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Abstract

Background: The ability to form enduring social bonds is characteristic of human nature and 

impairments in social affiliation are central features of severe neuropsychiatric disorders including 

autism spectrum disorders and schizophrenia. Due to its ability to form long-term pair-bonds, the 

socially monogamous prairie vole has emerged as an excellent model to study the neurobiology of 

social attachment. Despite the enduring nature of the bond, however, surprisingly few genes have 

been implicated in the pair-bonding process in either sex.

Methods: Male and female prairie voles (Microtus ochrogaster) were cohabitated with an 

opposite-sex partner for 24 hrs or 3 weeks (3W) and transcriptomic regulations in the nucleus 

accumbens (NAc) were measured by RNA-sequencing.

Results: We found sex-specific response patterns despite similar behavioral indicators of 

pair-bond establishment. Indeed, 24 hrs of cohabitation with an opposite-sex partner induced 

widespread transcriptomic changes that remained sustained to some extent in females after 3W 

but returned to baseline before a second set of regulations in males. This led to a highly sexually-

biased NAc transcriptome at 3W related to processes such as neurotransmission, protein turnover, 

and DNA transcription. In particular, we found sex-specific alterations of mitochondrial dynamics 

following cohabitation, with a shift towards fission in males.
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Conclusions: In addition to identifying the genes, networks, and pathways involved in the 

pair-bonding process in the NAc, our work illustrates the vast extent of sex differences in the 

molecular mechanisms underlying pair-bonding in prairie voles, and paves the way to further our 

understanding of the complex social bonding process.

Keywords

Prairie vole; pair-bonding; selective aggression; nucleus accumbens; gene expression; 
mitochondria

Introduction

Social attachment is a critical characteristic of human behavior and impairments in social 

affiliation are thus common features in several major neuropsychiatric disorders such as 

autism spectrum disorders, schizophrenia, and depression (1). Despite this importance, our 

understanding of the neurobiology underlying social attachment has been limited by the 

fact that social monogamy can only be found in 3–5% of mammals (3). In this context, 

the socially monogamous prairie vole (M. ochrogaster) represents an excellent animal 

model for the investigation of neurobiology of social bonding due to its ability to establish 

long-term pair-bonds (5,7,8). Indeed, prairie voles cohabitated with an opposite-sex partner 

for 24 hrs display strong preferential affiliative behaviors towards their partner over an 

unfamiliar opposite-sex stranger—termed partner preference—indicative of the formation 

of a pair-bond. Following additional weeks of cohabitation, both male and female prairie 

voles develop selective aggression towards unfamiliar intruders, indicative of pair-bond 

maintenance (9-12).

The study of the neurocircuitry underlying social bonding in prairie voles revealed a 

complex network of interactions between several brain structures reflecting the complexity 

and multi-faceted nature of social affiliative behaviors (13,14). A key area of the brain 

reward pathway, the nucleus accumbens (NAc) plays a central role in the regulation of 

pair-bonding in prairie voles where its activity modulates the development of affiliative 

behaviors towards the partner (13-16). At the molecular level, a variety of neurotransmitters 

and their receptors, including the oxytocin, vasopressin, and dopamine systems, have been 

involved in partner preference formation (17), although with sex-specific alterations of 

gene expression in the NAc. Indeed, while 24 hrs of cohabitation with mating up-regulate 

oxytocin receptors (OTR) and vasopressin V1a receptors (V1aR) in females, males show an 

increase in OTR but not V1aR (18,19). Notably, neither OTR nor V1aR mRNA levels show 

changes in the ventral striatum of male and female prairie voles pair-bonded for 2 weeks, 

suggesting distinct mechanisms underlying pair-bond formation and its maintenance (20).

In addition to being affected by pair-bonding, specific variations in gene expression levels 

in the NAc relate to the levels of social affiliative behaviors in prairie voles. In females, 

the viral-mediated expression of OTR in the NAc facilitates partner preference formation 

(21). Moreover, natural variations in OTR expression levels resulting from non-coding 

polymorphisms are associated with greater social affiliative behaviors in males (22). 

Altogether, these data indicate that the transcriptomic landscape in the prairie vole NAc 
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can not only reflect the enduring changes in social behaviors, but also participate to mediate 

both the formation and maintenance of the bond.

Despite the variety of neurotransmitter systems involved and the enduring nature of the 

bond, however, surprisingly few genes have been associated with the maintenance phase 

of the bond. In this study, we thus aimed at identifying by RNA-sequencing the specific 

transcriptomic regulations underlying the maintenance of the bond, while including both 

males and females to pinpoint regulations common or specific to each sex.

Methods and Materials

Detailed methods are available as supplemental information.

Animals, cohabitation, and resident-intruder test

Male and female prairie voles (Microtus ochrogaster) were paired and cohabitated with an 

aged-matched opposite-sex partner for 3 weeks (“3W”) or 24 hours (“24H”), or a same-sex 

littermate for 3 weeks (Sexually-Naive, “SN”). Selective aggression was then assessed 

using a 10-min resident-intruder test (RIT) as previously described (23). Experimental 

procedures were approved by the Institutional Animal Care and Use Committee at Florida 

State University.

RNA extraction, library preparation, sequencing, and bioinformatic analyses

Immediately after RIT, subjects were killed by rapid decapitation, their brain dissected out, 

snap-frozen, and stored at −80C until further processing. Total RNA was extracted from 

NAc tissue punches and a total of 46 libraries were prepared as previously described (21): 

16 SN voles (6 males, 10 females), 16 24H voles (6 males, 10 females), and 11 3W voles 

(5 males, 6 females). All libraries were pooled and sequenced (2x50bp, NovaSeq 6000, S2 

lane) at the Translational Sciences Laboratory at Florida State University.

Raw reads were quality-filtered (fastp, v0.14.1)(24), before quantification (Salmon, v0.12)

(25), and differential expression analysis (DESeq2, v1.20.0)(26,27). Gene-Sets Enrichment 

Analyses (GSEA, v3.0)(28) were performed using publicly-available gene-sets (http://

download.baderlab.org, September_01_2018 release), whereas gene ontologies and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways enrichment was tested using the 

Bioconductor (27) package clusterProfiler (v3.10.1) (29).

A weighted gene co-expression network analysis (WGCNA, R package WGCNA (v1.68) 

(30-32)) was conducted, followed by gene-gene interaction networks reconstruction 

(ARACNe-AP (33)) and key driver analysis (Bioconductor package Mergeomics (v1.16)) 

as previously described (34-36).

Results

Behavioral characterization

While the transition from affiliative to aggressive behaviors is a well-established 

characteristic of pair-bonded prairie voles, existing studies generally focused either on the 
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early or the later phases of the social bond process, or only within one sex (8,11,12,20,37). 

We thus first aimed at characterizing the behaviors related to selective aggression in the 

early and later phases of pair-bonding in both sexes. To do so, adult sexually-naive male and 

female prairie voles (from eight different cohorts, representing a total of 194 voles: cohort 1: 

29, cohort 2: 29, cohort 3: 30, cohort 4: 16, cohort 5: 16, cohort 6: 20, cohort 7: 33, cohort 

8: 21) were paired for 24 hrs (24H, early phase) or 3 weeks (3W, later phase), before being 

subjected to a resident-intruder test (RIT) as a proxy for the verification and evaluation of 

the pair-bond.

While 3 weeks of pair-bonding increased aggressive behaviors in both sexes, only males 

exhibited aggression levels higher than their same-sex controls (SN) at 24H (Fig. 1A, Table 

S1). Simultaneously, a reduction in nose-to-nose sniffing was observed similarly in males 

and females at both 24H and 3W (Fig. 1B, Table S1). Combined with the observation of 

similar effects of cohabitation between males and females on the other behaviors recorded 

(Fig. S1, Table S1) and their evolution within the RIT session (Fig. S2, Supplemental 

Results), this indicates that 24 hrs or 3 weeks of cohabitation with an opposite-sex partner 

leads to the development of selective aggression characterized by an increase in aggression 

at the expense of non-aggressive social interactions (anogenital and nose-to-nose sniffing) 

similarly between males and females despite a slight delay in developing aggression in 

females.

Time-specific alteration of gene expression in the NAc following cohabitation with a 
partner

Relatively few genes survived the false discovery rate threshold to be qualified as 

differentially expressed (DE) at 3W when compared to SN controls (39 in males, 1 in 

females, Fig. 2A,B, Table S2). At 24H, however, 529 and 741 genes were DE in males 

and females, respectively, when compared to SN controls (Fig. 2A,B, Table S2), denoting 

a substantial impact of a novel social encounter on the NAc transcriptome in prairie voles. 

Only 37 genes were DE at 24H in both sexes, however, 35 of which sharing directionality 

(14 down-regulated, 21 up-regulated), indicating distinct sets of regulations between sexes. 

In males, 152 of these (29%) were also DE when comparing 3W to 24H (Fig. 2A,D, Table 

S2, Fig. S3A), which, combined to the relative high number of DE genes between the two 

cohabitation durations (3W vs. 24H), suggests distinct transcriptional regulations at 24H and 

3W when compared to SN controls. In females, however, only 8 of the 741 DE genes in the 

24H vs. SN comparison were also DE between the 24H and 3W group, which, in light of 

the relatively small number of DE genes in the latter comparison (Fig. 2B,E, Table S2, Fig. 

S3A), denotes similar profiles of regulation between the two timepoints when compared to 

SN controls.

Surprisingly, the number of sexually-biased genes was large at baseline and 3W (1,371 and 

1,678 DE genes, respectively), but relatively limited at 24H (155 DE genes, Fig. 2C) likely 

resulting from the large transcriptomic response observed then in either sex. Consistent with 

their high number, DE genes were distributed throughout the genome (Fig. S3B), indicating 

that sex differences in the prairie vole NAc cannot solely be explained by sex chromosomes. 

Moreover, no bias towards either up- or down-regulation was detected in any comparison 
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(Table S2). Notably, only 508 (37%) out of the 1,371 DE genes in SN voles were also 

sexually-biased at 3W (Fig. 2F). Altogether, this suggests that despite vast sex-differences at 

baseline, after 3 weeks of pair-bonding, males and females retain different sexually-biased 

transcriptomes.

Functional enrichment following cohabitation

To analyze the biological pathways associated with the changes in gene expression following 

cohabitation with an opposite-sex partner and compare the early (24H) and later phases 

(3W) of the pair-bonding process, we conducted a threshold-free GSEA within each sex, and 

then visualized the resulting gene-sets using an enrichment map.

In males, we observed a relatively weak enrichment of a few gene-sets denoting a 

down-regulation of pathways related to chromatin modifications, actin polymerization, 

RNA translation, and protein degradation, but an up-regulation of those related to protein 

maturation and neurotransmitter receptors. Nevertheless, while most enriched gene-sets 

shared directionality of regulation between the two cohabitation durations when compared 

to SN controls, gene-sets related to AP1 and ATF2 transcription factors as well as protein 

phosphatases were down-regulated at 24H, but up-regulated at 3W (Fig. 3). Interestingly, 

these regulations were carried by several genes such as Fos, Duspl, or Nts, with known 

involvement in dopaminergic transmission and motivated behaviors (Supplemental Results). 

Combined with the partial overlap in DE genes between the 24H vs. SN and 3W vs. 24H 

comparisons (Fig. 2D, Fig. S3A), this supports the presence of distinct sets of regulations 

occurring after 24 hrs or 3 weeks of cohabitation in males. Females, however, displayed a 

distinct pattern with widespread enrichments of gene-sets related to all aspects of cellular 

activity. Gene-sets related to epigenetic regulation of gene expression were down-regulated, 

whereas those related to DNA transcription, RNA splicing and translation, RNA stability, 

protein degradation, as well as mitochondrial organization and activity were up-regulated 

(Fig. 4). In a neuronal context such as the NAc, this suggests a coordinated alteration 

of most systems required for a sustained regulation of neurotransmission—from DNA 

transcription to protein turnover as well as energy production. In contrast to males, all 

but one cluster of gene-sets—related to immune response (“interferon”, and “endogenous 

antigen cytotoxicity”)—share directionality of changes between the two timepoints when 

compared to SN controls. In combination with the very small overlap in DE genes between 

the 24H vs. SN and 3W vs. 24H comparisons (Fig. 2E, Fig. S3A), this supports a 

widespread reprogramming of gene expression in the early phase of pair-bonding in the 

female NAc that remains sustained, to some extent, following 3 weeks of cohabitation.

In line with the high number of sexually-biased genes at baseline and 3W (Fig. 2D,F), 

we observed a widespread enrichment of gene-sets between sexes at baseline (Fig. 5, 

Supplemental Results). Following cohabitation, three different response patterns emerged: 

(1) the sex bias is independent of cohabitation status, (2) the baseline sex bias is reversed at 

24H but returns to its baseline state after 3 weeks, and (3) the baseline sex bias is reversed 

at 24H and is maintained after 3 weeks. In the first group, we found gene-sets related to 

epigenetic regulation of gene expression, dendritic spines, post-synaptic compartment, as 

well as synaptic plasticity. In the second group, we found clusters of gene-sets related to 
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ion channels, synaptic vesicles, RNA translation, and protein degradation. Finally, the third 

group includes a cluster of gene-sets related to the electron transport chain and oxidative 

phosphorylation that, in line with the widespread upregulation of genes associated with 

mitochondrial function in females (Fig. 4), switches from a marked bias towards males at 

baseline, to a strong bias towards females at 24H that remains present at 3W (Fig. 5). In this 

context, mitochondrial activity emerges as an interesting candidate in underlying pair-bond 

maintenance in females.

Cohabitation with a partner recruits different gene networks in males and females

To identify the genes underlying the regulations observed above, we conducted a weighted 

gene co-expression network analysis (WGCNA) to highlight clusters of genes with similar 

expression (modules) and extract modules of interest based on their relation to our 

behavioral profiling.

Across all cohabitation states, we found a consensus network of 26 modules of correlated 

gene expression—ranging from 108 to 1,756 genes—between males and females. Notably, 

the relation of each module to behavioral performances during the RIT session differs 

between sexes, as evidenced by the limited consensus between the male and female 

module–trait relationships (Fig. S4). In particular, extracting the modules of interest 

based on behavioral indexes of pair-bonding reveals that only 40–43% of the modules 

eigengenes found significantly correlated with any behavioral trait are common between 

males and females (Fig. S5, Supplemental Results). Interestingly, albeit common between 

sexes, the plum1 module shows an opposite relation to main RIT behaviors, thereby 

further underlining sex-specificities in underlying gene networks. Alongside these common 

modules, others show a sex-specific association with behavior during the RIT (Fig. S5, 

Supplemental Results). Supporting the functional relevance of this clustering, the underlying 

genes relate to ontologies and pathways distinct between groups of modules, and related 

to mitochondrial function, RNA translation, epigenetic mechanisms, protein degradation, 

as well as synaptic transmission (Supplemental Results, Fig. S6). In addition to further 

supporting the involvement of these biological pathways in pair-bonding, these observations 

do highlight sex- and modules-specific associations.

Sex-specific alterations of mitochondria

Throughout our analyses of gene expression profiles or modules of co-expression, 

we repeatedly found alterations related to multiple aspects of the mitochondria. To 

further investigate mitochondria-related regulation in the NAc following pair-bonding, 

mitochondrial density was first estimated by measuring copy numbers for the mitochondrial 

genes Nd1 and Nd4l, normalized against the nuclear gene Gapdh.

When compared to SN voles, Nd1 gDNA levels increased with cohabitation in males and 

reached significance at the 3W timepoint (p = 0.047), whereas females showed lower levels 

than males following cohabitation at both 24H (p = 0.014) and 3W (p = 0.024, Fig. 6A, 

Table S3). A similar pattern was observed for Nd4l gDNA levels, which tend to increase 

in males following cohabitation, whereas females displayed overall lower levels than males 

that reached significance at 3W (p = 0.003, Fig. 6B, Table S3). As these observations 
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suggest an increase in mitochondrial density in males but not in females following pair-

bonding, we then questioned whether genes controlling mitochondrial fusion (Mfn1 and 

Mfn2) and fission (Fis1 and Dnm1l also known as Drp1) dynamics would be altered. 

Despite lower levels in 3W females than in 3W males (p = 0.016), cohabitation did not affect 

Mfn1 mRNA levels in either sex (Fig. 6C, Table S3). Similarly, Mfn2 mRNA levels in the 

NAc did not differ between groups (Fig. 6D, Table S3). Fission- controlling genes, however, 

displayed a sex- and cohabitation-specific regulation. Indeed, Fis1 mRNA levels showed an 

overall sex-specific regulation by cohabitation (Fig. 6E, Table S3), whereas Dnm1l mRNA 

levels increased with cohabitation in males but not in females (Fig. 6F, Table S3), with 

higher levels in 3W males than in sexually-naive males (p = 0.013) and pair-bonded females 

(p = 0.034). Altogether, these observations indicate that the later phase of the pair-bonding 

process (3 weeks) is associated with an alteration of mitochondrial dynamics promoting 

fission in male but not female prairie voles, which could, at least in part, explain the increase 

in mitochondrial density in males suggested by their higher mitochondrial copy numbers.

Discussion

In this study, we found a time- and sex-specific reprogramming of the NAc transcriptome 

in prairie voles following cohabitation with an opposite-sex partner. Indeed, while both 

males and females displayed selective aggression following cohabitation, males exhibited 

a distinct transcriptomic response from females in the NAc. When compared to sexually-

naive controls, we found few pathways enriched in cohabitated voles but distinct sets 

between the early and later phase of the bond in males whereas in females, changes were 

widespread at 24H and remained sustained—to some extent—at 3W. Further highlighted 

by the observation of distinct modules of co-expression and underlying gene networks 

between males and females, this sex-specific response of the NAc transcriptome following 

pair-bonding involved a wide-range of systems required for a sustained regulation of 

neurotransmission. Interestingly, we found a modulation of mitochondrial dynamics in 

males but not in females following cohabitation, together with sex-specific alterations in 

mitochondrial activity.

Although we observed a slight delay in the development of selective aggression in females 

(Fig. 1A) consistent with longer duration of cohabitation required in females than males 

to reach maximum levels of aggression reported in the literature (12,38), both males and 

females displayed similar levels of aggression at 3W. This is in contradiction, however, with 

the previously-reported lower levels of selective aggression in females than in males pair-

bonded for 2 weeks (11,20). Interestingly, this sex difference is only observed in conditions 

optimal for the pregnancy of the female partner (20), which could explain the absence of 

sex differences in aggressive behaviors we observed at 3W. Nevertheless, we did observe 

high levels of aggression in cohabitated animals (Fig. 1, Fig. S1) that, together with the 

reduction in positive social interactions towards strangers, confirm the proper establishment 

of a pair-bond (11,37,39).

In accordance with such profound behavioral changes, transcriptomic changes were 

widespread in the NAc as early as 24 hrs after the beginning of the cohabitation with 

an opposite-sex partner. Surprisingly, the number of DE genes was relatively limited at 
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3W, likely resulting from a substantial inter-individual variability—commonly reported in 

prairie voles at the gene and behavioral levels (22,40-43) and also observed during the RIT 

(Fig. S1)—impeding a traditional DE analysis with a set false-discovery rate threshold. 

Nevertheless, we could still detect widespread regulations of gene expression at 24H, 

reflecting the impact of a new social encounter in the highly social prairie voles. In this 

context, we used a threshold-free approach (GSEA) and found distinct sets of regulation 

between the early (24H) and later (3W) phases of pair-bonding in males further supported 

by existing evidence. For instance, mRNA levels for the oxytocin receptor (Oxtr) and 

vasopressin V1a receptor (Avpr1a) are upregulated in the NAc after 24 hrs (18,19), but 

not 2 weeks (20) of pair-bonding. Similarly, while μ-opioid receptors blockade in the NAc 

prevents partner preference formation following 24 hrs of cohabitation (44), κ-receptors but 

not μ-receptor antagonism reduces selective aggression in prairie voles pair-bonded for 2 

weeks (11,20). Finally, while dopamine D1 receptors (D1R) promote the maintenance but 

inhibit the formation of the pair-bond, dopamine D2 receptors (D2R) inhibit its maintenance 

but promote its formation (37,45). Our current study thus uncovers the extent of the 

transcriptomic regulations specific to each phase of the pair-bonding process and highlights 

its preponderance in the NAc of males over females. Notably, our study is limited in 

the ability to differentiate the contribution of the exposure to a novel conspecific from 

those linked to the early stage of pair-bonding among the regulations observed at the 24H 

timepoint. It is important to note, however, that most functional enrichments observed at 

24H in females were maintained at 3W, a timepoint at which exposure to social novelty is 

unlikely to substantially contribute. Another limitation results from the salient nature of the 

RIT, reported to induce transcriptomic changes following 20-30 mins in a variety of species 

(46-48). Although our SN controls were exposed to the RIT identically to pair-bonded voles, 

we cannot rule out the possibility that part of the transcriptomic regulations observed at 24H 

and 3W reflect a different response of pair-bonded animals to the social stress resulting from 

the RIT exposure. It is important to note, however, that few RIT-responsive genes (48) or 

immediate early genes, whose mRNA levels generally peak 30 min post-stimulation (46,47), 

are DE following cohabitation in our dataset (Table S4), which would tend to suggest that 

such RIT interference with the transcriptomic regulations we observed would be limited.

Alongside widespread alterations in gene expression encompassing processes required for 

a sustained regulation of neurotransmission (Supplemental Results), our analyses suggest 

modulations of mitochondria and energy production by pair-bonding. While this effect was 

observed at the transcript level in males, females exhibit a widespread up-regulation of 

related gene-sets detected as early as 24H and pronounced enough to reverse the baseline 

sex-bias. Indeed, consistent with higher mitochondrial respiration in males than females 

in the mouse cortex (49), mitochondria-related gene-sets were biased towards males at 

baseline, but switched towards females at 24H (Fig. 5). Surprisingly, however, cohabitation 

with a male did not alter Mfn1, Mfn2, Fis1, or Dnm1l mRNA levels in female prairie 

voles, but led to a sex-specific alteration of mitochondrial respiration (Fig. S7, Table S5, 

Supplemental Results). In contrast, males showed an increase in fission-controlling genes 

but not fusion-controlling genes at 3W that, consistent with their higher mitochondrial 

DNA copy numbers, would indicate an alteration of mitochondrial dynamics balance 

towards fission. While a link between mitochondrial dynamics and prosocial behaviors 
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remains unclear, they constitute a critical component of neuronal plasticity in a variety 

of systems (50,51). The fission-promoting factor DNM1L (DRP1), for instance, regulates 

mitochondrial distribution to dendrites, increases spines and synapses density, and mediates 

a fusion-to-fission shift following KCl-induced depolarization in hippocampal neurons 

(52). Furthermore, while fission-promoting genes relate to D1R- and D2R-containing 

MSN identity at baseline (53), DRP1 in D1R-containing MSN is up-regulated by and 

mediates drug seeking behavior following cocaine self-administration (54). In combination 

with the alterations in factors—including DNM1L—controlling mitochondrial dynamics 

in the autistic brain and other neuropsychiatric disorders (50,51,55), our observations 

thus highlight mitochondrial fission in the NAc and DMM1L in particular as interesting 

candidates underlying pair-bond maintenance in male prairie voles.

In addition to vast sex differences at baseline, we found a sex-specific reprogramming of 

gene expression in the prairie vole NAc following 3 weeks of cohabitation with an opposite-

sex partner. Indeed, despite similarities in functional enrichment, distinct sets of gene 

networks were recruited in males than in females, leading to a greater extent of sexually-

biased genes at 3W than at baseline (Fig. 2C,F). As a result, even though pair-bonded 

male and female prairie voles show similar behaviors during the RIT, the transcriptomic 

mechanisms at play differ. Previously, we provided evidence supporting sex-specific 

regulations in the early phase of pair-bonding, in which 24 hrs of cohabitation with mating 

increases OTR and V1aR mRNA levels in the NAc of females, but only V1aR mRNA 

levels in males (18,19). Although similar regulations were not detected here, our study 

reveals a male-specific gene-network linked to selective aggression under the control of 

V1aR, as well as an enrichment of dopamine- and OTR-signaling pathways in pair-bonded 

females consistent with known sex-differences in these neurotransmissions underlying pair-

bonding (Supplemental Results). Our current study thus not only expands the involvement 

of neuropeptidic and dopaminergic receptors in pair-bonding to their downstream signaling 

pathways, but also highlights the recruitment of distinct functional processes between males 

and females pair-bonded for 3 weeks (see also Supplemental Results). It is for instance 

particularly interesting to note the enrichment of pathways associated with response to 

reward and addiction in the set of genes sexually-biased at 3W only (Supplemental Results, 

Fig. S8, Table S6). Consistent with a sex-specific modulation of neurotransmission in the 

NAc following pair-bonding, female prairie voles show greater dopamine release in the 

NAc shell than males following two weeks of pair-bonding but not at baseline (20). This 

also draws an interesting parallel with known sex differences in reward processing in the 

NAc in rodents, where male and female rats and mice differ in sensitivity to reward as 

evidenced by different activation of the dopaminergic neurotransmission (56). As expected, 

these differences are accompanied by transcriptomic reprogramming in the NAc, but while 

male and female mice share common responsive genes, each sex exhibits a distinct set of 

regulations (57). Notably, this sex-specific response pattern of the NAc transcriptome is 

particularly pronounced following exposure to chronic stress in mice (58,59) and in major 

depressive disorder in humans (60). Although the extent and exact nature of similarities 

and differences between these different conditions remain to be determined, these data do 

confirm the marked degree of sex-specificity in transcriptomic regulations following NAc 

activation. By highlighting the overall pathways and gene networks at play in each sex, 
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our transcriptomic analyses pave the way to further our elucidation of the complex social 

bonding process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of selective aggression in male and female prairie voles during the resident-

intruder test (RIT). Adult male and female prairie voles were cohabitated with a same-sex 

littermate (SN), or an opposite-sex partner for 24 hrs (24H) or 3 weeks (3W) before being 

subjected to a 10-min RIT. Scorings for the time spent in aggression (A) or nose-to-nose 

sniffing (B) is detailed after normalization by z-scoring within cohorts and then between 

sexes. Data are depicted as mean ± SEM in (A). In (A,B), each dot represents an individual 

vole. *p < 0.05, **p < 0.01, ***p < 0.001 vs. SN group within same sex, Tukey’s post-hoc 
test.
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Figure 2. 
Differential expression in the nucleus accumbens of male and female prairie voles following 

cohabitation. In (A–C), volcano plots depict the log2 fold-change against the −log10 of the 

uncorrected p-value for each gene in each pairwise comparison in males (A), females (B), 

or between-sexes (C). Red dots correspond to differentially expressed genes (surviving the 

0.1 false-discovery rate). In (D–F), Euler diagrams illustrate the degree of overlap between 

differentially-expressed genes in males (D), females (E), or between-sexes (F). The area of 

each circle is proportional to the number of differentially expressed genes it contains. SN: 

sexually-naive, 24H: 24 hrs of cohabitation, 3W: 3 weeks of cohabitation.
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Figure 3. 
Time-specific functional enrichment following cohabitation with an opposite-sex partner 

in male prairie voles. Enrichment map depicting the clusters of differentially modulated 

pathways following cohabitation when compared to sexually-naive controls (SN) in males, 

identified by gene-set enrichment analyses. The area of each node, representing a gene-set 

(functional pathway), corresponds to the number of genes of the gene-set it contains, and 

its color depicts the direction of enrichment (red: positive, blue: negative) with the color 

intensity representing the enrichment score, when compared to the SN group either in the 

24H dataset (right half), or 3W dataset (left half). As a result, a gene-set with different 

colors in their two halves display opposite directions of regulation in the early (24H) and 

later (3W) phases of the bonding process when compared to SN controls. Edge thickness is 

proportional to the number of genes overlapping between the two connected nodes. Blue and 

green edges correspond to the 24H vs SN, and 3W vs SN datasets, respectively. 24H: 24 hrs 

of cohabitation, 3W: 3 weeks of cohabitation.
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Figure 4. 
Time-specific functional enrichment following cohabitation with an opposite-sex partner in 

female prairie voles. Enrichment maps depicting the clusters of differentially modulated 

pathways following cohabitation when compared to sexually-naive controls (SN) in females, 

identified by gene-set enrichment analyses. The area of each node, representing a gene-set 

(functional pathway), corresponds to the number of genes of the gene-set it contains, and 

its color depicts the direction of enrichment (red: positive, blue: negative) with the color 

intensity representing the enrichment score, when compared to the SN group either in the 

24H dataset (right half), or 3W dataset (left half). As a result, a gene-set with different 

colors in their two halves display opposite directions of regulation in the early (24H) and 

later (3W) phases of the bonding process when compared to SN controls. Edge thickness is 

proportional to the number of genes overlapping between the two connected nodes. Blue and 

green edges correspond to the 24H vs SN, and 3W vs SN datasets, respectively. 24H: 24 hrs 

of cohabitation, 3W: 3 weeks of cohabitation.
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Figure 5. 
Sex-differences in functional enrichment following cohabitation with an opposite-sex 

partner in prairie voles. Enrichment map depicting the clusters of differentially modulated 

pathways between male and female prairie voles at baseline (SN) and following 24 hrs 

(24H) or 3 weeks (3W) of cohabitation, identified by gene-set enrichment analyses. The 

area of each node, representing a gene-set (functional pathway), corresponds to the number 

of genes of the gene-set it contains, and its color depicts the direction of enrichment (red: 

female-biased, blue: male-biased) with the color intensity representing the enrichment score, 

either in the SN, (top right sector), 24H (bottom sector), or 3W (top left sector) datasets. 

As a result, a gene-set with different colors between its three sectors display a change in 

sex-bias following cohabitation with an opposite-sex partner, whereas a gene-set with three 

similarly-colored sectors show the same sex-bias regardless of the cohabitation status. Edge 

thickness is proportional to the number of genes overlapping between the two connected 

nodes.
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Figure 6. 
Sex-specific alterations in mitochondrial dynamics following cohabitation with an opposite-

sex partner in prairie voles. Measurement of genomic DNA (gDNA) copy number for the 

mitochondrial genes Nd1 (A) and Nd4l (B) in the nucleus accumbens of male and female 

prairie voles cohabitated with a same-sex littermate (SN), or an opposite-sex partner for 24 

hrs (24H) or 3 weeks (3W). Each measurement was normalized to the nuclear gene Gapdh 
and depicted as a percentage of controls with the “Males SN” set as 100%. In addition, 

normalized mRNA levels for the fusion-promoting genes Mfn1 (C) and Mfn2 (D), as well 

as the fission-promoting genes Fis1 (E) and Dnm1l (F) are depicted. In all panels, each dot 
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represents an individual vole. *p < 0.05 vs. SN group within same sex; #p < 0.05, ##p < 0.01 

vs. same cohabitation group in males, Sidak’s or Tukey’s post-hoc tests.
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