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Long-lasting pseudo-social aggressive behavior in opiate-withdrawn mice

Keywords: Morphine, Opiate withdrawal, Social approach, Aggressive behavior, Mice

Poor sociability and aggressive behavior are major clinical features of opiate use disorders that may contribute to the establishment and maintenance of these harmful diseases. The present study investigated the long-term effects of chronic morphine administration and withdrawal upon social and aggressive behavior as well as the interrelationship between these two behaviors. Thus, social behavior was measured in C57BL/6J male mice 7, 21, 35 and 49 days after cessation of escalating morphine doses (20-100 mg/kg, i.p.) administered during 6 consecutive days, using the three-chamber task for sociability (i.e., preference for an unfamiliar conspecific vs. an object) and social novelty preference (i.e., preference for a novel vs. a familiar conspecific). Moreover, aggressive biting behavior towards an unfamiliar conspecific was assessed throughout the three-chamber tests. Opiate withdrawal increased both social approach and aggressive biting behavior. Moreover, in morphine-withdrawn, but not in control, mice social approach and aggressive behavior followed a similar time-course and positively correlated one with each other, suggesting that social interest was mainly driven by aggressiveness. Aggressive biting behavior was still elevated 49 days after the last morphine administration, revealing that opiate withdrawal is followed by long-lasting aggressiveness. Throughout, opiate withdrawal did not affect social novelty preference, ruling out a role for olfactory or social discrimination dysfunction in the elevated social approach and aggressive behavior. The present findings of very long-lasting aggressive behavior and aggression-driven social approach in opiate-withdrawn mice might help understanding the behavioral and brain underpinnings of poor sociability and aggressiveness commonly observed in opiate use disorders patients.

Introduction

Opiate use disorders are chronic relapsing diseases with a major health and socioeconomic impact. Worldwide, prevalence rate of opiate use disorders is about 0.23% of the general population [START_REF] Peacock | Global statistics on alcohol, tobacco and illicit drug use: 2017 status report[END_REF]. Notably, opiates account for about 76% of deaths related to substance use disorders, further emphasizing their harmful nature (UNODC, 2018).

Studies also show an alarming rise in the recreational use of prescription analgesic opiates (i.e., morphine, fentanyl, oxycodone) among adolescents, indicating that the incidence rate of opiate use disorders may dramatically increase in the next years (EMCDDA, 2018). Opiate use disorders are characterized by somatic malaise, negative affective-like and altered motivational states, poor social behavior and stress vulnerability [START_REF] Apa | Diagnostic and statistical manual of mental disorders, 5th edition (DSM-V)[END_REF][START_REF] Kalivas | The neural basis of addiction: a pathology of motivation and choice[END_REF][START_REF] Koob | A role for brain stress systems in addiction[END_REF][START_REF] Sinha | How does stress increase risk of drug abuse and relapse?[END_REF]. Currently, opiate use disorders are treated mainly by substitutive opioid receptor agonists, such as methadone and buprenorphine, which, however, also induce dependence [START_REF] Nutt | Addiction: the clinical interface[END_REF]. Thus, novel treatments for opiate use disorders are urgently needed but their development heavily relies on a better understanding of these diseases.

Sociability deficits and social isolation might strongly contribute to the establishment and maintenance of opiate use disorders [START_REF] Apa | Diagnostic and statistical manual of mental disorders, 5th edition (DSM-V)[END_REF][START_REF] Babor | Behavioral and social effects of heroin self-administration and withdrawal[END_REF][START_REF] Volkow | Addiction: pulling at the neural threads of social behaviors[END_REF][START_REF] Young | The role of mesocorticolimbic dopamine in regulating interactions between drugs of abuse and social behavior[END_REF]. However, to date relatively few preclinical studies have assessed the impact of chronic opiate exposure and withdrawal upon social behavior. For instance, mice tested in the three-chamber task for social behavior 6-7 days after morphine withdrawal spent similar time investigating an unfamiliar conspecific and an empty wire cage [START_REF] Moy | Sociability and preference for social novelty in five inbred strains: an approach to assess autistic-like behavior in mice[END_REF], indicating impaired sociability [START_REF] Zanos | Emotional Impairment and Persistent Upregulation of mGlu5 Receptor following Morphine Abstinence: Implications of an mGlu5-MOPr Interaction[END_REF][START_REF] Zanos | The oxytocin analogue carbetocin prevents emotional impairment and stress-induced reinstatement of opioid-seeking in morphine-abstinent mice[END_REF]. Evidence also indicates increased aggressiveness, anger and outward-directed hostility in active substance users or substance-abstinent opiate-dependent patients [START_REF] Gerra | Aggressive responding in abstinent heroin addicts: neuroendocrine and personality correlates[END_REF][START_REF] Hoaken | Drugs of abuse and the elicitation of human aggressive behavior[END_REF][START_REF] Powell | Anger, depression, and anxiety following heroin withdrawal[END_REF]. Moreover, heroin users are fourteen times more likely than the general population to commit suicide, which may be considered a form of aggressive behavior [START_REF] Darke | Suicide among heroin users: rates, risk factors and methods[END_REF][START_REF] Tremeau | Suicidality in opioid-dependent subjects[END_REF]. Notably, neither buprenorphine nor methadone decreased outward-directed aggressiveness of heroindependent individuals, further outlining the poor outcome of current therapy [START_REF] Gerra | Aggressive responding of male heroin addicts under methadone treatment: psychometric and neuroendocrine correlates[END_REF][START_REF] Gerra | Experimentally induced aggressiveness in heroin-dependent patients treated with buprenorphine: comparison of patients receiving methadone and healthy subjects[END_REF].

Studies also show increased aggressive behavior in animals chronically treated with and withdrawn from opiate substances. Indeed, 48 hours after the removal of a subcutaneous morphine pellet, male resident mice displayed more sideways threat postures and biting attacks than male resident drug-naïve control mice, as assessed in a resident-intruder paradigm [START_REF] Kantak | Aggression during morphine withdrawal: effects of method of withdrawal, fighting experience, and social role[END_REF][START_REF] Tidey | Heightened aggressive behavior during morphine withdrawal: effects of d-amphetamine[END_REF]. Likewise, 2-15 days after the cessation of repeated morphine administrations, opiate-withdrawn mice displayed higher levels of attacks and threats than control mice [START_REF] Felip | Naloxoneinduced opiate withdrawal produces long-lasting and context-independent changes in aggressive and social behaviors of postdependent male mice[END_REF][START_REF] Rodriguez-Arias | Effects of SCH 23390, raclopride, and haloperidol on morphine withdrawal-induced aggression in male mice[END_REF]. Opiate-induced sociability deficits might be related to aggressive behavior. However, to date the long-term effects of chronic opiate administration and withdrawal upon the expression of social behavior and aggressiveness remain largely unknown. Moreover, very little is still known about the interrelationship between outward-directed hostility and social approach.

Thus, in the present study mice were treated with escalating doses of morphine and repeatedly tested in the three-chamber task for social behavior throughout a relatively long period after substance discontinuation. The three-chamber task was used because it may provide sociability (i.e., preference for an unfamiliar conspecific vs. an object) and social novelty preference (i.e., preference for a novel vs. a familiar conspecific) measures, independently of emotional-like or ambulatory behavior [START_REF] Moy | Disruption of social approach by MK-801, amphetamine, and fluoxetine in adolescent C57BL/6J mice[END_REF]Silverman et al., 2010a). Moreover, to understand the impact of aggressiveness upon social interest, throughout the three-chamber tests mice were carefully examined for aggressive biting behavior, the main expression of aggressiveness in mice. Furthermore, to assess the effect of repeated testing upon social and aggressive behavior, another cohort of mice was treated with morphine and tested only once in the three-chamber task relatively long-time after the cessation of substance administration.

Material and Methods

Animals

C57BL/6J male mice were purchased from Janvier Labs (53940 Le Genest-Saint-Isle, France). The colony room (22±2 °C, relative humidity: 50-60%) was maintained on a 12 h light/dark cycle (lights on at 08:00). Overall, 57 mice were used in this study; 28 were treated with saline and 29 with morphine. Mice were housed in groups of 4 per cage in transparent polycarbonate cages (29.5 x 11.5 x 13 cm; L x W x H) containing bedding and a cotton nestlet (SAFE, Augy, France). They had ad libitum access to standard laboratory food (3.3 kcal/g; SAFE, Augy, France) and fresh water. The mice were 4 week-old upon arrival and 10-16 week-old at the beginning of the experiment, with a body weight of 22-30 g (25±0.2 g; mean±S.E.M.). Mice were daily monitored for the presence of adverse effects of the experimental treatment and veterinary advice sought if they displayed signs of distress. All studies were conducted in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC), as updated in 2010 (Directive 2010/63/EU) and were approved by the local Animal Care and Use Committee. All efforts were made to minimize animal suffering and to reduce the number of animals used. The present study also complied with the ARRIVE Guidelines [START_REF] Kilkenny | Animal research: reporting in vivo experiments: the ARRIVE guidelines[END_REF].

Three-chamber apparatus and paradigm

The three-chamber apparatus was a rectangular box (60 x 40 x 20 cm, L x W x H) divided in three equal chambers and made of dark polypropylene. Dividing transparent Plexiglas walls had small square doors (8 cm) that could be manually opened and closed. The central chamber was empty and each side chamber contained a round wire cage (12 cm diameter, 14 cm high with bars spaced 1 cm apart) in which an object (a plastic bottle cap) or a mouse could be placed. The three-chamber test was conducted during the light phase of the 12 h light/dark cycle in a quiet room dimly illuminated (10 lux). It allowed the study of sociability (i.e., preference for an unfamiliar conspecific vs. an object) and social novelty preference (i.e., preference for a novel vs. a familiar conspecific) (Silverman et al., 2010a), as illustrated in Figure 1A. During the pre-habituation phase, the tested mouse was confined to the central chamber for 5 min. Then, the doors were opened and he could freely explore the 3 chambers and the empty wire cages for 10 min (habituation phase). During the subsequent 10 min, the subject mouse could explore the entire apparatus with one wire cage containing an unfamiliar mouse and the other an object (sociability phase). Then, a novel mouse was placed in the wire cage that previously contained the object and during 10 min the tested mouse could choose between the already investigated (familiar) and the novel mouse (social novelty preference phase). The unfamiliar mice were substance-naïve male C57BL/6J mice, age-matched with the tested mice. During the 3 days preceding the first three-chamber test, the unfamiliar mice were handled for 1 min per day. Moreover, they were habituated to the wire cages for 10 min per day, with this habituation taking place in the three-chamber apparatus on the 2 nd and 3 rd day. During the three-chamber test, the position (left or right side chamber) of the unfamiliar mouse was counterbalanced within each experimental group. Between each tested mouse, the apparatus was cleaned with water and the wire cages with 70% ethanol and water. The experiments were recorded on a video-system and the results obtained by a homemade videotracking system. In particular, to assess sociability or social novelty preference, only the time spent by the tested mouse exploring the half portion of the side chambers (20 x 20 cm, L x W) containing the wire cages (12 cm diameter), i.e., in close proximity (4-7 cm) to the wire cage, was taken into consideration (Figure 1A). This provided a more reliable measure of social investigation, as compared to time spent in the whole side chamber of the apparatus (Figure 1A). Prior work carried out in our laboratory and aimed at validating our homemade videotracking system reliably demonstrated that time spent in the half-chamber containing the wire cage with the unfamiliar mouse reliably and positively correlated with time spent sniffing or in physical contact with the unfamiliar mouse (Piccin and Contarino, unpublished observations). Thereby, to monitor social behavior we decided to use the "time spent in the half-chamber" measure since, unlike other social interaction measures (sniffing, heterogrooming, physical contact), it can be obtained by a video-track system and thus provide objective, reliable and reproducible results completely independent from the experimenter. Moreover, to control for sedation or hyperactivity [START_REF] Moy | Disruption of social approach by MK-801, amphetamine, and fluoxetine in adolescent C57BL/6J mice[END_REF], the total distance (m) travelled throughout the whole apparatus during the habituation, the sociability and the social novelty preference phase was examined. Distance travelled during the three-chamber test was also obtained by our homemade video-tracking system and extensively validated by preliminary work (Piccin & Contarino, unpublished observations). Finally, to control for the ability to detect and discern social stimuli without loading on cognitive function, no inter-trial interval was applied between the sociability and the social novelty preference phase [START_REF] Millan | Towards improved animal models for evaluating social cognition and its disruption in schizophrenia: the CNTRICS initiative[END_REF]Silverman et al., 2010a).

Experimental design

Prior to the beginning of drug administration, each animal was handled for 1 min per day during 3 consecutive days. Mice received physiological saline (10 ml/kg, i.p.) or morphine hydrochloride (Francopia, Gentilly, France) every 12 h (08:00 -20:00), as follows: day 1: 20 mg/kg, day 2: 40 mg/kg, day 3: 60 mg/kg, day 4: 80 mg/kg, day 5: 100 mg/kg, day 6: 100 mg/kg, only one injection in the morning. Mice were weighed immediately before each injection. The latter morphine treatment was chosen because it produced negative affectivelike states, cognitive deficits and increased motivation for food [START_REF] Contarino | The corticotropin-releasing factor receptor-1 pathway mediates the negative affective states of opiate withdrawal[END_REF][START_REF] Morisot | The CRF1 and the CRF2 receptor mediate recognition memory deficits and vulnerability induced by opiate withdrawal[END_REF]Rouibi andContarino, 2012, 2013). Mice were repeatedly tested in the three-chamber task 7, 21, 35 and 49 days after the last saline or morphine administration, as depicted in Figure 1B. Thus, retesting of the same mice did not require the use of several cohorts of animals, highlighting ethical advantages over prior work. To understand the impact of outward-directed aggression upon social approach, expression of aggressive biting behavior was also assessed in the same mice repeatedly tested in the threechamber paradigm by an observer blind to the experimental group. Since group differences were observed only during the sociability phase of the three-chamber tests, aggressive biting behavior was examined only during this test phase. In particular, bites were divided into three categories: 1) direct bites (i.e., directed to reachable body parts of the unfamiliar conspecific, such as the tail, the snout or the belly); 2) focused bites to the wire cage containing the unfamiliar conspecific (i.e., biting the bars, the basement or the roof of the cage in the attempt to reach the animal); (3) unfocused bites to the rest of the apparatus. Moreover, latency to bite was measured as the time elapsing between the beginning of the sociability phase and the first direct bite. Notably, the latter investigation allowed carrying out within-subject correlation analyses between aggressive biting behavior and social interest during the three-chamber tests. To assess the effect of repeated three-chamber testing upon social and aggressive behavior, another cohort of mice was treated with saline or morphine, as above. Then, 49 days after the last administration mice were tested only once in the three-chamber task (Figure 1C).

Finally, to control for body weight recovery, mice were weighed immediately after the threechamber tests carried out on opiate withdrawal (OW) day 7 or 49.

Statistical analysis

Each mouse was assigned a unique identification number that was used to conduct blind testing and data analysis. A 3-way analysis of variance (ANOVA) with treatment (saline vs. morphine) as a between subjects factor and phase (habituation vs. sociability or sociability vs. social novelty preference) and side (mouse vs. object or familiar vs. novel mouse) as within-subject factors was used to examine sociability or social novelty preference during each opiate withdrawal day. Locomotor activity (distance travelled, m) was examined by a 2-way ANOVA with treatment (saline vs. morphine) as a between subjects factor and phase (habituation vs. sociability vs. social novelty preference) as a within-subject factor. Body weights recorded just prior to the last administration (OW day 0), on OW day 7 or 49 were analyzed by the Student unpaired t-test. The Student unpaired t-test was also used to analyze the number of bites and the latency to bite displayed by saline-and morphine-withdrawn mice. Linear regression analyses were performed to examine the correlation between the time spent in the half-chamber containing the unfamiliar conspecific and the number of direct bites towards him during the sociability phase. A 1-way ANOVA was use to examine time spent in the half-chamber containing the unfamiliar conspecific by control or opiate-withdrawn mice showing lower (non-aggressive) or higher (aggressive) bites than the median bite value of the whole opiate withdrawal group. Throughout, the accepted value for significance was P<0.05. Following significant interaction effects, the Newman-Keuls post-hoc test was used for individual group comparisons. Statistical analyses were performed using the Statistica software (Version 10). Data graphs were created using GraphPad Prism.

Results

Opiate withdrawal increases social approach towards an unfamiliar conspecific

As previously reported [START_REF] Ingallinesi | CRF2 receptordeficiency eliminates opiate withdrawal distress without impairing stress coping[END_REF][START_REF] Papaleo | Gender-and morphine dose-linked expression of spontaneous somatic opiate withdrawal in mice[END_REF][START_REF] Rouibi | Increased motivation to eat in opiate-withdrawn mice[END_REF], the intermittent administration of escalating doses of morphine induced a reliable body weight loss. Indeed, just prior to the last administration (OW day 0), body weights were 24.2±0.3 g or 21.2±0.3 g (mean±S.E.M.; P<0.0001) for saline-or morphinetreated animals, respectively. However, on OW day 7 saline-and morphine-withdrawn mice showed similar body weights (saline: 24.3±0.3 g, morphine: 24±0.3 g; mean±S.E.M.; P=0.47), indicating body weight recovery. Analysis of sociability measured on OW day 7 revealed a phase X side interaction effect (P<0.0005), but no phase X side X treatment interaction effect (P=0.12; Table 1). Indeed, either saline-or morphine-withdrawn mice spent more time in the half-chamber containing the unfamiliar mouse, as compared to both the previous habituation phase (P<0.0005) or the opposite half-chamber containing the object (P<0.0005; Figure 2A), indicating no effect of opiate withdrawal upon social approach.

However, analysis of sociability measured on OW day 21 revealed a phase X side X treatment interaction effect (P<0.05; Table 1). Indeed, saline-withdrawn mice spent similar time in the half-chamber containing the unfamiliar mouse, as compared to both the previous habituation phase (P=0.19) or the opposite half-chamber containing the object (P=0.15; Figure 2B), indicating loss of sociability upon re-testing. In contrast, morphine-withdrawn mice spent more time in the half-chamber containing the unfamiliar mouse, as compared to both the previous habituation phase (P<0.05) or the opposite half-chamber containing the object (P<0.005; Figure 2B), indicating persistent social interest towards the unfamiliar conspecific.

Finally, no phase X side or phase X side X treatment interaction effects were observed on neither OW day 35 or 49 (Table 1), indicating loss of social approach also in opiatewithdrawn mice (Figure 3A andB).

Opiate withdrawal increases aggressive behavior

On OW day 7, saline-and morphine-withdrawn mice displayed similar levels of direct, focused or unfocused bites and latency to first direct bite (Table 2 andFigure 2C), indicating no effect of relatively early opiate withdrawal phases upon aggressive behavior. In contrast, on OW day 21 morphine-withdrawn mice showed more direct bites than saline-withdrawn mice (P<0.05; Table 2 andFigure 2D). However, the two groups did not differ in the number of focused or unfocused bites or in the latency to first direct bite (Table 2 andFigure 2D).

Interestingly, unlike saline-withdrawn mice, in morphine-withdrawn mice time spent in the half-chamber containing the unfamiliar conspecific positively correlated with the number of direct bites during the sociability tests carried out on OW day 7 (r=0.75, P<0.005; Figure 2E) and 21 (r=0.88, P<0.0005; Figure 2G), suggesting the presence of aggressiveness already during relatively early (7 days) phases of opiate withdrawal. Moreover, when divided into two groups based on the median value of direct bites, either on OW day 7 or 21 opiate-withdrawn mice showing high levels of direct bites i.e., the aggressive subgroup, spent more time in the half-chamber of the apparatus containing the unfamiliar conspecific, as compared to salinewithdrawn mice or morphine-withdrawn mice with low levels of direct bites, i.e., the nonaggressive subgroup (P<0.05; Figure 2F and2H). In contrast, the non-aggressive subgroup did not differ from saline-withdrawn mice (P=0.16; Figure 2F and2H). The latter results suggest that the increased interest for the unfamiliar conspecific displayed by opiatewithdrawn mice is mainly driven by aggressiveness. Finally, on OW day 35 and 49 salineand morphine-withdrawn mice did not differ in the number of direct, focused or unfocused bites or in the latency to first direct bite (Table 2; Figure 3C and3D), indicating that opiate withdrawal-induced aggressive behavior had largely subsided. 13

Opiate withdrawal does not affect social novelty preference

Throughout the repeated three-chamber tests, analysis of social novelty preference revealed a phase X side interaction effect (OW day 7 and 21: P<0.0005; OW day 35: P<0.005; OW day 49: P<0.05) but no phase X side X treatment interaction effect (Supplementary Table 1).

Indeed, during the social novelty preference phase either saline-or morphine-withdrawn mice spent more time in the half-chamber containing the novel mouse, as compared to the opposite half-chamber containing the familiar mouse (OW day 7: P<0.005; OW day 21, 35 and 49: P<0.05; Supplementary Figure 1A, B, C andD). Moreover, only on OW day 7 and 21, during the social novelty preference phase either saline-or morphine-withdrawn mice spent more time in the half-chamber containing the novel mouse, as compared to the previous sociability phase (P<0.005; Supplementary Figure 1A andB). Likewise sociability, the latter results indicate that repeated three-chamber testing progressively reduces also the expression of social novelty preference. Finally, opiate withdrawal did not affect locomotor activity (Supplementary Table 2). Indeed, throughout the repeated three-chamber tests saline-and morphine-withdrawn mice travelled similar distances during the habituation, sociability and social novelty preference phases (Supplementary Figure 2A, B, C andD). The latter results rule out a role for sedation/hyperactivity in opiate withdrawal-induced social approach and aggressive behavior.

Persistence of aggressive behavior in long-term opiate-withdrawn mice

To investigate whether long-term opiate withdrawal affected social and aggressive behavior without the confounding factor of repeated three-chamber testing, another cohort of mice was treated with saline or morphine and tested in the three-chamber task only once, 49 days after the last administration. Immediately after the three-chamber test, saline-and morphine-withdrawn mice displayed similar body weights (saline: 28.5±0.6 g; morphine: 28.1±0.6 g; mean±S.E.M.; P=0.67), indicating body weight recovery. Analysis of sociability revealed a phase X side interaction effect (P<0.0005) but no phase X side X treatment interaction effect (P=0.90; Table 1). Indeed, during the sociability phase either saline-or morphine-withdrawn mice spent more time in the half-chamber containing the unfamiliar mouse, as compared to both the previous habituation phase (P<0.0005) or the opposite half-chamber containing the object (P<0.0005; Figure 4A), indicating no effect of opiate withdrawal upon social approach.

However, when tested only once on OW day 49, morphine-withdrawn mice displayed more direct bites and a shorter latency to first direct bite than saline-withdrawn mice (P<0.05; Table 2 and Figure 4B), indicating increased aggressive biting behavior following long-term opiate withdrawal. However, opiate withdrawal did not affect focused or unfocused biting (Table 2 and Figure 4B). Similarly to OW day 7 and 21, during the sociability phase in morphinewithdrawn mice time spent in the half-chamber containing the unfamiliar conspecific positively correlated with the number of direct bites (r=0.79, P<0.0005; Figure 4C). In contrast, no such a correlation was observed in saline-withdrawn mice (r=0.10, P=0.42; Figure 4C). Moreover, similarly to OW day 7 and 21, when divided into two groups based on the median value of direct bites, opiate-withdrawn mice showing high levels of direct bites spent more time in the half-chamber of the apparatus containing the unfamiliar conspecific than morphine-withdrawn mice with low levels of direct bites (P<0.05; Figure 4D). The latter results further suggest that aggressive behavior contributes to the increased interest for the unfamiliar conspecific displayed by long-term (49 days) opiate-withdrawn mice.

Analysis of social novelty preference revealed a phase X side interaction effect (P<0.0005) but no phase X side X treatment interaction effect (P=0.92; Supplementary Table 1). Indeed, either saline-or morphine-withdrawn mice spent more time in the half-chamber containing the novel mouse, as compared to both the previous sociability phase (P<0.0005) or the

Discussion

The present study demonstrates that opiate-withdrawn, but not control, mice display social interest towards an unfamiliar conspecific when repeatedly tested in the three-chamber task for social behavior. During the three-chamber tests, opiate-withdrawn mice also display increased aggressive behavior towards the unfamiliar conspecific, as compared to control mice. Interestingly, in morphine-withdrawn, but not in saline-withdrawn, mice social approach positively correlates with aggressive behavior, suggesting a major role for aggressiveness in the increased interest for the unfamiliar conspecific. Upon three-chamber retesting, either saline-or morphine-withdrawn mice display no more social or aggressive behavior. However, a single three-chamber test carried out relatively long time after opiate discontinuation reveals sociability and social novelty preference in either saline-or opiatewithdrawn mice. Moreover, opiate-withdrawn mice display more aggressive behavior than control mice, showing that opiate discontinuation is followed by long-lasting aggressiveness.

Throughout, saline-and morphine-withdrawn mice show similar social novelty preference, indicating that opiate withdrawal does not affect either olfactory function or the ability to detect and discern social stimuli.

During the first three-chamber test carried out on OW day 7, saline-and morphinewithdrawn mice displayed similar levels of sociability and social novelty preference. The latter results are in contrast with a previous study reporting reduced sociability and social novelty preference in mice tested in the three-chamber task 6-7 days after repeated morphine administrations [START_REF] Zanos | Emotional Impairment and Persistent Upregulation of mGlu5 Receptor following Morphine Abstinence: Implications of an mGlu5-MOPr Interaction[END_REF][START_REF] Zanos | The oxytocin analogue carbetocin prevents emotional impairment and stress-induced reinstatement of opioid-seeking in morphine-abstinent mice[END_REF]. Differences in experimental conditions might underlie the discrepancy between the latter and the present study. Indeed, whereas in the previous studies mice received a cumulative amount of morphine of 920 mg/kg over 7 days [START_REF] Zanos | Emotional Impairment and Persistent Upregulation of mGlu5 Receptor following Morphine Abstinence: Implications of an mGlu5-MOPr Interaction[END_REF][START_REF] Zanos | The oxytocin analogue carbetocin prevents emotional impairment and stress-induced reinstatement of opioid-seeking in morphine-abstinent mice[END_REF], herein mice received a cumulative amount of morphine of 700 mg/kg over 6 days. Moreover, in the previous studies mice were singly-housed whereas herein mice were group-housed. Nevertheless, using the same morphine regimen and three-chamber paradigm as those employed herein, 7 days after the cessation of morphine administration opiate-withdrawn and control singly-housed mice showed similar levels of sociability and social novelty preference, which were also comparable to grouphoused mice (Figure 2A and Supplementary Figure 1A vs. Supplementary Figure 3A andB). Thus, it is unlikely that the housing condition accounted for the discrepancy between the previous [START_REF] Zanos | Emotional Impairment and Persistent Upregulation of mGlu5 Receptor following Morphine Abstinence: Implications of an mGlu5-MOPr Interaction[END_REF][START_REF] Zanos | The oxytocin analogue carbetocin prevents emotional impairment and stress-induced reinstatement of opioid-seeking in morphine-abstinent mice[END_REF] and the present study.

During the second three-chamber test (i.e., first retest) carried out on OW day 21, unlike control mice, morphine-withdrawn mice spent more time with the unfamiliar conspecific than with the object, suggesting social interest. However, morphine-withdrawn mice also bit more the unfamiliar conspecific, as compared to control mice. Notably, in morphine-withdrawn, but not in control, mice aggressive behavior positively correlated with the time spent in the halfchamber containing the unfamiliar conspecific. Interestingly, the latter positive correlation was also observed during the three-chamber test carried out on OW day 7, suggesting increased aggressive behavior already during early phases of opiate withdrawal. To date, relatively few studies have examined the long-term effects of opiate withdrawal upon aggressive behavior. Indeed, most of prior work focused on the investigation of aggressive behavior during relatively early (5-96 h) phases of opiate withdrawal [START_REF] Kantak | Aggression during morphine withdrawal: effects of method of withdrawal, fighting experience, and social role[END_REF][START_REF] Rodriguez-Arias | Effects of SCH 23390, raclopride, and haloperidol on morphine withdrawal-induced aggression in male mice[END_REF][START_REF] Tidey | Heightened aggressive behavior during morphine withdrawal: effects of d-amphetamine[END_REF]. Moreover, mice were tested only once, thus failing to address the time-course and duration of aggressive behavior following opiate discontinuation. Using an original paradigm of repeated three-chamber tests, the present study provides initial evidence of aggressive behavior during relatively early (7 days) and late (21 days) phases of opiate withdrawal. Moreover, unlike prior work carried out using the resident/intruder task and exclusively dedicated to the study of aggressive behavior [START_REF] Kantak | Aggression during morphine withdrawal: effects of method of withdrawal, fighting experience, and social role[END_REF][START_REF] Tidey | Heightened aggressive behavior during morphine withdrawal: effects of d-amphetamine[END_REF], the present paradigm reveals a positive correlation between social approach and aggressive behavior in morphine-withdrawn mice, suggesting that interest for the unfamiliar conspecific is mainly driven by increased aggressiveness and not by harmless sociability. Accordingly, following a 14-day heroin selfadministration training, rats chose to self-administer heroin instead of rescuing a cagemate from confinement, indicating decreased prosocial behavior [START_REF] Tomek | Effects of heroin on rat prosocial behavior[END_REF]. Profound sociability deficits, social isolation, irritability and aggressive behavior are key clinical features of active substance users and substance-abstinent opiate-dependent patients [START_REF] Gerra | Aggressive responding in abstinent heroin addicts: neuroendocrine and personality correlates[END_REF][START_REF] Hoaken | Drugs of abuse and the elicitation of human aggressive behavior[END_REF]. Thus, the present findings of aggression-driven interest for a conspecific suggest that increased aggressiveness may contribute to the impoverishment of social behavior commonly observed in opiate-dependent patients.

Upon three-chamber retesting, neither sociability nor aggressive behavior was observed in saline-and morphine-withdrawn mice on OW day 35 and 49. Moreover, social novelty preference progressively decreased upon retesting, independently of opiate withdrawal.

Nevertheless, a single exposure to the three-chamber test 49 days after opiate withdrawal revealed similar levels of sociability and social novelty preference in control and opiatewithdrawn mice. The latter results indicate a repeated testing effect upon the expression of social behavior, which may be a major limitation to the use of the three-chamber task to repeatedly assess the outcome of substance administration and withdrawal within the same subject. On the other hand, the present observation of unaltered social behavior on OW day 7 and 49 is in contrast with prior studies reporting social interaction deficits in mice tested 28-56 days after the last administration of morphine or heroin [START_REF] Becker | Differential behavioral and molecular alterations upon protracted abstinence from cocaine versus morphine, nicotine, THC and alcohol[END_REF][START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[END_REF][START_REF] Lalanne | Kappa opioid receptor antagonism and chronic antidepressant treatment have beneficial activities on social interactions and grooming deficits during heroin abstinence[END_REF][START_REF] Lutz | Distinct mu, delta, and kappa opioid receptor mechanisms underlie low sociability and depressive-like behaviors during heroin abstinence[END_REF]. However, most of the latter studies assessed social behavior of opiate-withdrawn mice using an unfamiliar conspecific of same treatment condition, i.e., a mouse previously treated with and withdrawn from the same opiate regimen as the tested mouse. This makes it difficult to understand the impact of opiate treatment and withdrawal of the "object" mouse upon the social interest displayed by the tested mouse. Moreover, social behavior was assessed using the social interaction test, a behavioral paradigm developed and validated to evaluate anxiety-like states in rodents [START_REF] File | Can social interaction be used to measure anxiety?[END_REF]. Social approach in the social interaction test is very sensitive to changes in anxiety-like states, including those occurring during substance withdrawal. Indeed, ethanol-or diazepamwithdrawn rats displayed increased anxiety-like behavior in the social interaction and the elevated plus-maze tests for anxiety (File et al., 1991a;File et al., 1991b). Thus, it cannot be excluded that the decreased social interaction displayed by opiate-withdrawn mice in the studies mentioned above was due, at least in part, to increased anxiety-like states produced by substance withdrawal [START_REF] Becker | Differential behavioral and molecular alterations upon protracted abstinence from cocaine versus morphine, nicotine, THC and alcohol[END_REF][START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[END_REF][START_REF] Lalanne | Kappa opioid receptor antagonism and chronic antidepressant treatment have beneficial activities on social interactions and grooming deficits during heroin abstinence[END_REF][START_REF] Lutz | Distinct mu, delta, and kappa opioid receptor mechanisms underlie low sociability and depressive-like behaviors during heroin abstinence[END_REF]. Accordingly, opiate withdrawal increased anxiety-like behavior in mice, as assessed 7-37 days after the last morphine administration by several tests for anxiety [START_REF] Becker | Differential behavioral and molecular alterations upon protracted abstinence from cocaine versus morphine, nicotine, THC and alcohol[END_REF][START_REF] Ma | Wnt7a in Mouse Insular Cortex Contributes to Anxiety-like Behavior During Protracted Abstinence from Morphine[END_REF][START_REF] Morisot | CRF2 Receptor Deficiency Eliminates the Long-Lasting Vulnerability of Motivational States Induced by Opiate Withdrawal[END_REF][START_REF] Zanos | Emotional Impairment and Persistent Upregulation of mGlu5 Receptor following Morphine Abstinence: Implications of an mGlu5-MOPr Interaction[END_REF]. In contrast, the threechamber task for social behavior is thought to reliably measure sociability and social novelty preference, independently of emotional-like states [START_REF] Moy | Disruption of social approach by MK-801, amphetamine, and fluoxetine in adolescent C57BL/6J mice[END_REF]Silverman et al., 2010a).

For instance, BTBR and Nrcam null mutant mice (i.e., mouse models of autism spectrum disorders) exhibited sociability deficits in the three-chamber task, despite the unaltered anxiety-like behavior in the elevated plus-maze or the light-dark tests for anxiety [START_REF] Kazdoba | Evaluation of the neuroactive steroid ganaxolone on social and repetitive behaviors in the BTBR mouse model of autism[END_REF][START_REF] Moy | Impaired sociability and cognitive function in Nrcam-null mice[END_REF]Silverman et al., 2010b). Conversely, 12-14 days after cocaine withdrawal mice displayed unaltered sociability in the three-chamber task but increased anxiety-like behavior in the light-dark test, as compared to control mice [START_REF] Georgiou | Cocaine abstinence induces emotional impairment and brain region-specific upregulation of the oxytocin receptor binding[END_REF][START_REF] Morisot | Corticotropinreleasing factor receptor 2-deficiency eliminates social behaviour deficits and vulnerability induced by cocaine[END_REF]. Thus, behavior in the social interaction and the three-chamber paradigms might be differentially affected by emotional-like alterations induced by substance administration and withdrawal.
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The single three-chamber test carried out on OW day 49 revealed more aggressive biting behavior in opiate-withdrawn than in control mice, indicating that, likewise sociability and social novelty preference, repeated testing influenced also the expression of aggressive behavior. Notably, when dividing the morphine withdrawal group into two subgroups based on the median value of direct bites, mice showing higher aggressive behavior spent more time investigating the unfamiliar conspecific, as compared to mice showing lower aggressive behavior. The latter result, which was observed also on OW day 7 and 21, further suggests that aggressive behavior may function as a major drive to determine social approach in opiatewithdrawn mice. Thus, the present findings indicate that chronic opiate administration and withdrawal may result in remarkably long-lasting increases in aggressive behavior. Indeed, unlike prior work reporting apparent recovery of recognition memory, motivation and social behavior in non-stressed opiate-or cocaine-withdrawn mice 14-35 days after the last substance administration [START_REF] Morisot | The CRF1 and the CRF2 receptor mediate recognition memory deficits and vulnerability induced by opiate withdrawal[END_REF][START_REF] Morisot | CRF(2) receptor-deficiency reduces recognition memory deficits and vulnerability to stress induced by cocaine withdrawal[END_REF][START_REF] Morisot | Corticotropinreleasing factor receptor 2-deficiency eliminates social behaviour deficits and vulnerability induced by cocaine[END_REF][START_REF] Morisot | CRF2 Receptor Deficiency Eliminates the Long-Lasting Vulnerability of Motivational States Induced by Opiate Withdrawal[END_REF], herein opiate withdrawal-induced aggressive behavior was still present 49 days after the last morphine administration. Anger, outward-directed hostility and aggressiveness are commonly reported in active substance users or substance-abstinent opiate-dependent patients, even relatively long time after the cessation of substance intake [START_REF] Gerra | Aggressive responding in abstinent heroin addicts: neuroendocrine and personality correlates[END_REF][START_REF] Hoaken | Drugs of abuse and the elicitation of human aggressive behavior[END_REF][START_REF] Powell | Anger, depression, and anxiety following heroin withdrawal[END_REF]. This suggests a role for increased aggressiveness in the long-term disruption of social behavior observed in opiate use disorders patients.

Throughout, saline-and morphine-withdrawn mice showed similar levels of social novelty preference, ruling out a role for olfactory or social discrimination dysfunction in the opiate withdrawal-induced interest and aggressive biting behavior towards the unfamiliar conspecific. Moreover, saline-and morphine-withdrawn mice showed similar levels of locomotor activity, ruling out a role for ambulatory effects of opiate withdrawal upon social approach or aggressive behavior. Accordingly, studies indicate that social behavior measures obtained with the three-chamber task are independent of locomotor activity. For instance, ethanol withdrawal decreased locomotor activity and exploration of a three-chamber apparatus in rats, without impairing sociability [START_REF] Moy | Disruption of social approach by MK-801, amphetamine, and fluoxetine in adolescent C57BL/6J mice[END_REF]. Conversely, 7 days after cocaine withdrawal mice displayed sociability deficits but no change in the number of entries into the two side compartments of a three-chamber apparatus, as compared to control mice [START_REF] Morisot | Corticotropinreleasing factor receptor 2-deficiency eliminates social behaviour deficits and vulnerability induced by cocaine[END_REF].

Conclusions

In summary, the present results demonstrate that opiate withdrawal increases social approach and aggressive behavior towards an unfamiliar conspecific. Following morphine discontinuation, social approach and aggressive behavior display a similar time-course and positively correlate one with each other, suggesting that opiate withdrawal-induced social interest is mainly driven by increased aggressiveness and not by harmless sociability.

Moreover, the present data provide initial evidence of remarkably long-lasting effects of chronic opiate administration and withdrawal upon aggressive behavior, further highlighting the dramatic impact of opiate substances upon positive social interaction. The present findings might help understanding the behavioral signs and neural substrates of social breakdown and aggressiveness often encountered in opiate-dependent patients. 
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opposite half-chamber containing the familiar mouse (P<0.0005; Supplementary Figure 1E).

Interestingly, sociability and social novelty preference of mice tested for the first time on OW day 49 were similar to those observed in mice tested for the first time on OW day 7. This indicates that repeated three-chamber testing affects the expression of social investigation in mice. Finally, analysis of locomotor activity revealed a treatment effect (P<0.05; Supplementary Table 2) but no treatment X phase interaction effect (P=0.51; Supplementary Table 2). Indeed, overall opiate-withdrawn mice travelled less distance than saline-withdrawn mice (P<0.05), independently of the three-chamber test phase (Supplementary Figure 2E).
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