A–B) and transcriptome-wide (Figure 7C) 

in control males, suggesting that Crym overexpression alone (without cocaine exposure) 

induces a transcriptional profile that resembles a cocaine-induced transcriptome in male 

meA. We also found that SI disrupts expression of those Crym-regulated genes, both DEGs 

(Figure 7A–B) and transcriptome-wide (Figure 7C), upon exposure to cocaine. Instead, 

SI expression of Crym-regulated genes reflects those affected by a saline injection (Suppl 

Figure 9A–C), suggesting that SI reprograms those transcripts to differentially respond to 

stimuli. Finally, these effects were not observed in females (Figure 7A–C; Suppl Figure 

9A–C), suggesting that Crym-induced transcriptional changes are important for regulating 

sex-specific responses to cocaine. These data provide important insight into potential gene 

targets governing the opposite behavioral phenotypes induced by Crym overexpression and 

adolescent SI.

DISCUSSION:

Here we integrated an adolescent manipulation with long-term behavioral and transcriptional 

outcomes, and employed dimensional-reducing bioinformatic techniques and co-expression 

network analysis to identify meA, and Crym signaling specifically, as a novel mediator 

of social influence on behavioral responses to cocaine. We establish that transcriptional 

changes induced in meA by adolescent SI are meaningful for sex-specific behavior by 

recapitulating behavioral and transcriptional effects of SI via manipulation of Crym, a 

key driver gene derived from our network analysis, specifically within meA. This work 

Walker et al. Page 8

Biol Psychiatry. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



highlights the power of an integrative, multi-systems approach for studying experience-

dependent programming of sex-specific behavior and transcription.

Adolescent SI influences cocaine reward through meA transcriptional regulation

Social reward undergoes vast changes during adolescence with peer-peer interactions 

becoming more rewarding than parental-offspring interactions, suggesting that social 

experience mediates reward-related behaviors long-term (11). In humans and rodents, 

negative or reduced peer interactions in adolescence influence susceptibility to 

neuropsychiatric disorders in adulthood (15). In rodents, adolescent SI is a long-used 

model for studying how social experience influences anxiety- and drug-related responses. 

However, few studies have included females and most have not resocialized animals before 

testing. Since SI itself is stressful, not rehousing animals before testing makes it difficult to 

determine if its long-term effects are due to the stress of isolation itself or if the adolescent 

period is a sensitive window for life-long effects (8). Our findings show that adolescent SI 

causes opposite long-term behavioral effects in males and females and enhances preference 

for cocaine in males but not females.

We then leverage sex-specific behavioral effects of adolescent SI to investigate underlying 

transcriptional mechanisms within meA, a brain region understudied in drug abuse research. 

We focused on meA because of its known sex differences in size (38), transcription (39), 

development (29), mechanisms of sexual differentiation (56–58), importance in sex-specific 

natural reward (26, 28, 39) and sensitivity to adolescent stress (31, 32). Additionally, while 

evidence suggests that meA responds to drugs of abuse in both sexes (40, 41), little is known 

about underlying molecular mechanisms involved. We show that transcriptional patterns 

induced by SI parallel behavioral changes observed in males and females. First, consistent 

with behavioral effects of SI on cocaine CPP, SI males display a robust transcriptional 

response to cocaine, suggesting increased sensitivity to cocaine at the transcriptional level 

as well. Second, SI resulted in a loss of sex differences in gene expression similar to 

the effects observed on anxiety-related behaviors. These data suggest that, similar to 

behavioral observations, adolescent SI reprograms transcriptional profiles within meA and 

points to a transcriptional mechanism that regulates such behaviors. Finally, we did not 

observe sex differences in cocaine CPP in our control animals, but identified very different 

transcriptional profiles induced by cocaine in males vs. females, suggesting that, as with 

other behavioral phenotypes (45, 59, 60), latent sex differences in transcription may be 

important for regulating similar behavioral responses to cocaine. Using adolescent SI, a 

stressor that disrupts sex-specific behavioral phenotypes and transcription, we uncovered a 

novel mechanism, namely, Crym regulation of transcription, underlying sex differences in 

drug-induced transcription and behavior. Given the known sex differences in vulnerability to 

SUDs in humans (61), these data will help identify potential therapeutic targets for addiction 

in both sexes.

Crym overexpression in meA recapitulates sex-specific behavioral and transcriptional 
effects of adolescent SI

We identified a molecular mechanism underlying sex-specific effects of SI on cocaine 

reward and validated the power of our approach by showing that the observed transcriptional 
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changes induced within meA by adolescent SI are important for driving sex-specific 

behavior by manipulating a sex-specific key driver gene, Crym, derived from our integrated 

bioinformatic techniques. We show that, similar to SI, Crym overexpression in meA of 

adult naïve males and females disrupts sex-specific behavior and transcription (Figure 3). 

By contrast, overexpression of Lhx8, a key driver that does not meet our criteria for driving 

sex-specific effects after adolescent SI (Figure 4; Suppl Figure 6) in meA had no effect on 

behavior (Suppl Figure 7), and Crym overexpression in nucleus accumbens, a region where 

Crym is not regulated by cocaine or SI (42), has no detectable behavioral effects (Suppl 

Figure 8).

Crym is an intracellular thyroid hormone-binding protein that prevents thyroid hormone 

from interacting with its receptors (53) and blocks thyroid hormone-mediated transcription 

(62). Thyroid hormone has recently been proposed as a potential regulator of sex-specific 

critical windows of neuronal development in the visual system (63). Our data expand 

on this hypothesis by showing that Crym overexpression not only influences sex-specific 

behaviors (Figure 5) but recapitulates transcriptional changes induced in meA by adolescent 

SI (Figures 6). Finally, we show that those genes altered by Crym overexpression are 

sensitive to cocaine in control males but not females and that this sex difference is also 

disrupted by SI (Figure 7). Very little is known about Crym or thyroid hormone regulation 

of cocaine reward; our data provide evidence of region- and sex-specificity that deserves 

follow-up. Our study implicates Crym signaling, and thyroid hormone signaling indirectly, 

in meA as a critical mediator of how social experience influences drug reward particularly in 

males.

Conclusions

Social experience during adolescence programs meA to shape sex-specific behaviors 

that maximize reproductive success in adulthood. While anxiety- and reward-associated 

behaviors can be viewed through the lens of psychiatric disorders, sex differences in 

these behaviors also likely reflect differences in behavioral strategies used by males and 

females to find a mate. Our data suggest that adolescent SI disrupts such behaviors in 

part through programming the meA transcriptome. Because adolescent animals integrate 

information about the environment to fine-tune behaviors associated with reproductive 

strategies, we hypothesize that SI signals information about mate availability, social 

hierarchy, resource availability and the likelihood of communal nesting, all of which are 

influenced by metabolic factors. Therefore, it is compelling that Crym, and associated 

thyroid hormone signaling, is important for reprogramming transcriptional responses for 

metabolically costly efforts (e.g., copulation). We hypothesize that Crym may program 

sex-specific transcriptional responses to acute stimuli in meA as a mechanism for driving 

sex-specific behaviors necessary for reproductive success. This programming may also 

induce changes that control sex-specific risk for psychiatric disorders including addiction 

and anxiety when environmental mismatches take place in adulthood. Our data thereby 

provide a model for studying sex-dependent and -independent mechanisms of vulnerability 

to psychiatric disorders. Finally, given the social impact of COVID-19, these data are 

valuable in understanding the lasting impact on adolescents exposed to socially-isolating 
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conditions for viral mitigation, and provide hope for novel therapeutic interventions in the 

post-pandemic era.

METHODS (Abridged):

Detailed descriptions of experimental design and approaches are provided in Supplemental 

Methods. All methods used for social isolation, injections, tissue collection, RNA isolation, 

and bioinformatic approaches were published recently (42). Anxiety-related testing (44) and 

cocaine CPP (64) were performed as published. All behaviors were analyzed using a 2-way 

ANOVA or Kruskall-Wallis non-parametric test depending on significance of a Levene’s 

test for homogeneity of variance followed by appropriate post hoc testing in SPSS Statisical 

Software, V25 (IBM, Atmonk, NY). Viral-mediated transgene overexpression and validation 

were conducted as published (43).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance Statement:

Social experience is known to influence substance use disorder in humans and addiction 

related behaviors in rodents but few have examined mechanisms regulating such 

influence. Social experience in adolescence is especially important in programming 

reward phenotypes and adolescent social isolation (SI) in particular has been used 

as preclinical model for susceptibility to addiction for decades. Here we show 

that adolescent SI enhances cocaine-associated behaviors in males but not females. 

These effects are reflected in the transcriptome of medial amygdala (meA), a 

sexually dimorphic brain region that develops during adolescence. We then harnessed 

multidimensional transcriptomic and behavioral data to identify a transcriptional 

mechanism mediated by crystallin mu, a thyroid hormone-binding protein, as a sex-

specific key driver of the behavioral effects of SI.
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Figure 1: Adolescent SI Enhances Preference for Cocaine in Males but not Females and Disrupts 
Sex Differences in Anxiety-Related Behaviors.
(A) Schematic of isolation paradigm. (B) Adolescent SI increases cocaine CPP in males, 

but decreases it in females, resulting in a gain of sex difference in cocaine-elicited behavior. 

Data points above and below the dashed lines indicate animals who formed a preference 

or aversion for cocaine. (C-D) Adolescent SI abolishes known sex differences in elevated 

plus maze (C) and marble burying (D). Post-hoc significant effects indicated as: *p<0.05; 

**p<0.001: error bars indicate SEM.
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Figure 2: Baseline and Cocaine-Induced FOS Expression in meA is Disrupted by Adolescent SI 
in Males but not Females.
(A-B) Schematic of isolation (A) and treatment paradigms (B) for immunohistochemistry. 

(C-D) SI has sex-specific effects on FOS expression in meA at baseline and after acute 

cocaine in males but not females. Quantification of FOS in control (Ctrl) and SI males 

and females 1 hr after an injection of cocaine or saline (C). Representative images of FOS 

immunohistochemistry in Ctrl and SI males and females after an injection of saline (D) or 

cocaine (E). SI disrupts the expected FOS changes at baseline (saline) and after an injection 

of cocaine in males but not females. Post-hoc significant effects indicated as: *p<0.05; 

**p<0.001: error bars indicate SEM.
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Figure 3: Adolescent SI Enhances the Transcriptional Response to Cocaine in SI Males but not 
Females and Disrupts Sex-Specific Transcription in meA.
(A-B) Schematic of isolation (A) and treatment (B) paradigms for RNAseq. (C-H) 

Adolescent SI has sex-specific effects on cocaine-induced transcription. Union heatmaps 

of DEGs in Ctrl (C) and SI (D) males and females after acute cocaine, each compared to 

their own saline control. One dose of cocaine induces a robust and opposite transcriptional 

response in SI males but not females and there is very little overlap of DEGs regulated by 

cocaine in both Ctrl and SI males vs. females. (E-F). Union heatmaps of sex differences 

in DEGs in control animals after acute and chronic sal (E) or cocaine (F) are lost after 
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SI suggesting that SI disrupts sex-specific gene expression in the meA both at basline and 

after cocaine. (G-H) Genes on the x- and-y chromosomes are highlighted on these heatmaps 

to verify that sex assigned at birth was reflected in the chromosomal sex and to confirm 

that SI had little to no effect on sex chromosome genes. Rank rank hypergeometric overlap 

(RRHO) of sex-specific expression after an injection of saline (G) or cocaine (H) reveals that 

global sex differences in transcriptional response to cocaine are disrupted by SI, suggesting 

an interaction between SI disruption of sex-specific and cocaine-induced transcription in the 

meA underlying the behavioral impact of adolescent SI.
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Figure 4: Identification of Crym as a Sex-Specific Key Driver Gene Using Co-Expression 
Network Analysis
(A) Schematic of criteria used to identify sex-specific key-driver genes. The number in each 

segment indicates the number of key drivers meeting each criterion. (B) List of 10 genes 

with sex-specific connectivity within a module. Key drivers are separated by the sex-specific 

bias in connectivity (blue = male biased; pink = female biased). Darker pink/blue indicates 

maximum value for each criterion and lighter blue/pink indicates the lowest value for 

each criterion. Criterion 1: Male (blue) or female (pink) biased connectivity (>2 times 

connections of key driver with the genes in the modules) of the key driver in Ctrl animals 
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is reversed or lost in SI animals. The number in each box indicates ratio of connections 

for the key driver in males vs. females. Criterion 2: The key driver’s module is enriched 

in sex- or SI-specific genes across groups (control or SI males or females; colors indicate 

percentage groups with enrichment; maximum = 100%). The number in each box indicates 

the percentage of groups with enrichment. Criterion 3: The key driver gene displays sex- or 

SI-specific expression under different treatment conditions (acute/chronic saline or cocaine; 

maximum 4). The number in each box indicates the number of treatment groups with 

sex- or SI-specific expression. (C-E) Crym meets all criteria as a sex-specific key driver. 

Crym displays male-biased sex-specific connectivity (C) within the respective modules for 

group-housed control (Ctrl) mice (closed bars). These differences are diminished in modules 

for SI mice (open bars). (D) Enrichment of genes with sex differences in expression (purple) 

or SI-only effects (bold outline) is observed in 50% of the modules containing Crym (Ctrl 

M and F). (E) Sex- or SI-specific expression changes for Crym under each treatment group 

which were validated by qPCR in a separate cohort of animals. Crym exhibits sex- or 

SI-specific expression changes under 3 different treatments (chronic saline, acute saline, 

and acute cocaine) when data are compared to the same baseline (*different from female 

controls given chronic saline). (F-I) Arachne plots of Crym modules in all groups. In 

each case, Crym is a key driver. Genes with sex-specific expression in control animals are 

color-coded. *p<0.05; **p<0.001.
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Figure 5: Crym Overexpression in Adult meA Recapitulates Behavioral Effects of Adolescent SI.
(A) Schematic of experimental design. (B-C) Viral placement and expression were 

confirmed in meA after behavioral testing by immunohistochemistry (B) and qPCR (C). (D) 

Similar to adolescent SI, Crym overexpression in meA increases cocaine CPP in males but 

not females. Data points above and below the dashed lines indicate animals who formed a 

preference or aversion for cocaine. (E-F) Also similar to adolescent SI, Crym overexpression 

in meA abolishes known sex differences in elevated plus maze (D) and marble burying (E). 

Post-hoc significant effects indicated as *p<0.05; **p<0.001. Error bars – SEM.
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Figure 6: Crym Overexpression Robust Effects on Transcription Specifically in Males But Does 
Not Disrupt Global Sex Differences in Transcription.
(A-C) Crym overexpression in meA affects more transcripts in males than females. Union 

heatmaps of genes altered by Crym overexpression in meA of males and females compared 

to their GFP counterparts reveals regulation of a greater number of transcripts in males vs. 

females (A). Crym overexpression downregulates a majority of transcripts in males but not 

females (B). RRHO of Crym effects in males vs. females reveals a blunting of the overlap 

of global transcriptional patterns after Crym overexpression (C). (D-G) Sex differences in 

gene expression are disrupted by Crym overexpression. Heatmaps of all sex differences 

in DEGs in GFP control (Ctrl) reveal that expected sex differences in expression are lost 

after Crym overexpression (D). However, Crym does not affect the number of genes up- 

or downregulated in males vs. females (E) nor does it impact sex differences in global 

transcriptional patterns analyzed by RRHO (F). Finally, heatmaps of sex differences in 

DEGs after Crym overexpression indicate that Crym increases the number of sex-specific 

DEGs in meA which are not observed in Ctrl animals (G). Together these data reveal that, 

similar to SI, Crym overexpression disrupts sex-specific gene expression and induces more 

transcriptional effects in males vs. females. x-linked = genes on X chromosome; y-linked = 

genes on Y chromosome.
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Figure 7: Genes Regulated by Crym Overexpression are Responsive to Acute Saline and Cocaine 
in a Sex-Specific Manner.
(A) Genes altered by Crym overexpression in meA of males (left) and females (right). 

(B-C) Expression profiles of genes altered by Crym overexpression in group-housed control 

(Ctrl) and SI males and females after acute cocaine (B). After acute cocaine, SI males show 

opposite regulation of Crym-regulated DEGs (B) and transcriptome-wide patterns (C) when 

comparted to Ctrl males. This effect was not observed in females (C).
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