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Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine
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Background-Opiate abuse is a chronic relapsing disorder and maintaining prolonged abstinence remains a major challenge. Protracted abstinence is characterized by lowered mood and clinical studies show elevated co-morbidity between addiction and depressive disorders. At present, their relationship remains unclear and has been little studied in animal models. Here we investigated emotional alterations during protracted abstinence, in mice with a history of chronic morphine exposure.

Methods-C57BL6J mice were exposed to a chronic intermittent escalating morphine regimen (20-100mg/kg). Physical dependence (naloxone-precipitated withdrawal), despair-related (tail suspension test) and social behaviors were examined after 1 or 4 weeks of abstinence. Stress hormones and forebrain bioamine levels were analyzed at the end of morphine regimen and after 4 weeks abstinence. Finally, we examined the effects of chronic fluoxetine during abstinence on morphine-induced behavioral deficits.

Results-Acute naloxone-induced withdrawal was clearly measurable after 1 week, and became undetectable after 4 weeks. In contrast, social and despair-related were unchanged after 1 week, but low sociability and despair-like behavior became significant after 4 weeks. Chronic morphine regimen increased both corticosterone levels and forebrain serotonin turnover, but only serotonergic activity in the dorsal raphe remained impaired after 4 weeks. Remarkably, chronic fluoxetine prevented depressive-like behavioral deficits in 4-week abstinent mice.

Conclusions-During protracted abstinence, the immediate consequences of morphine exposure attenuate while fluoxetine-sensitive emotional alterations strengthen with time. Our study establishes a direct link between morphine abstinence and depressive-like symptoms, and strongly suggests that serotonin dysfunction represents a main mechanism contributing to mood disorders in opiate abstinence.

Potential mechanisms underlying the negative emotional aspects of opiate dependence and acute withdrawal involve stress systems and aminergic neurotransmission [START_REF] Koob | Stress, dysregulation of drug reward pathways, and the transition to drug dependence[END_REF][START_REF] Koob | A role for brain stress systems in addiction[END_REF][START_REF] Maldonado | Participation of noradrenergic pathways in the expression of opiate withdrawal: biochemical and pharmacological evidence[END_REF][START_REF] Tassin | Uncoupling between noradrenergic and serotonergic neurons as a molecular basis of stable changes in behavior induced by repeated drugs of abuse[END_REF]. In rats and mice ((28,29) respectively), acute systemic administration of morphine enhances serotonin (5-HT) concentration in the dorsal raphe nucleus (DR), where 5-HT neurons originate, and in several forebrain regions. Although 5-HT is not mandatory for morphine reinforcement [START_REF] Zhao | Central serotonergic neurons are differentially required for opioid analgesia but not for morphine tolerance or morphine reward[END_REF], or withdrawal [START_REF] Caille | Dorsal and median raphe serotonergic system lesion does not alter the opiate withdrawal syndrome[END_REF], electrical stimulation of the DR reduces morphine self-administration and withdrawal symptoms [START_REF] Alaei | Electrical stimulation of nucleus raphe dorsalis changes morphine self-administration and withdrawal symptoms in rats[END_REF]. In addition, acute [START_REF] Akaoka | Indirect serotonergic agonists attenuate neuronal opiate withdrawal[END_REF][START_REF] Wu | Serotonin reuptake inhibitors attenuate morphine withdrawal syndrome in neonatal rats passively exposed to morphine[END_REF] or subchronic serotonin reuptake inhibitors administration reduces physical [START_REF] Gray | The effect of fluvoxamine and sertraline on the opioid withdrawal syndrome: a combined in vivo cerebral microdialysis and behavioural study[END_REF][START_REF] Singh | Fluoxetine suppresses morphine tolerance and dependence: modulation of NO-cGMP/DA/serotoninergic pathways[END_REF] and negative motivational withdrawal symptoms [START_REF] Rafieian-Kopaei | Contrasting actions of acute or chronic paroxetine and fluvoxamine on morphine withdrawal-induced place conditioning[END_REF] following chronic morphine. Hence interactions exist between opioids, stress and 5-HT system in dependence and acute withdrawal processes. How these interactions evolve after protracted abstinence, and whether long-term neuroadaptations in those systems contribute to aberrant emotional-like behaviors associated to protracted abstinence, is unknown.

In this study, we used a classical mouse model of morphine dependence and examined longterm consequences of chronic exposure to the drug. We analyzed physical dependence to morphine, changes in social, anxiety and despair-related behaviors, as well as circulating stress hormones and biogenic amines levels in limbic structures in the course of withdrawal, and after a short (1 week) or prolonged period of abstinence (4 weeks). Our data show major modifications of emotional-like responses and serotonergic function in abstinent animals. Importantly, the development of behavioral alterations was prevented by fluoxetine treatment during the 4-week abstinence period, strongly supporting the notion that serotonergic mechanisms underlie the depressive-like features that characterize protracted abstinence from chronic morphine.

Methods and Materials

Animals

Eight-week-old male C57BL/6J mice (Charles Rivers Laboratories, St-Germain-surl'Arbresle, France) were habituated to housing conditions 2 weeks before testing. Animals were housed 4/cage and were maintained under standard laboratory conditions. All experimental procedures were performed according to standard ethical guidelines (European Community Guidelines on the Care and Use of Laboratory Animals 86/609/EEC).

Drugs

Morphine sulfate (Francopia, Gentilly, France) and Naloxone hydrogen chloride (RBI, Natick, USA) were prepared in saline (0.9% sodium chloride) and injected at a volume of 10 ml/kg. Fluoxetine hydrochloride (Sigma-Aldrich, Lyon, France) was supplemented in food pellets. See Supplemental Methods & Materials in Supplement 1.

General Procedure

Dependence-Twice daily escaladating doses of morphine [START_REF] Harris | Augmented accumbal serotonin levels decrease the preference for a morphine associated environment during withdrawal[END_REF][START_REF] Ouagazzal | Stimulation of nicotinic receptors in the lateral septal nucleus increases anxiety[END_REF][START_REF] Kakko | Mood and neuroendocrine response to a chemical stressor, metyrapone, in buprenorphine-maintained heroin dependence[END_REF]80, 100 mg/kg) or saline were administered intraperitoneally (i.p.) for 5 days, followed by a single 100 mg/kg injection on day 6. To confirm the induction of physical dependence, withdrawal was precipitated with naloxone (1 mg/kg) administered sub-cutaneously (s.c.) 2 h after the last morphine or saline injection (n=4/group). Somatic withdrawal signs (jumps, paw tremors, wet dog shakes, sniffings) were scored for 25 min [START_REF] Contet | Morphine-induced analgesic tolerance, locomotor sensitization and physical dependence do not require modification of mu opioid receptor, cdk5 and adenylate cyclase activity[END_REF][START_REF] Matthes | Loss of morphine-induced analgesia, reward effect and withdrawal symptoms in mice lacking the mu-opioid-receptor gene[END_REF].

Development of abstinence-Mice

were maintained drug-free after chronic treatment, and experienced spontaneous withdrawal in their home cages. One or 4 weeks following the last injection, emotional-like and social behaviors of abstinent mice (1 week, n=8; 4 weeks, n=8) and saline controls (1week, n=8; 4 weeks, n=8) were evaluated. To monitor physical dependence throughout the abstinence period, withdrawal was precipitated in a separate cohort of animals 2 h after a single morphine injection (50 mg/kg) in abstinent mice [START_REF] Ouagazzal | Stimulation of nicotinic receptors in the lateral septal nucleus increases anxiety[END_REF] (1 week, n=5; 4 weeks, n=5) or saline controls (1week, n=5; 4 weeks, n=5). We used a subeffective dose of naloxone [START_REF] Kest | Assessment of acute and chronic morphine dependence in male and female mice[END_REF] so that mice previously exposed to saline showed very few withdrawal signs.

Sensitivity to fluoxetine-Two independent sets of experiments were conducted with n=9-10 mice/group, and data were pooled (n=19-20). Fluoxetine was administered 4 weeks per os (0 or 10 mg/kg/24h, see Supplemental Methods & Materials in Supplement 1). Behavioral analysis was performed drug free. The 10 mg/kg dose was based on pilot studies (see Supplemental Methods & Materials and Figure S1 in Supplement 1).

Behavioral testing

Animals previously exposed to chronic morphine or saline (1 week or 4 weeks after treatment) underwent openfield, social interaction and tail suspension tests, in that order. The light-dark test was performed on a separate group of animals. See detailed procedures in Supplemental Methods & Materials in Supplement 1.

Biochemical analysis

Experiments were performed following chronic morphine treatment (2 h) or after 4 weeks of spontaneous withdrawal, on separate cohort of animals, which did not undergo behavioral testing (n=6/group). Adrenocorticotropic hormone and corticosterone plasma levels were measured using radioimmunoassays. Bioamine levels and their metabolites were measured in prefrontal cortex (PFC), hippocampus (HIPP), central amygdala (CeA) and DR using high performance liquid chromatography performed on microdissected brain samples (See Supplemental Methods and Materials in Supplement 1 for details). 5-HT turnover rate was determined as 5-HIAA/5-HT. For both hormonal and neurochemical assesments one mouse was excluded from the study as it presented abnormal values in all parameters in both assays (n=5-6/group).

Statistical analysis

All data are expressed as mean±sem. Statistical analysis was performed using one and twoway analysis of variance (ANOVA) with independent and repeated measures, or unpaired ttests in accordance with the experimental design. Between subjects two-way ANOVA was used to analyze the effect of morphine treatment and time in time-course experiments, or morphine and fluoxetine treatments. In case of significant main effect or interactions following ANOVA, multiple group comparisons were performed using Fischer's post-hoc analysis. Statistical significance was defined as p<0.05.

Results

Chronic morphine treatment induces physical dependence

The experimental design is shown on Figure 1A. A weight curve is shown for a group of 4week abstinent mice (n=14) that were used for behavior (n=8) or neurochemical assessment (n=6). Repeated ANOVA indicated that morphine treatment reduced body weight (F(1,26)=6.8; p<0.01) over time (interaction: F(14,308)=32.3; p<0.0001). This decrease was significant as of the second day of injections (post-hoc analysis, p<0.01) and persisted for 2 days after the last morphine injection on day 6 (post-hoc analysis, p<0.0001 from days 3 to 8). After 1 and 4 weeks of abstinence, morphine-treated mice recovered body weight similar to saline-treated mice (post-hoc analysis, p> 0.05 for both).

We verified that physical dependence had established following chronic morphine exposure (n=4/group) by measuring naloxone-precipitated withdrawal symptoms (Figure 1B). Two hours after the last morphine or saline injection on day 6, a single naloxone dose was administered. Morphine-treated mice showed significantly more withdrawal signs in response to naloxone, including jumps, paw tremors, sniffings and wet dog shakes (unpaired t-test, p<0.01 for all parameters).

Physical dependence decreases during protracted abstinence

We monitored the evolution of physical dependence during spontaneous withdrawal after drug cessation. Figure 1C shows somatic symptoms induced by naloxone following a single morphine reintiation [START_REF] Brase | Sensitization of mice to naloxone induced jumping after a single narcotic injection: effect of prior physical dependence[END_REF], in animals exposed to chronic saline or morphine and maintained abstinent for 1 or 4 weeks (n=5/group).

The number of wet dog shakes and sniffing behaviors were affected by morphine treatment only (ANOVA: F(1,16)=28.0; p<0.0001, F(1,16)=18.0; p<0.01, respectively). Post-hoc analysis showed that previous exposure to morphine increased the number of shakes (p<0.01) and sniffings (p<0.05) at both time points. Two-way ANOVA revealed a main effect of morphine treatment F(1,16)=16.1; p<0.0001 and time F(1,16)=26.0; p<0.0001, as well as a significant interaction between these factors (p<0.0001) on the number of jumps.

Morphine abstinent mice jumped significantly more than saline controls at the 1-week time point (p<0.0001), and this difference was no longer significant after 4 weeks of abstinence (p>0.05). The number of paw tremors were also affected by treatment (ANOVA: F(1,16)=18.3 p<0.01) and time (ANOVA: F(1,16)=5.6; p<0.05), and were more abundant in mice with a previous history of morphine after 1 (p<0.01) and 4 weeks (p<0.05) of abstinence. In addition, as for jumps, post-hoc analysis showed that 4-week abstinent mice exhibited significantly less paw tremors than 1-week abstinent mice (p<0.05). In conclusion, both jumping behavior and paw tremor parameters decrease with increasing abstinence duration, indicating that physical dependence attenuates as abstinence unfolds.

Corticosterone decreases during protracted abstinence

To investigate the impact of the morphine regimen on stress systems, as well as the influence of the 4-week abstinence period, we measured plasmatic ACTH and corticosterone concentrations 2 h after the last morphine injection or 4 weeks later (Figure 1D). Two-way ANOVA indicated that corticosterone concentration was affected by morphine treatment (F(1,19)=35.9 ; p<0.0001) as well as time (F(1,19)=40.2 ; p<0.0001) with a significant interaction between these factors (p<0.0001). Chronic morphine injections increased corticosterone concentrations compared to saline-treated group (p<0.0001), but this difference was no longer present in 4-week abstinent mice (p>0.05). For ACTH, two-way ANOVA detected a main effect of treatment (F(1,19)=5.6 ; p<0.05), and time (F(1,19)=4.3 ; p<0.05) but post hoc analysis failed to reach statistical significance at each separate time point (p>0.05). Altogether corticosterone levels, and to a lesser extent those of ACTH, indicate that activity of the hypothalamo-pituitary-adrenal (HPA) axis was increased after the chronic morphine treatment, but that this dysregulation was restored after 4 weeks (Figure 1D).

Depressive-like behaviors develop during protracted abstinence

Next we investigated emotional-like responses of morphine-or saline-exposed animals either 1 or 4 weeks after the chronic treatment.

First we assessed social interactions (Figure 2A). Two-way ANOVA showed that that the total social exploration time for pairs of same treatment was affected by morphine preexposure (F(1,14)=9.0; p<0.01) and by the duration of abstinence (F(1,14)=0.1; p<0.05), and a significant interaction was detected between these factors (p<0.05). Post hoc analysis revealed that morphine-treated pairs of mice interacted less than saline-treated pairs after the 4-week abstinence period (p<0.01). This group also interacted less than the 1-week morphine abstinent pairs (p<0.01).

Second we evaluated despair behavior in the TST (Figure 2B). Two-way ANOVA detected a main effect of treatment (F(1,28)=4.4; p<0.05 and time F(1,28)=16.4; p<0.01) on immobility time. Thus, morphine treatment significantly increased immobility at the 4-week time point only, compared to saline-treated counterparts (p<0.05) and to 1-week morphine abstinent mice (p<0.01). Altogether, social interactions were impaired and despair behavior was enhanced after pre-exposure to chronic morphine. Importantly these effects were strong only after a prolonged abstinence period.

Third we examined locomotor activity and anxiety-like behaviors in the open-field test. Total distance travelled in the arena was neither influenced by previous morphine treatment (F(1,28)=0.1; p>0.05), nor by the duration of abstinence (F(1,28)=0.8; p>0.05, Figure 2C) indicating that behavioral modifications are not secondary to changes in activity. The percentage of time spent in the center of the arena, did not differ between saline and morphine treated animals (F(1,28)=2.2; p>0.05 figure 2D). However, ANOVA detected a significant effect of abstinence time in both saline and morphine-exposed groups (F(1,28)=31.0; p<0.01), which both spent less time in the center at the 1-week time point, as compared to 4 weeks (p< 0.01 for both groups, post-hoc analysis).

Serotonin turnover is increased in the dorsal raphe after 4 weeks abstinence HPLC analysis was conducted to determine 5-HT, 5-HT metabolite (5-HIAA), noradrenaline (NA) and dopamine (DA) levels in the PFC, HIPP, CeA and DR, either 2 h after the last morphine injection or 4 weeks later. All values are shown in Table I. Two-way ANOVA was performed for each amine, in each structure. Statistical analysis of treatment and time effects and their interactions are summarized in Table II. Post-hoc analysis of amine contents indicates that chronic morphine, compared to chronic saline, altered 5-HT, but not NA or DA concentrations in the several limbic brain regions investigated. 5-HT concentrations were significantly reduced in PFC (p<0.05), HIPP (p<0.05) and CeA (p<0.01) in morphine-treated mice. After 4 weeks of abstinence concentrations were similar in groups previously exposed to morphine or saline, indicating recovery of aminergic transmission in all three regions (p>0.05 for all). In the DR however, a decrease was obvious in morphine abstinent mice for both 5-HT and NA concentrations. This decrease was restricted to the DR (p<0.01 for both 5-HT and NA), suggesting that long-term adaptations take place in this brain structure.

Because 5-HT content was most affected by morphine treatment, we analyzed 5-HT turnover, as a measure of serotonergic activity in chronic and abstinent conditions (Figure 3). In the PFC, two-way ANOVA revealed a main effect of treatment (F(1,19)=11.2; p<0.01) and time (F(1,19)=39.3; p<0.0001), with a significant interaction between factors (p<0.01). 5-HT turnover was higher in morphine-treated group as compared to saline control group in the chronic condition only (p<0.0001). In the HIPP, 5-HT turnover was also affected by morphine treatment (F(1,19)=3.9; p<0.05) and time (F(1,19)=8.4; p<0.01), with a significant within-factor interaction (p<0.05). Post hoc analysis showed that chronic morphine treatment increased the turnover rate, compared to chronic saline treatment (p<0.01). In the CeA, no effect of treatment (F(1,19)=3.6; p>0.05) or condition (F(1,19)=3.4; p>0.05) was detected, but revealed a significant interaction between these factors (F(1,19)=12.8; p<0.01). Post hoc analysis showed that 5-HT turnover was enhanced following chronic morphine treatment (p<0.01), and restored in the abstinent condition (p>0.05). Finally we examined the turnover in the DR, the main source of 5-HT in the brain. Two-way analysis of variance revealed a main effect of treatment (F(1,19)=10.6; p<0.01). Post-hoc analysis showed that 5-HT turnover was higher in morphine treated groups compared to saline controls, although the effect was not significant in the chronic condition (p<0.05). In contrast with limbic structures, high turnover rates were maintained throughout abstinence in morphine-treated animals and reached statistical significance in the abstinent condition (Figure 3D, p<0.01). Together these data show major morphine-induced alterations of serotonergic activity in both limbic areas and brainstem. The data also indicate that these modifications evolve with time, decreasing in 5-HT neuron projections areas while strengthening at the level of 5-HT neurons.

Chronic fluoxetine administration prevents the development of depressive-like deficits during protracted abstinence

We next examined effects of chronic fluoxetine treatment (FLX, 10 mg/kg/24h) along the abstinence period (see Supplemental Methods and Materials and Results in Supplement 1) to evaluate depressive features in the observed behavioral deficits, and test whether enhancement of 5-HT function could prevent their incubation.

We first evaluated fluoxetine effect on locomotor activity. Neither previous morphine (F(1,74)=0.2; p>0.05) nor fluoxetine treatment (F(1,74)= 3.3; p>0.05) affected total distance travelled in the open-field (saline/chow: 10205 ± 321 ; morphine/chow : 10226 ± 299 ; saline/FLX : 9686 ± 554 morphine/FLX : 9294 ± 381).

We then examined the effect of chronic fluoxetine treatment in mice previously exposed to saline or morphine, on social (Figure 4A) and individual (Figure 4B) parameters in the social interaction test. Two-way ANOVA revealed that both morphine (F(1,37)=5.5; p<0.05) and fluoxetine (F(1,37)=5.8; p<0.05) modified social interaction time, with a significant interaction between treatments (p<0.05). Consistent with our previous results (Figure 2A), morphine/chow pairs spent significantly less time interacting than saline/chow pairs in control groups (p<0.01). Chronic fluoxetine administration fully prevented this morphine-induced deficit, as interaction times between morphine/FLX pairs were significantly increased compared to the morphine/chow abstinent pairs (p<0.01). During the social encounter individual grooming was also modified by morphine treatment (F(1,37)=12.5; p<0.01, but not by fluoxetine (F(1,37)=3.4; p>0.05), although a significant interaction was detected between treatments (Figure 4B). Inter-group comparisons indicated that morphine-induced increase in individual grooming time in chow mice (p<0.01), was reduced following fluoxetine treatment. Indeed, morphine/FLX groups exhibited less selfgrooming behaviors than morphine/chow groups (p<0.05). For this parameter, fluoxetine did not fully prevent the behavioral modification, as morphine/FLX mice still spent more time self-grooming than the saline/FLX control group (p<0.05).

We next investigated the effect of chronic fluoxetine treatment in the TST, (Figure 4C andD). Two-way ANOVA detected a significant effect of fluoxetine (F(1,74)=3.9; p<0.05) on immobility time, as well as an interaction with previous exposure to morphine (p<0.05). In accordance with our previous results (Figure 2A), morphine/chow mice showed higher immobility than saline/chow controls (Figure 4C, p<0.05). Fluoxetine abolished this difference, so that morphine/FLX mice showed reduced immobility time compared to morphine/chow group (p<0.05). Finally, high activity time was affected by both morphine (F(1,74)=4.9 ; p<0.01) and fluoxetine treatments (F(1,74)=8.2 ; p<0.05 ; Figure 4D). Morphine/chow animals were less active compared to saline/chow controls (p<0.05), and fluoxetine treatment normalized this effect, as active times no longer differed in morphine/ FLX and saline/FLX groups after chronic fluoxetine treatment (Figure 4B, p>0.05). Moreover, active time in morphine/FLX group was significantly increased compared to morphine/chow (p<0.01).

Together these experiments indicate that fluoxetine administered during the 4-week abtinence period is able to prevent the development of aberrant social and despairlike behaviors.

Discussion

Opiate addiction and depression show a high degree of co-morbidity [START_REF] Brooner | Psychiatric and substance use comorbidity among treatment-seeking opioid abusers[END_REF][START_REF] Darke | Patterns of major depression and drug-related problems amongst heroin users across 36 months[END_REF][START_REF] Teesson | Depression among entrants to treatment for heroin dependence in the Australian Treatment Outcome Study (ATOS): prevalence, correlates and treatment seeking[END_REF]. The lifetime prevalence of major depression is approximately 30-50% in post-dependent subjects undergoing maintenance therapy [START_REF] Nunes | Treatment of depression in patients with opiate dependence[END_REF][START_REF] Peles | Depression in methadone maintenance treatment patients: rate and risk factors[END_REF]. This strong association suggests that opiate abuse may induce depressive symptoms or conversely, that depressed mood can contribute to drug abuse (9) in a self-medication hypothesis. In the latter case, antidepressants could contribute to alleviate both illnesses [START_REF] Nunes | Imipramine treatment of opiate-dependent patients with depressive disorders. A placebo-controlled trial[END_REF]. Depression, when resulting from addiction, is observed long after acute aspects of withdrawal have dissipated and mood alterations are not reversed by opioid maintenance therapy, suggesting that long-term adaptive processes develop also outside the opioid system. At present, direct links between these two severe and frequent psychiatric disorders remain unclear, and have been little studied in animal models.

In our model of morphine abstinence, we show that abstinent mice develop depressive-like deficits, which increase with the duration of abstinence, while sensitivity to naloxoneprecipitated withdrawal declines. Early studies in the field failed to reveal increased sensitivity to precipitated withdrawal in post-dependent animals [START_REF] Cheney | Tolerance to opioid narcotics: time course and reversibility of physical dependence in mice[END_REF][START_REF] Wei | Morphine physical dependence unaltered by previous dependence on morphine[END_REF] likely due to differences in methodology, and led to the conclusion that relapse may result from psychological factors. Differences between physical and motivational aspects of acute withdrawal have since been well documented [START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF][START_REF] Koob | Neural substrates of opiate withdrawal[END_REF]. Here we examined both physical withdrawal and emotional alterations during protracted abstinence, and demonstrate a timedependent dichotomy in the two processes.

Thus, increased immobility in the TST appeared as a trend after 1 week of abstinence, and became significant after 4 weeks. In this inescapable situation, enhanced immobility reflects a passive coping strategy associated with resignation, a behavioral measure of emotional despair [START_REF] Cryan | The ascent of mouse: advances in modelling human depression and anxiety[END_REF]. Concurrently, low sociability, reflected by reduced sniffing, following and contacts between pairs of mice, became evident during protracted abstinence. At 4 weeks also, mice exhibited a strong increase in self-grooming behavior, executed in a stereotyped and incomplete sequence which could reflect displacement behavior, a compulsive-type behavior to avoid coping [START_REF] Kalueff | The grooming analysis algorithm discriminates between different levels of anxiety in rats: potential utility for neurobehavioural stress research[END_REF]. Similar social interaction deficits were reported in rats submitted to a chronic mild stress model [START_REF] Kompagne | Chronic mild stress generates clear depressive but ambiguous anxiety-like behaviour in rats[END_REF] in the absence of anxiety-like behavior, further supporting this behavioral alteration as a relevant readout for reduced social interest in animal models of depression. Thus, our results highlight the emergence of gradual social withdrawal that parallels the development of despair behaviors in animals experiencing protracted morphine abstinence.

It could be argued here that decreased social interactions may also result from increased levels of anxiety, but this seems unlikely under our experimental conditions. We deliberately used low light and familiar condition that are not expected to generate anxiety [START_REF] File | Bimodal modulation by nicotine of anxiety in the social interaction test: role of the dorsal hippocampus[END_REF][START_REF] File | A review of 25 years of the social interaction test[END_REF]. In addition, anxiety-related behaviors assessed in the open-field test and independently confirmed in the light-dark test, were comparable between saline and morphine treated groups after 4 weeks of abstinence. It should be noted that heightened anxiety level was observed in both saline and morphine treated animals at the 1-week timepoint. However, this anxiogenic-like effect did not influence social or despair behaviors, as saline-treated mice showed similar social interaction times and immobility in the TST at both timepoints. This may result from an anxiogenic-like consequence of the twice-daily i.p. injection protocol still detectable 1 week later, but is anyhow unrelated to morphine treatment per se. Thus, in our conditions, protracted morphine abstinence does not seem to involve a major modification of basal anxiety.

Abnormal HPA axis activity has been reported in post-dependent heroin addicts [START_REF] Li | Serum cortisol secretion during heroin abstinence is elevated only nocturnally[END_REF][START_REF] Zhang | Dysfunction of the hypothalamic-pituitary-adrenal axis in opioid dependent subjects: effects of acute and protracted abstinence[END_REF]. Recent clinical studies have shown that HPA activity and anxiety, but not negative mood ratings, could be normalized by opiate maintenance treatment, suggesting that depressivelike symptoms and basal HPA axis are not necessarily associated during abstinence [START_REF] Kakko | Mood and neuroendocrine response to a chemical stressor, metyrapone, in buprenorphine-maintained heroin dependence[END_REF]. In accordance with previous studies, we found a transient increase in corticosterone levels after the last morphine injection (61) that normalized after 4 weeks, indicating that HPA axis activity was dissociable from depressive-like symptoms in our model. This transient corticosterone increase could nonetheless contribute to the setting of depressive-like behavior during protracted abstinent, by triggering neuroadaptations in extrahypothalamic neuropeptidic stress circuits [START_REF] Koob | Neurobiological mechanisms for opponent motivational processes in addiction[END_REF][START_REF] Koob | Stress, dysregulation of drug reward pathways, and the transition to drug dependence[END_REF][START_REF] Koob | A role for brain stress systems in addiction[END_REF][START_REF] Koob | The role of CRF and CRF-related peptides in the dark side of addiction[END_REF][START_REF] Zhou | Drug-induced and genetic alterations in stressresponsive systems: Implications for specific addictive diseases[END_REF] or by influencing the serotoninergic tone, at pre-synaptic DR level or in forebrain projection structures [START_REF] Lanfumey | Corticosteroid-serotonin interactions in the neurobiological mechanisms of stress-related disorders[END_REF].

We found that total NA and DA contents are not altered following chronic morphine treatment, whereas 5-HT concentrations are significantly reduced in PFC, HIPP and DR. Interestingly, clinical studies in heroin addicts have also shown specific 5-HT activity deficiencies, in contrast to normal DA and NA function, with more profound changes in subjects having co-morbid affective disorders [START_REF] Gerra | Neuroendocrine correlates of temperament traits in abstinent opiate addicts[END_REF]. In our study, 5-HT content and turnover rates returned to control levels after the 4-week abstinence period in all three limbic regions. Notably at this time point, 5-HT turnover was increased relative to saline-treated control group in the DR, a brain structure from which 5-HT neurons originate. Although measures of both intra-and extra-cellular 5-HT contents do not explain the exact nature of 5-HT activity alterations in the DR, our results clearly indicate that aberrant 5-HT activity persists and incubates during morphine abstinence. Chronic morphine triggers broad adaptations at synaptic and transcriptional levels, which have been mainly investigated in mesocorticolimbic reward circuits [START_REF] Ammon-Treiber | Morphine-induced changes of gene expression in the brain[END_REF][START_REF] Befort | Gene expression is altered in the lateral hypothalamus upon activation of the mu opioid receptor[END_REF][START_REF] Befort | Mu-opioid receptor activation induces transcriptional plasticity in the central extended amygdala[END_REF][START_REF] Mcclung | Regulation of gene expression by chronic morphine and morphine withdrawal in the locus ceruleus and ventral tegmental area[END_REF], and affect monoaminergic function [START_REF] Lanteri | Drugs of abuse specifically sensitize noradrenergic and serotonergic neurons via a non-dopaminergic mechanism[END_REF][START_REF] Sastre-Coll | Supersensitivity of 5-HT1A autoreceptors and alpha2adrenoceptors regulating monoamine synthesis in the brain of morphine-dependent rats[END_REF][START_REF] Smith | Noradrenergic transmission in the extended amygdala: role in increased drug-seeking and relapse during protracted drug abstinence[END_REF]. Our data confirm that neuroplasticity takes place within 5-HT system in response to chronic morphine, and reveal that 5-HT dysfunction evolves after cessation of drug exposure and persists for extended period of time during protracted abstinence. Within this line, a key finding of our study is that both enhanced despair behaviors and decreased social interest were normalized by chronic fluoxetine administration. Importantly, fluoxetine did not affect despair or social-related behaviors of control animals, demonstrating that treatment with the antidepressant drug specifically influenced long-term neuroadaptations, which result from chronic exposure to morphine and incubate during abstinence. Antidepressant therapies acutely enhance 5-HT, an effect thought to be responsible for neuroplastic changes in the brain. These, in turn, may restore functional alterations in cortico-limbic circuits and reverse behavioral depressive-like symptoms [START_REF] Berton | New approaches to antidepressant drug discovery: beyond monoamines[END_REF][START_REF] D'sa | ) after chronic morphine (mor) or saline (sal) treatment. Chronic morphine significantly decreased serotonin in the prefrontal cortex, central amygdala and hippocampus, but not NA or DA levels. After 4 weeks of abstinence, 5-HT and NA levels were decreased in the dorsal raphe. Values represent mean ± sem. For each structure, statistical significance was determined by two-way ANOVA (cf. Table II) followed by multiple group comparison when relevant. *p<0.05; **p<0.01 indicate morphine versus saline comparison for each timepoint and # p<0.05; ## p<0.01 comparison between chronic and abstinent groups for each treatment (n=6/group). Prefrontal Cortex Hippocampus Central Amygdala Dorsal Raphe 5-HT Sal-chronic 249.2±16[END_REF]. Together therefore, our observations strongly support the notion that 5HT function is altered in protracted abstinence to morphine. We suggest that neuroplasticity within 5-HT systems is a major mechanism contributing to the development of mood-related deficits in opiate abstinence.

In conclusion, this study establishes a direct connection between protracted abstinence to opiates and depressive-like symptoms in mice. The data strongly suggest a causal effect of serotonergic dysfunction in mood disruption. Future studies using mouse models should help clarifying the molecular basis of long-term 5-HT neuroadaptations in morphine abstinence. 

Figure 1 .

 1 Figure 1. Physical dependence and HPA axis hyperactivity decline during protracted abstinence. (A) Time line of the experiment. Dashed arrows indicate morphine doses injected twice daily. Black arrows indicate chronic, 1-week and 4-week abstinence time points under study. Morphine treatment reduced body weight over time (2 experiments pooled, n=14/group). (B) Withdrawal signs following naloxone injection (s.c. 1 mg/kg) 2 h after the last morphine administration (n=4 mice/group). (C) Withdrawal signs measured following morphine reexposure (50 mg/kg) after either 1 or 4 weeks of abstinence (n=5/group). Physical symptoms decreased after 4 weeks. (D) Corticosterone and ACTH levels measured in chronic and 4week abstinent groups (n=5-6/group). HPA axis was activated after chronic treatment but not after 4 weeks. Values are mean ± sem. *p<0.05; **p<0.01; ***p<0.0001 morphine versus saline controls. # p<0.05 comparison between 1-week and 4-week abstinence groups within each treatment condition.

Figure 2 .

 2 Figure 2. Social interaction deficits and depressive-like behavior develop during protracted abstinence. (A) Social interaction test. Social behaviors decreased after 4 weeks of abstinence. (B) Tail suspension test. Immobility duration increased after 4 weeks abstinence. (C, D) Open-field test. Morphine abstinence had no effect on locomotor activity (C) or anxiety-like behavior (D). Values are mean ± sem. *p<0.05; **p<0.01 morphine versus saline controls. # p<0.05; ## p<0.01 comparison between 1-week and 4-week abstinence groups within each treatment condition (n=8/group).

Figure 3 . 5 -

 35 Figure 3. 5-HT turnover is increased in the dorsal raphe after protracted abstinence. 5-HT turnover, defined as the 5-HIAA/5-HT ratio, is shown. Chronic morphine treatment significantly increased 5-HT turnover in the prefrontal cortex (A), central amygdala (B) and hippocampus (C) but not in the dorsal raphe (D). After 4 weeks of abstinence, 5-HT turnover was increased specifically in the dorsal raphe. Values represent mean ± sem. **p<0.01; ***p<0.001 morphine versus saline controls. (n=5-6/group).

Figure 4 .

 4 Figure 4. Fluoxetine prevents the development of depressive-like and social deficits. (A, B) Social interaction test. Fluoxetine prevented protracted morphine effects on social (A) and individual (B) behaviors. (C, D) Tail suspension test. Fluoxetine also normalized passive (C) and active (D) behaviors in morphine abstinent animals. Values represent mean ± sem. *p<0.05; **p<0.01 morphine versus saline controls. # p<0.05; ## p<0.01 comparison between morphine/chow and morphine/FLX groups. (n=19-20/group).
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Table II

Summary of two-way analysis of variance of bioamine contents in the brain

This analysis is based on data presented in Table I. In each structure, two-way analysis of variance for treatment (morphine, saline) and time factors (chronic, abstinent) was performed. The table represent F [START_REF] Everitt | Neural systems of reinforcement for drug addiction: from actions to habits to compulsion[END_REF][START_REF] Harris | Beta-adrenergic antagonists attenuate withdrawal anxiety in cocaineand morphine-dependent rats[END_REF]; p values for each factor, and p value for interaction between factors. In case of significant interaction or significant main effects, the results of post-hoc analysis are described in the text. ns: non significant and nd: non determined. n=5-6/group.