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Abstract 

Social hierarchy in social species is usually established through competitive encounters with 

conspecifics. It determines the access to limited resources and, thus, leads to reduced fights 

among individuals within a group. Despite the known importance of social rank for health 

and well-being, the knowledge about the processes underlying rank attainment remains 

limited. Previous studies have highlighted the nucleus accumbens (NAc) as a key brain region 

in the attainment of social hierarchies in rodents. In addition, glucocorticoids and the 

glucocorticoid receptor (GR) have been implicated in the establishment of social hierarchies 

and social aversion.  However, whether GR in the NAc is involved in social dominance is not 

yet known. To address this question, we first established that expression levels of GR in the 

NAc of high anxious, submissive-prone rats are lower than that of their low anxious, 

dominant-prone counterparts. Furthermore, virally-induced downregulation of GR 

expression in the NAc in rats led to an improvement of social dominance rank. We found a 

similar result in a cell-specific mouse model lacking GR in dopaminoceptive neurons (i.e., 

neurons containing dopamine receptors). Indeed, when cohabitating in dyads of mixed 

genotypes, mice deficient for GR in dopaminoceptive neurons had a higher probability to 

become dominant than wild-type mice. Overall, our results highlight GR in the NAc and in 

dopaminoceptive neurons as an important regulator of social rank attainment.  
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Introduction 

Social rank influences behavior and physiology in both humans and animals, and has been 

linked with the development of psychopathologies (1,2). Most social species are organized in 

social hierarchies. The organizing principle of social hierarchies is to provide dominant 

individuals with priority access to resources, such as new territory, food, water and mating 

partners (3,4).  

In laboratory rodents, social hierarchy is often established through repeated agonistic and 

antagonistic or aggressive interactions. It usually develops within a few days and remains 

stable over long periods of time (5). The reward- and motivation-related mesolimbic 

dopamine system has been identified to be important for the establishment of social 

dominance [reviewed in (6)]. According to previous observations in rodent models for trait 

anxiety, the nucleus accumbens (NAc) is actively engaged by aggressive encounters. 

Furthermore, metabolic activity in this region has been directly linked with social hierarchy 

in rat (7,8). Specifically, dopaminoceptive D1 receptor-containing neurons in the NAc are 

activated by social competition, particularly in dominant-prone individuals (8,9), while 

blockade of D1 receptors diminished social dominance (9). Altogether, these observations 

indicate an important role for NAc dopaminoceptive neurons in the establishment of social 

rank. 

Several lines of evidence indicate that stress response and more particularly glucocorticoid 

hormone may also play a key role in the establishment of hierarchy. We have previously 

shown that acute stress increases the propensity to become subordinate in a pair of 

unfamiliar rats matched for age, body weight and anxiety levels (10). Glucocorticoids levels 

rise in the bloodstream upon social defeat (11), following social encounters (12,13) and have 

been recently shown to participate to the establishment and maintenance of social 
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hierarchies (14,15). Importantly, selective inactivation of the gene encoding the 

glucocorticoid receptor (GR) in dopamine-innervated brain regions (including the striatum, 

the NAc and the deep cortical layers) was shown to prevent social aversion in animals 

undergoing social defeat (11). Altogether these data indicate that glucocorticoids through 

GR might play a key role in shaping behavioral trajectories leading to social rank attainment. 

However, to date it is not known whether GR in the NAc is important for the modulation of 

social hierarchies. 

In this study, we investigated the potential role of GR in the NAc and dopaminoceptive 

neurons in rank attainment. To this end, we first analyzed expression levels of GR and 

mineralocorticoid receptor (MR) in the NAc in high and low anxious rats that are, 

respectively, prone to become submissive or dominant, when submitted to dyadic 

encounters in competition for a new territory. Next, we explored the causal involvement of 

GR in rank attainment through adeno-associated virus (AAV)-induced GR downregulation in 

the NAc of rats. Finally, in order to address GR involvement in a cell type specific manner, we 

investigated rank attainment in dyads of cohabitating mice involving one wild-type mouse 

and a mouse lacking GR in dopaminoceptive neurons.  

 

Materials and Methods 

Animals 

Adult male Wistar rats (Charles River) weighing 250-275 g at the start of experiments were 

used. For the initial experiments that examined social hierarchy between high and low 

anxious animals, rats were singly housed upon arrival to the vivarium to avoid any influence 

from social experiences. For all other experiments, after arrival, animals were housed 2 per 
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cage and allowed to acclimate to the vivarium for one week. All animals were subsequently 

handled for 2 minutes for a minimum of 3 days. They were weighed upon arrival as well as 

weekly to ensure good health.  

Mouse experiments were conducted in weight-matched male GR
D1Cre

 mice and their control 

littermates bred in a C57Bl/6 background. The generation of GR
D1Cre

 mice has been described 

previously (16). Briefly, Nr3c1 (GR) gene inactivation was selectively targeted in 

dopaminoceptive neurons (Nr3c1
loxP/loxP

;(Tg)D1aCre (17) hereafter designed GR
D1Cre

). 

Experimental animals were obtained by mating Nr3c1
loxP/loxP

 females with 

Nr3c1
loxP/loxP

;Tg:D1aCre males.  

Rats and mice were maintained under standard housing conditions on a 12h light-dark cycle 

(lights on at 7:00 AM). Food and water were available ad libitum. Experiments on rats were 

performed with the approval of the Cantonal Veterinary Authorities (Vaud, Switzerland) and 

carried out in accordance with the European Communities Council Directives of 24 

November 1986 (86/609EEC). Experiments on mice were performed in accordance with 

French Ministère de l'Agriculture et de la Forêt (87-848) and the European Directive 

2010/63/UE and the recommendation 2007/526/EC for care of laboratory animals. 

Experimental design 

One week after their arrival, rats were tested in an elevated plus maze to assess basal 

anxiety and were classified as high (HA) or low anxious (LA). HA and LA animals were then 

paired according to their weight and tested for social hierarchy. A separate cohort of HA and 

LA animals were sacrificed without hierarchy testing and their brains were extracted for 

gene expression analysis.  
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For the viral downregulation of GR, animals were assigned to experimental groups with 

averaged anxiety levels being similar between groups. Rats then underwent surgery for 

delivery of a viral construct expression shRNA rargeting GR (GR-KD) or a viral construct 

expressing a scrambled control (SCR) in the NAc (see also Supplementary Materials and 

Methods). After 6 weeks of recovery, animals’ anxiety levels and locomotion were tested in 

an open field. SCR and GR-KD rats were then matched by weight and paired in a new cage, 

avoiding previous cage mates to be placed together. After two weeks of cohabitation, the 

social confrontation tube test and water competition test were performed. Seventy-two 

hours later, they were sacrificed and their brains were extracted and used to assess virus 

localization and efficiency.  

Finally, for the experiment involving GR mutant mice, 12 weeks old control and GR
D1Cre

 mice 

were matched by weight and paired in a new cage. As for rat experiments, pairing of 

previous cage mates was avoided. After one week of cohabitation, social dominance was 

assessed in the dyad using the social confrontation tube test and the warm spot test. 

Seventy-two hours later, mice were sacrificed for basal corticosterone analysis. 

Elevated plus maze test 

Rats were tested for anxiety-like behavior in the elevated plus maze (18). For more 

information, see Supplementary Materials and Methods. 

Open field and novel object reactivity tests 

The open field and novel object reactivity tests were performed to assess the rats’ emotional 

and exploratory/locomotive behavior, as well as their reactivity upon novelty exposure. The 
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tests were performed as previously described (19). For additional details, see Supplementary 

Materials and Methods. 

Social dominance tests 

Dominance was assessed using the social hierarchy test (8), the social confrontation tube 

test, the water competition test and the warm spot test (20–22). For further details, see 

Supplementary Materials and Methods. 

Viral downregulation of GR 

Two weeks after arrival, rats were subjected to surgery for the viral downregulation of GR in 

the nucleus accumbens, wherein an adeno-associated AAV1/2 vector containing an U6-pm-

GR3 shRNA-terminator-CAG-EGFP-WPRE-BGH-polyA-expression cassette was used. Control 

animals were injected with a scrambled shRNA construct (AAV1/2-U6-SCR shRNA-CAG-EGFP-

WPRE-BGH-polyA). All viral constructs used were designed and produced by GeneDetect, 

New Zealand. For further details, see Supplementary Materials and Methods.  

Corticosterone analysis 

Trunk blood was collected during sacrifice for basal corticosterone measurement in both rats 

and mice. Animals were sacrificed in the morning. Free corticosterone measurements were 

obtained from blood plasma samples via centrifugation and subsequent measurement using 

an enzymatic immunoassay kit that was performed according to manufacturer’s instructions 

(Enzo Life Sciences, Switzerland). Levels were calculated using a standard curve method. 
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Statistical analysis 

Data were analyzed with Student t-test or Mann-Whitney test, as appropriate, using the 

statistical package GraphPad Prism 5 (GraphPad software Inc., USA). If Levene’s test for 

equality of variances was significant, equal variance was not assumed and the altered degree 

of freedom was rounded to the nearest whole number. Dominance in the tube test was 

analyzed with Fisher’s exact test. The Pearson’s chi-squared test was used to analyze the 

independence of the tube test and the warm spot test. All bars and error bars represent the 

mean ± SEM. Significance was set at p < 0.05, while the p-values were considered tending 

toward significance when 0.05 ≤ p ≤ 0.1. Graphs were created using GraphPad Prism 5. 

Results 

Submissive-prone rats show reduced glucocorticoid receptor gene expression in the 

nucleus accumbens 

As reported previously (8,9), high anxious rats had a higher probability to lose a competition 

for a new territory when confronted with low anxious counterparts. To understand if the 

outcome of the social competition could be considered as a phenotypic trait, we analyzed 

the hierarchical behavior across numerous cohorts of high and low anxious animals. 

Qualitative analyses of offensive behaviors indicated that high anxious rats exhibited 

reduced offensive behavior both for the compound index (Figure 1b; U = 1861, p < 0.0001) 

and individually, for each of the respective offensive behaviors (Figure 1a, b; offensive 

upright: U = 2741, p < 0.0001; keeping down: U = 2308, p < 0.0001; lateral threat: U = 2912, p 

< 0.0001). Therefore, we consider high anxious animals as submissive-prone (subP) and low 

anxious rats as dominant-prone (domP) animals. 
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We next assessed the expression levels of GR and MR genes in the NAc in an independent 

group of rats, which were only tested for anxiety levels. We found significantly lower GR 

gene expression in the NAc of subP rats compared to domP conspecifics (Figure 1c; t7 = 2.93, 

p < 0.05). In contrast, MR expression was similar for both groups (Figure 1d; t7 = 0.45, p = 

0.67). Interestingly, basal corticosterone levels were higher in subP rats than in domP 

animals (Figure S1). 

Downregulation of the glucocorticoid receptor in the nucleus accumbens modifies 

spontaneous behaviors in novel environments  

In order to investigate whether GR in the NAc plays a role in social competition, we injected 

an adeno-associated virus downregulating GR (GR-KD) or, in the control group, a virus 

expressing a scrambled construct (SCR) into the NAc (Figure S2a). Knockdown efficiency in 

the NAc was confirmed through qRT-PCR quantification of GR mRNA levels (Figure S2b) and 

by immunostaining (Figure S2c). Six weeks after the injection, anxiety-like and exploratory 

behaviors were assessed in the open field (OF) and novel object reactivity (NOR) tests. In the 

OF test, GR-KD rats spent a higher percentage of time in the center (Figure 2b; U = 44.00, p < 

0.05), and less time in the wall area (Figure 2c; t25 = 3.10, p < 0.01) than SCR rats. The 

distance traveled during the test was significantly longer in GR-KD animals (Figure 2d; t25 = 

3.66, p < 0.01). Similarly, in the NOR test, GR-KD rats spent more time in the center (Figure 

2e; U= 44.00, p < 0.05) and, consequently, less time in the wall area (Figure 2f; t25 = 2.44, p < 

0.05) than SCR animals. Moreover, there was a trend for GR-KD rats to move greater 

distance than SCR-infused controls (Figure 2g; t25 = 1.83, p = 0.08). Finally, GR-KD rats spent 

more time sniffing the novel object than SCR conspecifics (Figure 2h; U = 47.00, p < 0.05). 
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Downregulation of the glucocorticoid receptor in the nucleus accumbens promotes social 

dominance 

Animals were matched for body weight and placed together to cohabitate in a new cage in 

dyads, involving one animal from each group (i.e., GR-KD and SCR rats). Two weeks after the 

beginning of their cohabitation they underwent the social confrontation tube test (Figure 

3a). Social rank was considered stable when rats’ performance yielded the same rank for 

four consecutive days (see Figure 3b for an example from a single cage, Figure 3c for the 

average of the 12 cages). GR-KD rats had a higher number of winning trials, indicating that 

they exhibited more dominance than SCR animals (Figure 3d; Fisher’s exact test, p < 0.05). In 

the winning trials, the latency to push the opponent out of the tube was similar for both 

groups (Figure 3e; U = 12.00, p = 0.52). The dominance behavior in GR-KD rats was shown in 

a second test, the water competition test, with GR-KD rats spending more time drinking the 

water than SCR counterparts (Figure S3). No group difference in basal corticosterone levels 

was detected (Figure 3f; U = 142.00, p = 0.73).   

Glucocorticoid receptor gene deletion in dopaminoceptive neurons promotes social 

dominance in mice 

Next, we assessed whether the GR knockout specifically in dopaminoceptive neurons affects 

the emerging social status in mouse dyads. To this end, dyads constituted by one control and 

one GR
D1Cre

 mice were formed. One week afterwards, the emerged social hierarchy was 

tested with the social confrontation tube test (Figure 4b). We performed two replication 

experiments (see figure S4 for the detailed results of each experiment), and data presented 

here are pooled. We considered social rank as stable when mice performance yielded the 

same rank for more than seven consecutive trials (see Figure 4c for an example from a single 
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cage, Figure 4d for the average of all tested pairs). Note that the threshold is different from 

the one in rats, according to a protocol developed in our lab on the model described by 

Wang and colleagues (20). GR
D1Cre

 mice won the tube contest more times and, therefore, 

were considered to be more dominant than controls (Figure 4e; Fisher’s exact test, p < 

0.001). In the winning trials, there were no group differences in the latency to push the 

opponent out of the tube (Figure 4f; U = 953.50, p = 0.67). The dominance rank across dyads 

was confirmed with the warm spot test (21,22) (Figure S5). Basal corticosterone levels were 

similar between groups (Figure 4g; U = 41.50, p = 0.22).  

Discussion 

Stress and glucocorticoids have been shown to be important modulators for the long-term 

establishment of social hierarchies -specifically, for social subordination- in rodents 

(10,14,15). However, these studies have not addressed whether stress or glucocorticoids 

modulate social dominance via the GR or the MR, nor where in the brain these effects occur. 

In this study, we detected decreased gene expression of GR, but not MR, in the NAc of high 

anxious animals that are more prone to lose a social competition and become subordinate. 

Thus, we investigated the role of GR for social dominance. We observed that knocking down 

GR in the NAc led to decreased anxiety and made rats more prone to win the contests in the 

tube test. Furthermore, a similar result was found in another model in which GR is 

inactivated within dopaminoceptive neurons including the NAc. Indeed, GR
D1Cre 

mice 

exhibited more dominant behavior than wild-type mice in the tube test. Overall, our results 

highlight GR in the NAc and in dopaminoceptive neurons as an important regulator for social 

rank attainment.  
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Our observations are in line with previous studies reporting a prominent role of the NAc in 

the development and/or expression of social dominance in rodents (7,8,23–25). Recently, 

our laboratory has shown that the social competition for a new territory between outbred 

Wistar rats leads to NAc activation, and that transient pharmacological inhibition of the NAc 

with the GABAA agonist muscimol results in reduced social competence (8). Similarly, 

neuroimaging studies in humans found NAc activation under tasks involving manipulations 

of social status (26,27) or social competition (28). Moreover, the NAc has been described as 

a key player in the expression of motivated behavior (29,30), that has been associated with 

social dominance (31,32). However, we did not detect any differences in the time to push 

the opponent out of the tube between the genotypes during the winning trials in the tube 

test and the latency to go to drink in the water competition test (data not shown), we can 

exclude that a priori differences in motivation lead to the herein detected changes in social 

dominance. 

Dopamine is well-known for modulating appetitive and aversive motivational processes 

through binding to D1 or D2 receptors in the NAc (29,30,33). A dyadic competition engages 

D1-containing neurons in the NAc of rats (8), while antagonizing D1 receptors in this brain 

region abolishes the animals’ chances to become dominant (9). These data strongly support 

a key role of dopamine signaling, more specifically within the NAc in the establishment of 

social hierarchies. Interestingly, glucocorticoids can stimulate dopamine release in the NAc 

(34–36). Also, the inactivation of GR gene in the whole central nervous system has been 

shown to decrease dopamine neurons spontaneous firing within the ventral tegmental area 

(VTA) (16). The GR
D1Cre

 mice we used in our study have been also reported to exhibit a 

similar decrease of dopamine neurons firing potentially due to an altered feedback from the 

NAc to the VTA (16,37). In addition, while repeated social defeat is known to induce a long-
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term increase of dopaminergic activity, that effect is abolished in GR
D1Cre

 mice (11). It is of 

note that in this mouse model, D1-expressing but also a part of D2-expressing neurons are 

recombined, precluding us to point at one specific subpopulation’s role in the observed 

phenotype. However, the combination of our results in this model along with the ones 

obtained in the NAc GR knockdown experiment in rat strengthen the idea that GR within this 

brain region might modulate social hierarchy through an effect on the mesolimbic dopamine 

pathway activity.  

Another interesting observation in our study was that the knockdown of GR in the NAc not 

only promoted dominance, but also decreased anxiety levels in these animals compared to 

their respective controls. These findings are in line with the literature highlighting anxiety as 

a crucial factor for social competition and social status in both rodents (8,9,38) and humans 

(39,40). The fact that we detected lower GR mRNA levels in submissive-prone rats compared 

to dominant-prone rats, but GR downregulation in the NAc led to reduced anxiety and 

higher social rank, might appear conflicting at a first glance. However, these results suggest 

that the impact on social dominance is dependent on glucocorticoid signaling rather than on 

GR expression itself. For instance, the reduced GR expression in the NAc of high anxious, 

subP rats might be the natural consequence of higher glucocorticoid input through the GR. 

In agreement with this possibility, we detected greater levels of corticosterone in high 

anxious, subP rats than in low anxious, domP animals. Interestingly, corticosterone levels 

were similar between GR-KD and SCR rats and between control and GR
D1Cre

 mice. One 

explanation would be that modulating GR expression in the NAc either since birth or at 

adulthood might impact the hormonal release.  

In conclusion, we highlight GR in the NAc and dopaminoceptive neurons as an important 

player in the establishment of social rank in rodents. These findings add further evidence to 
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the existing literature and provide novel insights into the factors important in the 

modulation of social dominance.  
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Figure legends 

Figure 1. Characterization of dominant and submissive-prone rats in behavior and gene 

expression. Example of rats illustrating the three dominant postures considered in the social 

hierarchy test: offensive upright, keeping down and lateral threat (a). High anxious (HA) rats 

exhibited lower percentage of total offensive behavior, offensive upright, keeping down and 

lateral threat in a social hierarchy test than low anxious (LA) animals (b). GR expression 

analysis in the nucleus accumbens (NAc) revealed lower expression levels in submissive-

prone (subP) rats in comparison to dominant-prone (domP) animals (c). The mRNA levels of 

MR were similar between groups. N: LA/domP rats = 97 (b) or 4-5 (c, d) and LA/subP rats = 

97 (b) or 4-5 (c-d). *p < 0.05, vs domP. Results are expressed as mean ± SEM. 

Figure 2. GR knockdown in the nucleus accumbens reduces anxiety-like behavior in the 

open field and novel object reactivity test. Experimental design (a). GR-KD rats spent more 

time in the center (b) of the open field (OF) and reduced time in the wall zone (c) compared 

to SCR animals. The distance traveled was higher in GR-KD rats (d). Similarly, GR-KD rats 

spent more time in the center when a novel object was presented (NOR) (e) and less time in 

the wall zone (f) than SCR animals. The distance moved tended to be higher in GR-KD rats 

when the object was present (g). Furthermore, GR-KD animals spent more time sniffing the 

object than SCR rats (h). N: SCR = 12; GR-KD = 14-15. *p < 0.05, **p < 0.01, §p < 0.1, vs SCR. 

Results are expressed as mean ± SEM. 

Figure 3. GR knockdown in the NAc enhances social rank attainment in a dyadic hierarchy 

in rats. Following dyadic cohabitation of a GR-KD and a SCR-infused rats for two weeks, each 

dyad of rats was tested for dominance using the social confrontation tube test (a). Example 

of one cage representing the rank and winning trials as function of tube test trials (b). 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/668897doi: bioRxiv preprint 

https://doi.org/10.1101/668897


20 

 

Summary for twelve cages over the 5-day test trials (c). GR-KD rats had a higher number of 

winning trials than SCR animals (d). The latency to push the opponent out of the tube was 

similar between groups (e). Basal corticosterone measurement at sacrifice was not 

significantly different between groups (f) N: SCR = 12, GR-KD = 12. *p < 0.05, vs SCR. Results 

are expressed as mean ± SEM. 

Figure 4. Impact of GR gene inactivation in dopaminoceptive neurons on social rank 

attainment in a dyadic hierarchy. Experimental design (a). Following cohabitation of a dyad 

consisting of a control and a GR
D1Cre

 mouse for one week, each dyad of mice was tested for 

dominance using the social confrontation tube test (b). Example of one cage representing 

the rank and winning trials as function of tube test trials (c). Summary for 23 cages over the 

3-day test trials (d). GR
D1Cre

 mice had a higher number of winning trials than control animals 

(e). The latency to push the opponent out of the tube however did not differ (f). Finally, 

basal corticosterone levels measured at sacrifice were similar between groups (g). N: Control 

= 23 (e) or 11 (f, g), GRD1Cre = 23 (e) or 11 (f, g). ***p < 0.001, vs control. Results are 

expressed as mean ± SEM. 
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