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Introduction

Opiate dependence is a chronic, relapsing disorder with a major impact on public health. Chronic opiate consumption rapidly leads to dependence, characterized by the appearance of a withdrawal syndrome upon cessation of drug use with a continuum between affective and somatic symptoms (Frenois, Le Moine, and Cador, 2005a). The motivation to avoid this very stressful and aversive state strongly contributes to the compulsive nature of opiate abuse [START_REF] Koob | Review. Neurobiological mechanisms for opponent motivational processes in addiction[END_REF]. In opiate addicts, several studies in humans have shown the existence of conditioned withdrawal and craving following exposure to environmental cues previously associated with drug consumption and/or withdrawal [START_REF] Childress | Cue reactivity and cue reactivity interventions in drug dependence[END_REF][START_REF] Childress | Abstinent opiate abusers exhibit conditioned craving, conditioned withdrawal and reductions in both through extinction[END_REF][START_REF] Fatseas | Cueinduced reactivity, cortisol response and substance use outcome in treated heroin dependent individuals[END_REF][START_REF] Langleben | Acute effect of methadone maintenance dose on brain FMRI response to heroin-related cues[END_REF][START_REF] Mchugh | Cue-induced craving to paraphernalia and drug images in opioid dependence[END_REF][START_REF] O'brien | Classical conditioning in drugdependent humans[END_REF][START_REF] O'brien | Conditioned narcotic withdrawal in humans[END_REF]. In opiate dependent rodents, the early aversive and full somatic components of opiate withdrawal syndrome can be precipitated and modeled using peripheral administration of low vs high naloxone doses respectively [START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF]. The withdrawal-associated aversive memories, coupled with negative reinforcement, are thought to influence drug-taking and drug-seeking behaviors, playing a crucial role in opiate dependence [START_REF] Milton | The persistence of maladaptive memory: addiction, drug memories and anti-relapse treatments[END_REF][START_REF] Myers | Extinction of drug-and withdrawal-paired cues in animal models: relevance to the treatment of addiction[END_REF]. Though their exact role in relapse remains under debate, preclinical studies in rodents have shown that re-activation of the aversive memory of withdrawal plays a role in morphine preference and heroin seeking [START_REF] Hellemans | Motivational control of heroin seeking by conditioned stimuli associated with withdrawal and heroin taking by rats[END_REF][START_REF] Hellemans | Disrupting reconsolidation of conditioned withdrawal memories in the basolateral amygdala reduces suppression of heroin seeking in rats[END_REF][START_REF] Kenny | Conditioned withdrawal drives heroin consumption and decreases reward sensitivity[END_REF][START_REF] Lu | Role of withdrawal in reinstatement of morphine-conditioned place preference[END_REF].

Opiate withdrawal aversive memories are highly sensitive and persistent. Indeed in the model of conditioned place aversion (CPA) in opiate dependent rats, naloxone dose as low as 15 µg/kg induces extremely long lasting aversive memories, up to 4 months during protracted abstinence [START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF][START_REF] Stinus | Opiate withdrawal-induced place aversion lasts for up to 16 weeks[END_REF]. Using this CPA paradigm, we have previously shown that several structures of the mesolimbic cortico-striatal circuit were reactivated by the simple reexposure to environmental stimuli previously associated with naloxone-precipitated opiate withdrawal in dependent rats (Frenois, Stinus, Di Blasi, Cador, and Le Moine, 2005b;[START_REF] Lucas | Remodeling of the neuronal circuits underlying opiate-withdrawal memories following remote retrieval[END_REF][START_REF] Lucas | Reactivity and plasticity in the amygdala nuclei during opiate withdrawal conditioning: differential expression of c-fos and arc immediate early genes[END_REF]. This suggested that the processing of withdrawal memories is underpinned by activity changes within these interconnected limbic structures. Among them the nucleus accumbens (NAC), the basolateral amygdala (BLA) and the hippocampus (HPC) are of crucial interest. The NAC is a site at which emotional or motivational information are integrated with behavioral output systems, providing a 'limbic-motor interface' mediating the influence of motivational states and pavlovian stimuli on behavior [START_REF] Cador | Involvement of the amygdala in stimulus-reward associations: interaction with the ventral striatum[END_REF][START_REF] Robbins | Limbic-striatal interactions in rewardrelated processes[END_REF]. Although both the NAC core and shell regions receive in from the BLA and HPC, lesion and pharmacological studies support the idea that the HPC-NAC shell pathway is more critical for associating contextual information with outcomes whereas the BLA-NAC core pathway may preferentially mediate associations with more discrete cues [START_REF] Pennartz | The hippocampalstriatal axis in learning, prediction and goal-directed behavior[END_REF]. Since drug-associated cues and contexts both strongly influence drug-seeking behaviors and relapse (for reviews, [START_REF] Bossert | The reinstatement model of drug relapse: recent neurobiological findings, emerging research topics, and translational research[END_REF][START_REF] Janak | The Potent Effect of Environmental Context on Relapse to Alcohol-Seeking After Extinction[END_REF][START_REF] Milton | The persistence of maladaptive memory: addiction, drug memories and anti-relapse treatments[END_REF]), the NAC-BLA-HPC network appears central for the integration of context and cue representations of drug-related memories. However, contrary to what is known for the processing of drug-related rewarding stimuli, there is almost no data on how this network responds to motivationally relevant stimuli (context and cue) associated with drug withdrawal-induced aversive states.

Beyond the conditioned place aversion model in which dissociating context and cues is not easy, a paradigm of conditioned suppression of food seeking [START_REF] Baldwin | Rapid induction of conditioned opiate withdrawal in the rat[END_REF]) also represents a reliable and sensitive index not only to study the influence of withdrawal memories on operant behavior [START_REF] Schulteis | Relative sensitivity to naloxone of multiple indices of opiate withdrawal: a quantitative dose-response analysis[END_REF], but also to study both context-and cuerelated responses [START_REF] Schulteis | Context-and cue-conditioned potentiation of acute morphine dependence and withdrawal[END_REF]. Thus, the present study was conducted to understand how context and cue associated with such aversive withdrawal memory are retrieved within the NAC-BLA-HPC limbic network. For this we first adapted the conditioned suppression paradigm to ad lib fed animals, and tested its sensitivity with two different doses of naloxone that induced either a full withdrawal syndrome (120µg/Kg) or solely an aversive state (15µg/kg) in opiate dependent rats. In order to evidence, within a single re-exposure session, the neuronal reactivity within our network of interest during both context and cue re-exposure periods, we use catFISH (cellular compartmental analysis of temporal activity by Fluorescent In Situ Hybridization, [START_REF] Guzowski | Mapping behaviorally relevant neural circuits with immediate-early gene expression[END_REF])) for Arc mRNA expression which allows to discriminate cellular responses to two different types of stimuli as shown in our previous work [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF]. We show here that the differential behavioral responding to cue period over context during reactivation of opiate withdrawal memory is associated with specific neuronal reactivity within the NAC-BLA-HPC network.

Material and methods

Animals and drug treatments

Male Sprague-Dawley rats (n=37, Charles River Laboratories, France) were housed four per cage under an inverted 12-h light/dark cycle (lights off at 8:00 h) at 21±2°C with food and water available ad libitum. Experiments were conducted in accordance with French (Ministère de l'Agriculture et de la Pêche, Directive 87/148,) and European (EU Directive 2010/63/EU86) laws and policies regarding animal experiments (Approvals # 5012049-A and APAFIS#2661-2015110914459121) from the Bordeaux Ethics Committee (CNREEA #50). Every effort was made to minimize the suffering and the number of animals used. Rats were handled for 8 days before the beginning of the experiments, which were conducted during the dark cycle. Morphine dependence was induced by subcutaneous (s.c.) implantation of two morphine pellets (2 x 75 mg of morphine base; NIDA, USA), under light anesthesia and withdrawal was precipitated by a s.c. injection of naloxone (15 or 120 µg/kg, Sigma-Aldrich, France) [START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF]. With this model, opiate dependence is known to be achieved 24hrs after implantation and remained constant for 13 days [START_REF] Gold | Prolonged tolerance, dependence and abstinence following subcutaneous morphine pellet implantation in the rat[END_REF].

Behavioral procedures

The behavioral paradigm of conditioned suppression for food here is derived from [START_REF] Baldwin | Rapid induction of conditioned opiate withdrawal in the rat[END_REF][START_REF] Schulteis | Relative sensitivity to naloxone of multiple indices of opiate withdrawal: a quantitative dose-response analysis[END_REF] with some modifications regarding the food restriction condition.

In the present work, contrary to the above mentioned studies, we used ad lib fed animals in order to avoid any strong motivational bias due to food restriction which would have required to increase the doses of naloxone to impact rat operant behavior and induce conditioned suppression [START_REF] Schulteis | Relative sensitivity to naloxone of multiple indices of opiate withdrawal: a quantitative dose-response analysis[END_REF]. Ad lib fed animals allowed us to use low doses of naloxone (below 120 µg/kg) which were effective to induce aversion in morphine-dependent rats but which have been demonstrated to be behaviorally inefficient in non-dependent rats [START_REF] Barbano | Differential regulation of the consummatory, motivational and anticipatory aspects of feeding behavior by dopaminergic and opioidergic drugs[END_REF]2007;[START_REF] Cleary | Naloxone effects on sucrosemotivated behavior[END_REF][START_REF] Schneider | Differential involvement of the opioid receptor antagonist naloxone in motivational and hedonic aspects of reward[END_REF][START_REF] Schwarz-Stevens | Effects of morphine and naloxone on ethanol-and sucrose-reinforced responding in nondeprived rats[END_REF][START_REF] Weldon | Effect of naloxone on intake of cornstarch, sucrose, and polycose diets in restricted and nonrestricted rats[END_REF]. In addition, we wanted to avoid confounding data due to the positive correlation between opiate-seeking, NAC neural responses and food deprivation [START_REF] D'cunha | Augmentation of Heroin Seeking Following Chronic Food Restriction in the Rat: Differential Role for Dopamine Transmission in the Nucleus Accumbens Shell and Core[END_REF][START_REF] D'cunha | The effects of chronic food restriction on cue-induced heroin seeking in abstinent male rats[END_REF]. Finally, our previous studies showed that naloxone doses from 7.5 up to 1000µg/kg does not induce an aversive state in placebo ad lib fed rats, whereas 15 and 120 µg/kg are sufficient to precipitate withdrawal and induce aversion in morphine-dependent rats [START_REF] Dejean | Memories of Opiate Withdrawal Emotional States Correlate with Specific Gamma Oscillations in the Nucleus Accumbens[END_REF][START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF]Frenois et al., 2005b). Thus, we chose these doses in the present paradigm of conditioned suppression.

Animals were trained to press a lever to obtain palatable food pellets (5TUL 45mg, Sandow Scientific, UK) in polymodal operant cages (30 cm height × 40 cm length × 36 cm depth, Imetronic, Pessac, France) over a period of 2-3 weeks with increasing fixed-ratio (FR1, FR2, FR3, FR5). The operant cages were individually enclosed in wooden cubicles fitted with a ventilation fan and were located in a dimly lit room with a background white noise as described in [START_REF] Keiflin | Cocaine-induced reinstatement in rats: evidence for a critical role of cocaine stimulus properties[END_REF]. The behavioral paradigm is illustrated in Fig. 1. Following stable responding over three consecutive days in FR5, rats were made dependent by s.c. implantation of two morphine-pellets (2x75mg, NIDA, USA). After two to three days of rest, rats were retrained in FR5 for three additional sessions before conditioning of opiate withdrawal (precipitated by a naloxone injection). Conditioning was performed in operant cages (from day 6 to day 11) and house-light was present during the entire session (30 minutes). Each conditioning session (C1 to C6) was divided into two periods: basal responding to the operant cage, also referred as context (CX) was first recorded during a 10 minperiod, then animals were injected with naloxone (or saline) and replaced in the cage together with the presentation of a flashing cue-light (cue) above the active lever (alternate 2 sec OFF/ 3 sec ON) during a 20 min period independently of lever pressing (the term "cue" will refer from here to the flashing cue-light period). Active responses were recorded during both periods. On test day (day 12), a naloxone-free test session was performed in morphine-dependent animals and was also divided into two periods. Animals were presented first to the context alone (for 10 min) and then to the cue in the context (for 10 min following a saline injection) and lever pressing for food was also recorded.

The total duration of the test phase (20 min) was chosen based on pilot experiment showing that behavioral suppression was maximal at that time (unpublished data), and this time window was compatible with catFISH analysis to assess the effects of both context and cue exposure on operant responses for food [START_REF] Guzowski | Mapping behaviorally relevant neural circuits with immediate-early gene expression[END_REF][START_REF] Nalloor | Encoding of emotion-paired spatial stimuli in the rodent hippocampus[END_REF].

In a first behavioral experiment to question the role of the cue presented in the context depending on the intensity of withdrawal, three groups of morphine-dependent rats were used: two groups received Naloxone 15µg/kg (n=10) and Naloxone 120µg/kg (n=9) during 6 conditioning sessions while another group (n=9) received saline. All injections were made subcutaneously. On the test day all groups were first exposed to the context for basal responding for 10 min then the cue was presented for 10 min (Fig. 1, Test 1 CX + Cue). In a second independent experiment, to check for the specificity of the cue effect, two groups of rats followed the same conditioning paradigm (n=8 for the saline group, n=10 for the Naloxone 15µg/kg group), but were tested in the absence of cue presentation (Fig. 1, Test 2 CX no Cue).

Tissue processing

Animals used for the cellular analysis were sacrificed at the end of the test session for Arc mRNA expression by fluorescent in situ hybridization (catFISH experiment). An additional group (home cage, n=4) was kept in the animal room and sacrificed on the same day to get baseline level of neuronal activation. Following decapitation, brains were quickly dissected out, frozen and kept at -80°C until use. In situ hybridization experiments were performed on cryostat sections (12μm thick) which were mounted on gelatin-coated slides and stored at -80°C until processing. Sections were collected to encompass the following brain regions according to [START_REF] Paxinos | The Rat Brain in Stereotaxic Coordinates[END_REF]: the nucleus accumbens core and shell (NAC core and NAC shell) [+1.7/1.6 mm from Bregma], the hippocampus (HPC) [-3.8/-4.3 mm from Bregma], the basolateral amygdala (BLA) [-2.8/-3.2 mm from Bregma] as described in our previous work (Frenois et al., 2005b;[START_REF] Lucas | Remodeling of the neuronal circuits underlying opiate-withdrawal memories following remote retrieval[END_REF].

Probe labeling and In situ Hybridization

The Arc [START_REF] Lyford | Arc, a growth factor and activity-regulated gene, encodes a novel cytoskeleton-associated protein that is enriched in neuronal dendrites[END_REF] probe was labeled by in-vitro transcription with digoxigenin-11-UTP (Roche Diagnostics, Meylan, France) using T7 RNA polymerases (Promega, Charbonnières, France) and purified as described [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF]. Cryostat sections were post-fixed in ice-cold PFA 4% for 5 min, and washed twice in 4X saline-sodium citrate (SSC). After 5 min in 0.1M triethanolamine / 4X SSC, pH 8.0, in which we added 0.25 % acetic anhydride for another 5 min, the sections were dehydrated in increasing concentrations of ethanol. For catFISH an additional step was performed incubation in chloroform for 5 min, and then in ethanol 100% and 95% (1 min each) before drying. Sections were hybridized overnight at 55°C with 10-20 ng of digoxigenin-labeled probes in 50 µl hybridization buffer (20 mM Tris-HCl, 1 mM EDTA, 300mM Nacl, 50% deionized formamide, 10% dextran sulfate, 1% Denhardt, 250 µg/mL yeast tRNA, 100 µg/mL salmon sperm DNA, 0.1 % SDS, 0.1 % sodium-thiosulfate). Sections were then placed in 4X SSC, incubated in RNAse A (37°C for 15 min), and washed with increasing conditions of stringency, up to 0.1X SSC for 30 min at 65 °C (twice), before a final wash was in 0.1X SSC at room temperature (RT).

For fluorescent detection (catFISH), the sections were processed as described by (Ramirez-Amaya, Angulo-Perkins, Chawla, Barnes, and Rosi, 2013) with minor modifications [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF]. Briefly, the sections were placed in 2% hydrogen peroxide (H 2 O 2 ) in 1X SSC for 15 min to inactivate endogenous peroxidases, and rinsed several times in TNT buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M Nacl, 0.3 % Triton X-100). Sections were blocked with TNB (0.1 M Tris-HCl, pH 7.5, 0.15 M Nacl, 0.5 % blocking reagent from the TSA Amplification kit, Perkin Elmer Life Sciences, Courtaboeuf, France) for 30 min, and then incubated with horseradish peroxidase-conjugated digoxigenin antibody (Roche Diagnostic, Meylan, France) 1:1000 in TNB for 2 h under coverslips. After rinsing with TNT, the slides were incubated in Cy3-Plus-Tyramide (1:1000 in TSA amplification diluent, Perkin Elmer Life Sciences, Courtaboeuf, France) for 30 min under coverslips. After rinsing 3 times (5 min each) in TNT then in 2X SSC, the slides were incubated in Sytox Green (1:80000 in 2X SSC 10 min at RT, Fisher Scientific, Illkirch, France), rinsed 3 times (5 min each) in 2X SSC, and mounted with Vectashield hard set mounting medium (Biovalley, Marne-la-Vallée, France).

Confocal microscopy and analysis

Quantitative analyses were performed according to (Ramirez-Amaya et al., 2013) with minor modifications as described [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF]. Confocal images were acquired using a Leica SP5 confocal microscope (Leica, Nanterre, France) with a 40×/1.3 NA oil immersion objective, using a 543 helium/neon laser to excite the CY3 signal, and a 488 argon laser to excite the Sytox green signal (Fig. 2A). Confocal parameters (i.e. offset and detector gain) were established from 4 different random sections, and those settings were kept constant for imaging the rest of the sections.

For each region analyzed (NAC shell, NAC core, BLA and HPC), six Z-stacks with sections of 1µm optical thickness were collected for each side. Confocal image quantification was performed off-line using the Image J software (NIH, USA) by an experimenter blind to the experimental groups. After Sytox nuclear staining (green) (Fig. 2A), cells with large and diffusely stained nuclei were considered neurons. The remaining cells had smaller nuclei and were bright and uniformly stained thus corresponding to glia. Thus, only neuron-like cells present in the median planes of each Z-stack were counted. Once neurons were identified, they were classified according to its nuclear and cytoplasmic Arc mRNA staining (red), detected with CY3 signal (Fig. 2A). Neurons with one or two intense CY3 nuclear foci visible across 3 or more Z-section plains were classified as Arc nuclear positive cells (nuclear, Fig. 2B). Neuronal nuclei surrounded more than 60% with the CY3 signal in 3 or more Zsection plains were classified as Arc cytoplasmic positive (cytoplasmic, Fig. 2C). Finally, neurons with both criteria were classified as double activated cells (double, Fig. 2D). The total number of neurons counted in each stack did not differ between sections or groups.

Statistical analysis

Statistical analyses were performed using GraphPad Prism v.6.03. In all cases, p<0.05 was considered significant. Behavioral data for conditioning sessions (basal or cue periods) were analyzed using two-way repeated measure (RM) ANOVA (treatment x session) followed by the Tukey's (for 3 groups in Figure 3) and Sidak's (for 2 groups in Figure 4) multiple comparison post hoc tests. For the test sessions, data were analyzed using two-way RM ANOVA (treatment x period) followed by the Tukey's multiple comparison post hoc tests for comparing treatments (0, 15 and 120µg/kg naloxone) within each period (basal or cue) and Sidak's multiple comparison post hoc tests when comparing basal versus cue period for each treatment. A regular two-way ANOVA was used for comparing test/basal responding ratio between the different groups, followed by the Tukey's multiple comparison post hoc tests (Figure 5A). Kinetic of responding during test for the two naloxone groups were analyzed using two-way RM ANOVA followed by the Fisher's LSD post hoc test (Figure 5B). Cellular data for each type of labeling (nuclear, cytoplasmic or double) were analyzed using two-way ANOVA (treatment x group), followed by the Tukey's multiple comparisons post hoc test (Figure 6, tables 1 and 2). In all analyses, "treatment" refers to naloxone versus saline, "group" refers to CX + cue versus CX no cue, and "period" refers to basal versus cue responding.

Results

Opiate withdrawal intensity differentially influence behavioral responses to the reactivation of withdrawal memory by context and cue-light period

In this first experiment, the behavioral paradigm of conditioned suppression for food was performed using two different doses of naloxone that induced either a full withdrawal syndrome (120µg/Kg) or an early aversive state (15µg/kg). Following stable responding over three consecutive days in FR5, rats were made opiate dependent, and after resting rats were retrained for three additional FR5sessions. Thus before conditioning, the FR5 response rates of all groups did not differ following morphine pellet implantation and retraining (means ± SEM for 10 min: 295 ± 38 pre-morphine vs 340 ± 62 post-morphine for saline, 339 ± 58 pre-morphine vs 347 ± 50 post-morphine for naloxone 15µg; and 426 ± 53 pre-morphine vs 414 ± 55 post-morphine for naloxone 120µg). During the first basal period in C1 (Fig. 3A), the number of active lever responses was similar for all groups as expected from the FR5 retraining responses rates. However, across conditioning sessions, there was a progressive decrease of responding during the basal period indicating a generalization of the aversive state induced by naloxone to the context of the cage. Two way-RM ANOVA showed a significant effect of naloxone (F (2,25) =17.70, p<0.0001), of conditioning sessions (F (5,125) =33.93, p<0.0001), and a significant naloxone x session interaction (F (10,125) =15.96, p<0.0001). Post hoc Tukey's multiple comparison test indicated that this generalization to the context was stronger with the highest naloxone dose for which it was significant as early as the second session of conditioning (C2), as compared to C4 for the lowest dose (Fig. 3A). During naloxone precipitated withdrawal (experienced together with flashing cue-light presentation), a major unconditioned suppression of active responses was observed for both naloxone doses at each conditioning session (C1 to C6). Two way-RM ANOVA showed a significant effect of naloxone (F (2,25) =48.09, p<0.0001), of conditioning sessions (F (5,125) =5.988, p<0.0001), and a significant naloxone x session interaction (F (10,125) =6.942, p<0.0001) (Fig. 3B).

During the test session, the reactivation of opiate withdrawal aversive memory inhibited lever pressing for food in naloxone-treated rats compared to saline (Fig. 3C). Two way-RM ANOVA showed a significant effect of naloxone (F (2,25) =37.72, p<0.0001), of basal vs cue period (F (1,25) =26.48, p<0.0001), and a significant interaction (F (2,25) =7.483, p=0.0028). With the highest naloxone dose the suppression of responding was total during both basal (context) and cue periods (Fig. 3C).

Interestingly, the lowest naloxone dose (15µg/kg) gave a significantly different response with a partial inhibition in Basal (Tukey's multiple comparison test, p<0.0001) which was amplified following the simple presentation of the flashing cue-light (basal vs cue, Sidak's multiple comparison test, # p<0.01). Note here that in the saline group, a significant decrease of responding was also observed during the cue-light period as compared to basal which could be explained by a satiety effect over time in our ad lib fed rats (basal vs cue, Sidak's multiple comparison test, ### p<0.001).

Cue-light period has salient effect over the context in the retrieval of opiate withdrawal memory

In the previous experiment, with the lowest dose of naloxone (15µg/kg), we observed 1) a generalization to the context of the cage, as illustrated by the decreased basal responding from C4 onward (Fig. 3A), and then 2) a further decreased responding following presentation of the cue-light in this context (Basal vs cue, Sidak's multiple comparison test, ## p<0.01, Fig. 3C). To further demonstrate this cue-light effect over the context, without a putative confounding effect of satiety over time (Fig. 3C), we performed a second experiment. Two independent groups of rats followed the same conditioning protocol (described in Fig. 1) but were tested in the context in the absence of cue-light (Test 2, CX no cue). If the cue-light effect was specific in the first experiment, we hypothesized that responding in the absence of cue-light should not be different from that of the basal period.

Our data showed that, despite less pronounced, basal responding showed generalization to the context during late conditioning sessions (Fig. 4A,4C). Indeed two way-RM ANOVA showed no significant effect of naloxone (F (1,16) =1.953, p=0.1813), nor of conditioning sessions (F (5,80) =1.061, p=0.3880), but a significant naloxone x session interaction (F (5,80) =6.895, p<0.0001). Post hoc Sidak's multiple comparison test indicated that this generalization to the context was significant only at session C6 (Fig. 4A). During naloxone-precipitated withdrawal (15µg/kg) together with the cue presentation, as expected, a major suppression of active responses was observed (Fig. 4B). Two way-RM ANOVA showed a significant effect of naloxone (F (1,16) =42.95, p<0.0001), no effect of conditioning sessions (F (5,80) =1.707, p=0.1424), but a significant naloxone x session interaction (F (5,80) =8.069, p<0.0001). Post hoc Sidak's multiple comparison test indicated significant effects from sessions C2 to C6 (Fig. 4B).

For the test session, two way-RM ANOVA showed a significant effect of naloxone (F (1,16) =8.688, p=0.0095), of basal vs no cue periods (F (1,16) =6.155, p=0.0246), and a significant interaction (F (1,16) =7.275, p=0.0159). During the basal period, again, reactivation of opiate withdrawal aversive memory suppressed lever pressing for food (Fig. 4C,left). Also as in the first experiment, the saline group demonstrates a decreased responding over time (basal vs cue periods, Sidak's multiple comparison test, ## p<0.01). However, in the naloxone group the decreased basal responding observed in the context compared to saline controls was not amplified in the absence of cue, unlike what was found in the previous experiment. Indeed post hoc Sidak's multiple comparison test revealed no significant (p=0.9839) difference between Basal and (saline no cue) responding (Fig. 4C, right).

Global analysis of the cue/basal period ratio during test for the four groups (saline and naloxone 15µg/kg from the two experiments) further demonstrated the specificity of the cue effect. Two-way ANOVA showed no significant effect of naloxone (F (1,33) =0.4467, p=0.5086), but a significant effect of cue (F (1,133) =6.611, p=0.0148), as well as a significant interaction (F (1,33) =4.927, p=0.0334). Post hoc Tukey's multiple comparison test showed a significant difference only between the two naloxone groups, ¤¤ p<0.01) (Fig. 5A). For these two groups, a more detailed analysis of the kinetic of lever pressing also demonstrated a significant effect of cue-light (plain grey line) over no cue-light (dotted grey line) period (Fig. 5B). Indeed two-way RM ANOVA showed a significant effect of time (F (3,54) =3.851, p=0.0143) as well as a significant time x cue interaction (F (3,54) =2.988, p=0.0390). Post hoc Fisher's LSD multiple comparison test revealed a significant effect at 20 min (¤ p<0.05).

Taken together our behavioral data has highlighted that opiate withdrawal conditioning can generalize to the context of the operant cage, and that the cue-light period associated with acute opiate withdrawal had a specific effect over the context for the lowest naloxone dose of 15µg/kg which recapitulated the early aversive state of withdrawal.

Neural substrates of context and cue-light periods effects within the NAC-BLA-HPC network

To analyze the neural substrates of the differential behavioral responses observed with the 15µg/kg dose of naloxone, we took advantage of the catFISH method as described in our previous work, [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF], where Arc mRNA subcellular expression would allow to differentiate the cue-light period effect over the context. In the present experimental conditions, since Arc foci mark cells with transcription initiated 2-12 min before sacrifice [START_REF] Ivanova | Arc/Arg3.1 mRNA expression reveals a subcellular trace of prior sound exposure in adult primary auditory cortex[END_REF][START_REF] Nalloor | Encoding of emotion-paired spatial stimuli in the rodent hippocampus[END_REF], cellular activation to flashing cue-light period starting 10 min before sacrifice will mainly induce Arc nuclear labeling whereas basal response to the context of the cage (CX) will mainly induce cytoplasmic labeling [START_REF] Guzowski | Mapping behaviorally relevant neural circuits with immediate-early gene expression[END_REF]. We thus quantified these differential Arc labelings within the NAC-BLA-HPC network, in the four groups compared in figure 5, namely saline and naloxone 15µg/kg groups from test 1 (named as CX + cue groups) and from test 2 (named as CX no cue groups). All the data and statistical analyses are detailed in Table 1 and2 andin Shell: nuclear=7.6±2.6,double=3.8±2.3,cytoplasmic=13±4.9;NAC Core: nuclear=12±3.8,double=5±3.4,cytoplasmic=12±3.4;BLA: nuclear=19.8±0.9,double=5.3±1.5,cytoplasmic=15±4.6;CA3: nuclear=7.4±1.3,double=0.7±0.7,cytoplasmic=6.8±1.7 Arc mRNA positive neurons per mm2).

For the experimental groups, the type of activation was clearly different among the various conditions and structures analyzed. Indeed, in the CX +cue condition, Arc activation occurred mainly through nuclear labeling in the NAC shell, NAC core and BLA (Fig. 6A,B,C,A',C') whereas in the absence of cue-light (CX no cue condition), Arc activation occurred mainly as cytoplasmic labeling and only in the NAC shell and HPC CA3 (Fig. 6A",A',D",D'). Interestingly the population of neurons displaying both nuclear and cytoplasmic labeling (double) was also significantly increased in the NAC shell and BLA more prominently when reactivation occurred during the cue-light period (Fig. 6A',C').

No specific activation following either CX + cue or CX no cue condition was observed in CA1 and DG areas of the HPC (data not shown).

These data are further strengthened when considering the total nuclear (nuclear + double) or total cytoplasmic (cytoplasmic + double) activations (Table 1 and2). On the one hand, nuclear activation was prominent in the NAC shell, NAC core and BLA in the CX + cue condition. On the other hand, total cytoplasmic labeling was increased in the NAC shell and HPC CA3 only in the CX no cue condition.

Discussion

The present work shows that reactivation of the memory of the negative affective state of withdrawal suppresses active lever pressing for food, and that this conditioned suppression is generalized to the context. Interestingly the level of behavioral suppression and of contextual effects depends upon the intensity of the withdrawal experienced during conditioning sessions (early aversive vs full somatic withdrawal as modeled by two different doses of naloxone 15 and 120μg/kg [START_REF] Frenois | Neural correlates of the motivational and somatic components of naloxone-precipitated morphine withdrawal[END_REF]. Schulteis and colleagues also reported in their initial study that the behavioral suppression was dose dependent [START_REF] Schulteis | Relative sensitivity to naloxone of multiple indices of opiate withdrawal: a quantitative dose-response analysis[END_REF], and later evidenced a context-specific suppression of operant responding [START_REF] Schulteis | Context-and cue-conditioned potentiation of acute morphine dependence and withdrawal[END_REF] in line with the generalization to the context observed here. Thus, our behavioral data further support the idea that conditioned withdrawal effects can be readily quantified by the level of operant responding for food reward as previously shown [START_REF] Baldwin | Rapid induction of conditioned opiate withdrawal in the rat[END_REF][START_REF] Schulteis | Conditioning and opiate withdrawal[END_REF][START_REF] Schulteis | Context-and cue-conditioned potentiation of acute morphine dependence and withdrawal[END_REF][START_REF] Schulteis | Relative sensitivity to naloxone of multiple indices of opiate withdrawal: a quantitative dose-response analysis[END_REF].

Interestingly, we show here that this model of conditioned suppression effect driven by the aversiveness of mild withdrawal can be used in ad libitum fed rats and allows to differentiate context and cue effects on operant response for food. This was crucial here to limit the possibility of confounding variables on both cellular and behavioral responses. Indeed, food-restriction increased synaptic plasticity in the NAC which may involve Arc-mediated trafficking of AMPA receptors [START_REF] Carr | Nucleus Accumbens AMPA Receptor Trafficking Upregulated by Food Restriction: An Unintended Target for Drugs of Abuse and Forbidden Foods[END_REF], and induce non-specific increased arousal during opiate withdrawal that can influence the incentive for context vs cue associated stimuli [START_REF] D'cunha | Augmentation of Heroin Seeking Following Chronic Food Restriction in the Rat: Differential Role for Dopamine Transmission in the Nucleus Accumbens Shell and Core[END_REF].

Thus as compared to the conditioned place aversion model that we used previously (Frenois et al., 2005b;[START_REF] Lucas | Remodeling of the neuronal circuits underlying opiate-withdrawal memories following remote retrieval[END_REF][START_REF] Lucas | Reactivity and plasticity in the amygdala nuclei during opiate withdrawal conditioning: differential expression of c-fos and arc immediate early genes[END_REF], the present paradigm allowed 1) to study the evolution of the acute effects of withdrawal during conditioning, 2) to measure the role of opiate withdrawal aversive memories on food-reward incentive properties, and 3) to differentiate contextual from cuelight stimuli influences. Our behavioral results showing that the context effect of opiate withdrawal memory can be invigorated by the cue is also in line with previous studies highlighting the interaction between discrete and contextual cues in addiction (e.g. [START_REF] Fuchs | Nucleus accumbens shell and core involvement in drug context-induced reinstatement of cocaine seeking in rats[END_REF][START_REF] Harris | Contextual control over conditioned responding in an extinction paradigm[END_REF][START_REF] Remedios | Pavlovian-conditioned alcoholseeking behavior in rats is invigorated by the interaction between discrete and contextual alcohol cues: implications for relapse[END_REF]).

To delineate the neural substrates underlying these differential behavioral responses, we took advantage of the catFISH method we have previously used [START_REF] Hachem-Delaunay | Subthalamic nucleus high-frequency stimulation modulates neuronal reactivity to cocaine within the reward circuit[END_REF]) to quantify Arc expression for the experimental groups conditioned with Naloxone 15µg/kg tested when re-exposed to context then cue-light (CX + cue) or to context only (CX no cue). We focused on the NAC, BLA and HPC since these areas are crucial structures for contextual-and cue-related memories [START_REF] Robbins | Drug addiction and the memory systems of the brain[END_REF], and particularly the aversive memory of withdrawal in opiate dependence (Frenois et al., 2005a). We show here that behavioral responses to context only or context plus cue light are associated with differential Arc mRNA activations within the NAC, BLA, and HPC. Indeed both context and cue-light activated NAC shell neurons whereas NAC core neurons were responsive only when cue light was present. Also BLA and HPC were more responsive to cue-light and context respectively.

As a whole our cellular imaging data support the differential role of NAC core, NAC shell, BLA and HPC on cue vs context-induced reinstatement of operant behaviors associated with drug-related positive effects (for reviews, [START_REF] Bossert | The reinstatement model of drug relapse: recent neurobiological findings, emerging research topics, and translational research[END_REF][START_REF] Janak | The Potent Effect of Environmental Context on Relapse to Alcohol-Seeking After Extinction[END_REF][START_REF] Milton | The persistence of maladaptive memory: addiction, drug memories and anti-relapse treatments[END_REF]). They also suggested on the one hand that the saline injection was not treated as "discrete" cue since no significant nuclear activation was observed in the absence of cue-light in our experimental paradigm, and on the other hand that the flashing cue light period was not treated as a contextual cue but more as a "discrete" cue.

Concerning the NAC, there is a large literature showing that the shell is more involved in the treatment of contextual positive affective drug memories (heroin, cocaine, alcohol,..), whereas the core is more related to the coding of discrete cues associated with drug effects (e.g. for alcohol and cocaine [START_REF] Chaudhri | Separable roles of the nucleus accumbens core and shell in context-and cue-induced alcohol-seeking[END_REF][START_REF] Fuchs | Nucleus accumbens shell and core involvement in drug context-induced reinstatement of cocaine seeking in rats[END_REF]). Concerning affective memories of the positive rewarding effect of opiates, a dissociable role for NAC shell and core was also shown for context-versus discrete-cue-induced reinstatement of heroin seeking [START_REF] Bossert | Differential effects of blockade of dopamine D1-family receptors in nucleus accumbens core or shell on reinstatement of heroin seeking induced by contextual and discrete cues[END_REF], and NAC core inactivation (and not NAC shell) inhibited cueinduced reinstatement of heroin seeking [START_REF] Rogers | The neural circuitry underlying reinstatement of heroinseeking behavior in an animal model of relapse[END_REF]. The dissociation observed here in the processing of the memory associated with the aversive state of withdrawal, as also shown for cue and contextual fear aversive memories [START_REF] Thomas | Cellular imaging with zif268 expression in the rat nucleus accumbens and frontal cortex further dissociates the neural pathways activated following the retrieval of contextual and cued fear memory[END_REF], suggests the existence of common neural mechanisms in the processing of positive and aversive emotional memories.

However our study demonstrates a more complex picture of context and cue processing within the NAC-BLA-HPC network. Indeed, in our experimental paradigm, the NAC shell is involved in the processing of both context and cue, as supported by the increased number of all nuclear, cytoplasmic and double positive-neurons in this region. The NAC shell was also reactivated by both type of stimuli in the processing of aversive emotional fear memories [START_REF] Thomas | Cellular imaging with zif268 expression in the rat nucleus accumbens and frontal cortex further dissociates the neural pathways activated following the retrieval of contextual and cued fear memory[END_REF]. This is in line with the fact that the NAC shell received inputs from both the BLA and HPC [START_REF] Zahm | Functional-anatomical implications of the nucleus accumbens core and shell subterritories[END_REF], and that BLA and HPC projections to the NAC are suggested to mediate CS-US and context-US associations respectively (for review, [START_REF] Milton | The persistence of maladaptive memory: addiction, drug memories and anti-relapse treatments[END_REF]. Some more recent work using optogenetic or disconnection strategies have highlighted the involvement of the BLA-NAC core pathway in mediating reward seeking behavior in responses to discrete and contextual cues [START_REF] Chaudhri | Unilateral inactivation of the basolateral amygdala attenuates context-induced renewal of Pavlovian-conditioned alcoholseeking[END_REF][START_REF] Namburi | A circuit mechanism for differentiating positive and negative associations[END_REF][START_REF] Stefanik | Optogenetic dissection of basolateral amygdala projections during cue-induced reinstatement of cocaine seeking[END_REF].

Concerning the HPC, it is striking however that Arc mRNA activation was only significant in CA3 and not in CA1, which is the main hippocampal area projecting to the NAC. Indeed in the CPA paradigm (Pavlovian process) that we used in a previous work, both CA1 and CA3 hippocampal areas were activated by re-exposure to the withdrawal paired context (Frenois et al., 2005b;[START_REF] Lucas | Remodeling of the neuronal circuits underlying opiate-withdrawal memories following remote retrieval[END_REF]. Also contextual freezing (another form of aversive memory) is associated with both CA1 and CA3 Arc mRNA activation [START_REF] Pevzner | Temporal dynamics of Arc gene induction in hippocampus: relationship to context memory formation[END_REF]. Here, the use of an operant paradigm might recruit different circuits. Indeed it was shown that hippocampal CA3, via its projection to the VTA, appears as an important substrate by which environmental context regulates goal-directed behavior [START_REF] Luo | Linking context with reward: a functional circuit from hippocampal CA3 to ventral tegmental area[END_REF] which may be the pathway involved here instead of the CA1-NAC projection.

As a whole, and even if the exact pathways involved remain to be determined, we observed however that the HPC was only significantly activated in the absence of cue whereas the BLA was activated only when the cue-light was present. This further supports a recent catFISH study showing the dissociable contribution of HPC and BLA in contextual fear encoding [START_REF] Zelikowsky | Neuronal ensembles in amygdala, hippocampus, and prefrontal cortex track differential components of contextual fear[END_REF]. BLA is also critical for alcohol seeking elicited by cues, an effect which is strongly invigorated in the related context [START_REF] Sciascia | Alcohol-Seeking Triggered by Discrete Pavlovian Cues is Invigorated by Alcohol Contexts and Mediated by Glutamate Signaling in the Basolateral Amygdala[END_REF]. Again, this is in line with the differential roles of these structures in mediating context and cue-related associations respectively as reviewed in [START_REF] Milton | The persistence of maladaptive memory: addiction, drug memories and anti-relapse treatments[END_REF].

However, the complexity of the various types of labeling observed in our experimental conditions is somewhat interesting, especially in the present protocol in which the cue presentation was superimposed to the context of the cage. For example, surprisingly, in both HPC and NAC shell we did not observed a cytoplasmic activation by the context in the CX + cue condition unlike in the CX no cue condition, despite a marked behavioral response to the context in both cases. One explanation could be that sustained Arc activation by cue-light presentation in addition to the context finally lead to Arc mRNA degradation through a mechanism of translation-dependent mRNA decay which can act as a brake to regulate mRNA-specific translational response [START_REF] Bramham | The immediate early gene arc/arg3.1: regulation, mechanisms, and function[END_REF]. This could be a mechanism by which the flashing cue light superimposed to the context may participate to the consolidation of the withdrawal memory and allow the cue effect to be processed at the cellular level via the delivery of newly induced Arc mRNA.

In conclusion, our data show that differential behavioral responses to context and cue associated with opiate withdrawal aversive state were underpinned by partially dissociable neural circuits, as also highlighted for context versus cue processing in other type of aversive memories such as fear [START_REF] Desmedt | Adaptive emotional memory: the key hippocampal-amygdalar interaction[END_REF]. We demonstrate here that cues may have salient effects over the context in the retrieval of opiate withdrawal memory. Our results corroborate the growing literature indicating that the context in which drug-associated cues are experienced has a profound impact on behavioral responding to the cues, and may therefore influence the strategies for the disruption of these maladaptive memories used in addiction treatments (for reviews, [START_REF] Conklin | Applying extinction research and theory to cue-exposure addiction treatments[END_REF][START_REF] Taylor | Targeting extinction and reconsolidation mechanisms to combat the impact of drug cues on addiction[END_REF] Ad libitum Sprague Dawley rats were trained to press a lever to obtain palatable food pellets (5TUL 45mg, Sandow, UK) in operant cages over a period of 2-3 weeks with increasing fixed-ratio (FR1, FR2, FR3, FR5). Following stable responding over three consecutive days in FR5, rats were made opiate dependent by subcutaneous implantation of two morphine-pellets (day 0, D0). After retraining, opiate withdrawal conditioning (precipitated by a naloxone injection) was performed from D6 to D11 in operant cages). Each conditioning session (C1 to C6) consisted in 10 min of basal responding in the cage plus 20 min of flashing cue-light (cue) presentation following naloxone or saline injection. In test 1 condition (CX + cue), the same session occurred on test day (D12) but in the absence of naloxone (only saline injection). For test 2 (CX no cue), the session also occurred on D12 in the absence of naloxone and also in the absence of cue. On test days, the duration of the cue (or no cue) period has been reduced to 10 min and all the animals have been sacrificed at the end of the 20 min test session for further cellular studies. (A", D"). The neurons displaying both nuclear and cytoplasmic labeling (double) was also significantly increased in the NAC shell and BLA more prominently when reactivation occurred during the cuelight period (Fig. 6A',C'). Two-way ANOVA followed by the Tukey's multiple comparisons post hoc test. Detailed statistical data for the ANOVAs are provided in Table 1. Global ANOVA: $ refers to significant treatment effect (naloxone versus saline); ¤ refers to significant group effect (CX + cue versus CX no cue). Tukey's multiple comparisons post hoc test: * signs are versus saline; # signs are versus CX + cue when the ANOVA interaction was significant.

Table 1: Detailed statistical information for catFISH cellular data

Cellular data were analyzed using two-way ANOVA (treatment x group), followed by Tukey's multiple comparisons post hoc test. In the ANOVA, "treatment" refers to naloxone versus saline, "group" refers to CX + cue versus CX no cue. Statistical information include F-value, P-value and global significance. Post hoc results for multiple comparisons are provided in Figure 6 and Table 2. 

  the legend of Fig. 6. Histograms (Figure 6A-D, left panels) represented the proportion of nuclear, cytoplasmic and double neurons in each experimental condition, and showed that reactivation of opiate withdrawal aversive memory activates Arc mRNA expression within the NAC-BLA-HPC network. Home-cage controls displayed very low levels of Arc mRNA expression whatever the type of labeling or the structure (NAC
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. Further studies are needed to decipher how NAC activity contributes to the processing of opiate withdrawal memories, and how it interacts with BLA and HPC to encode and retrieve contextual or cued associated stimuli.

Data correspond to the mean ± SEM of positive neurons per mm2. Results of the ANOVA are provided Table 1. Tukey's multiple comparisons post hoc test: **** p<0.0001; ***p<0.001, *p<0.05 versus saline; # p<0.05 versus CX + cue.