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Morphine withdrawal recruits lateral habenula cytokine

 

Introduction

Opiate withdrawal produces negative emotional states including low mood and reduced sociability, contributing to relapse during drug abstinence [START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[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] .

Dysfunction of the lateral habenula (LHb) -a nucleus controlling monoaminergic systems and processing aversive stimuli -underlies depressive symptoms typical of mood disorders and drug withdrawal [START_REF] Meye | Neural circuit adaptations during drug withdrawal -Spotlight on the lateral habenula[END_REF] .

Opiates also affect LHb function [START_REF] Margolis | Mu Opioid Receptor Actions in the Lateral Habenula[END_REF][START_REF] Wang | Inhibition of the lateral habenular CaMK abolishes naloxone-precipitated conditioned place aversion in morphine-dependent mice[END_REF] . However whether morphine withdrawal reorganizes LHb circuits to underlie specific aspects of the withdrawal state remains unknown.

Using mice, we found that morphine withdrawal emerging after naloxone precipitation or a prolonged abstinence period i. reduces glutamatergic transmission onto LHb neurons projecting to the raphe nucleus and ii. remodels microglia and cytokine signaling. Finally, the withdrawal-driven cytokine adaptations are instrumental for the diminished synaptic strength and opiate-withdrawal sociability deficits. ratios solely in LHb Raphe neurons (Fig. 1c,d) suggesting that MORwd plasticity is specific for discrete habenular circuits.

Cytokine signaling in the LHb interfaces morphine withdrawal plasticity

Which induction mechanism gates MORwd-driven plasticity onto Med LHb neurons? Inflammatory responses and glial cell activation emerge during opioid withdrawal [START_REF] Hao | The role of TNFα in the periaqueductal gray during naloxone-precipitated morphine withdrawal in rats[END_REF][START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF] . Indeed, spontaneous morphine withdrawal drives adaptations in microglia and pro-inflammatory cytokine release (i.e. tumor necrosis factor-α (TNFα)) [START_REF] Campbell | CCL5 and cytokine expression in the rat brain: differential modulation by chronic morphine and morphine withdrawal[END_REF] . Notably, cocaine also leads to reduced microglia arborization along with TNFα-dependent AMPAR internalization, partly underlying drug-mediated behavioral adaptations [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF][START_REF] Kettenmann | Physiology of microglia[END_REF] . We thereby examined microglia morphology and cytokine levels during MORwd. We found that, within the Med LHb, MORwd i. reduced microglial markers including Iba1 and CD68 and ii. diminished microglial cell volume (Fig. 2a-d). In parallel, naloxone-and spontaneous MORwd increased TNFα immunolabeling within the LHb (Fig. 2e and Supplementary Fig. 2a-d). Altogether, these findings support the engagement of inflammatory responses and cytokine signaling within the LHb during MORwd.

We then reasoned that if MORwd promotes TNFα release, artificially increasing its levels should prove sufficient to recapitulate MORwd-driven synaptic plasticity. Accordingly, incubating LHb-containing slices from salineinjected mice with exogenous TNFα reduced AMPAR:NMDAR ratios in the Med LHb. This effect was absent in Lat LHb, and occluded by naloxoneprecipitated as well as spontaneous MORwd (Fig. 3a-b and Supplementary Fig. 3a). TNFα release may arise from microglial Toll-Like Receptor 4 (TLR-4) signaling [START_REF] Michaud | Proinflammatory cytokines, aging, and age-related diseases[END_REF] . Systemically activating TLR-4 with the agonist MPLA in MORtreated mice, instead of naloxone, mimicked MORwd plasticity (Fig. 3c).

Moreover, MPLA application in acute slices from MOR-treated animals reduced AMPAR currents in Med LHb, but not in Lat LHb (Fig. 3d and Supplementary Fig. 3b). This MPLA-driven reduction in EPSCs did not occur in the presence of a dominant negative peptide, which blocks the soluble form of TNFα (XENP1595; Supplementary Fig. 3c) [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF] . Furthermore, MORwd occluded MPLA-driven synaptic depression (Fig. 3d) and systemic injection of the dominant negative peptide XENP1595 prevented MORwd-induced plasticity (Supplementary Fig. 3d). Altogether, this supports i. TLR-4 expression within the LHb (See Allen Brain Atlas), ii. its effect on AMPARs via TNFα signaling, and iii. the necessity and sufficiency of TNFα for MORwddriven reduction of LHb glutamatergic transmission.

Requirement of TNF-R1 for morphine withdrawal synaptic and behavioral adaptations

TNFα triggers its central effects partly through TNF receptor-type-1 (TNF-R1) [START_REF] Probert | TNF and its receptors in the CNS: The essential, the desirable and the deleterious effects[END_REF] . To test whether this applies to MORwd-driven plasticity in the LHb, we employed TNF-R1 fl/fl mice to Cre-dependently knock-down TNF-R1 expression in LHb neurons (Fig. 4a-c). After viral injection, AAV Cre -TNF-R1 fl/fl mice failed to show MORwd-driven AMPAR:NMDAR ratio reduction compared to AAV Control -infused mice (Fig. 4d). This highlights the necessity of neuronal TNF-R1 for MORwd-driven depression of synaptic AMPARs in LHb.

MORwd drives negative emotional symptoms among which social detachment [START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[END_REF] . Similarly, LHb dysfunction contributes to the negative behavioural states emerging in mood disorders and addiction, although its implications for sociability remains poorly addressed [START_REF] Lecca | Rescue of GABAB and GIRK function in the lateral habenula by protein phosphatase 2A inhibition ameliorates depressionlike phenotypes in mice[END_REF][START_REF] Meye | Cocaine-evoked negative symptoms require AMPA receptor trafficking in the lateral habenula[END_REF][START_REF] Benekareddy | Identification of a Corticohabenular Circuit Regulating Socially Directed Behavior[END_REF] . Hence, we examined the contribution of the LHb-to-Raphe pathway, the locus of MORwd plasticity, for social behavior. We employed an intersectional chemogenetic viral approach to reduce the efficiency of the LHb-to-Raphe projection. This combined the retrograde expression of cre-recombinase (HSV-Cre in dorsal raphe) with cre-dependent expression of hM4Di (rAAV-hM4Di-mCherry, DREADDi, in LHb; Fig. Supplementary 4a). Reducing LHb-to-Raphe efficiency with clozapine-N-oxide diminished social preference (Fig. Supplementary 4b), supporting LHb contribution to social behaviors.

Next, we recapitulated MORwd-driven reduction in social preference in C57Bl6 mice (Fig. 4e and Supplementary Fig. 4c-f) [START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[END_REF] . We then prepared slices from MORwd mice showing low or high sociability scores, and found that AMPAR:NMDAR ratios, recorded in Med LHb, positively correlated with the social score (Fig. 4f). This indicates that reduced synaptic strength in the LHb predicts opiate-WD-driven sociability deficits.

Notably, microglia and TNFα signaling also contributes to social behaviors 17- 19 . We thereby predicted that LHb TNF-R1 ablation, not only prevents MORwd synaptic plasticity (Fig. 4d), but also MORwd low sociability. Indeed, MORwddriven sociability deficits were absent after cre-dependent LHb TNF-R1 knock-down (Fig. 4g and Supplementary Fig. 4g-k). This genetic intervention did not affect locomotion (Supplementary Fig. 3l).

Discussion

We found that MORwd-driven TNFα release requires neuronal TNF-R1 to reduce AMPAR transmission onto raphe-projecting, medially-located, LHb neurons. This ultimately gates MORwd-driven social impairment, a negative symptom typical of opiate withdrawal.

The TNFα-TNF-R1 engagement within the LHb represents a previously unidentified mechanism underlying precise cellular and behavioural aspects of MORwd. Yet this is consistent with the following: i. drugs and drugwithdrawal-mediated modulation of AMPAR transmission partly rely on cytokine signaling [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF] ; ii. inhibition of TLR-4 attenuates MORwd symptoms [START_REF] Hutchinson | Proinflammatory cytokines oppose opioidinduced acute and chronic analgesia[END_REF] ; iii. TNF-Rs contribute to social behaviors [START_REF] Patel | Lack of aggression and anxiolytic-like behavior in TNF receptor (TNF-R1 and TNF-R2) deficient mice[END_REF] . Notably, in pyramidal neurons of the hippocampus and cortex, TNFα regulates AMPAR exocytosis and their surface expression [START_REF] He | Genetic deletion of TNF receptor suppresses excitatory synaptic transmission via reducing AMPA receptor synaptic localization in cortical neurons[END_REF][START_REF] Stellwagen | Differential regulation of AMPA receptor and GABA receptor trafficking by tumor necrosis factor-alpha[END_REF] . This phenomenon is opposite at striatal synapses where, similarly to the LHb, TNFα application results in decreased AMPAR transmission [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF][START_REF] Lewitus | An adaptive role of TNFα in the regulation of striatal synapses[END_REF] . This divergence may arise from different TNFα release dynamics, TNF receptors expression and signaling, or alternatively the properties of AMPAR anchoring at postsynaptic compartments within the LHb.

MORwd modifies the morphology of microglia in the LHb. This is, at least partly, consistent with previous findings [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF] , yet it remains correlative with respect to TNFα levels. This heightens the need to fill the gap in understanding microglia function and its relationship with TNFα within the habenular complex. Overall, while pharmacotherapies targeting pro-inflammatory pathways in substance abuse are missing, our data further support cytokine signaling as a cellular pillar for aspects of drug addiction and more largely of psychiatric disorders [START_REF] Lewitus | Microglial TNF-α Suppresses Cocaine-Induced Plasticity and Behavioral Sensitization[END_REF][START_REF] Cui | Astroglial Kir4.1 in the lateral habenula drives neuronal bursts in depression[END_REF] .

MORwd-driven TNFα-dependent depression of AMPAR transmission occurs at LHb Raphe neurons. From a circuit standpoint, this may provide an 'antisocial' signal [START_REF] Van Kerkhof | Functional integrity of the habenula is necessary for social play behaviour in rats[END_REF] likely through reduced actions onto raphe neuronal populations. This is consistent with the evidence reported here that chemogenetic manipulation of the LHb-to-Raphe projection diminishes sociability. Alongside, dopamine-and serotonin-containing neurons in the raphe contribute to social behaviors, and medially-located LHb neurons monosynaptically connect to the latter [START_REF] Kane | Mice genetically depleted of brain serotonin display social impairments, communication deficits and repetitive behaviors: possible relevance to autism[END_REF][START_REF] Lecca | Aversive stimuli drive hypothalamus-to-habenula excitation to promote escape behavior[END_REF][START_REF] Matthews | Dorsal Raphe Dopamine Neurons Represent the Experience of Social Isolation[END_REF][START_REF] Wang | Physiological evidence for habenula as major link between forebrain and midbrain raphe[END_REF] . Understanding the repercussions of LHb activity onto raphe neuronal subtypes during MORwd remains an important aspect for future investigation.

In conclusion, our data support the participation of cytokine-mediated plasticity for opiate-evoked negative symptoms, a mechanism by which LHb ultimately contributes to the addiction spiral. Uncaging was obtained via a single-path photolysis head (Prairie Technologies) connected to a solid-state laser (Rapp Optolectronics, Germany; 405 nm, duration 1 ms, diameter 3-5µm, 250-300 m from soma).

AMPAR:NMDAR ratios in uncaging experiments were calculated as follows:

AMPA-EPSC at -60 mV/NMDA-EPSCs at +40 mV and the individual components were identified as previously described, using the late Histology and immunofluorescence. Mice were injected daily with saline/morphine (20mg/kg, i.p.) for 6 days. Some mice were left to develop spontaneous withdrawal, while others received naloxone (2mg/kg, i.p.) injection 30 min after the last saline/morphine injection on day 6. After 10-13 days of spontaneous withdrawal or 30 min after naloxone injection mice were anhestetized and perfused with cold 4% paraformaldehyde (PFA) in PBS (phosphate-buffered saline). The brains were extracted, post-fixed in 4% PFA in PBS, and incubated in 30% sucrose in PBS until they sank. 30 µm slices were cut at the cryostat, and stored in PBS containing 0.02% NaN3 for future analysis. For the immunofluorescence, the slices were incubated 2h in blocking buffer (5% NGS, 0.3% Triton-X in PBS) and then 24h at 4°C with the primary antibody solution (mouse anti-TNFα antibody, ab1793, Abcam, 1:100 in blocking buffer). After extensive rinses, the secondary antibody was applied 

Microglia analysis

Mice were anhestetized and perfused with cold 4% paraformaldehyde (PFA)

in PBS (phosphate-buffered saline). The brains were extracted, post-fixed in 4% PFA in PBS, and incubated in 30% sucrose in PBS until they sank. 30 µm slices were cut at the cryostat, and stored in PBS containing 0.02% NaN3 for future analysis. Brain sections were permeabilized at room temperature (RT) in 0.5% Triton X-100 (Sigma) for 1 hr RT, followed by 1 hr RT blocking in 2% BSA 0.5% Triton X-100 and overnight incubation with primary antibody (Iba1 

Figure 1

 1 Figure 1 MORwd-driven projection-specific synaptic depression in LHb. (a) Naloxone-precipitated MORwd (NP-MORwd) effect on AMPAR:NMDAR ratios from Lat LHb (n mice/cells =7-8/11; saline (gray) versus NP-MORwd (orange): t 20 =0.0548, P=0.957) and Med LHb: (n mice/cells =7-8/12-13; saline (black) versus NP-MORwd (red): t 23 =2.210, *P=0.037) (b) Left: schematic of spontaneous withdrawal timeline. Right: AMPAR:NMDAR ratios recorded from Med LHb 1 hour, 10, 20 or 30 days after saline or MOR treatment (n mice/cells =3-6/11-22, saline 1 hour and 10 days after last injection pooled (black) versus MOR withdrawal 1 hour (open red) and MOR 10, 20 and 30 days withdrawal (red), F (4, 62) = 3.90 one-way ANOVA, **P=0.007). (c) Retrobeads in Raphe (left) and retrogradely-labeled LHb Raphe neurons (right) images. AMPAR:NMDAR ratios from LHb Raphe neurons (n mice/cells =5/10-11, saline (black) versus NP-MORwd (red), t 19 =3.153, **P=0.005). (d) Same as c but in VTA (n mice/cells =2-4/6-7, saline (black) versus NP-MORwd (red), t 11 =0.575, P=0.577). Sal, saline; Mor, morphine; Nlx, naloxone; PAG, periaqueductal gray; DG, dentate gyrus; MHb, medial habenula; SNr, substantia nigra pars reticulata.

Figure 2

 2 Figure 2 Microglia and cytokine signaling in the LHb during MORwd. (a) Representative max-projection of confocal acquisition of the LHb, depicting Iba1-positive microglia (left). Representative max-projection of microglia obtained in the Med LHb of mice in saline and NP-MORwd (top right). Representative 3D reconstruction of Iba1 positive microglia, containing CD68positive structures, acquired in the Med LHb of mice in saline and NP-MORwd (bottom right). (b) Analysis of relative intensity of Iba1 microglia immunoreactivity in Med LHb in the different experimental groups (Saline (black) n mice/cells =4/366, NP-MORwd (red) n mice/cells =4/328, t 692 =3.305, ***P=0.001). (c, d) Quantitative analysis of microglial cell volume (based on Iba1immunoreactivity) and volume of CD68-positive structures. Values are normalized to Saline control (Saline (black) n mice/cells =4/89, NP-MORwd (red) n mice/cells =4/83; Iba1 volume, t 170 =3.05, **P=0.003; CD68/Iba1 volume, t 170 =2.65, **P=0.008). (e) TNFα (cyan) and DAPI (magenta) immunostaining

Figure 3

 3 Figure 3 TNFα signaling modulates habenular AMPAR-mediated transmission. (a) AMPAR:NMDAR ratios from naloxone-injected saline mice in Lat LHb without (-) or with (+) exogenous TNFα (n mice/cells =2/7-9,
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 45125 Figure 4 TNFR1 is required for MORwd-driven synaptic and behavioural adaptations. (a) Experimental protocol using TNF-R1 fl/fl mice. (b) Image and (c) quantification of AAV-Cre-infected LHb neurons (magenta) and total LHb neurons (cyan) from three mice (M1, M2 and M3). (d) AMPAR:NMDAR ratios from Med LHb of: AAV Control -TNF-R1 fl/fl (saline (gray) versus NP-MORwd (red)) or AAV Cre -TNF-R1 fl/fl (saline (open gray) versus NP-MORwd (open pink)) (n mice/cells =7-8/9-14, interaction factor F (1,44) =4.887 two-way ANOVA, *P=0.032). (e) Tracking plots of social preference test (SPT) in C57/Bl6 mice. Box/scatter plots showing social preference score (saline (black) versus NP-MORwd (red), n mice =22 /group, t 42 =2.559, *P=0.014). Animals indicated with pink filled circles were used for AMPAR:NMDAR ratio recordings shown in (f). (f) Correlation of AMPAR:NMDAR ratios and social preference score (n mice/cells =4/12 ; Pearson's r 2 = 0.954; *P=0.023). (g) Tracking and box/scatter

  component of the EPSC at 30 ms after the onset (Maroteaux and Mameli, 2012). Rectification index was computed by recording AMPA-EPSC at -70 and +40 mV and was calculated as follows: (AMPA-EPSC at -70/AMPA-EPSC at +40)/1.75. To assess presynaptic release properties, trains of AMPAR-EPSCs were evoked using extracellular stimulating electrode (5 pulses at 5Hz, 10Hz and 20Hz). The amplitudes of EPSCs trains were normalized to the amplitude of the first pulse. When indicated recordings were performed from retrogradely labeled and fluorescently identified LHb neurons. Some experiments were performed in LHb-containing slices incubated for minimum one hour with exogenous TNFα (100ng/ml). To test the effect of MPLA on AMPAR transmission, neurons were patched either in the lateral or the medial territory of the LHb and EPSCs were evoked with extracellular stimulation. Following a ten-minute baseline, MPLA (1 g/ml) was added to the recording solution and EPSCs were recorded minimum 40 minutes after. Some experiments were performed in presence of the TNFα dominant negative peptide 6mg/1ml; XENP1595, Xencor, US) in the recording solution. Non stationary fluctuation analysis. A peak-scaled nonstationary fluctuation analysis (NSFA) was performed on sEPSCs (# of events, 70-250) (Synaptosoft, USA). sEPSCs were selected by: fast rise time alignment, stable baseline holding current, and the absence of spurious fluctuations during the sEPSCs decay. The variance-amplitude relationship of sEPSC decay was plotted and fitted with the equation σ 2 = iI -I 2 /N + σ b 2 (where i is the mean single-channel AMPA current, I is the mean current, N is the number of channels activated at the peak, N = mean amplitude/i; and σ 2 is the baseline variance). i was estimated as the slope of the linear fit of the first portion of the parabola of the fitted sEPSC decay. The goodness-of-fit was assessed with a least-squares algorithm. The unitary current was converted in conductance based on the reversal potential of evoked EPSCs ( 0 mV) and the holding potential (-60 mV). Conductance and average EPSC amplitude, mean rise time, mean decay time, access resistance, or background noise variance had no correlation (p > 0.4) (Maroteaux and Mameli, 2012).

(

  goat anti-mouse IgG-conjugated Alexa 488, Invitrogen, 1:400 in blocking buffer, 24h at 4°C). The slices were then incubated in a 1:400 DAPI solution in PBS, extensively rinsed, mounted on glass slides with Pro-Long Gold Antifade Reagent (Invitrogen) and coverslipped. Images were acquired with an epifluorescent microscope with a 20x objective (AxioVision, Zeiss) using the same parameters for all the samples. The images were analyzed and processed with ImageJ software. Optical density was measured on the whole LHb area, and normalized on the neighboring thalamus [LHb-Thal/(LHb+Thal)]. 3-6 slices distributed in the rostrocaudal axis were analyzed per each animal (8 morphine, 7 saline).

1: 1000 ,

 1000 Wako Chemicals, Cat. No. 019-19741 and CD68 1:400, Bio-Rad Cat.No. MCA1957) at 4°C. Upon washing, sections were incubated 2 hr RT with Alexa-fluorophore-conjugated secondary antibodies (Invitrogen), and counterstained with DAPI (Invitrogen).Confocal microscopy was performed with a TCS-SP5 (Leica) Laser Scanning System, by using a 20X dry objective and images were processed and analyzed by Fiji Software or Imaris Software (Bitplane, Switzerland), as appropriate. Imaris was used for 3D rendering of confocal images for quantification of volumes.For density analysis, for each acquisition, the DAPI channel was maxprojected and the medial and lateral portions of the lateral habenula were manually drawn as region of interest. Then, stacks ranging from 15 to 20µm in thickness, with z-step size of 1µm, were processed as follows: Iba1 and DAPI channels were thresholded in Fiji and multiplied to each other for each stack, with the image calculator function. The resulting thresholded stack was maxprojected and the microglia nuclei were counted with Analyze Particle function.For cell soma size and Iba1 intensity, each acquisition was max-projected and the contour of cell somata in the medial portion of the lateral habenula were manually drawn based on the Iba1 immunoreactivity, and analyzed per size in µm[START_REF] Lutz | Distinct mu, delta, and kappa opioid receptor mechanisms underlie low sociability and depressive-like behaviors during heroin abstinence[END_REF] and intensity.3D imaging analysis was performed by Imaris applying recorded algorithms (fixed thresholds for signal intensity) to all the images of the same experiment, in order to produce unbiased signal quantification. In each experiment, one brain slice per animal (n=4) per each group was acquired. The microglial cell volume and the volume of phagocytic structures were reconstructed based on the absolute intensity of Iba1 and CD68 signals, respectively. The volume of CD68 was then normalized for the Iba1 volume, to take in account the cell size.Behavior.Social preference test.A three-chambered social preference test was used, consisting in a rectangular Plexiglas arena (60 × 40 × 22 cm) (Ugo Basile, Varese, Italy) divided into three chambers. The walls of the center chamber had doors to allow free access to all compartments. The luminosity was around 10 lux. Thirty minutes after naloxone injection each mouse was placed in the arena for a habituation period of 10 min and was allowed to freely explore the whole empty arena. The social preference test was performed immediately after the end of the habituation: two enclosures with vertical bars were placed in the middle of the two lateral compartments, while the central chamber remained empty. One enclosure was empty (serving as an inanimate object) whereas the other contained a social stimulus (unfamiliar juvenile mouse 25 ± 1 days old). The enclosures allowed visual, auditory, olfactory and tactile contact between the experimental mice and the social stimuli mice. The juvenile mice in the enclosures were habituated to the apparatus and the enclosures for 3 days before the experiment and each one of them served as a social stimulus for no more than 2 experimental mice (at least 6 weeks old). The test lasted 10 minutes where experimental mice were allowed to freely explore the apparatus and the enclosures. The position of the empty and juvenile-containing enclosures alternated and was counterbalanced for each trial to avoid any bias effects. Every session was video-tracked and recorded using Ethovision XT (Noldus, Wageningen, the Netherlands) or AnyMaze (Stoelting, Ireland), which provided an automated recording of the entries and time spent in the compartments, the distance moved and the velocity. The time spent in each chamber was assessed and then used to determine the preference score for the social compartment as compared to the object compartment (social/(social + object)). The arena was cleaned with 1% acetic acid solution and dried between trials.
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Results

Morphine withdrawal-driven synaptic plasticity in the LHb

We subjected mice to naloxone-precipitated MORwd to examine its repercussions on glutamatergic synapses onto LHb neurons [START_REF] Goeldner | Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine[END_REF] . Indeed, aberrant LHb excitatory transmission underlies negative symptoms in rodent models of depression and addiction [START_REF] Meye | Neural circuit adaptations during drug withdrawal -Spotlight on the lateral habenula[END_REF] . Spontaneous excitatory postsynaptic current (sEPSC) amplitudes, but not frequencies, were reduced only in LHb neurons located in the medial aspect ( Med LHb; lateral LHb, Lat LHb; Supplementary Fig. 1a and1b). Accordingly, MORwd diminished AMPAR:NMDAR ratios solely in the medial territory (Fig. 1a and Supplementary Fig. 1c) without affecting neurotransmitter release assessed by trains of synaptic stimulation (Supplementary Fig. 1d). Recordings obtained 1 hour after the last MOR injection (without naloxone) yielded salinecomparable AMPAR:NMDAR ratios (Fig. 1b). In contrast, spontaneous MORwd persistently decreased AMPAR:NMDAR ratios in the Med LHb up to 30 days after the last MOR injection (Fig. 1b).

To assess whether MORwd affects AMPAR conductance or number, we used peak-scaled non-stationary fluctuation analysis of Med LHb-recorded sEPSCs [START_REF] Valentinova | mGluR-LTD at Excitatory and Inhibitory Synapses in the Lateral Habenula Tunes Neuronal Output[END_REF] .

While estimated single-channel conductance remained unaffected in MORwd slices, the number of channels opened at the peak positively correlated with amplitude values (Supplementary Fig. 1e). MORwd failed to alter AMPAR-EPSC rectification properties (Supplementary Fig. 1f), whereas it reduced glutamate uncaging-evoked AMPAR:NMDAR ratios, yielding a decrease only in absolute AMPAR currents (Supplementary Fig. 1g). Altogether, this suggests that MORwd reduces, in a territory-specific fashion, the number of AMPARs without affecting their biophysical properties, NMDARs or presynaptic glutamate release.

MORwd-evoked glutamatergic plasticity occurs onto Med LHb neurons, which innervate downstream structures including the raphe nucleus and the ventral tegmental area (VTA) [START_REF] Pollak Dorocic | A whole-brain atlas of inputs to serotonergic neurons of the dorsal and median raphe nuclei[END_REF] . We therefore examined the strength of glutamatergic synapses onto retrobeads-labeled Raphe-and VTA-projecting LHb neurons 
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