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The endocannabinoid system (ECS) is a neuromodulatory network involved in a wide range of physiological functions. ECS comprises endocannabinoids, receptors, and enzymes involved in their synthesis and degradation. In the CNS the action of endocannabinoids is mainly mediated by the cannabinoid type-1 (CB1) receptor, a seven-transmembrane GPCR expressed almost ubiquitously, located in several cell types but also in subcellular compartments, i.e. mitochondria and plasma membranes. CB1 receptors are also the main target of phytocannabinoids such as Δ-9-tetrahydrocannabinol (THC), the main psycho-active compound of the plant Cannabis Sativa. Upon physiological or pharmacological activation, CB1 receptors can modulate neuronal excitability and neurotransmitter release, playing a crucial role in the regulation of synaptic transmission and plasticity. One of the highest pools of CB1 receptors in the brain is located in the striatum, the main structure of Basal Ganglia (BG). BG are a group of subcortical nuclei involved in cortico-thalamic-cortical loops necessary for adaptive behaviors such as motor coordination, motor skills learning, and procedural memory formations. The striatum, mainly composed by GABAergic medium spiny projection neurons (MSNs), represents the input structure of BG receiving glutamatergic inputs rising from cortical areas and thalamic nuclei. MSNs are segregated into two neuronal subpopulations forming the direct and indirect pathways, which project to the Substantia Nigra pars reticulata (SNr) or the external segment of the Globus Pallidus (GPe) respectively. The activation of these two pathways induces opposite regulation of thalamic nuclei, the final target of BG circuits, and their balance is thought to be the mechanism underlying the wide range of BG functions. Key modulators of BG circuits are dopaminergic fibers which originate from Substantia Nigra pars compacta (SNc) and exert opposite effects on MSNs belonging to direct or indirect pathway. However, the involvement of the ECS in the modulation of striatal activity and functions is poorly investigated. The project presented in my PhD thesis aimed at understand the distinct role of CB1 receptors in direct or indirect striatal MSNs.

In particular, using viral and/or genetic manipulations to specifically target striatal CB1 receptors, we investigated the involvement of these receptors in mediating the action of THC or amphetamine, which are known to act on striatal physiology. Interestingly, we found a specific involvement of CB1 receptors located in direct vs indirect striatal pathways in mediating the behavioral effects of these drugs. Within the same brain circuit different subcellular pools of CB1 receptors are involved in different neurophysiological functions (neurotransmitter vs neuropeptide release), and therefore their activation mediates different synaptic and behavioral effects. Our results highlight new specific roles for CB1 receptors depending on their location, circuit and/or subcellular compartments, in mediating the action of drugs of abuse, representing a new target for specific treatments.

RÔLE DU RECEPTEUR CANNABINOÏDE DE TYPE-1 DANS LA PHYSIOLOGIE DES GANGLIONS DE LA BASE

Le système endocannabinoïde (ECS) est un réseau de neuromodulation impliqué dans un large éventail de fonctions physiologiques. Il est composé d'endocannabinoïdes, les récepteurs et les enzymes impliquées dans leurs biosynthèses et dégradations. Dans le système nerveux central l'action des endocannabinoïdes est principalement régulée par le récepteur cannabinoïde de type 1 (CB1). Appartenant à la famille des récepteurs à 7 domaines transmembranaires, couplés à des protéines G (GPCR), CB1 est exprimé de manière quasi ubiquitaire, situé dans plusieurs types de cellules mais aussi dans différents compartiments subcellulaires, à savoir les mitochondries. Les récepteurs CB1 sont également la cible principale des phytocannabinoïdes tels que le Δ-9-tétrahydrocannabinol (THC), le principal composé psychoactif de la plante Cannabis Sativa. Lors d'une activation physiologique ou pharmacologique, les récepteurs CB1 modulent l'excitabilité neuronale et la libération de neurotransmetteurs, jouant ainsi un rôle crucial dans la transmission synaptique et la plasticité. L'un des pools les plus importants de récepteurs CB1 dans le cerveau est situé dans le striatum, la structure principale des ganglions de la base (BG). Les BG sont un groupe de noyaux sous-corticaux impliqués dans les boucles cortico-thalamique-corticales nécessaires aux comportements adaptatifs tels que la coordination motrice, l'apprentissage des habiletés motrices et la formation des mémoires procédurales. Le striatum, principalement composé de neurones épineux moyens (MSNs) GABAergiques, intègre les entrées glutamatergiques provenant des zones corticales et des noyaux thalamiques et module leur activité via ses structures cibles. Les MSNs sont divisés en deux populations neuronales formant les circuits direct et indirect, qui diffèrent pour leur région cible, respectivement Substantia Nigra pars reticulata (SNr) et Globus Pallidus externe (GPe). L'activation de ces deux voies induit une régulation opposée des noyaux thalamiques, cible finale des circuits des BG, et leur équilibre est considéré comme le mécanisme qui permet un large éventail de fonctions des BG. Les fibres dopaminergiques, qui proviennent de la Substantia Nigra pars compacta (SNc) sont un modulateur clé des circuits striataux. Le projet présenté dans ma thèse de doctorat visait à comprendre le rôle des récepteurs CB1 situés dans les différentes voies striatales. En particulier, en utilisant des manipulations virales et/ou génétiques pour cibler les récepteurs CB1 striataux, nous avons étudié leur implication dans l'action du THC ou de l'amphétamine, qui sont connus pour agir sur la physiologie striatale. De manière intéressante, nous avons trouvé une implication spécifique des récepteurs CB1 situés dans la voie directe ou indirecte dans la médiation des effets comportementaux et synaptiques de ces substances. De plus, nous avons constaté qu'au sein d'un même circuit cérébral, différents pools subcellulaires de récepteurs CB1 sont impliqués dans différentes fonctions neurophysiologiques (libération de neurotransmetteur ou neuropeptides), et que leur activation entraîne donc des effets synaptiques et comportementaux différents. Nos résultats mettent en évidence des nouveaux rôles spécifiques des récepteurs CB1 en fonction de leur localisation, circuit et/ou compartiments subcellulaires, dans la médiation de l'action des substances psychoactives, représentant une nouvelle cible pour des traitements spécifiques.
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INTRODUCTION

world, cannabis was classified as a substance of abuse, and any application of the plant was prohibited [START_REF] Cherney | Industrial Hemp in North America: Production, Politics and Potential[END_REF][START_REF] Monthony | The Past, Present and Future of Cannabis sativa Tissue Culture[END_REF][START_REF] Pisanti | Modern History of Medical Cannabis: From Widespread Use to Prohibitionism and Back[END_REF].

The prohibition of cannabis had a negative impact also on scientific research. However, investigations on the chemistry and pharmacology of the plant did not completely stop and the analysis of resin extracts allowed the identification of several compounds. Among these, tetrahydrocannabinol (THC) was suspected to be the main psychoactive constituent of cannabis, but its structure was not fully characterized [START_REF] Marihuana | Harvey Lecture[END_REF]. Only 20 years after, the development of Nuclear Magnetic Resonance (NMR) spectroscopy allowed the designation of Δ9-tetrahydrocannabinol [START_REF] Gaoni | Isolation, structure, and partial synthesis of an active constituent of hashish[END_REF]. This event opened new frontiers in understanding cannabis proprieties and its related neuronal substrates.

Since the last decade, in several countries all around the world cannabis legislation changed. A large number of countries around the world approved the legalization of medicinal cannabis and hemp (finally discerned by marijuana). Additionally, Uruguay, Canada, Georgia, Mexico, South Africa, and 18 US states, legalized recreational cannabis consumption, and in many other countries mostly in Asia, the use of cannabis is decriminalized [START_REF] Alfulaij | Current legal status of medical marijuana and cannabidiol in the United States[END_REF]. Globally, the public acceptance of legalizing cannabis and its medical application increase, and therefore a better understanding of its plethora of effects on the human brain and body is of central interest.

I.2 The discovery of the endocannabinoid system

The identification of THC opened a new era in cannabis history. After this discovery extensive studies on pharmacology and biochemistry of cannabis were carried on, with particular interest regarding the mode of action of THC, and other cannabinoids of the plant. Two mechanisms were postulated: the first hypothesis was based on the lipophilic nature of cannabinoids, suggesting that they might act via chemical interaction with biological membranes, modifying their proprieties; the second one suggested that cannabinoids might act through still undiscovered receptors, thereby modulating cellular signaling.

This second hypothesis was based on the observation that THC acts reducing the activity of adenylyl cyclase (AC), but only in particular cell types, indicating the specific and not ubiquitous action of THC, as expected for cannabinoid-induced membrane fluidity changes [START_REF] Howlett | Nonclassical cannabinoid analgetics inhibit adenylate cyclase: development of a cannabinoid receptor model[END_REF].

The development of synthetic cannabinoids helped to address this issue.

Indeed, compounds such as CP-55,940, 10-100 times more potent in vivo than THC, allowed the autoradiography of cannabinoid-specific binding sites in brain sections from several mammalian species, including human. The study revealed a specific and conserved labeling profile, suggesting the presence of a specific receptor [START_REF] Devane | Determination and characterization of a cannabinoid receptor in rat brain[END_REF][START_REF] Howlett | Nonclassical cannabinoid analgetics inhibit adenylate cyclase: development of a cannabinoid receptor model[END_REF].

In 1990, at a conference of the National Academy of Science's Institute of Medicine, Dr. Lisa Matsuda announced a fundamental discovery, the identification of the precise DNA sequence coding for THC-sensitive receptors.

These were highly expressed in the brain, in accordance with the psychoactive effects of cannabinoids. The receptor was successfully cloned and called Cannabinoid-type1 receptors (CB1; [START_REF] Matsuda | Structure of a cannabinoid receptor and functional expression of the cloned cDNA[END_REF]. Even though its level, we can distinguish regions with uniform expression of CB1 receptors, i.e. the dorsal striatum, where the majority of neuronal populations express the receptor. At the opposite, hippocampus, cerebral cortex, and amygdala are consider non-uniform [START_REF] Kano | Endocannabinoid-mediated control of synaptic transmission[END_REF]. However, the non-uniform pattern of expression for CB1 receptors is due to differences in expression level across cell types. Indeed, the highest expression of CB1 receptors in these regions is in GABAergic interneurons, while low levels have been found in glutamatergic pyramidal neurons (Marsicano and Lutz, 1999). Surprisingly, quantitative analysis of G-protein activation by cannabinoids in the hippocampus shown that the almost undetectable level of CB1 receptors in glutamatergic cells, is responsible for over 50% of the total amount of G-protein activity induced by these compounds, suggesting a different efficiency for the same receptor depending on the cell type in which it is expressed (Steinder et al., 2013). CB1 receptors is expressed in the neurons of the major neurotransmitter systems including serotonergic, noradergic, and cholinergic neurons (Haring et al., 2007;[START_REF] Lutz | The endocannabinoid system in guarding against fear, anxiety and stress[END_REF][START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF]. Moreover, even though the evidence showing CB1 receptors expression in dopaminergic neurons is still controversial, from functional analysis emerged that exogenous cannabinoids impacts serotonin and dopamine release, suggesting a role of CB1 in the regulation of dopaminergic system [START_REF] Darmani | Behaviorally active doses of the CB1 receptor antagonist SR 141716A increase brain serotonin and dopamine levels and turnover[END_REF][START_REF] Bloomfield | The effects of Δ9tetrahydrocannabinol on the dopamine system[END_REF]Covey et al., 2018).

More recently, several in vivo and in vitro studies demonstrated that astroglial cells express very low levels of CB1 receptors, but that their activation plays a key role in the control of astrocytic functions, with important mitochondria [START_REF] Belous | Mitochondrial calcium transport is regulated by P2Y1-and P2Y2-like mitochondrial receptors[END_REF][START_REF] Irannejad | GPCR signaling along the endocytic pathway[END_REF].

Interestingly, functional CB1 receptors have been shown to locate not only at plasma membranes, but also in associations with other cell compartments, such as endosomes, lysosomes, and mitochondria [START_REF] Zou | Cannabinoid Receptors and the Endocannabinoid System: Signaling and Function in the Central Nervous System[END_REF][START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF][START_REF] Brailoiu | Intracellular cannabinoid type 1 (CB1) receptors are activated by anandamide[END_REF]Benard et al., 2012).

The presence of CB1 receptors in association with mitochondrial membranes (mtCB1) reflects important physiological functions [START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF]Benard et al., 2012;[START_REF] Hebert-Chatelain | Cannabinoid control of brain bioenergetics: Exploring the subcellular localization of the CB1 receptor[END_REF]. Indeed, mitochondria are a subset of organelles classically involved in the energy supply, which transform oxygen and nutrients into the biological energetic molecule adenosine triphosphate (ATP), making it available to the rest of the cell. Besides their classical involvement in maintaining cellular energy homeostasis, mitochondria mediate many biochemical and physiological cellular functions, such as ion homeostasis including calcium signaling, metabolic pathways, apoptosis, and ROS production and consumption [START_REF] Brand | The role of mitochondrial function and cellular bioenergetics in ageing and disease[END_REF]. In neurons, mitochondria are particularly important for many key functions, such as neurotransmission, and alterations in their properties and structure have been associated to different pathologies, including neurological and neurodegenerative diseases [START_REF] Mattson | Mitochondria in neuroplasticity and neurological disorders[END_REF]. Thus, the discovery of mtCB1 receptors introduced a new possible regulation of neuronal functions.

Several reports showed that exogenous CB1 receptors agonists such as THC or WIN55,212-2 (a synthetic cannabinoid) dose dependently decreased respiration rates of purified brain mitochondria from wild-type (WT) mice, but not from mutant CB1-KO mice (Benard et al., 2012;Hebert-Chatelain et al., 2016), suggesting a direct link between CB1 receptors and brain cellular bioenergetics. Moreover, Bernard et al. (2012) showed that also endogenous cannabinoids can modulate the respiration rate through mtCB1 receptors.

Indeed, in this study they applied JZL, an inhibitor of endocannabinoid degradation machinery, in purified brain mitochondria, and similarly to the application of exogenous cannabinoids, they observed a dose dependent reduction in oxygen consumption, and this effect is abolished in CB1-KO.

These observations highlight important roles of the ECS in regulating cellular metabolism and homeostasis, which could constitute a new target for the treatment of biochemical and metabolic disorders.

I.4 Endocannabinoids, synthesis and degradation

Endocannabinoids represent the group of endogenous ligands binding to CB1 receptors, mimicking the pharmacological and behavioral effects of THC (Di [START_REF] Marzo | Biochemistry of the endogenous ligands of cannabinoid receptors[END_REF]. Among them, the most studied and the first discovered are the so-called lipidic endocannabinoids: anandamide (AEA) and 2-arachidonoylglycerol (2-AG). More recently, others lipids binding cannabinoid receptors have been identified: noladin ether, virodhamine, and N-arachidonoyl-dopamine [START_REF] Piomelli | Endocannabinoid-Based Therapies[END_REF]. In the paragraphs below, I will describe the process of synthesis, degradation, and transport of endocannabinoids focusing on AEA and 2-AG.

I.4.a Synthesis of endocannabinoids

Structurally, lipidic cannabinoids derive from esters or amides of long-chain polyunsaturated fatty acids (arachidonic acid). A feature that distinguishes endocannabinoids from other neuromodulators is that, due to their lipid nature they are not synthesized and then stored into vescicles, but they are synthesized directly from cell membranes. This is believed to happen mainly on demand, meaning that synthesis and actions of endocannabinoids occur only when certain cellular conditions are met, with rapid successive inactivation [START_REF] Piomelli | The molecular logic of endocannabinoid signalling[END_REF][START_REF] Moesgaard | Brain levels of N-acylethanolamine phospholipids in mice during pentylenetetrazol-induced seizure[END_REF]Marsicano et al., 2003). Nevertheless, evidence for more «tonic» endocannabinoid activity has been proposed [START_REF] Hentges | Differential regulation of synaptic inputs by constitutively released endocannabinoids and exogenous cannabinoids[END_REF][START_REF] Oubraim | Tonic Endocannabinoid Signaling Gates Synaptic Plasticity in Dorsal Raphe Nucleus Serotonin Neurons Through Peroxisome Proliferator-Activated Receptors[END_REF].

AEA is produced by the hydrolysis of the membrane phospholipid precursor N-acyl-phosphatidyl-ethanolamine (NAPE) and its synthesis is catalyzed by the Ca 2+ -sensitive NAPE-selective phospolipase-D (NAPE-PLD) [START_REF] Piomelli | The molecular logic of endocannabinoid signalling[END_REF][START_REF] Muccioli | Endocannabinoid biosynthesis and inactivation, from simple to complex[END_REF]. In contrast, the synthesis process of 2-AG starts from another phopsholipidic precursor such as phosphatidylinositol and requires the activity of phospholipase C β (PLCβ) to generate the 1,2 diacylglycerol (DAG). DAG is then converted in 2-AG by the DAG-lipase (DGL; [START_REF] Bisogno | Biosynthesis, release and degradation of the novel endogenous cannabimimetic metabolite 2-arachidonoylglycerol in mouse neuroblastoma cells[END_REF].

The synthesis of both AEA and 2-AG is induced by various stimuli, such as depolarization or metabotropic receptor activation, and it typically requires increased intracellular levels of Ca 2+ , suggesting that endocannabinoid production depends on synaptic activity [START_REF] Stella | A second endogenous cannabinoid that modulates long-term potentiation[END_REF][START_REF] Stella | Receptor-dependent formation of endogenous cannabinoids in cortical neurons[END_REF][START_REF] Cadas | Biosynthesis of an endogenous cannabinoid precursor in neurons and its control by calcium and cAMP[END_REF]Marsicano et al., 2003).

I.4.b Degradation of endocannabinoids

The degradation of endocannabinoids occurs by intracellular hydrolysis.

Due to their lipid nature, extracellular AEA and 2-AG can passively diffuse through the cell membrane, but their reuptake seems to be mediated by facilitated diffusion, potentially involving a specific transporter expressed by neurons and glial cells [START_REF] Piomelli | The molecular logic of endocannabinoid signalling[END_REF]. The intracellular degradation of AEA involves the fatty acid amine hydrolase (FAAH), which generates arachidonic acid and ethanolamine. FAAH is widely distributed in the brain, and its main cellular location is at somatic and dendritic levels, suggesting that the degradation of AEA is a postsynaptic process [START_REF] Muccioli | Endocannabinoid biosynthesis and inactivation, from simple to complex[END_REF][START_REF] Piomelli | The molecular logic of endocannabinoid signalling[END_REF]. On the other hand, hydrolysis of 2-AG produces arachidonic acid and glycerol, and it is mediated by the serine hydrolases monoacylglycerol lipase (MAGL) and ABHD6, expressed in axon terminals and postsynaptic dendrites, respectively [START_REF] Dinh | Brain monoglyceride lipase participating in endocannabinoid inactivation[END_REF][START_REF] Marrs | The serine hydrolase ABHD6 controls the accumulation and efficacy of 2-AG at cannabinoid receptors[END_REF]. Given their differential localization, ABHD6 is likely to regulate 2-AG levels at the site of its synthesis, while MAGL is proposed to be involved in the termination of the endocannabinoid-CB1 receptor signaling [START_REF] Savinainen | The serine hydrolases MAGL, ABHD6 and ABHD12 as guardians of 2-arachidonoylglycerol signalling through cannabinoid receptors [published correction appears in[END_REF]. Indeed, the presynaptic distribution of MAGL and its colocalization with CB1 receptors suggest that 2-AG is the main effector of the retrograde signaling of cannabinoids [START_REF] Dinh | Brain monoglyceride lipase participating in endocannabinoid inactivation[END_REF][START_REF] Muccioli | Endocannabinoid biosynthesis and inactivation, from simple to complex[END_REF].

Thus, similarly to their synthesis, also endocannabinoid degradation appears to be a spatial and time-dependent mechanism.

I.4.c Other molecules binding to CB1 receptors

The discovery of the endocannabinoid system, and its role in several physiological and pathological process, put the focus of intense research on the understanding of cannabinoid receptors functions, and their endogenous ligands. Indeed, a new family of endogenous molecules able of binding to CB1 receptors has been identified. Interestingly, this family of molecules differs from classic endocannabinoids for the important feature of not being lipids, but peptides [START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF]. The first «non-canonical» discovered endocannabinoid is Hemopressin (Hp), with the amino acid sequence PVNFKFLSH. It serves as inverse agonist of CB1 receptors, and it is able to block in vivo and in vitro cannabinoid-mediated functions, similar to the selective CB1 antagonist rimonabant (Heimann et al., 2007;[START_REF] Gomes | Novel endogenous peptide agonists of cannabinoid receptors[END_REF]. Since then, multiple peptides, derivatives from Hp, has been identified as endocannabinoids. They have been grouped in a family called Pepcans, and they share the features of being peptides and negative allosteric modulator of CB1 receptors [START_REF] Bauer | Identification and quantification of a new family of peptide endocannabinoids (Pepcans) showing negative allosteric modulation at CB1 receptors[END_REF].

Among other molecules, identified as modulator, the neurosteroid pregnenolone is of particular interest for its paracrine/autocrine loop (Vallée et al., 2014;[START_REF] Raux | Cross-talk between neurosteroid and endocannabinoid systems in cannabis addiction[END_REF]. Indeed, administration of THC increases the level of pregnenolone in the brain, which in turn acts as negative allosteric modulator on CB1 receptors activity, antagonizing many behavioral and cellular effect of THC. Therefore, the excessive stimulation of CB1 receptors activates negative feedback on its own activity, mediated by pregnenolone (Vallée et al., 2014).

I.5 Intracellular CB1 receptors signaling

As mentioned above, CB1 is a Gi/o protein-coupled receptor, and its activation modulates several intracellular signaling pathways typical of this class of receptors. The first identified molecular effect of CB1 receptors is the inhibition of adenylyl cyclase (AC; [START_REF] Howlett | Inhibition of neuroblastoma adenylate cyclase by cannabinoid and nantradol compounds[END_REF]. This results in the reduction of cyclic adenosine monophosphate (cAMP) production and inhibition of all the signaling pathways related. However, CB1 can modulate several intracellular signaling pathways unrelated to AC, such as MAPK/ERK, mTOR, and PI3K/AKT (Gómez del [START_REF] Del Pulgar | The CB1 cannabinoid receptor is coupled to the activation of protein kinase B/Akt[END_REF][START_REF] Bermudez-Silva | The cannabinoid CB1 receptor and mTORC1 signalling pathways interact to modulate glucose homeostasis in mice[END_REF][START_REF] Puighermanal | Cannabinoid modulation of hippocampal long-term memory is mediated by mTOR signaling[END_REF]. Here, I will discuss more in details the two principal signaling pathways CB1-dependent: cAMP/PKA and MAPK/ERK pathways [START_REF] Piomelli | The molecular logic of endocannabinoid signalling[END_REF].

Besides the modulation of intracellular kinases, a fundamental function of CB1 is the inhibition of N-and P/Q-type voltage dependent Ca 2+ channels (VDCCs), and this effect is directly mediated by Gi protein, without involving second messengers signaling [START_REF] Mackie | Cannabinoids inhibit N-type calcium channels in neuroblastoma-glioma cells[END_REF][START_REF] Twitchell | Cannabinoids inhibit N-and P/Q-type calcium channels in cultured rat hippocampal neurons[END_REF].

Indeed, G-proteins are heteromeric proteins and, once activated, the subunits βγ are dissociated from the subunit α, and they can directly interact with voltage-dependent channels, modifying the physical state and the capability of being activated [START_REF] Hille | Modulation of ion-channel function by G-protein-coupled receptors[END_REF]. In central neurons, the CB1-dependent closure of calcium channels represents the mechanism by which cannabinoids control neurotransmission. This issue will discussed in the next paragraph.

The divergence of signaling controlled by CB1 receptors activity is among the causes of the large diversity of cellular and behavioral effects mediated by endogenous and exogenous cannabinoids.

I.5.a cAMP/PKA pathway

The first identified molecular pathway for CB1 receptors activation, was the cAMP/PKA pathway [START_REF] Howlett | Inhibition of neuroblastoma adenylate cyclase by cannabinoid and nantradol compounds[END_REF]. The activation of CB1 receptors results in the direct G protein-dependent inhibition of forskolin-activated AC, and the consequent reduction in the production of cAMP, the classical second messenger of AC. Inhibiting the Gi activity by pertussis toxin, the cannabinoid-induced reduction of AC activity is abolished [START_REF] Howlett | Involvement of Gi in the inhibition of adenylate cyclase by cannabimimetic drugs[END_REF].

The reduction in the levels of cAMP causes a decrease in the activity of the protein kinase A (PKA) pathways. PKA is a serine/threonine kinase, presenting two catalytic subutints (C) and two regulatory subunits (R), which are composed of 2 domains each. In the regulatory subunits reside the binding sites for four molecules of cAMP, necessary for its activation. Indeed, the cAMP binding causes conformational changes in the complex and the release of catalytic subunits, representing the active form of PKA [START_REF] Sassone-Corsi | The cyclic AMP pathway[END_REF]. Mutated catalytic subunits, which keep the catalytic proprieties but are defective in the binding to the regulatory subunits, result in a constitutive active PKA (Niswender et al., 2005). On the contrary, cAMP-unresponsive mutant regulatory subunits results in the inhibition of PKA activity [START_REF] Willis | Cell-type specific expression of a dominant negative PKA mutation in mice[END_REF].

Active PKA is involved in many cellular functions, and its intracellular substrates are metabolic enzymes, other intracellular kinases, transcription factors, and others [START_REF] Sassone-Corsi | The cyclic AMP pathway[END_REF]. Indeed, cAMP/PKA pathway activity is involved in diverse biological functions including synaptic plasticity, representing a possible link between CB1 and some behavioral effects of cannabinoids [START_REF] Massengill | Genetically encoded sensors towards imaging cAMP and PKA activity in vivo[END_REF][START_REF] Hampson | Cannabinoids, hippocampal function and memory[END_REF]. One of the effects of the reduction of cAMP, induced by CB1 activation, is the modulation of voltage-dependent K + channels, regulating the activity and the excitability of neurons [START_REF] Mu | Cannabinoid receptors differentially modulate potassium A and D currents in hippocampal neurons in culture[END_REF].

The cAMP/PKA pathway is not present only in the cytosol but also in different organelles. Accordingly, two different forms of AC have been identified: the «classic» transmembrane AC (tmAC) and a truncated intracellular form, called soluble AC (sAC), which is discretely distributed in the cell, and it has been found in nuclei and mitochondria [START_REF] Buck | Cytosolic adenylyl cyclase defines a unique signaling molecule in mammals[END_REF][START_REF] Amer | Mitochondrial cAMP-PKA signaling: What do we really know?[END_REF]. In addition, PKA signal can be compartmentalized in intracellular microdomains, through A-kinase anchoring proteins (AKAPs), proteins able to sequester PKA at given locations. The identification of AKAP121 showed that PKA can be translocated to mitochondria, where it targets proteins involved in the oxidative phosphorylation (OXPHOS) system, apoptosis, and mitochondrial fission [START_REF] Amer | Mitochondrial cAMP-PKA signaling: What do we really know?[END_REF].

One of the effects of the activation of mitochondrial CB1 (mtCB1) is the inhibition of sAC, and consequently of mtPKA (Figure 1). This results in the reduction of intramitochondrial PKA-dependent phosphorylation of OXPHOS complexes and ATP production, causing cannabinoid-induced memory impairment (Hebert-Chatelain et al., 2016).

I.5.b MAPK/ERK pathway

The increase of phosphorylation of the extracellular-signal regulated kinase 1/2 (ERK 1/2) is also a described effect of CB1 receptors activation [START_REF] Dalton | Cannabinoid CB1 receptors transactivate multiple receptor tyrosine kinases and regulate serine/threonine kinases to activate ERK in neuronal cells[END_REF]. ERK 1/2 is the last effector of a signaling pathway constituted by mitogen-activated protein kinases (MAPK). Once activated, ERK 1/2 translocate into the nucleus and modulate gene expression. Indeed, MAPK/ERK pathway is a key signal in cellular physiology, and it is involved in many cellular processes such as proliferation, differentiation, and apoptosis [START_REF] Sun | Signaling pathway of MAPK/ERK in cell proliferation, differentiation, migration, senescence and apoptosis[END_REF].

The administration of CB1 agonists increases ERK activity in vitro and in vivo, and this effect is prevented by blocking CB1 receptors [START_REF] Derkinderen | Regulation of extracellular signalregulated kinase by cannabinoids in hippocampus[END_REF][START_REF] Galve-Roperh | Mechanism of extracellular signal-regulated kinase activation by the CB(1) cannabinoid receptor[END_REF]. In the striatum, THC-induced activation of ERK relies on dopaminergic signaling and mediates the rewarding properties of THC [START_REF] Valjent | Delta 9tetrahydrocannabinol-induced MAPK/ERK and Elk-1 activation in vivo depends on dopaminergic transmission[END_REF]. Moreover, acute THC exposure induces gene transcription in several brain regions, through stimulation of MAPK/ERK pathway [START_REF] De Fonseca | Activation of corticotropin-releasing factor in the limbic system during cannabinoid withdrawal[END_REF]Valjent et al., 2021). Since immediate early and plasticity-related genes are targets of this pathway [START_REF] Hutton | ERK/MAPK Signaling Is Required for Pathway-Specific Striatal Motor Functions[END_REF], CB1-dependent activation of ERK1/2 could be associated to long-term neuronal adaptations induced by cannabinoids.

I.6 CB1 receptors and the control of synaptic transmission and plasticity

One of the first observations about the cannabinoid modulation of synaptic transmission was the discovery that presynaptic CB1 receptors were able to inhibit neurotransmission at various synapses, and this through the inhibition of VDCCs located in axon terminals [START_REF] Hoffman | Mechanisms of cannabinoid inhibition of GABA(A) synaptic transmission in the hippocampus[END_REF][START_REF] Twitchell | Cannabinoids inhibit N-and P/Q-type calcium channels in cultured rat hippocampal neurons[END_REF][START_REF] Szabo | Inhibition of GABAergic inhibitory postsynaptic currents by cannabinoids in rat corpus striatum[END_REF]. Since endocannabinoids are produced by neurons in an activity-dependent manner, several studies aimed at understanding their involvement in this effect. It has been shown that cannabinoid modulation of synaptic transmission is involved in short-and long-term plasticity, mediating the depolarization-induced suppression of inhibition and excitation (DSI and DSE), and bidirectional long-term synaptic plasticity.

I.6.a DSI and DSE

The discovery that endocannabinoids are the retrograde effectors of DSI and DSE arrived only in the year 2001. Previously, neurophysiologists observed that, by depolarizing postsynaptic neurons, they were able to record a transient suppression of neurotransmission in different brain regions [START_REF] Llano | Calcium entry increases the sensitivity of cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents[END_REF][START_REF] Pitler | Postsynaptic spike firing reduces synaptic GABAA responses in hippocampal pyramidal cells[END_REF]. Two main discoveries were essential for understanding this effect: it is induced by the postsynaptic increase in intracellular levels of Ca 2+ , since it is prevented by perfusion of calcium chelators, and the expression site is presynaptic. Indeed, the study of miniature currents after tetrodotoxin-(TTX) suppression of action potentials, have shown that the inhibition of neurotransmission is due to a reduction in neurotransmitter release and does not involve the modulation in sensitivity of respective receptors [START_REF] Llano | Calcium entry increases the sensitivity of cerebellar Purkinje cells to applied GABA and decreases inhibitory synaptic currents[END_REF]. This evidence suggested the involvement of a retrograde signaling. Indeed, different groups demonstrated in parallel that the depolarization stimulates the synthesis and release of endocannabinoids in the postsynaptic neuron, which activate presynaptic CB1 receptors causing DSI or DSE, depending on the nature of the neurotransmitter involved (Figure 2; Wilson and Nicol, 2001;[START_REF] Ohno-Shosaku | Endogenous cannabinoids mediate retrograde signals from depolarized postsynaptic neurons to presynaptic terminals[END_REF][START_REF] Kreitzer | Retrograde inhibition of presynaptic calcium influx by endogenous cannabinoids at excitatory synapses onto Purkinje cells[END_REF]. Indeed, the inhibition of neurotransmission was prevented by the application of CB1 receptors antagonists, and it was occluded by the presence of cannabinoid agonists, suggesting that this effect involves the production of endocannabinoids. This mechanism has been confirmed by the evidence that DSI and DSE are enhanced by the inhibition of endocannabinoid degradation enzyme [START_REF] Hashimotodani | Presynaptic monoacylglycerol lipase activity determines basal endocannabinoid tone and terminates retrograde endocannabinoid signaling in the hippocampus[END_REF]. Interestingly, DSI is not affected by the suppression of membrane fusion in the postsynaptic neuron, indicating that the retrograde messenger mediating this short-term inhibition does not require vesicles for the release (Wilson and Nicol, 2001). However, endocannabinoid-mediated DSI or DSE can be induced by several postsynaptic stimuli and through different mechanisms. Indeed, forms of endocannabinoid-mediated short-term plasticity are induced by activation of metabotropic repectors, such as cholinergic muscarinic receptors (mAChRs)

and metabotropic glutamate receptors (mGluR), or postsynaptic ionotropic receptors, such as NMDA or kainate receptors. These effects involved also different mechanisms for the synthesis of endocannabinoids, like direct G-proteins activity or intracellular Ca 2+ entry through ionotropic receptors [START_REF] Maejima | Presynaptic inhibition caused by retrograde signal from metabotropic glutamate to cannabinoid receptors[END_REF][START_REF] Kim | Activation of muscarinic acetylcholine receptors enhances the release of endogenous cannabinoids in the hippocampus[END_REF][START_REF] Ohno-Shosaku | Endocannabinoid signalling triggered by NMDA receptor-mediated calcium entry into rat hippocampal neurons[END_REF][START_REF] Lourenço | Pharmacological activation of kainate receptors drives endocannabinoid mobilization[END_REF].

The endocannabinoids short-term modulation of synaptic transmission is proposed to occur in vivo after conditioning and environmental experiences, and it is altered after drug exposure [START_REF] Vickstrom | Role of endocannabinoid signaling in a septohabenular pathway in the regulation of anxiety-and depressive-like behavior[END_REF][START_REF] Kamprath | Short-term adaptation of conditioned fear responses through endocannabinoid signaling in the central amygdala[END_REF][START_REF] Zlebnik | Drug-Induced Alterations of Endocannabinoid-Mediated Plasticity in Brain Reward Regions[END_REF]. Even though the functional roles of DSI and DSE are not well characterize, these rapid changes in synaptic activity could be involved in rapid behavioral adaptations, such as encoding changes in reward values or action selection [START_REF] Augustin | Functional Relevance of Endocannabinoid-Dependent Synaptic Plasticity in the Central Nervous System[END_REF].

I.6.b Endocannabinoid-mediated long-term plasticity

Besides short-term forms of plasticity, the modulation of neuronal activity by endocannabinoids results also in the expression of long-term plasticity, such as long-term potentiation (LTP) and depression (LTD). This long-term impact of cannabinoids has been described in several brain regions, and could represent the mechanism underlying many behavioral functions of the ECS, such as learning and memory, goal-directed/habitual behaviors, sensory processing, and motor learning, which are known to imply neuronal adaptation (for review see [START_REF] Winters | Mechanisms of endocannabinoid control of synaptic plasticity[END_REF].

The expression of long-term plasticity induced by cannabinoids, has been described at both excitatory and inhibitory synapses throughout the brain, and it can be mediated by a large range of mechanisms, which probably differ depending on the cell-type and brain region. However, also long-term plasticity requires the endocannabinoid retrograde signaling and the activation of presynaptic CB1 receptors [START_REF] Marsicano | The endogenous cannabinoid system controls extinction of aversive memories[END_REF], although some forms of CB1-independent LTD, mediated by endocannabinoids, have been described (Chavez et al., 2010). In the «classical» CB1-dependent LTP and LTD, the activation of CB1 receptors induces a persistent inhibition of neurotransmission and intracellular changes, which involve the CB1 modulation of signaling pathways and synaptic proteins expression [START_REF] Cannich | CB1 cannabinoid receptors modulate kinase and phosphatase activity during extinction of conditioned fear in mice[END_REF][START_REF] Chevaleyre | Endocannabinoid-mediated long-term plasticity requires cAMP/PKA signaling and RIM1alpha[END_REF]. Indeed, given the inhibitory role of CB1 receptors, their involvement in the expression of LTP seems to be mostly a heterosynaptic event, induced by endocannabinoid-LTD on inhibitory regulatory synapse on the same neuron [START_REF] Monory | Cannabinoid CB1 receptor calibrates excitatory synaptic balance in the mouse hippocampus[END_REF]. However, also endocannabinoid-LTD can be heterosynaptic or homosynaptic, and CB1 receptors activity is involved in both forms [START_REF] Chevaleyre | Heterosynaptic LTD of hippocampal GABAergic synapses: a novel role of endocannabinoids in regulating excitability[END_REF][START_REF] Gerdeman | Postsynaptic endocannabinoid release is critical to long-term depression in the striatum[END_REF].

Interestingly, other forms of ECS-dependent modulation of synaptic plasticity involve glial cells. Several studies showed that astrocytes produce and release endocannabinoids, which induce plasticity through neuronal CB1

receptors [START_REF] Navarrete | Endocannabinoids mediate neuron-astrocyte communication[END_REF]2010). Furthermore, astroglial CB1 receptors activation is involved in the expression of hippocampal LTP, and memory formation via the release of D-serine, which is necessary co-agonist of glutamatergic NMDA receptors (Robin et al., 2018).

An additional form of cannabinoid long-lasting modulation of synaptic activity is the autocrine signaling of endocannabinoids. This effect occurs in the postsynaptic neuron after sustained activity, and represents a slow self-inhibition (SSI) of neuronal transmission mediated by endocannabinoids and CB1 receptors. Indeed, endocannabinoids synthesized «on demand» by neuronal activation, can bind also to somatodendritic CB1 receptors on the same neuron, inducing changes in neuronal excitability. This phenomenon, which depends on the endocannabinoid 2-AG [START_REF] Marinelli | The endocannabinoid 2arachidonoylglycerol is responsible for the slow self-inhibition in neocortical interneurons[END_REF], has been identified in both GABAergic interneurons and glutamatergic pyramidal neurons [START_REF] Bacci | Long-lasting self-inhibition of neocortical interneurons mediated by endocannabinoids[END_REF][START_REF] Marinelli | Self-modulation of neocortical pyramidal neurons by endocannabinoids[END_REF]. 

I.7 Functions of the endocannabinoid system

Given the widespread distribution of CB1 receptors and endocannabinoids in the body is not surprising that ECS regulates a variety of processes in physiological and pathological conditions (Figure 3, [START_REF] Reddy | Targeting the endocannabinoid system: a predictive, preventive, and personalized medicine-directed approach to the management of brain pathologies[END_REF]. In physiological conditions, the endocannabinoid system plays important role in neuroprotection, modulation of nociception and pain processes, regulation of motor activity, memory processing, emotional response to stress, and modulation of sleep [START_REF] Panikashvili | An endogenous cannabinoid (2-AG) is neuroprotective after brain injury[END_REF]Wotjak, 2015;[START_REF] Finn | Cannabinoids, the endocannabinoid system, and pain: a review of preclinical studies[END_REF][START_REF] Kruk-Slomka | Endocannabinoid System: the Direct and Indirect Involvement in the Memory and Learning Processes-a Short Review[END_REF]. In addition, the endocannabinoid system is involved also in peripheral functions. Interestingly, it influences the cardiovascular and respiratory systems by controlling heart rate, blood pressure, and bronchial functions and it plays an important role in skin and bone physiology [START_REF] Almogi-Hazan | Cannabis, the Endocannabinoid System and Immunitythe Journey from the Bedside to the Bench and Back[END_REF][START_REF] Osafo | Endocannabinoid system and its modulation of brain, gut, joint and skin inflammation[END_REF]Toth et al., 2019;[START_REF] Alfulaij | Current legal status of medical marijuana and cannabidiol in the United States[END_REF].

The activity of endocannabinoids has important implications in pathology, since they are known to modulate the immune and inflammatory responses, and they exert antiproliferative actions in tumor cells [START_REF] Guzmán | Cannabinoids: potential anticancer agents[END_REF][START_REF] Fraguas-Sánchez | Medical Use of Cannabinoids[END_REF]. Importantly, cannabinoids-based treatments have been shown to display neuroprotective properties, which could be particularly relevant in the treatment of neurodegenerative diseases [START_REF] Marchioni | Endocannabinoid levels in patients with Parkinson's disease with and without levodopa-induced dyskinesias[END_REF][START_REF] Kaur | Endocannabinoid System: A Multi-Facet Therapeutic Target[END_REF][START_REF] Panikashvili | CB1 cannabinoid receptors are involved in neuroprotection via NF-κB inhibition[END_REF]. Moreover, alterations in the ECS have been reported in different pathological conditions, including metabolic diseases such as obesity and diabetes, cardiovascular dysfunctions, Parkinson's and Alzheimer's disease, Huntington's chorea, and psychiatric disorders such as anxiety and depression [START_REF] De Ceglia | Obesity as a Condition Determined by Food Addiction: Should Brain Endocannabinoid System Alterations Be the Cause and Its Modulation the Solution?[END_REF][START_REF] Amini | Involvement of endocannabinoid system, inflammation and apoptosis in diabetes induced liver injury: Role of 5-HT3 receptor antagonist[END_REF][START_REF] Piomelli | Endocannabinoid-Based Therapies[END_REF]Hapsula and Clark, 2020).

Considering the therapeutic relevance of the ECS and its implication in this vast number of medical conditions, research on cannabinoid-based treatments gained significant interest in medicine and drug development [START_REF] Legare | Therapeutic Potential of Cannabis, Cannabidiol, and Cannabinoid-Based Pharmaceuticals[END_REF][START_REF] Piomelli | Endocannabinoid-Based Therapies[END_REF][START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF]. Additionally, in several countries, cannabinoid-based medications have already been approved for the treatment of symptoms associated with chemotherapy and for alleviating the chronic pain associated with multiple sclerosis or cancer [START_REF] Fraguas-Sánchez | Medical Use of Cannabinoids[END_REF][START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF][START_REF] Morales | Novel approaches and current challenges with targeting the endocannabinoid system[END_REF]. 

II. Basal Ganglia

«Basal Ganglia (BG) » is the medical term for defining a group of different brain regions that are anatomically and functionally interconnected. The first anatomical identification of this set of structures was provided in the XVI century by Andreas Vesalius. From macro-anatomical observation, he identified the presence of large structures located at the basis of the brain.

However, he did not name any of these structures, nor study their functional significance. It was the physician Thomas Willis who named corpus striatum to the central nucleus of BG, and he identified its relevance in sensorimotor processes. Only in the XIX century, the BG were fully recognized, thanks to Karl Friedrich Burdach, who identified several components and provided the basis for new investigations in the field of brain anatomy [START_REF] Parent | The History of the Basal Ganglia: The Contribution of Karl Friedrich Burdach[END_REF].

In the traditional view, the BG are involved in movement, and this idea comes from the fact that diseases affecting the BG, such as Parkinson's and Huntington's disease, are associated with severe movement disorders. In addition, the first anatomical studies aimed to identify the connectivity of these structures suggested that BG neurons project indirectly only to motor regions of the neocortex. However, the development of new techniques allowed better visualization of the complex connectivity of the BG, showing that these brain regions are connected with nearly all cortical areas. This lead to the identification of a large range of «non-motor» functions involving the BG [START_REF] Kandel | Principles of Neural Science, Fifth Edition[END_REF][START_REF] Eisinger | A review of basal ganglia circuits and physiology: Application to deep brain stimulation[END_REF]. In particular, BG circuits play a major role in sensory and reward-related processes, and are crucial for higher level learning, goal-directed, and inhibitory behaviors [START_REF] Schultz | Reward functions of the basal ganglia [published correction appears[END_REF][START_REF] Grahn | The cognitive functions of the caudate nucleus[END_REF]. Furthermore, the new BG model gave the basis for important clinical discoveries, such as the characterization of cognitive symptoms associated with Parkinson's and Huntington's disease, and the identification of psychiatric disorders affecting the BG, such as obsessive-compulsive (OCD) and attention deficit hyperactivity disorder (ADHD) [START_REF] Brown | Sensory and cognitive functions of the basal ganglia[END_REF][START_REF] Aouizerate | Pathophysiology of obsessive-compulsive disorder: a necessary link between phenomenology, neuropsychology, imagery and physiology[END_REF][START_REF] Eisinger | A review of basal ganglia circuits and physiology: Application to deep brain stimulation[END_REF].

The BG have a high degree of conservation, and homologous structures to the main regions of mammals' BG, for anatomy or connections, appear early in vertebrate evolution, suggesting a crucial role of these structures in animal physiology and survival. Recently, BG functions were proposed to be involved in different aspects of adaptative behaviors towards a specific goal, that occur in parallel modules of BG circuits [START_REF] Lee | Anatomically segregated basal ganglia pathways allow parallel behavioral modulation[END_REF][START_REF] Foster | The mouse cortico-basal gangliathalamic network[END_REF][START_REF] Grahn | The cognitive functions of the caudate nucleus[END_REF].

Given the complexity and the heterogeneity of BG nuclei and circuits, I will discuss about the more relevant features in the context of my thesis project, with focus on striatal physiology and related circuits.

II.1 Anatomy of Basal Ganglia

The main structures of Basal Ganglia are four subcortical regions:

Neostriatum, Paleostriatum, Subthalamic nucleus, and Substantia Nigra. The Neostriatum, or simply striatum, is the region that principally receives the projections directed to the BG. In primates, the striatum is divided by the internal capsule in caudate nucleus and putamen, and this reflects a structural topographical organization of input fibers [START_REF] Foster | The mouse cortico-basal gangliathalamic network[END_REF][START_REF] Eisinger | A review of basal ganglia circuits and physiology: Application to deep brain stimulation[END_REF]. In non-primate mammals the striatum is a unique structure, but corticostriatal fibers maintain the topographical organization. The striatum is anatomically separated from the cortex by the external capsule, and it owes its name to the large number of fibers passing through it [START_REF] Herrero | Functional anatomy of thalamus and basal ganglia[END_REF][START_REF] Gerfen | The neostriatal mosaic: multiple levels of compartmental organization[END_REF][START_REF] Kandel | Principles of Neural Science, Fifth Edition[END_REF]. The Paleostriatum, or Globus Pallidus, is composed of two nuclei. In primates, they are called internal and external segments of Globus Pallidus (GPi and GPe), and even though they are anatomically unified, they differ in connections and functions. In non-primate mammals, i.e. rodents, the two nuclei are anatomically segregated and they are named globus pallidus (homologous of primates GPe) and entopeduncular nucleus (homologous of GPi) [START_REF] Jaeger | Functional connectivity and integrative properties of globus pallidus neurons[END_REF]. In sake of clarity, I will speak about GPe and GPi also in rodents. The Subthalamic nucleus (STN) as its name tells, is located under the thalamus, it receives some cortical fibers and has a major role in the regulation of BG circuits. The Substantia Nigra is divided into two portions in all vertebrates. These portions are named pars compacta (SNc) and pars reticulata (SNr). SNr together with the GPi, represent the subcortical nuclei targeted by striatal neurons, and in turn project to thalamic nuclei, while the SNc is composed of dopaminergic neurons projecting to the striatum, and is involved in the modulation of striatal activity (Figure 4; [START_REF] Mcgeer | Anatomy and pathology of the basal ganglia[END_REF][START_REF] Fazl | Anatomy, Physiology, and Clinical Syndromes of the Basal Ganglia: A Brief Review[END_REF]. 

II.1.a Neuroanatomy of the striatum

The cytoarchitecture of the striatum is highly heterogeneous, at different anatomical levels. However, 95% of striatal cells are medium-size spiny projection neurons (MSNs), the principal type of cells in this structure. MSNs are homogeneously distributed, without any evident structural organization.

They are composed of a cell body of 12-20 μm, 7-10 branched dendrites rich in spines where converge all the inputs directed to the striatum, one local collateral axon extended into the striatum probably for targeting other MSNs, and one axon projecting out of the striatum [START_REF] Kemp | The structure of the caudate nucleus of the cat: light and electron microscopy[END_REF][START_REF] Bishop | Morphological and physiological properties of neostriatal neurons: an intracellular horseradish peroxidase study in the rat[END_REF][START_REF] Chang | A Golgi study of rat neostriatal neurons: light microscopic analysis[END_REF][START_REF] Tewari | The Striatum and Subthalamic Nucleus as Independent and Collaborative Structures in Motor Control[END_REF].

The inputs directed to the striatum originate from different brain regions and involve different neurotransmitters. MSNs receive glutamatergic fibers from nearly all cortical areas, which represent the principal input of the BG.

Additionally, the BG receive afferents from different thalamic nuclei, and less importantly from the amygdala (Alexandre et al., 1986;[START_REF] Lanciego | Functional neuroanatomy of the basal ganglia[END_REF].

Excitatory inputs to MSNs, form asymmetric synapses mostly at the head of the dendritic spine. However, besides the classical neurotransmission, MSNs receive dopaminergic fibers that contact striatal neurons in symmetric synapses formed at the neck of dendritic spines (Figure 5). Dopaminergic fibers originating from the SNc are the main modulators of MSN excitability [START_REF] Akaike | Excitatory and inhibitory effects of dopamine on neuronal activity of the caudate nucleus neurons in vitro[END_REF][START_REF] Cepeda | Neuromodulatory actions of dopamine in the neostriatum are dependent upon the excitatory amino acid receptor subtypes activated[END_REF][START_REF] Eisinger | A review of basal ganglia circuits and physiology: Application to deep brain stimulation[END_REF], and this will be discussed in detail below. Moreover, MSNs receive also GABAergic modulatory inputs from axon collaterals of other MSNs or striatal interneurons, through symmetric synapses mostly located on the cell-body or at the neck of dendritic spines (Figure 5; [START_REF] Wilson | Fine structure and synaptic connections of the common spiny neuron of the rat neostriatum: a study employing intracellular inject of horseradish peroxidase[END_REF][START_REF] Do | Functional roles of neurotransmitters and neuromodulators in the dorsal striatum[END_REF].

All MSNs express glutamic acid decarboxylase 65/67 isoforms (GAD65/67), the enzymes for the synthesis of GABA, their principal neurotransmitter.

Indeed, it is through a complex system of disinhibition that MSNs exert their main role to integrate different stimuli and to regulate thalamic activity. Striatal

MSNs are divided into two different neuronal populations, depending on their target region and molecular markers [START_REF] Gerfen | The neostriatal mosaic: multiple levels of compartmental organization[END_REF]. MSNs that project to SNr, and/or GPi, form the «direct pathway» since their activity directly controls the output structures of the BG. The main molecular markers of this group of neurons are type-1 dopamine receptor D1, the neuropeptide substance P, and dynorphin. On the other hand, MSNs that project to the GPe form the «indirect pathway» since their activity also modulates the output structures of the BG, but indirectly through the GPe. The main molecular markers of these neurons are type-2 dopamine receptor D2, adenosine A2A receptor (Adora2a), and the neuropeptide enkephalin [START_REF] Gerfen | Distribution of striatonigral and striatopallidal peptidergic neurons in both patch and matrix compartments: an in situ hybridization histochemistry and fluorescent retrograde tracing study[END_REF][START_REF] Gerfen | D1 and D2 dopamine receptorregulated gene expression of striatonigral and striatopallidal neurons[END_REF][START_REF] Bertran-Gonzalez | What is the Degree of Segregation between Striatonigral and Striatopallidal Projections?[END_REF][START_REF] Matamales | Signaling from the cytoplasm to the nucleus in striatal medium-sized spiny neurons[END_REF]. The coordinated activity of these two neuronal populations is the basis for BG circuits. However, a small portion of MSNs co-express D1 and D2, and molecular markers of both populations [START_REF] Surmeier | Coordinated expression of dopamine receptors in neostriatal medium spiny neurons[END_REF][START_REF] Perreault | The dopamine d1-d2 receptor heteromer in striatal medium spiny neurons: evidence for a third distinct neuronal pathway in Basal Ganglia[END_REF].

The remaining 5% of the striatal neuronal population is composed of interneurons. Two major subtypes of interneurons have been identified: medium aspiny GABAergic interneurons (GINs) and large aspiny cholinergic interneurons (CINs). Anatomical studies showed that most striatal interneurons have local arborized axons, creating a specific pattern of innervation on MSNs. This evidence suggests their role in creating local network units and feed-forward glutamatergic and dopaminergic signaling to MSNs (Bolam et al., 1984;[START_REF] Smith | Microcircuitry of the direct and indirect pathways of the basal ganglia[END_REF][START_REF] Kawaguchi | Striatal interneurones: chemical, physiological and morphological characterization [published correction appears in[END_REF]. The major role of striatal interneurons in the fine regulation of striatal activity has been confirmed by behavioral studies. Indeed, the viral deletion of CINs signaling or optogenetic manipulation of GINs has a direct impact on striatal functions [START_REF] Abbondanza | Nicotinic Acetylcholine Receptors Expressed by Striatal Interneurons Inhibit Striatal Activity and Control Striatal-Dependent Behaviors[END_REF][START_REF] Lee | Parvalbumin Interneurons Modulate Striatal Output and Enhance Performance during Associative Learning[END_REF]. From: Gerfen and Bolam, 2016.

II.2 Basal Ganglia circuits

II.2.a Direct and indirect pathways

As mentioned above, the main input structure of the BG is the striatum.

Here, the information carried by cortical and thalamic fibers converges onto MSNs, which process this signaling and modulate thalamic nuclei through BG circuits [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF][START_REF] Girault | Integrating neurotransmission in striatal medium spiny neurons[END_REF]. The classical model of BG circuitry proposes that two neuronal pathways originate from striatal MSNs: the direct and indirect pathways. The direct pathway, originating from D1-positive striatonigral neurons, sends direct GABAergic inputs to GPi and SNr. Given the inhibitory nature of the output structures of BG, their inhibition results in the disinhibition of thalamic nuclei, and the activation of cortical areas (Figure 4). For this reason, the activation of the direct pathway is traditionally associated with locomotor activation and movement facilitation. Conversely, the indirect pathway is formed by D2-positive striatopallidal neurons that, once activated, inhibit the GPe. The GPe, composed of GABAergic neurons as well, presents a tonic activity and projects to GPi/SNr and STN [START_REF] Jaeger | Functional connectivity and integrative properties of globus pallidus neurons[END_REF]. Therefore, the inhibition of the GPe results in increased activation of GPi and SNr, by two mechanisms: the disinhibition of these structures, and the disinhibition of STN, which activates the GPi and SNr via glutamatergic connections (Figure 4). The activation of SNr and GPi leads to the inhibition of thalamic nuclei and therefore is associated with the inhibition of movement [START_REF] Kreitzer | Striatal plasticity and basal ganglia circuit function[END_REF][START_REF] Delong | Primate models of movement disorders of basal ganglia origin[END_REF]Albin et al., 1989). This model is supported by the differential expression of dopamine receptors in the two subpopulations: D1 and D2 receptors. Indeed, these two receptors are GPCRs which differ in their coupling to G proteins and mediate opposite cellular effects.

D1 receptors are coupled to Gs/olf proteins, and their signaling increases intracellular levels of cAMP and neuronal excitability, while D2 receptors couple to Gi proteins and lead to opposite effects. Therefore, dopaminergic signaling within the striatum represents the principal modulation of striatal pathways activity [START_REF] Bertran-Gonzalez | What is the Degree of Segregation between Striatonigral and Striatopallidal Projections?[END_REF][START_REF] Gerfen | D1 and D2 dopamine receptorregulated gene expression of striatonigral and striatopallidal neurons[END_REF][START_REF] Gerfen | Modulation of striatal projection systems by dopamine[END_REF].

The physiological relevance of the striatal dichotomy is a matter of debate since its discovery, and it still represents an open issue. The development of transgenic lines targeting D1 or D2 positive neurons, and the use of advanced techniques such as in vivo calcium imaging, allowed a new characterization of direct and indirect striatal pathways. In particular, it has been shown that proper action initiation requires a concomitant activity of both striatal pathways, and both populations are silent when mice are inactive (Cui et al., 2013;[START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF]. In support of this observation, the histological and electrophysiological analysis of corticostriatal input fibers showed that direct and indirect MSNs respond to the same stimulation and that they are innervated by the same fibers [START_REF] Kress | Convergent cortical innervation of striatal projection neurons[END_REF]. Moreover, around 60% of direct MSNs send collateral terminals to the GPe, which could represent the anatomical bridge between the two neuronal subpopulations [START_REF] Kawaguchi | Projection subtypes of rat neostriatal matrix cells revealed by intracellular injection of biocytin[END_REF]Parent et al., 1995). All these pieces of evidence suggest that direct and indirect pathways are not antagonists in their activity, as proposed by the classical BG circuitry model. Furthermore, the ultrastructural characterization of a complex topographical organization of BG connectivity, suggests the presence of different modules involving both striatonigral and striatopallidal pathways. These modules could act in parallel for coding different aspects of behavior and could represent the complex mechanism underlying BG functions [START_REF] Foster | The mouse cortico-basal gangliathalamic network[END_REF][START_REF] Lee | Anatomically segregated basal ganglia pathways allow parallel behavioral modulation[END_REF][START_REF] Tecuapetla | Complementary Contributions of Striatal Projection Pathways to Action Initiation and Execution[END_REF]Calabresi et al., 2014).

II.2.b Nigrostriatal dopaminergic pathway

Nigrostriatal dopaminergic (DA) fibers originate in the Substantia Nigra pars compacta (SNc), which is located in the midbrain and represents the main source of striatal dopamine. Nigral DA neurons are medium to large-sized, with a cell body of 12-25 μm, they have short and thick dorsal dendrites, and one or two ventrally directed dendrites extending to the SNr. The axon originates in the cell body or proximal dendrites, it lacks local collaterals, and it project to the striatum and/or thalamic nuclei [START_REF] Matsuda | Single nigrostriatal dopaminergic neurons form widely spread and highly dense axonal arborizations in the neostriatum[END_REF][START_REF] Cebrián | Basal ganglia and thalamic input from neurons located within the ventral tier cell cluster region of the substantia nigra pars compacta in the rat[END_REF].

In the striatum, axon terminals form large dense arborizations of varicose processes that occupy an average volume of approximately 0.5 mm 3 . However, some nigrostriatal poorly arborized axon collaterals have been found in STN, GPe, and the cortex [START_REF] Prensa | The nigrostriatal pathway in the rat: A single-axon study of the relationship between dorsal and ventral tier nigral neurons and the striosome/matrix striatal compartments[END_REF]. The extraordinary striatal arborization has important implications in the relationship between the striatum and SNc. Indeed, the single-cell reconstruction of DA neurons revealed that, on average, 75'000 striatal neurons are estimated to be influenced by a single DA neuron and, on the other hand, a single MSN might be under the influence of 95-194 dopaminergic neurons on average [START_REF] Matsuda | Single nigrostriatal dopaminergic neurons form widely spread and highly dense axonal arborizations in the neostriatum[END_REF]. The nigrostriatal pathway presents topographical organization, and two sub-circuits projecting to dorsolateral or dorsomedial striatum have been identified [START_REF] Lerner | Intact-Brain Analyses Reveal Distinct Information Carried by SNc Dopamine Subcircuits[END_REF]. Interestingly, striatum and SNc are reciprocally connected, and striatal MSNs send fibers to the SNc, creating a feedback loop that represents an important regulation of DA activity [START_REF] Haber | The place of dopamine in the cortico-basal ganglia circuit[END_REF].

DA nigral neurons have a tonic activity that can be inhibited or converted to phasic activity under specific conditions. This typical dopaminergic pattern is largely studied in the context of reward conditioning and learning. Briefly, dopaminergic neurons change their activity pattern from tonic to phasic in presence of a reward. Also, they can code the prediction of the reward in presence of a conditioned stimulus, and their inhibition is associated with the absence of an expected reward, suggesting that DA neurons play a major role in reinforcement [START_REF] Schultz | A neural substrate of prediction and reward[END_REF]. However, in the striatum, DA activity is also associated with locomotion and action initiation, and the degeneration of DA neurons in pathological conditions, such as Parkinson's disease, implies severe motor impairments [START_REF] Howe | Rapid signalling in distinct dopaminergic axons during locomotion and reward[END_REF].

The current model proposes that DA is release when the outcome is different from the expectation, and it helps the organism to adapt his behavior for minimizing these difference, involving reward-related and motor mechanisms [START_REF] Bogacz | Dopamine role in learning and action inference[END_REF]. In physiological conditions, the role of striatal DA signaling is associated with modulation of MSNs excitability and synaptic plasticity, particularly at corticostriatal synapses [START_REF] Surmeier | Dopamine and synaptic plasticity in dorsal striatal circuits controlling action selection[END_REF]. Indeed, DA signaling is strongly associated to action planning and selection, motor learning, goal-directed behaviors, and habit-behaviors [START_REF] Da Silva | Dopamine neuron activity before action initiation gates and invigorates future movements[END_REF][START_REF] Schultz | Multiple dopamine functions at different time courses[END_REF][START_REF] Surmeier | Dopamine and synaptic plasticity in dorsal striatal circuits controlling action selection[END_REF].

Striatal DA release, and the transition from tonic to phasic activity, is locally regulated by several homosynaptic and heterosynaptic mechanisms. These include: the aforementioned nigrostriatal-striatonigral feedback loop, glutamatergic inputs from cortical or thalamic fibers, axonal DA autoreceptors, electrical synapses between DA neurons, and retrograde signaling from post-synaptic neurons [START_REF] Nolan | Direct dopamine terminal regulation by local striatal microcircuitry[END_REF][START_REF] Vandecasteele | Electrical synapses between dopaminergic neurons of the substantia nigra pars compacta[END_REF][START_REF] Surmeier | Dopamine and synaptic plasticity in dorsal striatal circuits controlling action selection[END_REF].

II.3 Striatal dopamine and drugs of abuse

Drugs of abuse have multiple neurological targets, mediating their behavioral and neurochemical effects. Among these, the BG play a crucial role in different aspects of drug effects, through the DA system. In particular, the relationship between drugs of abuse and DA is well established in the context of the rewarding proprieties of drugs, which are mediated by the ventral extension of the striatum, called Nucleus Accumbens (NAc), and the «reward circuit», which involves the mesolimbic DA system. This circuit is deeply studied in the field of drug addiction, and it seems to be the principal substrate for the pathology.

Nowadays, it is clear that also the dorsal striatum is involved in the behavioral effects of nearly all drugs of abuse, and its relevance could be related to motor behaviors, action selection, and associative learning induced by the drug [START_REF] Peak | From learning to action: the integration of dorsal striatal input and output pathways in instrumental conditioning[END_REF][START_REF] Riva | The neuropsychology of basal ganglia[END_REF][START_REF] Gerdeman | It could be habit forming: drugs of abuse and striatal synaptic plasticity[END_REF]. Even if the most used drugs (amphetamine, cocaine, ethanol, nicotine, THC, and opiates) share different neuronal substrates, their administration elicits increased extracellular levels of DA in the dorsal striatum, indicating the involvement of this system in the response to psychoactive substances (Di Chiara and Imperato, 1988;[START_REF] Danielsson | Differential dopamine release by psychosis-generating and non-psychosis-generating addictive substances in the nucleus accumbens and dorsomedial striatum[END_REF][START_REF] Bloomfield | The effects of Δ9tetrahydrocannabinol on the dopamine system[END_REF].

In the following, I will discuss in detail the effects of psychostimulants on striatal DA system.

II.3.a Psychostimulant effects on the DA system

Psychostimulants, such as amphetamine, commonly increase locomotor activity in humans and other animals [START_REF] Heal | Amphetamine, past and present--a pharmacological and clinical perspective[END_REF][START_REF] Raux | Cross-talk between neurosteroid and endocannabinoid systems in cannabis addiction[END_REF]. This typical behavioral effect is due to the capability of these drugs to affect the DA system. In particular, amphetamine acts at DA synaptic terminals, where it blocks the dopamine transporter DAT, inhibiting the reuptake and promoting the non-vesicular release of DA [START_REF] Seiden | Amphetamine: effects on catecholamine systems and behavior[END_REF][START_REF] Simmler | Pharmacology of MDMA-and Amphetamine-Like New Psychoactive Substances[END_REF].

Moreover, amphetamine entering the cell also stimulates the vesicular release and promotes DA synthesis (Fleckenstein et al., 2007;Avelar et al., 2007).

Therefore, the action of amphetamine results in increased DA tone in the dorsal striatum that, modulating the activity of MSNs, induces hyperlocomotion.

The effects of psychostimulants on MSNs are mediated by metabotropic G-coupled receptors for dopamine D1-like or D2-like, and therefore are associated with the modulation of intracellular signaling pathways [START_REF] Yapo | Detection of phasic dopamine by D1 and D2 striatal medium spiny neurons[END_REF][START_REF] Mcginty | Regulation of psychostimulant-induced signaling and gene expression in the striatum[END_REF]. Interestingly, the profile of signaling activation induced by the same stimulus, such as psychostimulants, is specific for the neuronal population, striatopallidal vs striatonigral [START_REF] Bertran-Gonzalez | What is the Degree of Segregation between Striatonigral and Striatopallidal Projections?[END_REF]. An important second messenger of dopamine receptors is the Dopamine-cAMP-regulated phosphoprotein, 32 kDa (DARPP-32), which is highly expressed in all MSNs [START_REF] Ouimet | DARPP-32, a dopamine-and adenosine 3':5'-monophosphate-regulated phosphoprotein enriched in dopamine-innervated brain regions. III. Immunocytochemical localization[END_REF][START_REF] Girault | DARPP-32 40 years later[END_REF].

DARPP-32 has two phosphorylation sites: Thr-34 and Thr-75, and they differentially regulates PKA-dependent intracellular pathways. Indeed, DARPP-32 can be phosphorylated directly by PKA at the Thr-34 for enhancing PKA signaling, since this active form inhibits the protein phosphatase 1 (PP-1), whose activity is to inhibit PKA [START_REF] Desdouits | Mechanism of inhibition of protein phosphatase 1 by DARPP-32: studies with recombinant DARPP-32 and synthetic peptides[END_REF][START_REF] Christensen | cAMP-regulated phosphoproteins DARPP-32, ARPP16/19, and RCS modulate striatal signal transduction through protein kinases and[END_REF]. On the opposite, when DARPP-32 is phosphorylated by the Cyclin-dependent kinase 5 (Cdk5) at the Thr-75, it acts as an inhibitor of PKA [START_REF] Bibb | Phosphorylation of DARPP-32 by Cdk5 modulates dopamine signalling in neurons[END_REF]. Cocaine exposure significantly increase Thr-34 phosphorylation in D1-positive MSNs and this effect seems to mediate the hyperlocomotory response to the drug, while in D2-positive MSNs cocaine induces a slight increase of Thr-75 phosphorylation [START_REF] Bateup | Cell type-specific regulation of DARPP-32 phosphorylation by psychostimulant and antipsychotic drugs[END_REF]Borgkvist and Fisone, 2008;[START_REF] Svenningsson | DARPP-32 mediates the actions of multiple drugs of abuse[END_REF]. This observation further indicating a segregated modulation of neuronal activity (and signaling pathways) between the two subpopulations, mediated by DA [START_REF] Bertran-Gonzalez | What is the Degree of Segregation between Striatonigral and Striatopallidal Projections?[END_REF].

Repeated treatments with psychostimulants induce behavioral sensitization, which is the progressive increased of the effects of the same dose of drug upon repeated administration (Stewart and Badiani, 1993). Such long-lasting enhancement of psychostimulants effect is commonly observed in rodents for the hyperlocomotory response (Robinson and Backer, 1986;[START_REF] Wearne | Inhibitory regulation of the prefrontal cortex following behavioral sensitization to amphetamine and/or methamphetamine psychostimulants: A review of GABAergic mechanisms[END_REF]. Sensitization is a complex phenomenon involving different neurophysiological mechanisms, including neuroadaptation [START_REF] Robinson | Incentive-sensitization and addiction[END_REF]Robinson and Badiani, 1998).

Acute psychostimulant administrations and dopaminergic signaling induce a transient activation of intracellular pathways, notably the MAPK/ERK pathway, and are associated with changes in gene expression, including immediate early genes (IEGs) involved in synaptic plasticity (Vanderschuren et al., 2002;[START_REF] Valjent | Involvement of the extracellular signal-regulated kinase cascade for cocainerewarding properties[END_REF]. Interestingly, the repeated treatment with psychostimulants promotes a sustained and enhanced up-regulation of the intracellular effects, and increased striatal DA release, indicating that the behavioral sensitization to psychostimulants is probably accompanied by long-lasting neuronal changes in MSNs [START_REF] Paulson | Amphetamine-induced time-dependent sensitization of dopamine neurotransmission in the dorsal and ventral striatum: a microdialysis study in behaving rats[END_REF]Mlewski et al., 2016;[START_REF] Norman | Sensitization of c-fos expression in rat striatum following multiple challenges with D-amphetamine[END_REF][START_REF] Mcginty | Regulation of psychostimulant-induced signaling and gene expression in the striatum[END_REF].

Interestingly, the expression of the behavioral sensitization requires the activation of both direct and indirect striatal pathways (Ferguson et al., 2011).

However, these two neuronal population seem to have different roles in the behavioral and cellular adaptations to psychostimulants. Indeed, their inhibition results in opposite behavioral effects on the repeated treatment with amphetamine, and the pattern of changes in the gene expression induced by the treatment is population-specific (Ferguson et al., 2011;[START_REF] Allichon | Cell-Type-Specific Adaptions in Striatal Medium-Sized Spiny Neurons and Their Roles in Behavioral Responses to Drugs of Abuse[END_REF].

III.The endocannabinoid system and Basal Ganglia

III.1 Expression of ECS in the BG

The first evidence that the ECS could play important roles in BG physiology is that endocannabinoids, CB1 receptors, and the enzymes for the synthesis and degradation of endocannabinoids are highly expressed in multiple BG nuclei (Davis et al., 2008;[START_REF] Patricio | Amphetamine-induced time-dependent sensitization of dopamine neurotransmission in the dorsal and ventral striatum: a microdialysis study in behaving rats[END_REF][START_REF] Navarrete | Cannabinoid CB1 and CB2 Receptors, and Monoacylglycerol Lipase Gene Expression Alterations in the Basal Ganglia of Patients with Parkinson's Disease[END_REF]. In particular, the dorsal striatum represents one of the regions with the highest expression of CB1 receptors in the brain. From early studies using receptor binding analysis to grossly map the distribution of CB1 receptors in the striatum, it emerged that cortical projections in the dorsal striatum show low binding levels, while the striatal projections to GPe and SNr/GPi showed the highest binding [START_REF] Herkenham | Characterization and localization of cannabinoid receptors in rat brain: a quantitative in vitro autoradiographic study[END_REF]. After the cloning of CB1 receptors, this evidence has been confirmed by in situ hybridization experiments, which showed high-level of CB1 mRNAs expression in the dorsal striatum, where it is distributed in a dorsolateral to ventromedial gradient pattern of expression, and it is almost undetectable in the NAc. At lower levels, CB1 mRNAs are also found in STN and even lower in the GPe, while nigral neurons do not apparently express CB1 receptors [START_REF] Mailleux | Localization of cannabinoid receptor in the human developing and adult basal ganglia. Higher levels in the striatonigral neurons[END_REF]Marsicano and Lutz, 1999). However, even though there is no evidence for the expression of CB1 receptors in DA neurons, their activity modulates DA signaling within BG, but this effect is probably mediated by receptors located at afferent fibers. Indeed, CB1 receptors are expressed in glutamatergic and GABAergic fibers directed to SNc, and in active contact between striatopallidal/striatonigral and nigrostriatal dopaminergic fibers (van der Stelt and Di [START_REF] Van Der Stelt | The endocannabinoid system in the basal ganglia and in the mesolimbic reward system: implications for neurological and psychiatric disorders[END_REF]Julian et al., 2003;[START_REF] Bassi | Cannabinoids in Parkinson's Disease[END_REF].

In the striatum, both medium-spiny neuron (MSN) subpopulations express CB1 receptors. Since in neurons the main location for CB1 receptors is at the presynaptic terminals, the high levels of mRNAs found in the dorsal striatum correspond to high levels of protein expression in SNr/GPi and GPe which represent the main pools of CB1 receptors in the BG (Davis et al., 2008;[START_REF] Tsou | Immunohistochemical distribution of cannabinoid CB1 receptors in the rat central nervous system[END_REF]. However, CB1 receptors protein is also expressed within the dorsal striatum. Here, CB1 receptors are expressed by corticostriatal terminals, in the cell body of MSNs, in local terminals of striatal interneurons, and in recurrent collaterals of MSNs [START_REF] Huang | Presynaptic mechanisms underlying cannabinoid inhibition of excitatory synaptic transmission in rat striatal neurons[END_REF][START_REF] Rodriguez | Ultrastructural localization of the CB1 cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen nucleus[END_REF]Julian et al., 2003;[START_REF] Uchigashima | Subcellular arrangement of molecules for 2-arachidonoyl-glycerol-mediated retrograde signaling and its physiological contribution to synaptic modulation in the striatum[END_REF][START_REF] Szabo | Inhibition of GABAergic inhibitory postsynaptic currents by cannabinoids in rat corpus striatum[END_REF]. Interestingly, all CB1-positive cells in the striatum also express GAD, suggesting that its expression is limited to MSNs and GINs (Marsicano and Lutz, 1999).

Complementary, endocannabinoids are produced in the dorsal striatum, and the analysis of anatomical localization of the enzymes involved in the synthesis and degradation of endocannabinoids confirmed that the ECS is widely expressed in BG [START_REF] Navarrete | Cannabinoid CB1 and CB2 Receptors, and Monoacylglycerol Lipase Gene Expression Alterations in the Basal Ganglia of Patients with Parkinson's Disease[END_REF][START_REF] Sugiura | Biochemistry, pharmacology and physiology of 2-arachidonoylglycerol, an endogenous cannabinoid receptor ligand[END_REF].

Interestingly, SNc neurons express endocannabinoids synthesis enzymes, indicating that dopaminergic neurons produce endocannabinoids, supporting the hypothesis of CB1 -mediated modulation of inputs directed to SNc neurons [START_REF] Uchigashima | Subcellular arrangement of molecules for 2-arachidonoyl-glycerol-mediated retrograde signaling and its physiological contribution to synaptic modulation in the striatum[END_REF].

III.2 ECS effects on BG physiology

The anatomical localization of ECS elements within the BG constitutes a good piece of evidence for a key modulatory role of endocannabinoids in these brain circuits. This interpretation is also supported by electrophysiological studies, aimed at characterizing the pharmacological effects and the physiological roles of CB1 receptors activation in BG nuclei. For instance, the application of CB1 receptor agonists in striatal brain slices decreases synaptic currents onto MSNs, according to the main function of CB1 receptors in reducing neurotransmitter release. This effect is present at both GABAergic and glutamatergic synapses, and it is prevented by the concomitant application of CB1 receptors antagonists, indicating the expression of functional CB1 receptors on the corticostriatal and local axons innervating striatal MSNs (Centonze et al., 2004;[START_REF] Huang | Presynaptic mechanisms underlying cannabinoid inhibition of excitatory synaptic transmission in rat striatal neurons[END_REF]. Moreover, the activation of CB1 receptors reduces the frequency of spontaneous and miniature postsynaptic currents, without affecting the amplitude or other properties, suggesting that the reduction in neurotransmission is due to the reduction of neurotransmitter release, likely mediated by presynaptic CB1 receptors [START_REF] Boczek | Receptor-Dependent and Independent Regulation of Voltage-Gated Ca2+ Channels and Ca2+-Permeable Channels by Endocannabinoids in the Brain[END_REF]Centonze et al., 2004;[START_REF] Uchigashima | Subcellular arrangement of molecules for 2-arachidonoyl-glycerol-mediated retrograde signaling and its physiological contribution to synaptic modulation in the striatum[END_REF][START_REF] Gerdeman | CB1 cannabinoid receptor inhibits synaptic release of glutamate in rat dorsolateral striatum[END_REF].

As discussed in the first chapter, CB1-dependent physiological functions are relevant for the modulation of neurotransmission and the expression of synaptic plasticity. In the striatum, both phenomena have been described, further confirming the presence of functional ECS elements in the regulation of BG circuits. Depolarization of MSNs is sufficient to elicit DSI in GIN-MSN synapses, and this effect is mediated by CB1 receptors since it is abolished by the application of antagonist, while corticostriatal fibers only weakly express DSE [START_REF] Narushima | Depolarization-induced suppression of inhibition mediated by endocannabinoids at synapses from fast-spiking interneurons to medium spiny neurons in the striatum[END_REF][START_REF] Uchigashima | Subcellular arrangement of molecules for 2-arachidonoyl-glycerol-mediated retrograde signaling and its physiological contribution to synaptic modulation in the striatum[END_REF]. However, in corticostriatal fibers, endocannabinoids mediate short-term depression and reduction of glutamate release in MSNs. Surprisingly, the mechanism underlying this form of plasticity seems to differ from what has been described in other brain regions, and it depends on the concomitant activation of D2 and CB1 receptors [START_REF] Kreitzer | Dopamine modulation of state-dependent endocannabinoid release and long-term depression in the striatum[END_REF][START_REF] Yin | Frequency-specific and D2 receptor-mediated inhibition of glutamate release by retrograde endocannabinoid signaling[END_REF].

Consistently, MSNs synthesize and release endocannabinoids, through a mechanism mediated by mGluR I and dopamine D2 receptors (Giuffrida et al., 1999[START_REF] Araque | Synaptic functions of endocannabinoid signaling in health and disease[END_REF][START_REF] Lovinger | Endocannabinoids in striatal plasticity[END_REF].

The most characterized endocannabinoids-dependent synaptic plasticity in BG is endocannabinoids-LTD of glutamatergic corticostriatal synapses, which represents the first identified form of endocannabinoids-dependent long-term plasticity. In particular, high-frequency stimulation (HFS) of afferent fibers leads to long-term depression (LTD) of corticostriatal synapses. This homosynaptic effect shares the classical features of synaptic plasticity induced by endocannabinoids signaling: 1) it is expressed at the presynaptic terminal (decrease in glutamate release); 2) it is mediated by CB1 receptors, since it is prevented by acute application of antagonist and is absent in CB1-mutant mice;

3) it is induced by postsynaptic synthesis and mobilization of endocannabinoids [START_REF] Choi | Decreased frequency but not amplitude of quantal synaptic responses associated with expression of corticostriatal long-term depression[END_REF][START_REF] Gerdeman | Postsynaptic endocannabinoid release is critical to long-term depression in the striatum[END_REF][START_REF] Lovinger | Neurotransmitter roles in synaptic modulation, plasticity and learning in the dorsal striatum[END_REF]Prager and Plotkin, 2019).

Studies based on spike-timing-dependent plasticity (STDP), a Hebbian synaptic learning rule based on the paired activity of both sides of the synapse, revealed that corticostriatal projections express bidirectional plasticity (Piette et al., 2020;[START_REF] Fino | Bidirectional activity-dependent plasticity at corticostriatal synapses[END_REF][START_REF] Cui | Endocannabinoids mediate bidirectional striatal spike-timing-dependent plasticity[END_REF]. Indeed, corticostriatal synapses express endocannabinoids-dependent long-term potentiation (LTP) with a low-pairings protocol, while high-pairings induce LTD. Both forms of plasticity can happen in the same synapse, and it could represent a homeostatic mechanism of synaptic modulation [START_REF] Fino | Bidirectional activity-dependent plasticity at corticostriatal synapses[END_REF][START_REF] Cui | Endocannabinoids mediate bidirectional striatal spike-timing-dependent plasticity[END_REF]. Multiple factors might determine the direction of plasticity, including the activity pattern of pre-and post-synaptic neurons, the quantity of endocannabinoids released, the «state» of CB1 receptors activation, combination of other receptors activity, and specific intracellular pathways involved [START_REF] Cui | Endocannabinoids mediate bidirectional striatal spike-timing-dependent plasticity[END_REF]2016;Piette et al., 2020).

III.3 Behavioral effects of cannabinoids in the BG

The third main evidence suggesting a major role of ECS in regulating BG functions rises from the observation that many cannabinoid compounds are endowed with behavioral effects that likely rely on striatal functions. Indeed, plant-derived, synthetic, and endogenous cannabinoids induce several motor effects such as the reduction in spontaneous activity, disruption of motor coordination, turning behavior, and immobility [START_REF] Fernández-Ruiz | The endocannabinoid system as a target for the treatment of motor dysfunction[END_REF].

One of the most studied functions of the striatum is its role in mediating goal-directed behavior and habit formation. It has been shown that these two functions rely on different subregions of the striatum. Goal-directed behaviors are mediated by the caudate nucleus in primates and the dorsomedial striatum in rodents, while the putamen in primates, and the dorsolateral striatum in rodents, is involved in habit formation [START_REF] Corbit | The role of prelimbic cortex in instrumental conditioning[END_REF][START_REF] Yin | Lesions of dorsolateral striatum preserve outcome expectancy but disrupt habit formation in instrumental learning[END_REF]. Interestingly, CB1 receptors within the striatum are mostly expressed in the dorsolateral striatum, and their activity is crucial for habit formation. Indeed, mice treated with an antagonist or genetically lacking CB1 receptors are impaired in instrumental learning (Hilario et al., 2007). A speculative model proposed that CB1 receptors located at corticostriatal fibers in the dorsolateral striatum could serve to modulate the different inputs of MSNs through LTD/LTP and induce habit formations [START_REF] Adermark | Endocannabinoid-dependent plasticity at GABAergic and glutamatergic synapses in the striatum is regulated by synaptic activity[END_REF].

The main pools of striatal CB1 receptors are located in the target regions of MSNs, but their involvement in physiology and behavior is much less studied.

Here, CB1 receptor could be involved in modulating presynaptic MSN activity, the consequent disinhibition of downstream nuclei of the striatum, and therefore participate in the fine regulation of BG output structures. However, as discussed in chapter 1, CB1 receptor signaling can mediate several physiological effects, from the modulation of synaptic activity to cellular functions, in complex link with the respective behavioral outcomes. For example, in striatal D1-positive neurons, the activation of CB1 receptors by systemic THC administration induces motor learning impairment. However, the motor deficit is due to the inhibition of autophagy. Autophagy represents an essential mechanism of cellular quality control and its inhibition results from the modulation of intracellular pathways by CB1 receptors activity [START_REF] Blázquez | Inhibition of striatonigral autophagy as a link between cannabinoid intoxication and impairment of motor coordination[END_REF].

Many pieces of evidence suggest that striatal CB1 receptors are required for mediating the action of drugs of abuse, especially psychostimulants, which are known to exert behavioral effects mainly acting on MSNs (see chapter 2).

Indeed, the stimulation of the DA system by administration of cocaine, amphetamine, or DA receptor agonist increases the production and release of endocannabinoids in the dorsal and ventral striatum, indicating an interaction between ECS and DA system that occurs in this region [START_REF] Caillé | Specific alterations of extracellular endocannabinoid levels in the nucleus accumbens by ethanol, heroin, and cocaine self-administration[END_REF]Giuffrida et al., 1999). This interaction seems to be relevant in the long-lasting cellular changes induced by drugs of abuse, and in the coding of their rewarding proprieties. Indeed, mice lacking CB1 receptors display a normal acute response to the drug but they are impaired in the psychostimulants-induced behavioral sensitization and subjacent modulation of intracellular pathways (Corbillé et al., 2007). Consistently, the genetic or pharmacological blockade of CB1 receptors impairs the reinforcing proprieties of amphetamine-like drugs but reverts some of the drug-induced behavioral effects, such as memory impairment and social deficits [START_REF] Gu | Cannabinoid Receptor Type 1 Regulates Drug Reward Behavior via Glutamate Decarboxylase 67 Transcription[END_REF][START_REF] Khodamoradi | Role of the cannabinoid CB1 receptor in methamphetamine-induced social and recognition memory impairment[END_REF].

ECS acts in BG physiology and pathology but precisely how endocannabinoids modulate striatal information processing is still a matter for much-needed research. The current view in the field is that endocannabinoids are involved in the balance of the neural mechanisms that underlie our vulnerability to develop habits, drug-seeking behaviors, compulsions, or even striatal-based pathology. Therefore, their complete understanding would give important insights in the picture of striatal functions and related diseases.

AIMS OF THE THESIS

As detailed in the introduction, the ECS is one of the most heterogeneous system in the brain, where its functions are mainly mediated by CB1 receptors.

Expressed at different cell types and in different subcellular compartments, CB1 receptors modulate neurotransmission and circuit physiology, playing a crucial role in most behavioral functions [START_REF] Lowe | The Endocannabinoid System: A Potential Target for the Treatment of Various Diseases[END_REF]. It is well establish that endocannabinoids are synthesized after a certain stimulus in the postsynaptic neuron, and activating presynaptic CB1 receptors, they inhibit neurotransmitter release and contribute to the expression of synaptic plasticity [START_REF] Winters | Mechanisms of endocannabinoid control of synaptic plasticity[END_REF]. However, the activity of CB1 receptors is extremely variable depending on its location. Consistently, the presence of functional CB1 receptors in association with mitochondrial membranes indicates that its activity is also involved in other cellular functions, such as metabolism and energy supply [START_REF] Bénard | Mitochondrial CB₁ receptors regulate neuronal energy metabolism[END_REF][START_REF] Hebert-Chatelain | Cannabinoid control of brain bioenergetics: Exploring the subcellular localization of the CB1 receptor[END_REF], highlighting that endocannabinoids can act through different mechanisms.

In the brain, one of the highest pool of CB1 receptors is expressed by striatal MSNs, the main character of BG physiology (Davis et al., 2018).

Striatal MSNs, are traditionally segregated into two neuronal populations, forming the direct and indirect striatal pathways, which differ for target region and molecular identities [START_REF] Burbaud | Basal ganglia: From the bench to the bed[END_REF]Calabresi et al., 2014). These two neuronal populations exert opposite regulation of thalamic nuclei and their activity is mainly modulate by DA [START_REF] Pérez-Fernández | The Dopaminergic Control of Movement-Evolutionary Considerations[END_REF][START_REF] Surmeier | Dopamine and synaptic plasticity in dorsal striatal circuits controlling action selection[END_REF]. However, the behavioral functions of CB1 receptors in modulating the activity of these neurons is poorly investigated. [START_REF] Marihuana | Harvey Lecture[END_REF][START_REF] Gaoni | Isolation, structure, and partial synthesis of an active constituent of hashish[END_REF]. The use of conditional mutant mouse lines, allowing the identification of specific cellular pools of receptors involved in particular behaviors, showed that CB1 receptors located in D1-positive cells mediate some of the THC effects, such as catalepsy (Monory et al., 2007). In this first aim of my thesis work, we wanted to study the involvement of CB1 receptors located at striatonigral (D1-positive) neurons in -By electrophysiology, biochemistry, and imaging, we evaluated the cellular roles of mtCB1 vs pmCB1 receptors after THC administration, and their involvement in behavior.

The general aim of this thesis

-Combining genetical and viral manipulations we studied the molecular pathways associated to CB1 receptors, involved in the behavioral effects of THC.

Aim 2. To study the involvement of striatonigral vs striatopallidal CB1 receptors in the behavioral sensitization induced by amphetamine.

Psychostimulants, such as amphetamine, increase the dopaminergic tone in the dorsal striatum, and the repeated treatment with the drug causes neuronal adaptations and the expression of behavioral sensitization (Di Chiara and Imperato, 1988;Robinson and Badiani, 1998). Given the cross talk between dopamine and cannabinoids, the ECS have been proposed to play a role in the behavioral sensitization induced by amphetamine (Corbillé et al., 2007;[START_REF] Bonm | Control of exploration, motor coordination and amphetamine sensitization by cannabinoid CB1 receptors expressed in medium spiny neurons[END_REF]. In the second part of my thesis work, we wanted to evaluate the role of specific pools of striatal CB1 receptors in the expression of the behavioral sensitization induced by amphetamine, and the cellular mechanism involved in this effect.

Objective 2.1: Identification of striatal CB1 receptors involvement in the behavioral sensitization.

-Generation of conditional mutant mouse lines for the specific manipulation of CB1 receptors located in striatonigral or striatopallidal neurons.

-Combination of genetic and viral manipulations for evaluating the effects of the specific deletion of CB1 receptors in striatal neurons, in the amphetamine-induced sensitization.

Objective 2.2: Identification of the synaptic effects of striatopallidal CB1 receptors in the neuronal changes induced by the repeated treatment with amphetamine. For this objective, we induced behavioral sensitization to amphetamine and we recorded the synaptic transmission in GPe-slices, from wild type and mutant mice lacking CB1 receptors in striatopallidal neurons.

The results collected for this project are parts of two publications that I will present in the next sessions: 

RESULTS

Subcellular specificity of cannabinoid effects in striatonigral circuits

Cannabis and its main psychoactive compound, Δ9-tetrahydrocannabinol (THC) is one of the most widely used drugs in the world, and it has also been endowed with medicinal potential for millennia, particularly for pain management. However, its use is associated with several undesirable effects, as catalepsy and motor impairment.

The striatum is a brain nucleus important in locomotion and pain signaling. The neurons projecting to the Substantia Nigra par reticulata (i.e. 

INTRODUCTION

Cannabinoids possess high therapeutic potential, particularly in the management of pain [START_REF] Donvito | The Endogenous Cannabinoid System: A Budding Source of Targets for Treating Inflammatory and Neuropathic Pain[END_REF], by acting on their main target, the cannabinoid type-1 (CB 1 ) receptor [START_REF] Cohen | Positive and Negative Effects of Cannabis and Cannabinoids on Health[END_REF]. However, because of significant side effects (e.g., cognitive and motor dysfunctions; [START_REF] Borgelt | The pharmacologic and clinical effects of medical cannabis[END_REF][START_REF] Prashad | Cognitive motor deficits in cannabis users[END_REF]) their medical and recreational use is under intense scrutiny [START_REF] Cohen | Positive and Negative Effects of Cannabis and Cannabinoids on Health[END_REF]. In particular, the activation of CB 1 receptors impairs motor control [START_REF] Giuffrida | New insights on endocannabinoid transmission in psychomotor disorders[END_REF]Monory et al., 2007), and cataleptic-like effects are considered the leading cause of vehicle accidents induced by human cannabis consumption [START_REF] Martin | Cannabis, alcohol and fatal road accidents[END_REF]. Basal ganglia circuits, classically associated with motor control, are now studied in different contexts, including cognition and nociception. In particular, striatonigral circuits formed by dopamine Neuron 109,15131514151515161517151815191520152115221523152415251526May 5,2021 ª 2021 type-1 receptor (D 1 R) + striatal medium spiny neurons projecting to the substantia nigra pars reticulata (SNr) play crucial roles in motor regulation [START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF] and participate in nociception [START_REF] Taylor | Mesolimbic dopamine signaling in acute and chronic pain: implications for motivation, analgesia, and addiction[END_REF]. The SNr represents a hub coordinating movement and nociceptive responses according to the inputs received [START_REF] Zhou | The Substantia Nigra Pars Reticulata[END_REF], and displays one of the highest densities of CB 1 receptor in the brain [START_REF] Marsicano | Anatomical distribution of receptors, ligands and enzymes in the brain and the spinal cord: circuitries and neurochemistry[END_REF].

Neuronal CB 1 receptors are predominantly associated with presynaptic terminal plasma membranes (pmCB 1 ;[START_REF] Ibsen | Cannabinoid CB 1 and CB 2 Receptor Signaling and Bias[END_REF], and their activation mainly results in the fine-tuned regulation of neurotransmitter and neuropeptide release (Busquets- Garcia et al., 2018). Functional CB 1 receptors are also present in intracellular compartments-for instance, in association with mitochondria (mtCB 1 ; Be ´nard et al., 2012; Busquets- Garcia et al., 2018;Hebert-Chatelain et al., 2016;[START_REF] Jimenez-Blasco | Glucose metabolism links astroglial mitochondria to cannabinoid effects[END_REF][START_REF] Koch | Hypothalamic POMC neurons promote cannabinoid-induced feeding[END_REF], where they modulate bioenergetics and memory (Hebert-Chatelain et al., 2016). Appropriate mitochondrial function guarantees proper synaptic transmission underlying behavioral control [START_REF] Francisco | Mitochondrial NAD(P) + Transhydrogenase is Unevenly Distributed in Different Brain Regions, and its Loss Causes Depressive-like Behavior and Motor Dysfunction in Mice[END_REF][START_REF] Kanellopoulos | Aralar Sequesters GABA into Hyperactive Mitochondria, Causing Social Behavior Deficits[END_REF][START_REF] Rangaraju | Activity-driven local ATP synthesis is required for synaptic function[END_REF].

The double subcellular functional localization of CB 1 receptors suggests that, in addition to modulating cell types and brain circuits, cannabinoids may exert different effects by affecting different subcellular processes within the same circuits. Here, we leveraged the diverse distribution of CB 1 receptors to investigate whether subcellular constraints in the striatonigral circuit can determine multimodal behavioral control.

RESULTS

Striatonigral CB 1 receptors mediate cannabinoidinduced motor impairments and antinociception Cannabinoid agonists dose dependently decrease motor activity and induce antinociception via central CB 1 receptor activation (Metna-Laurent et al., 2017;Monory et al., 2007). To test whether CB 1 receptor signaling in the SNr is responsible for these effects, we locally infused (Figure S1A) the CB 1 receptor antagonist AM251 in mice systemically treated (intraperitoneally [i.p.]) with the plant-derived CB 1 receptor agonist D 9 -tetrahydrocannabinol (THC, 10 mg/kg). AM251 fully blocked THC-induced hypolocomotion in the open field (Figure S1B), catalepsy in the horizontal bar test (Figure 1A), and antinociception in the hot plate test (Figure 1B), indicating that the activation of CB 1 receptors in this brain region is necessary for these effects. Importantly, misplacement of the injection sites (Figure S1A) eliminated any impact of AM251 on THC effects (Figures 1A, 1B, andS1B), clearly indicating the spatial specificity of the antagonist action.

The SNr receives direct (striatonigral) and indirect (striatopallidal-pallidonigral) information from striatal medium spiny neurons (MSNs; [START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF]. MSNs belonging to the direct pathway preferentially express dopamine D 1 R, whereas indirect pathway neurons are identified by the expression of type 2 dopamine receptors (D 2 R), although in the external segment of the globus pallidus (GPe) there are some collateral D 1 R + projections [START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF]. Interestingly, CB 1 receptors are abundantly expressed in both neuronal populations [START_REF] Ferna ´ndez-Ruiz | Prospects for cannabinoid therapies in basal ganglia disorders[END_REF]. To identify which subpopulations of CB 1 receptors are responsible for the THC effects, we used an intersectional recombinase approach (Zhao et al., 2020). We injected an adeno-associated virus (AAV) expressing the Cre recombinase protein in a flipase (FLP)-dependent manner (AAV-FRT-iCre-EGFP) in the striatum of mice carrying a ''floxed'' CB 1 gene (CB 1 -flox; Marsicano et al., 2003). Simultaneously, a retrograde AAV expressing FLP (AAV-retro-FLP-BLFP) was administered into either the GPe or the SNr (Figure S1C). Thus, we obtained the expression of the Cre recombinase in striatopallidal or striatonigral neurons of CB 1 -flox mice, leading to the generation of ST-GP-CB 1 -KO (knockout) or ST-SN-CB 1 -KO mutants carrying (F and G) Effects of intra-SNr administration of the cell-impermeable CB 1 antagonist hemopressin (Hp) on the (F) cataleptic and (G) antinociceptive effect of systemic THC (10 mg/kg i.p.) with respect to vehicle-treated mice. (H and I) Effects of intra-SNr administration of the NK 1 receptor agonist GR73632 on the (H) cataleptic and (I) antinociceptive effect of THC (10 mg/kg i.p.) with respect to vehicle-treated mice. (J) Schematic representation of the substance P sniffer strategy, and representative picture of sniffer cells (HEK cell expressing NK 1 receptor [NK 1 R; red] and GCaMP6 [green]) deposited over slices (IR). GPe, external globus pallidus; SNr, substantia nigra pars reticulata; Stim: electrical stimulation, STR, striatum. Scale bars: 50 mm. (K) Left: representative GCaMP6 fluorescence in the SNr before and after electrical stimulation, in presence of vehicle or WIN (5 mM). Center: representative traces of GCaMP6 fluorescence variation (DF/F0) from sniffer cells overlying the area shown in (K) and in (J) (right panel, white square) in the absence (Vehicle) and in the presence of WIN when electrical stimulation (gray bars) of the striatonigral pathway is applied in both WT and CB 1 -KO littermates. Plots are from the same cells in both conditions. Right: summary graphs comparing DF/F0 induced by electrical stimulation in all sniffer cells responding and imaged over the SNr in Vehicle and WIN conditions, comparing WT versus CB 1 -KO littermates. (L) Schematic representation of the substance P sniffer strategy coupled to optogenetic stimulation of striatonigral terminals. GPe, external globus pallidus; SNr, substantia nigra pars reticulata. (M) Left: traces of GCaMP6 fluorescence variation (DF/F0) from sniffer cells overlying the SNr in the absence (Vehicle) and in the presence of WIN when light stimulation (red bars) of the striatonigral pathway is applied. Plots are from the same cells in both conditions. Right: summary graphs comparing DF/F0 induced by light stimulation in all sniffer cells responding and imaged over the SNr in Vehicle and WIN conditions. Data, means ± SEMs. **p < 0.01; ***p < 0.001; ### p < 0.001. For details of statistical analysis, see Table S2. See also Figure S1.

the deletion of the receptor gene in either population, respectively (Figure S1C). Fluorescent in situ hybridization (FISH) coupled to GFP immunostaining of Cre protein showed that the recombinase was preferentially expressed in D 1 R over D 2 R neurons in ST-SN-CB 1 -KO (D 1 R/Cre cells 68.5% ± 2.8%; D 2 R/ Cre cells 9% ± 1%), with the opposite situation in ST-GP-CB 1 -KO (D 1 R/Cre cells 21.7% ± 1.9%; D 2 R/Cre cells 42.5% ± 5.1%).

Deletion of the CB 1 receptor gene in these models was confirmed by double FISH experiments, which showed a preferential loss of CB 1 receptor expression by D 1 R-expressing striatal neurons in ST-SN-CB 1 -KO mice and by D 2 R-expressing neurons in the ST-GP-CB 1 -KO mice, respectively (Figure S1D). Accordingly, ST-SN-CB 1 -KO mice showed a consistent reduction of CB 1 immunoreactivity in the SNr, whereas the CB 1 protein was selectively reduced in the GPe of ST-GP-CB 1 -KO mice (Figure 1C).

Whereas ST-GP-CB 1 -KO mice responded normally to THC, ST-SN-CB 1 -KO littermates did not display THC-induced catalepsy, nor antinociception (Figures 1D and1E). However, hypolocomotion was maintained upon both manipulations (Figure S1E), suggesting that other subpopulations of SNr-CB 1 receptors are likely involved in this THC effect. These data highlight CB 1 receptors expressed at striatonigral, but not striatopallidal, terminals as the main responsible for THC-induced antinociception and catalepsy, revealing a common anatomical substrate for these effects.

Cannabinoid-induced antinociception relies on activation of striatonigral pmCB 1 and regulation of substance P/NK 1 receptor activity Cannabinoids are lipophilic molecules, which easily cross biological membranes, thereby potentially acting at both plasma membrane and intracellular CB 1 receptors. To distinguish between the contributions of these two pools of CB 1 receptors to the THC effects, we administered the CB 1 receptor antagonist hemopressin (Hp; Heimann et al., 2007) in the SNr. Hp is a peptide, which is unable to cross the plasma membrane [START_REF] Be ´nard | Mitochondrial CB 1 receptors regulate neuronal energy metabolism[END_REF] and therefore antagonizes only pmCB 1 receptors but not intracellular receptors [START_REF] Be ´nard | Mitochondrial CB 1 receptors regulate neuronal energy metabolism[END_REF][START_REF] Rozenfeld | Regulation of CB1 cannabinoid receptor trafficking by the adaptor protein AP-3[END_REF]. Intra-SNr administration of Hp did not exert any effect by itself and did not reverse THC-induced catalepsy (Figure 1F), but it strongly reduced the antinociceptive effect of THC (Figure 1G). Striatonigral neurons release several neuropeptides, including substance P [START_REF] Deniau | The pars reticulata of the substantia nigra: a window to basal ganglia output[END_REF][START_REF] Johnson | The Therapeutic Potential of Targeting Substance P/NK-1R Interactions in Inflammatory CNS Disorders[END_REF], which promotes nociception via central activation of the type 1 neurokinin (NK 1 ) receptor [START_REF] Steinhoff | Tachykinins and their receptors: contributions to physiological control and the mechanisms of disease[END_REF]. Interestingly, inhibition of NK 1 signaling decreases pain reactions induced by CB 1 receptor blockade [START_REF] Darmani | Involvement of other neurotransmitters in behaviors induced by the cannabinoid CB1 receptor antagonist SR 141716A in naive mice[END_REF], and some evidence suggests a negative role of CB 1 receptor signaling in substance P production and release in the spinal cord and the striatum [START_REF] Lever | CB(1) receptor antagonist SR141716A increases capsaicin-evoked release of Substance P from the adult mouse spinal cord[END_REF][START_REF] Steiner | Altered gene expression in striatal projection neurons in CB1 cannabinoid receptor knockout mice[END_REF]. To test whether THC-induced antinociception relies on substance P signaling, we systemically administered the selective NK 1 receptor agonist GR73632 [START_REF] Ray | Ablation of least shrew central neurokinin NK1 receptors reduces GR73632-induced vomiting[END_REF] in combination with THC. GR73632 (75 mg/kg) did not alter THCinduced catalepsy (Figure S1F), but it blocked the antinociceptive effect of the cannabinoid (Figure S1G). Then, to verify that the interaction between CB 1 and NK 1 receptors occurs in the SNr, GR73632 was locally infused before systemic THC treatment. This treatment did not alter THC-induced catalepsy (Figure 1H), but, strikingly, it fully abolished the antinociceptive effect (Figure 1I). These data show that cannabinoid-induced antinociception involves substance P signaling, suggesting that activation of CB 1 receptors may reduce the release of the neuropeptide at striatonigral terminals. To test this hypothesis, we established an ex vivo ''sniffer cells'' approach (Figure S1H), which had already been successfully used to detect the release of other neuropeptides in real time [START_REF] Zaelzer | Detection of activity-dependent vasopressin release from neuronal dendrites and axon terminals using sniffer cells[END_REF]. We used HEK293T cells co-expressing the NK 1 receptor together with the calcium indicator GCaMP6s (Figure S1H), which are capable of detecting exogenously applied substance P in a very sensitive (half-maximal effective concentration [EC 50 ], 5.1 nM) and specific way (Figures S1H andS1I). These cells were then seeded over acute sagittal brain slices containing the striatonigral pathway (Figure 1J). After cellular adhesion to the slices, GCaMP6s fluorescence was imaged [START_REF] Zaelzer | Detection of activity-dependent vasopressin release from neuronal dendrites and axon terminals using sniffer cells[END_REF] (Figure 1J) before and after electrical stimulation of the striatonigral afferents. This manipulation strongly increased GCaMP6s fluorescence in cells placed above the SNr (Figures 1K andS1J-S1M), indicating an increase in substance P release. The increase in fluorescence is specific for the peptide, as it was absent when cells expressing only GCaMP6 were seeded onto SNr slices (Figures S1J andS1L) and blocked by the selective NK 1 antagonist CP122721 (Figures S1K andS1L). Strikingly, application of the cannabinoid agonist WIN55,212-2 (WIN) reduced electrically evoked substance P release in WT mice (Figures 1K andS1M), but not in CB 1 -KO littermates (Figure 1K). WIN did not affect the response to exogenous peptide (Figure S1N), showing that its effect in slices was due to a CB 1 receptor-mediated decrease of substance P release.

To further confirm the striatonigral origin of substance P release as well as its modulation by cannabinoids, we coupled the sniffer cells approach to optogenetic stimulation [START_REF] Zaelzer | Detection of activity-dependent vasopressin release from neuronal dendrites and axon terminals using sniffer cells[END_REF]. To this aim, we virally expressed the red-activated channelrhodopsin ChrimsonR [START_REF] Klapoetke | Independent optical excitation of distinct neural populations[END_REF] in striatal D 1 R + cells [START_REF] Lemberger | Expression of Cre recombinase in dopaminoceptive neurons[END_REF] and then we conducted sniffer experiments in SNr slices (Figure 1L). As a technical validation of the approach, we performed patch clamp experiments in SNr neurons upon light stimulation. As expected, due to the partial spectrum overlapping of the light wavelengths [START_REF] Klapoetke | Independent optical excitation of distinct neural populations[END_REF], the application of the blue light induced a slight activation of ChrimsonR and triggered-GABAergic currents, which, however, had a much lower amplitude than the ones triggered by the red light (Figure S1O). Thus, some experiments were discarded because the blue-light stimulation was enough to saturate the subsequent red light-induced substance P release. Nevertheless, ChrimsonR activation by red light-triggered above-baseline calcium responses in sniffer cells in ~50% of the experiments. In these conditions, calcium responses, indicating substance P release, were drastically reduced by the application of WIN (Figure 1M), as previously observed with electrical stimulation.

These data indicate that pmCB 1 receptors at D 1 R + striatonigral terminals are responsible for THC-induced antinociception, involving the modulation of substance P/NK 1 signaling. In addition, these results point out a different mechanism for the (legend continued on next page) cataleptic effect, which likely involves intracellular CB 1 receptors in the SNr.

Subcellular localization of CB 1 receptors in the SNr

Immunogold electron microscopy [START_REF] Puente | High-resolution Immunoelectron Microscopy Techniques for Revealing Distinct Subcellular Type 1 Cannabinoid Receptor Domains in Brain[END_REF] revealed that the majority of CB 1 receptor protein in the SNr of wild-type (WT) mice is synaptic pmCB 1 . Counting gold particles using stringent parameters to identify mitochondrial-localized immunoreactivity [START_REF] Puente | High-resolution Immunoelectron Microscopy Techniques for Revealing Distinct Subcellular Type 1 Cannabinoid Receptor Domains in Brain[END_REF] 

Generation of DN22-CB 1 -KI mutant mice, lacking mtCB 1 receptors

We previously showed that a mutant version of the CB 1 protein lacking the first 22 amino acids (called DN22-CB 1 ) is neither anatomically nor functionally associated with mitochondrial membranes, but it maintains its other functions (e.g., at plasma membranes; Hebert-Chatelain et al., 2016). Thus, we generated a new knockin mutant mouse line (called DN22-CB 1 -KI; Pagano [START_REF] Zottola | A new mutant mouse model lacking mitochondrial-associated CB1 receptor[END_REF], in which the WT CB 1 receptor gene is replaced by the coding sequence of the DN22-CB 1 protein (Figure S2B). Quantifications of CB 1 receptor mRNA (by qRT-PCR) and protein (by immunofluorescence) revealed no significant differences between WT and DN22-CB 1 -KI mice in many different brain regions (Figures S2C andS2D). Counting gold particles in immunoelectron microscopy experiments indicated that the total amount of CB 1 receptor protein in the SNr was not significantly different between DN22-CB 1 -KI and WT littermates (Figures 2F,2G,and S2D). Similarly, the levels of pmCB 1 were not affected by the mutation (Figures 2F, 2H, andS2D). However, the density of mtCB 1 receptors and the percentage of CB 1 + mitochondria were significantly lower in DN22-CB 1 -KI mice as compared to WT littermates (Figures 2F,2I, 2J and S2D), reaching levels that are undistinguishable from global CB 1 -KO mice (Figures 2A, 2D, and2E). To test the ability of DN22-CB 1 receptors to activate G protein signaling, we performed [ 35 S]GTPg binding assays upon stimulation with the cannabinoid agonist WIN in cortical, hippocampal, and midbrain extracts from WT, CB 1 -KO, and DN22-CB 1 -KI mice (Figure 2K). The DN22-CB 1 mutant was as efficient as its WT cognate in triggering G protein activation (Figure 2K). These results were confirmed by in situ [ 35 S]GTPg binding assays in other brain regions (Figures S2E and S2F). Moreover, autoradiographic analyses of [ 3H ] CP55.940 cannabinoid agonist binding in parallel sections did not identify any significant difference between the two genotypes (Figures S2G andS2H). Thus, DN22-CB 1 -KI mice display normal binding of cannabinoid ligands and subsequent activation of G protein signaling.

Oxygen consumption assays in SN homogenates revealed that WIN lowered ADP-stimulated mitochondrial respiration in WT but not in CB 1 -KO mice (Figures 2L andS2I), indicating a specific CB 1 receptor-mediated control of mitochondrial activity. Notably, this effect was also abolished in SN homogenates from DN22-CB 1 -KI mice, showing its dependency on mtCB 1 receptors (Figures 2L andS2I). The DN22-CB 1 -KI mutant strain is viable, fertile, and showed normal body weight, muscular strength, and locomotion (Figures S3A andS3B). Interestingly, DN22-CB 1 -KI mice did not display any alteration in voluntary wheel running activity (Figure S3C), in which global CB 1 -KO mice are impaired [START_REF] Dubreucq | Ventral tegmental area cannabinoid type-1 receptors control voluntary exercise performance[END_REF], showing that certain CB 1 receptor-dependent behavioral functions are maintained in these mutants. Pharmacological evidence suggests that mtCB 1 receptors may be partly responsible for electrophysiological depolarization-induced suppression of inhibition in the hippocampus (DSI; Be ´nard et al., 2012), which is known to depend on endocannabinoid signaling (Wilson et al., 2001). Interestingly, DN22-CB 1 -KI mice displayed DSI, but its amplitude was slightly decreased as compared to WT littermates (Figures S3D andS3E), confirming the participation of mtCB 1 receptors in this form of synaptic plasticity [START_REF] Be ´nard | Mitochondrial CB 1 receptors regulate neuronal energy metabolism[END_REF]. These observations indicate that the constitutive deletion of the first 22 amino acids of the CB 1 protein specifically affects the effects of cannabinoids involving mitochondrial activity, but leave other functions of CB 1 receptors unchanged. Therefore, DN22-CB 1 -KI mutant mice represent a novel and suitable tool to untangle the roles of mtCB 1 receptors.

Activation of mtCB 1 receptors decreases synaptic transmission at striatonigral terminals and induces catalepsy, but not antinociception

To explore whether mtCB 1 receptors participate in the wellknown cannabinoid control of synaptic transmission in the SNr [START_REF] Sales-Carbonell | Striatal GABAergic and cortical glutamatergic neurons mediate contrasting effects of cannabinoids on cortical network synchrony[END_REF][START_REF] References Ba ´ez-Cordero | Unbalanced Inhibitory/Excitatory Responses in the Substantia Nigra Pars Reticulata Underlie Cannabinoid-Related Slowness of Movements[END_REF][START_REF] Szabo | Cannabinoids inhibit excitatory neurotransmission in the substantia nigra pars reticulata[END_REF], we performed optogenetic-coupled electrophysiological recordings of striatonigral neurotransmission in slices. The AAV expressing channelrhodopsin (Chr2) under the neuronal synapsin promoter (AAV-synP-Chr2-mCherry) was injected into the dorsal striatum (Figure 3A) of WT, DN22-CB 1 -KI, and CB 1 -KO mice. Non-dopaminergic neurons receiving Chr2expressing fibers from striatonigral neurons were recorded using whole-cell patch clamp in SNr slices (Figure 3B). Brief light pulses on striatonigral terminals triggered reliable optically induced inhibitory post-synaptic currents (oIPSCs) in SNr neurons, which were sensitive to GABA A blockade (Figure 3C). Treatment with WIN (5 mM) reduced oIPSCs in WT but not in CB 1 -KO mice (Figures 3D and3E), suggesting a CB 1 -dependent mechanism. Interestingly, WIN-mediated reduction of oIPSCs was absent in slices from DN22-CB 1 -KI mice (Figures 3D and3E), but no changes were observed in the paired-pulse ratio (K) Concentration-response curves of the effect of WIN on [ 35 S]GTPggS binding in membranes isolated from cortex, hippocampus, and midbrain of WT, CB 1 -KO, and DN22-CB 1 -KI mice. (L) The effect of WIN (1 mM) on mitochondrial respiration (oxygen consumption rate, OCR) in SN homogenates from WT, CB 1 -KO, and DN22-CB 1 -KI mice. Data, means ± SEM. ***p < 0.001. For details of statistical analysis, see Table S2. See also Figure S2. S2. See also Figure S3.

during baseline, indicating a normal synaptic efficiency in mutant mice (Figure S3F). These data show that mtCB 1 receptors are necessary for the cannabinoid-induced inhibition of synaptic transmission in the striatonigral pathway, which has been proposed as a potential mechanism for cannabinoidinduced catalepsy [START_REF] Garcı ´a | Cannabinoid-dopamine interactions in the physiology and physiopathology of the basal ganglia[END_REF]. Accordingly, THC or WIN administrations induced strong catalepsy in WT mice, but not in DN22-CB 1 -KI littermates (Figure 3F). Conversely, both genotypes displayed normal cannabinoid-induced antinociception (Figure 3G). Interestingly, WIN application reduced substance P release in DN22-CB 1 -KI SNr slices (Figure S3G), as observed in WT slices (Figure 1K). Furthermore, both intra-SNr Hp infusion (Figure S3H), as well as systemic administration of the NK 1 receptor agonist GR73632 (Figure S3I) virtually abolished THCinduced antinociception in DN22-CB 1 -KI mice. Therefore, the CB 1 -dependent control of substance P release in the SNr, and its subsequent antinociceptive effect, do not require mtCB 1 receptors. These data show that the activation of mtCB 1 receptors is necessary for cannabinoid-induced synaptic depression in the SNr and catalepsy. Conversely, mtCB 1 receptors are dispensable for cannabinoid-induced antinociception. Thus, a mechanistic double dissociation of these cannabinoid effect seems to take place in the SNr.

Cannabinoid-induced catalepsy relies on activation of striatonigral mtCB 1 receptors and mitochondrial inhibition Striatal D 1 R + cells are one of the major components of striatonigral circuits [START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF]. Notably, mice lacking the CB 1 gene in D 1 R + cells (D 1 -CB 1 -KO) do not display cannabinoidinduced catalepsy (Monory et al., 2007). We took advantage of this phenotype to investigate the specific impact of striatonigral mtCB 1 receptor activation on the cataleptic effect of cannabinoids. For this purpose, we adopted a CB 1 rescue approach (Figure 4A) by injecting Cre-dependent viral vectors expressing CB 1 or DN22-CB 1 (AAV-DIO-CB 1 or AAV-DIO-DN22-CB 1 , respectively) directly into the dorsal striatum of D 1 -CB 1 -KO mice (expressing Cre in D 1 R + cells) to specifically target striatonigral neurons (Figures 4B and4C). Oxygen consumption assays revealed that WIN failed to decrease mitochondrial respiration in SN extracts from D 1 -CB 1 -KO mice injected with a control virus (Figure 4D). The re-expression of CB 1 receptors in striatal D 1 R + cells of mutant mice fully rescued the cannabinoid-induced decrease in oxygen consumption in the SN (Figure 4D), whereas the injection of AAV-DIO-DN22-CB 1 was not able to restore this effect (Figure 4D). The rescue of CB 1 receptors in striatonigral cells was sufficient to restore the cataleptic effect of THC in D 1 -CB 1 -KO mice (Figure 4E). In contrast, no catalepsy was observed after DN22-CB 1 expression in THC-treated D 1 -CB 1 -KO mice (Figure 4E). In addition, we performed a correlation analysis between the levels of CB 1 expression (Figure 4C) and THC-induced catalepsy (Figure 4E) in mice with rescue of CB 1 or DN22-CB 1 . The absence of positive correlation (Figure S3J) between the two variables indicates that the subcellular localization rather than the expression levels of CB 1 receptor determines the cataleptic effect of cannabinoids.

Thus, mtCB 1 receptor signaling in the striatonigral circuit is responsible for the local reduction in mitochondrial respiration and the cataleptic effect induced by cannabinoids.

Cannabinoid-induced catalepsy involves striatonigral mitochondrial soluble adenylyl cyclase (sAC) activity

To identify the molecular machinery linking the effects of cannabinoids on SN mitochondrial respiration and catalepsy, we aimed at dissecting the intramitochondrial signaling pathways involved. Stimulation of mtCB 1 receptors activates intra-mitochondrial Ga i proteins, thereby inhibiting sAC and protein kinase A (PKA) activities (Hebert-Chatelain et al., 2016). The cannabinoid-induced reduction in mitochondrial respiration in SN extracts was abolished by pretreatment with the sAC inhibitor KH7 (Figure 4F), suggesting the involvement of sAC activity in mtCB 1 receptor-dependent effects in this brain region. However, pre-treatment with the NK 1 receptor agonist GR73632 did not affect the effect of WIN on SN respiration (Figure S3K), suggesting a dissociation between the two pathways. To investigate whether the intra-mitochondrial sAC pathway participates in S2.

the SNr-dependent behavioral effects of THC, we locally injected KH7 before systemic THC treatment. This drug blocked the cataleptic effect of THC (Figure 4G), without affecting antinociception (Figure 4H). Thus, similar to the impact on mitochondrial respiration, the cataleptic effect of THC requires sAC activity in the SNr. However, these results do not show that the CB 1 signaling involved in catalepsy is specific to striatonigral neurons. Since sAC expression is not limited to mitochondria and KH7 can have additional targets [START_REF] Valsecchi | Role of soluble adenylyl cyclase in mitochondria[END_REF] S3O). Strikingly, these mice did not present any cataleptic effect upon THC administration as compared to control mice (Figure 4J), whereas they displayed a normal THC-induced antinociception (Figure 4K). These data show that the inhibition of intra-mitochondrial sAC signaling in striatonigral terminals is not involved in antinociception, but it underlies the cannabinoid-induced decrease in mitochondrial respiration and the subsequent cataleptic effect.

PKA signaling mediates both cannabinoid-induced catalepsy and antinociception, but in different subcellular compartments Adenylyl cyclase activity triggers several signaling pathways, and the activation of PKA is one of the most prominent [START_REF] Dwivedi | Adenylyl cyclase-cyclicAMP signaling in mood disorders: role of the crucial phosphorylating enzyme protein kinase A[END_REF]. Inhibition of PKA is one of the best-characterized signaling mechanisms of CB 1 receptor activation throughout the brain [START_REF] Ibsen | Cannabinoid CB 1 and CB 2 Receptor Signaling and Bias[END_REF], including in striatal neurons (Borgkvist and Fisone, 2007;[START_REF] Martinez | The cannabinoid agonist WIN55212-2 decreases L-DOPA-induced PKA activation and dyskinetic behavior in 6-OHDA-treated rats[END_REF]. For instance, the activity of this kinase is necessary for the stimulation of substance P release in spinal cord and cultured dorsal root ganglion neurons, and this mechanism is modulated by CB 1 receptors [START_REF] Chen | Mechanisms of m-opioid receptor inhibition of NMDA receptor-induced substance P release in the rat spinal cord[END_REF][START_REF] Oshita | CB(1) cannabinoid receptor stimulation modulates transient receptor potential vanilloid receptor 1 activities in calcium influx and substance P release in cultured rat dorsal root ganglion cells[END_REF]. Within mitochondria, PKA signaling following mt-sAC activation is a target for the mtCB 1 -induced reduction in mitochondrial functions (Hebert-Chatelain et al., 2016). Thus, PKA inhibition at different subcellular locations may mediate pmCB 1 -dependent antinociception and mtCB 1dependent catalepsy by reducing substance P release and inhibiting mitochondrial respiration, respectively. To test this hypothesis, we used constitutively active mutant forms of PKA (Niswender et al., 2005) targeted either to the cytosol (PKA-CA, Myc tagged) or to the mitochondria (MLS-PKA-CA, Myc-tagged; Figure S3P; Hebert-Chatelain et al., 2016). These constructs were used to generate AAVs for Cre-dependent expression, which were injected into the dorsal striatum of D 1 -Cre mice. In this way, we obtained the expression of these two different forms of constitutively active PKA in striatonigral neurons (Figure S3Q). Expression of PKA-CA did not alter catalepsy, but it did block the antinociceptive effect of THC (Figures 4L and4M).

Conversely, the expression of MLS-PKA-CA dampened the cataleptic effect of THC, without changing antinociception (Figures 4L and4M). Importantly, the expression of PKA-CA did not alter the cannabinoid-induced decrease in mitochondrial respiration in SN extracts, whereas MLS-PKA-CA did abolish this effect (Figure 4N and S3R). These data show that the inhibition of PKA activity in striatonigral neurons mediates both the cataleptic and antinociceptive effects of cannabinoids. However, the specific subcellular location of the activity of this kinase is differentially involved in these effects. Whereas intra-mitochondrial sAC-PKA signaling mediates the cannabinoid-induced decrease in mitochondrial respiration and catalepsy, the antinociceptive effect of cannabinoids relies on the inhibition of cytoplasmic PKA.

DISCUSSION

This study reveals that the differential subcellular localization of a receptor can bias the behavioral consequences of its activation in the same brain circuit. CB 1 receptors in striatonigral neurons are the substrate of both adverse cataleptic and clinically relevant antinociceptive cannabinoid effects, which relies on different subcellular pools and molecular mechanisms (Figure S4). As a key part of the basal ganglia loop [START_REF] Freeze | Control of basal ganglia output by direct and indirect pathway projection neurons[END_REF], the SNr is classically considered to provide mainly motor regulation, integrating striatal pathways and regulating the activity of the motor cortex through thalamic projections [START_REF] Borsook | A key role of the basal ganglia in pain and analgesia-insights gained through human functional imaging[END_REF]. However, the SNr also modulates, directly and indirectly, the activity of several brain regions involved in pain processing such as the superior and inferior colliculus, the pedunculopontine nucleus (PPN), the rostral ventral medulla, and the dorsal root ganglia [START_REF] Borsook | A key role of the basal ganglia in pain and analgesia-insights gained through human functional imaging[END_REF][START_REF] Zhou | The Substantia Nigra Pars Reticulata[END_REF]. Moreover, several electrical and optogenetic stimulation studies revealed a novel nociceptive network formed by the subthalamic nucleus, SNr, superior colliculus, and parabrachial nucleus [START_REF] Pautrat | Revealing a novel nociceptive network that links the subthalamic nucleus to pain processing[END_REF]. Thus, the SNr is ideally placed to control voluntary movement and nociceptive responses. There could be two different sets of striatonigral neurons, one dedicated to nociception control (as indicated by the presence of different nociceptive neurons in the SNr; [START_REF] Zhou | The Substantia Nigra Pars Reticulata[END_REF] and the other to movement control (as already extensively studied; [START_REF] Borsook | A key role of the basal ganglia in pain and analgesia-insights gained through human functional imaging[END_REF]. Alternatively, the same neurons could be involved in both effects according to the different inputs received and possibly the differential molecular mechanisms triggered by those inputs [START_REF] Chudler | The role of the basal ganglia in nociception and pain[END_REF]. In this scenario, the subcellular localization of CB 1 receptors could serve as a molecular switch regulating motor control and pain perception.

Recently, the idea emerged that specific subcellular locations of a molecular process may trigger different cellular effects in the brain [START_REF] Creighton | Targeting therapeutic effects: subcellular location matters. Focus on ''Pharmacological AMP-kinase activators have compartment-specific effects on cell physiology[END_REF]Ilouz et al., 2017). For instance, although their relative impact on behavior has not been investigated so far, specific subcellular locations of targeted molecules have been proposed to differentially modulate cellular processes in the same brain cells [START_REF] Bucko | Subcellular drug targeting illuminates local kinase action[END_REF][START_REF] Qi | Cellular Specificity and Inter-cellular Coordination in the Brain Bioenergetic System: Implications for Aging and Neurodegeneration[END_REF][START_REF] Skalhegg | Specificity in the cAMP/PKA signaling pathway. Differential expression,regulation, and subcellular localization of subunits of PKA[END_REF]. The recent evidence that certain G proteincoupled receptors (GPCRs), including CB 1 , can functionally localize to different organelles [START_REF] Be ´nard | Mitochondrial CB 1 receptors regulate neuronal energy metabolism[END_REF][START_REF] Eichel | Subcellular Organization of GPCR Signaling[END_REF]Hebert-Chatelain et al., 2016;[START_REF] Lahuna | Mitochondrial signaling of G proteincoupled receptors[END_REF] indicates that they may be directly involved in these subcellular-specific signaling pathways and their behavioral consequences. Moreover, given the crucial role of proper GPCRs trafficking for their activity [START_REF] Lobingier | When trafficking and signaling mix: How subcellular location shapes G protein-coupled receptor activation of heterotrimeric G proteins[END_REF], one may speculate that a transient mitochondrial passage could be a determinant of certain CB 1 receptor functions at plasma membranes. Although it is not yet possible to address it experimentally, this interesting hypothesis may change the current view of receptor trafficking and will, undoubtedly, be the subject of future studies.

The activation of mtCB 1 receptors in striatonigral terminals is responsible for the effects of cannabinoids on cellular respiration, synaptic transmission, and behavioral catalepsy. A growing body of evidence highlights the importance of mitochondrial functions for the regulation of synaptic transmission [START_REF] Garcia | Mitochondrial morphology provides a mechanism for energy buffering at synapses[END_REF][START_REF] Vos | Synaptic mitochondria in synaptic transmission and organization of vesicle pools in health and disease[END_REF], but little is known concerning the detailed molecular mechanisms linking the organelle to the synaptic machinery. The constant supply of ATP produced by mitochondria is considered a key element for sustaining synaptic transmission [START_REF] Rangaraju | Activity-driven local ATP synthesis is required for synaptic function[END_REF]. By regulating mitochondrial respiration at synaptic terminals, mtCB 1 receptors are therefore ideally positioned to dampen inhibitory striatonigral neurotransmission and, thereby, induce catalepsy upon pharmacological activation. This suggests that similar (albeit less intense) mechanisms may occur during physiological fine-tuned control of movements, thereby establishing a link between mitochondrial activity, synaptic transmission, and motor control.

The assessment of nociception in animal models necessarily relies on the observation of motor responses. Consequently, it has been proposed that cannabinoid-induced decrease of pain reactions may be secondary to motor impairments, such as catalepsy, rather than reflecting proper antinociception [START_REF] Giuffrida | New insights on endocannabinoid transmission in psychomotor disorders[END_REF][START_REF] Pertwee | Cannabinoid receptors and pain[END_REF]. However, analgesic and antinociceptive effects of cannabinoids have been observed at several supraspinal and spinal locations in the absence of motor alterations. Thus, these effects of cannabinoids can be discriminated at the level of different brain and spinal cord regions [START_REF] Woodhams | The cannabinoid system and pain[END_REF]. Our data show that both behavioral outputs can be mediated by the activation of CB 1 receptors located in different subcellular compartments in striatonigral neurons, triggering distinct molecular mechanisms. This does not only add a new location for cannabinoid effects but it also shows that CB 1 receptor-dependent catalepsy and antinociception rely on a true intracellular mechanistic dichotomy, likely involved in the physiological regulation of complex processes, such as motor and pain control. This dichotomy, observed after acute pharmacological activation of CB 1 receptor, may also underlie the physiological roles of endogenous cannabinoid signaling in motor regulation and pain processing. Pharmacological and/or genetic CB 1 receptor blockade increases the sensitivity to pain perception [START_REF] Clapper | Anandamide suppresses pain initiation through a peripheral endocannabinoid mechanism[END_REF][START_REF] Nadal | Involvement of the opioid and cannabinoid systems in pain control: new insights from knockout studies[END_REF] and it also has been often reported to increase locomotor reactivity [START_REF] Griebel | Effects of the cannabinoid CB1 receptor antagonist rimonabant in models of emotional reactivity in rodents[END_REF][START_REF] H€ Aring | Circuit specific functions of cannabinoid CB1 receptor in the balance of investigatory drive and exploration[END_REF]. However, like THC and other cannabinoid agonists, inhibitors of endocannabinoids degradation are able to induce antinociception and catalepsy via CB 1 receptor activation [START_REF] Long | Dual blockade of FAAH and MAGL identifies behavioral processes regulated by endocannabinoid crosstalk in vivo[END_REF], further confirming the endogenous role of the receptor in regulating these two physiological processes.

Cannabinoids induce antinociception through the pmCB 1 receptor-dependent reduction of substance P release in striatonigral neurons and the consequent decrease in local NK 1 receptor signaling. Interestingly, substance P in the SNr participates in pain processing, possibly through the modulation of the activity of rostral ventral medulla and dorsal root ganglia [START_REF] Boccella | The Modulation of Pain by Metabotropic Glutamate Receptors 7 and 8 in the Dorsal Striatum[END_REF][START_REF] Borsook | A key role of the basal ganglia in pain and analgesia-insights gained through human functional imaging[END_REF][START_REF] Taylor | Mesolimbic dopamine signaling in acute and chronic pain: implications for motivation, analgesia, and addiction[END_REF]. Therefore, the CB 1 receptor-dependent modulation of substance P/NK 1 signaling in the striatonigral neurons is a novel mechanism that likely participates in larger circuits modulating nociceptive responses.

To conclude, CB 1 receptors in the striatonigral circuit mediate cannabinoid-induced catalepsy and antinociception. These effects clearly involve distinct subcellular and molecular mechanisms in the same neuronal circuit, resulting in the respective control of neurotransmitter and neuropeptide release. Thus, selective subcellular manipulations of CB 1 receptors represent a potential therapeutic strategy to avoid the undesirable effects of cannabinoid drugs and to promote their beneficial pain treatment. The unforeseen dichotomy between cannabinoid-induced mitochondrial catalepsy and non-mitochondrial antinociception in the same cellular population introduces the concept of subcellular specificity of behavioral control.
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EXPERIMENTAL C57BL/6-N male mice were purchased from Janvier (France). CB 1 -KO, CB 1 -flox mice and their WTs littermates were bred and maintained as previously described (Marsicano et al., 2003). D 1 -CB 1 -KO mice were generated by crossing CB 1 floxed mice (Marsicano et al., 2003) with D 1 -Cre line as previously reported (Monory et al., 2007;[START_REF] Oliveira Da Cruz | Specific Hippocampal Interneurons Shape Consolidation of Recognition Memory[END_REF]. D 1 -Cre mice [START_REF] Lemberger | Expression of Cre recombinase in dopaminoceptive neurons[END_REF] were kindly provided by G€ unther Sch€ utz, (German Cancer Research Center). DN22-CB 1 -KI mice were generated using a flox-stop strategy as previously described (Ruehle et al., 2013;[START_REF] Zottola | A new mutant mouse model lacking mitochondrial-associated CB1 receptor[END_REF]. Stop cassette was excised via a Credeleter mouse strain and knock-in mice were maintained over a C57BL6/N background for several generations before experiments. Animals were housed collectively under standard conditions of temperature and humidity in a day/night cycle of 12/12 hours (light on at 7 am). Animals that underwent surgery for cannula implantation were kept in individual cages after the procedures to avoid implant loss due to conflicts with their littermates. Food and water were provided ad libitum. All the experiments were performed during the light phase (from 9 am to 5pm). Sample size estimation was bases on similar previous studies from our and other labs (Monory et al., 2007;[START_REF] Koch | Hypothalamic POMC neurons promote cannabinoid-induced feeding[END_REF]Hebert-Chatelain et al., 2016;Metna-Laurent et al., 2017;[START_REF] Jimenez-Blasco | Glucose metabolism links astroglial mitochondria to cannabinoid effects[END_REF] and subjects were randomly assigned to experimental groups.

Cell lines

Certified HEK293T (ATCC, CRL-3216TM, lot 62729596) and HeLa (Sigma-Aldrich, 93021013-1VL, lot 14G005) cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/ mL streptomycin, nonessential amino acids (0.1 mM of Glycine, L-Alanine, L-Asparagine, L-Aspartic acid, L-Glutamic Acid, L-Proline, and L-Serine), 10 mM HEPES. HEK293 (Cedarlane, EP-CL-0001) cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin. All cell lines were maintained at 37 C with 5% CO2.

METHOD DETAILS

Drugs preparation and administration THC was obtained from THC Pharm GmbH (Frankfurt, Germany). AM251, Hemopressin and GR73632 were purchased from Tocris (France). WIN 55,212-2 mesylate salt and KH7 were obtained from Sigma Aldrich (France). THC (10mg/kg) was dissolved in a mixture of saline (0.9% NaCl) with 5% ethanol and 4% cremophor. WIN 55,212-2 was dissolved in DMSO for in vitro experiments and in mixture of DMSO, and saline for in vivo treatments. Hemopressin (22 ng in 0.5 ml) and GR73632 (100ng in 0.5ml) were dissolved in saline. AM251 (4 mg in 0.5ml) and KH7 (2mg in 0.5ml) were dissolved in 10% DMSO, 10% cremophor and 80% saline. Vehicles contained the same amounts of solvents respectively to the drug. All drugs were prepared fresh before the experiments.

Viral vectors

To generate AAV-DIO-CB 1 , AAV-DIO-DN22, AAV-DIO-mt-sAC-HA, AAV-DIO-PKA-CA-Myc and AAV-DIO-MLS-PKA-CA-Myc the coding sequences for the 5 proteins(Hebert-Chatelain et al., 2016) were subcloned in pAAV-CAG-flex plasmid (kindly gifted by Mat-thias Klugmann, UNSW, Australia) by using standard molecular cloning techniques. The same pAAV-CAG-flex plasmid was used as empty control (AAV-DIO-ctr). AAVs were generated by PEI transfection of HEK293T cells and purified by iodixanol-gradient ultracentrifugation as previously described (Hebert-Chatelain et al., 2016). Virus titers were 5.43*10 11 for AAV-DIO-CB 1 , 3.34*10 11 for AAV-DIO-DN22, 2.36*10 11 for AAV-DIO-mt-sAC-HA, 3.87*10 11 for AAV-DIO-PKA-CA-Myc, 3.96*10 11 for AAV-DIO-MLS-PKA-CA-Myc and 4.51*10 11 for AAV-DIO-ctr, expressed as genomic copies (GC) x ml.

For optogenetic experiments, AAV2-hSyn-ChR2(H134R)-mCherry (10 13 GCxml) and AAV-hSyn-DIO-ChrimsonR-tdTomato (5.2*10 12 GCxml) were purchased from UNC vector core (USA) and Viral Vector Facility (VVF) of the Neuroscience Center Zurich (Zentrum f€ ur Neurowissenschaften Z€ urich, ZNZ) respectively.

The viral vectors used for CB 1 deletion experiment (see next section) were purchased from the VVF. Titers were: 6.4*10 12 for AAVretro-hSyn1-EBFP2-FLPo, 4.1*10 12 for AAV-retro-hSyn1-EBFP2 and 6.3*10 12 for AAV-hEF1a-dFRT-iCre-EGFP.

Surgery and drug/virus administration

For intra-SNr injections of drugs mice were implanted with cannulae. Animals were anesthetized by intraperitoneal injection of a mixture of ketamine (100mg/kg, Imalgene 500Ò, Merial) and Xylazine (10mg/kg, Rompun, Bayer) and placed into a stereotaxic apparatus (David Kopf Instruments) with mouse adaptor and lateral ear bars. Mice were allowed to recover for at least one week in individual cages before the beginning of the experiments. Mice were weighed daily and individuals that failed to regain the pre-surgery body weight were excluded from the following experiments. Mice were bilaterally implanted with 3.5 mm stainless steel guide cannulae (Plastics One, USA) targeting the SNr with the following coordinates: AP À3.2, L ± 1.3, DV -3.5, according to [START_REF] Paxinos | The Mouse Brain in Stereotaxic CoordinatesVolume S[END_REF]. Guide cannulae were secured with cement anchored to the skull by screws. The drug injections for intra-SNr were performed by using injectors protruding 1 mm from the tip of the cannula. The correct placement of the SNr cannulas was verified by injection of sky-blue toluidine (Soria-Go ´mez et al., 2014) followed by neutral red staining according to manufacturer instructions (Figure S1A). AAV injections of AAV-DIO-CB 1 or AAV-DIO-DN22 in the dorsal striatum of D 1 -CB 1 -KO mice, or AAV-DIO-mt-sAC-HA, AAV-DIO-PKA-CA-Myc and AAV-DIO-MLS-PKA-CA-Myc in D 1 -Cre mice, with respective AAV-DIO-Ctr, were performed with the following coordinates: AP +0,5 L ± 2,0, DV -3.0 as previously described [START_REF] Bellocchio | Sustained Gq-Protein Signaling Disrupts Striatal Circuits via JNK[END_REF].

For the specific deletion of CB 1 in the striatopallidal or striatonigral neurons, CB 1 -flox mice were anesthetized by inhalation of isofluorane 5% and placed into the stereotaxic apparatus with the anesthesia maintained at 2% during the entire surgery. AAV vectors were injected with the help of a microinjector (Nanoject III, Drummond Scientific, PA, USA). The deletion was performed injecting the viral vectors AAV-hEF1a-dFRT-iCre-EGFP in the dorsal striatum, STR (2 injections of 500nl per side) with the following coordinates: AP + 0,8 ML ± 2,0 DV À3,0 and À3,5; and the retrograde vector AAV-retro-hSyn1-EBFP2-FLPo or AAV-retro-hSyn1-EBFP2 as control in one of its target external Globus Pallidus, GPe or Substantia nigra pars reticulata, SNr (respectively AP -0,5 ML ± 1,8 DV -4,25; volume 350 nL per side and AP -3,25 ML ± 1,35 DV -4,5; volume 750 nL per side). Animals were allowed to recover for at least four weeks before the beginning of biochemical (see after) or behavioral experiments. Mice that underwent behavioral experiments were fixed by transcardial perfusion of 4% PFA and their brain were processed for imaging (to detect BFLP and EGFP) and double fluorescent in situ hybridization (see below), or for immunofluorescence as previously described (Hebert-Chatelain et al., 2016), with primary antibodies directed against CB 1 receptor (CB 1 -Go-Af450-1; 2 mg/ml; Frontier Science Co. Ltd), to detect CB 1 rescue and CB 1 deletion, or against HA-tag (#26183, Thermo Fisher Scientific, France) to confirm overexpression of mt-sAC-HA. Mice that did not fulfill histological positive criteria were excluded from the study. Double fluorescent in situ hybridization coupled to GFP immunodetection Double FISH/GFP immunofluorescence experiments to measure the number of CB 1 /D 1 R versus CB 1 /D 2 R positive striatal neurons in the deletion experiments, were carried out as previously described (Oliveira da Cruz et al., 2020;[START_REF] Terral | CB1 Receptors in the Anterior Piriform Cortex Control Odor Preference Memory[END_REF]. Briefly, freefloating frozen coronal sections were cut out with a cryostat (30 mm, Microm HM 500M Microm Microtech) and collected in an antifreeze solution and conserved at À20 C. After inactivation of endogenous peroxidases and blocking with Avidin/Biotin Blocking Kit (Vector Labs, USA), sections were processed with a combination of FITC coupled riboprobe against mouse CB 1 receptor (1:1000, prepared as described in (Marsicano and Lutz, 1999)) together with Digoxigenin (DIG)-labeled riboprope against D 1 R or D 2 R (1:1000 Monory et al., 2007). Signals were revealed with a TSA reaction using fluorescein isothiocyanate (FITC)-labeled tyramide (1:80 for 12 minutes, Perkin Elmer NEL741001KT) for CB 1 receptor, or cyanine 3 (Cy3)-labeled tyramide (1:100 for 10 minutes, PerkinElmer NEL744001KT) for D 1 R or D 2 R receptor. Sense control probes were used to establish background signal.

After processing for FISH, anti-GFP immunofluorescence was carried out as previously described (Oliveira da Cruz et al., 2020;[START_REF] Terral | CB1 Receptors in the Anterior Piriform Cortex Control Odor Preference Memory[END_REF]. by incubating over night at 4 C with rabbit anti GFP (A11122, 1:1000, Thermo Scientific, France) and the signal was revealed with donkey anti rabbit AF647 (A32733, 1:500, Thermo Scientific, France). Finally the sections were mounted, and imaged with an epifluorescence Leica DM6000 microscope (Leica, Germany). Counting of co-expressing cells was performed manually, by an observer blind to the treatment, over 20x objective fluorescent microscope as previously described [START_REF] Bellocchio | Bimodal control of stimulated food intake by the endocannabinoid system[END_REF], Oliveira da Cruz et al., 2020;[START_REF] Terral | CB1 Receptors in the Anterior Piriform Cortex Control Odor Preference Memory[END_REF]. Image analyses and counting was performed in at least 6 striatal slice per mouse averaging results from 3-4 mice. This resulted in counting 1300-1600 neurons in average per each condition/analysis.

Quantitative real-time PCR (qRT-PCR)

Samples from WT, DN22-CB 1 -KI and CB 1 -KO mice were homogenized in Tri-reagent (Euromedex, France) and RNA was isolated using a standard chloroform/isopropanol protocol [START_REF] Chomczynski | Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction[END_REF]. RNA was processed and analyzed following an adaptation of published methods. cDNA was synthesized from 1 mg of total RNA using Maxima Reverse Transcriptase (Thermo Scientific, USA) and primed with oligo-dT primers (Thermo Scientific, USA) and random primers (Thermo Scientific, USA). qRT-PCR was perfomed using a LightCyclerÒ 480 Real-Time PCR System (Roche, Switzerland). qRT-PCR reactions were done in duplicate for each sample, using transcript-specific primers, cDNA (4 ng) and LightCycler 480 SYBR Green I Master (Roche, Switzerland) in a final volume of 10 ml. The PCR data were exported and analyzed in an informatics tool (Gene Expression Analysis Software Environment) developed at the NeuroCentre Magendie. For the determination of the reference gene, the Genorm method was used [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF]. Relative expression analysis was corrected for PCR efficiency and normalized against two reference genes. Valosin containing protein (Vcp) and succinate dehydrogenase complex subunit (Sdha) genes were used as reference genes for Amygdala. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and Sdha genes were used as reference genes for Hippocampus. Tubulin alpha 4 a (Tuba4a) and tyrosine 3 mono oxygenase tryptophan 5 mono oxygenase activation protein zeta (Ywhaz) genes were used as reference genes for Anterior Olfactory Nucleus. Sdha and tubulin alpha 4 a (Tuba4a) genes were used as reference genes for Prefrontal Cortex. Actin, beta (Actb) and tTubulin alpha 4 a (Tuba4a) genes were used as reference genes for STR. Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and peptidylprolyl isomerase A (Ppia) genes were used as reference genes for Hypothalamus. The relative level of expression was calculated using the comparative (2 -DCT ) method [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method[END_REF]. Primers sequences are reported in the Key resources table.

Mitochondrial respiration

Mitochondrial respiration in substantia nigra extracts was measured as previously described (Hebert-Chatelain et al., 2016) with some modification. Briefly, immediately after cervical dislocation, the mouse brain was extracted and the substantia nigra was rapidly dissected using the coronal brain matrix [START_REF] Valle ´e | Pregnenolone can protect the brain from cannabis intoxication[END_REF] and was homogenized in 450 mL of Miro5 buffer without taurine supplementation (Makrecka-Kuka et al., 2015) using a Politron homogenizer (11.000 rpm 3-5 s). After brief centrifugation the supernatant was treated with saponin at a final concentration of 12.5 mg/ml. Respiration analyses were carried out using a 2K Oroboros device [START_REF] Makrecka-Kuka | High-Resolution Respirometry for Simultaneous Measurement of Oxygen and Hydrogen Peroxide Fluxes in Permeabilized Cells, Tissue Homogenate and Isolated Mitochondria[END_REF]. 100 ml of lysate were put in each chamber and complex I-dependent respiration was triggered by adding malate (2mM), pyruvate (5mM) and glutamate (10 mM) (MPG) [START_REF] Makrecka-Kuka | High-Resolution Respirometry for Simultaneous Measurement of Oxygen and Hydrogen Peroxide Fluxes in Permeabilized Cells, Tissue Homogenate and Isolated Mitochondria[END_REF]. Then we applied DMSO or WIN 55,212-2 at final concentration of 1 mM and 5 minutes after we injected 1.25 mM ADP. Each measure of OCR in ADP condition was normalized to the values before ADP injection and the effect of WIN 55,212-2 was expressed as percentage of vehicle conditions. Only samples for which the ratio of ADP/MPG in the vehicle was equal or superior to 1.5 were retained for the analyses.

In the experiments of KH7 or GR76632 pre-treatment, the drugs were dissolved in DMSO or water respectively (used as vehicle according to the experiment) and injected together with the lysates at a final concentration of 5mM for KH7 and 1 mM for GR73632 respectively.

In a previous set of experiments we validated the quality of mitochondria in the preparation by measuring the O 2 consumption after the MPG and ADP administration. We added the complex II substrate Succinate at the final concentration of 10mM, 10mM Cytochrome C, to check mitochondrial membrane integrity, and finally Rotenone (0.5mM) and Antimycin A (2.5mM) inhibitors of complex I and III, respectively [START_REF] Makrecka-Kuka | High-Resolution Respirometry for Simultaneous Measurement of Oxygen and Hydrogen Peroxide Fluxes in Permeabilized Cells, Tissue Homogenate and Isolated Mitochondria[END_REF] (Table S1). When using homogenates from virus-injected mice (see above) 40 mL of samples were processed for western blotting against sAC, HA-tag and Myc-tag to confirm expression of mt-sAC-HA and the different forms of PKA-CA-Myc in the SNr of D 1 -Cre mice respectively.

Mitochondrial isolation from mouse striatum

In this set of experiments, D 1 -Cre mice were injected with control AAV vector, AAV-DIO-mt-sAC-HA, AAV-DIO-PKA-CA-Myc and AAV-DIO-MLS-PKA-CA-Myc as described above. Mice were sacrificed by cervical dislocation, brains were rapidly extracted and the striatum dissected on ice. Mitochondria were extracted by immuno-magnetic isolation using the Mitochondrial Extraction and Isolation Kits (Milteny Biotech, FRANCE) according to manufacturer instructions. After tissue lysis in 1.5ml of protease inhibition buffer provided by the manufacturer, one small fraction was collected as total cell lysate (TCL). Extracted mitochondria and their respective TCL were re-suspended in the same buffer, quantified for their protein content and loaded on polyacrylamide gel (12mg per sample) for western blotting as described below.

Western blotting for tissues homogenates Samples in protease inhibition buffer (see above) or in Miro5 (see Mitochondrial respiration), supplemented with protease inhibitors (Complete protease inhibitor cocktail, Sigma-Aldrich, France) were mixed with denaturing 4x Laemmli loading buffer (250 mM Tris-HCl, 40% Glycerol, 8% SDS, 5% b-Mercaptoethanol, 0.2% Bromophenol blue) and boiled at 95 C for 5 minutes. Samples were analyzed on 4%-20% precast polyacrylamide gels (Bio-Rad, Hercules, California) and transferred onto PVDF membranes 0.45mm (Merk Millipore, Burlington, MA). Membranes were blocked in a mixture of Tris-buffered saline and polysorbate 20 (20mM Tris-HCl pH 7.6, 150mM NaCl, 0.05% Tween 20) containing 5% of non-fat dry milk for 1 h at room temperature. For immunoblotting have been used antibodies against HA-Tag (#3724; 1:1000, Cell Signaling Technology Danvers, MA -used for the Figure S3O-or #PA1-985; 1:1000, Thermo Fisher Scientific, Waltham, MA), Myc-tag (#11667149001; 1:500, Merck, Darmstadt, Germany), sAC (ADCY10 PA-543049; 1:1000, Thermo Fisher Scientific, Waltham, MA), TOMM20 (#sc-111415, 1:1000, Santa Cruz Biotechnology, Dallas, Texas), PKA catalytic subunit (#Ab76238, 1:2000, Abcam, Cambridge, UK) and Tubulin (sc-69969; 1:5000, Santa Cruz Biotechnology, Dallas, Texas). Bound primary antibodies were detected with HRP-linked antibodies (1:2000, Cell Signaling Technology, Danvers, MA) and visualized by enhanced chemiluminescence detection (Clarity Western ECL Substrate, Bio-Rad, Hercules, California) or Super Signal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA). The images have been acquired on ChemiDoc Touch (Bio-Rad, Hercules, California) and analyzed using the Image Lab software (Bio-Rad, Hercules, California).

[ 35 S]GTPgS binding assay on brain homogenates Brains from 8 mice of each genotype (WT, CB 1 -KO and DN22-CB 1 -KI) were obtained. Midbrain, cortex and hippocampus were dissected and immediately stored at À70 C until assay. For each brain region, tissue samples from each genotype were pooled to obtain the enriched fractions of plasma membranes. Tissue samples were homogenized using a Teflon-glass grinder (IKA Labortechnik, Satufen, Germany) at 1500 rpm (10 up-and-down strokes) in 30 volumes of homogenization buffer (1 mM EGTA, 3 mM MgCl 2 , 1 mM DTT, and 50 mM Tris-HCl, pH 7.4) supplemented with 0.25 M sucrose. The crude homogenate was centrifuged for 5 minutes at 1,000 x g at 4 C and the supernatant layer was re-centrifuged for 10 minutes at 40,000 x g (4 C). The resultant pellet (P2 fraction) was washed twice in 10 and 5 volumes of homogenization buffer respectively, and re-centrifuged in similar conditions. Protein content was measured according to Bradford's method using BSA as standard. Samples were aliquoted in order to have a protein content of 1 mg and then centrifuged in a benchtop centrifuge (EBA 12 R, Hettich Instruments, Tuttlingen, Germany) at highest speed (14,000 rpm) during 15 minutes at 4 C. The supernatant layer was carefully discarded and the pellets stored at À70 C until assay. The tissue samples of the nine experimental conditions (3 genotypes and 3 brain regions, 1 pool for each region-genotype) were processed in parallel on the same day. The day of the experiment the membrane pellets were defrosted (4 C), thawed and re-suspended in 11 mL of incubation buffer containing 1 mM EGTA, 3 mM MgCl 2 , 100 mM NaCl, and 50 mM Tris-HCl, pH 7.4, reaching a final protein concentration of 0.09 mg/ml approximately. The real final protein content was measured after the experiment according to Bradford's method. WIN 55,212-2 stimulated [ 35 S]GTPgS binding assays were carried out in a final volume of 250 mL in 96 well plates, containing 1 mM EGTA, 3 mM MgCl 2 , 100 mM NaCl, 0.2 mM DTT, 50 mM GDP, 50 mM Tris-HCl at pH 7.4 and 0.5 nM [ 35 S] GTPgS. Stimulation curves were carried out by incubating increasing concentrations of WIN 55,212-2 (10-12 -10-4 M; 9 concentrations by duplicate; three independent experiments). The incubation was started by addition of the membrane suspension (18 mg of membrane proteins per well) and was performed at 30 C for 120 minutes with shaking (450 rpm). Incubation was terminated by rapid filtration under vacuum (1450 FilterMate Harvester, PerkinElmer) through GF/C glass fiber filters (Printed Filtermat A) presoaked in ice-cold incubation buffer. The filters were then rinsed three times with 300 mL ice-cold incubation buffer, air-dried (20 C, 120 minutes), and counted for radioactivity (4 minutes) by liquid scintillation spectrometry using a MicroBeta TriLux counter (PerkinElmer). Non-specific binding of the radioligand was defined as the remaining [ 35 S]GTPgS binding in the presence of 10 mM unlabelled GTPgS, and the basal binding, as the signal in the absence of agonist. The pharmacological parameters of the stimulation curves of the [ 35 S]GTPgS binding, the maximal effect (Emax) and the concentration of the drug that determines the half maximal effect (EC 50 ), were obtained by non-linear analysis using GraphPad Prism software version 5.0. The points fit to a concentrationresponse curve (standard slope). The pharmacological parameters Emax and EC 50 are expressed as means ± SEM. The statistical comparison of the datasets was performed in GraphPad Prism software version 5.0, by a co-analysis of the curves.

[ 35 S]GTPgS and [ 3 H]CP55,940 binding assay on brain slices [ 35 S]GTPgS (1250 Ci/mmol) and [ 3 H]CP55,940 (149 Ci/mmol) were purchased from PerkinElmer (Boston MA, USA). The [ 14 C] and [ 3 H] standards were supplied by American Radiolabelled Chemicals (St. Louis, MO, USA). DL-dithiothreitol (DTT), guanosine-5 0 -diphosphate (GDP), and guanosine-5 0 -g-3-thiotriphosphate (GTPgS) were acquired from Sigma-Aldrich (St. Louis, MO, USA). WIN 55,212-2 was purchased from Tocris Bioscience (Bristol, UK). All other chemicals were obtained from standard sources and were of the highest purity commercially available. In order to test the ability of CB 1 receptor to stimulate GTPgS conversion after WIN 55,212-2 administration or to bind the CP55,940 agonist, 5-6 WT and DN22-CB 1 -KI mice, and 1 CB 1 -KO mouse as control, were sacrificed by cervical dislocation and their brain rapidly frozen at À80 C. 20mm slices were cut with a cryostat and mounted on superflost (Thermo Scientific, FRANCE) slides.

[ 35 S]GTPgS binding assay Brain sections were thawed for 15 min and then incubated in 50 mM Tris-HCl buffer with 3 mM MgCl 2 , 0.2 mM EGTA, 100 mM NaCl, 2 mM GDP and 1 mM DTT (pH = 7.4) for 20 min at room temperature. Afterward, the slices were incubated with 0.04 nM [ 35 S]GTPgS in absence and in presence of WIN 55,212-2 mM (1 and 10 mM) for 2 h at 30 C. The non-specific binding was determined with 10 mM GTPgS. Finally, the sections were washed twice in 50 mM Tris-HCl (pH = 7.4) for 15 min at 4 C, dried and exposed to a Kodak Biomax MR film with 14 C standards. The films were scanned and quantified by transforming the optical densities into nCi/mg using the 14 C standards (NIH-IMAGE, Bethesda, MA, USA). The background and the non-specific densities were subtracted. The percentages of stimulation were calculated from the basal and agonist-stimulated [ 35 S]GTPgS binding densities according to the formula (stimulated x 100/basal) -100.

[ 3 H]CP55,940 binding assay Tissue sections were dried and incubated in 50 mM Tris-HCl buffer containing 1% of BSA (pH = 7.4) for 30 min at room temperature. Later, the brain sections were incubated again in the same buffer supplemented with 3 nM [ 3 H]CP55,940 for 2h at 37 C. Non-specific binding was determined with 10 mM WIN 55,212-2. Finally, sections were washed in ice-cold 50 mM Tris-HCl buffer supplemented with 1% BSA followed by dipping in distilled water at 4 C. After drying, the brain slides were exposed to a radiation sensitive film for 21 days at 4 C together with tritium standards. The films were scanned and quantified by transforming the optical densities into nCi/ mg using the tritium standards (NIH-IMAGE, Bethesda, MA, USA). The background and the non-specific densities were subtracted to determine the specific binding.

Tissue processing, radioactive binding assays, image collection, quantifications and data analysis were performed by an observer blind to genotype of the experimental subjects.

Behavioral tests

Wire hang test Wild-type and DN22-CB 1 -KI mice were tested for their muscular strength in the wire hang test [START_REF] Redon | The ergogenic impact of the glucocorticoid prednisolone does not translate into increased running motivation in mice[END_REF]. All tests were conducted during the dark phase of the cycle under dim red light. Each cage, housing one mouse, was placed on a bench in a room adjacent to the one housing the mice. Thereafter, each mouse was removed from its cage, placed on the cage grid, the latter being then slowly inverted as to be suspended 90 cm above a big cage filled with polystyrene beads. The latency to fall was then recorded.

Basal locomotion

The basal locomotor activity of WT and DN22-CB 1 -KI mice was measured during seven days using the TSE PhenoMaster system (TSE Systems GmbH). Mice were placed individually in a plexiglass cage [45cm (length) X 34cm (width) X 20cm (height)] surrounded with the ActiMot module containing IR light beams recognizing locomotor activity. Food and water were available ad libitum. Catalepsy, locomotion and antinociception AM251 and Hemopressin were bilaterally injected into the SNr in a volume of 0.5 ml per side. Immediately after, THC (10 mg/kg) was injected i.p. Mice were tested, 30 min post-injections, successively for catalepsy, locomotion and antinociception. Locomotor activity was tested by placing the mouse in a novel environment and the number of squares crossed was counted for 5 minutes. For the sake of clarity, given the fact that striatonigral CB 1 receptor deletion did not affect the hypo-locomotor effects of THC (Figures S1B andS1E), we did not show results for this behavioral paradigm for the other experimental sets. The catalepsy was determined by the time of immobility on a bar. To this aim, mice were positioned in a new plastic cage (identical to their home cage) without bedding with on a horizontal cylindrical bar (0.7cm Diameter) placed at 4.5 cm high with their forepaws gripping and its hind paws in the plastic box. The time spent in its initial position on the bar was scored for two minutes. Immediately after, mice were placed in a Hot Plate (BIO-SEB) to measure antinociception. The plate was pre-heated at 52 . The escape latency, defined as the time until the mice showed signs of discomfort (paw licking, jumping), was recorded. All equipment was cleaned with ethanol 25% and dried with paper towels between all the trials. For AAVs injected mice the procedure was identical but mice were tested 5 weeks after viral injections.

Immuno-electron microscopy

The experiments were performed as described previously [START_REF] Puente | High-resolution Immunoelectron Microscopy Techniques for Revealing Distinct Subcellular Type 1 Cannabinoid Receptor Domains in Brain[END_REF]. CB 1 -KO, DN22-CB 1 -KI, and respective WT littermates mice (n = 3 per genotype) were deeply anesthetized by intraperitoneal injection of ketamine/xylazine (80/10 mg/kg body weight i.p.) and were transcardially perfused at room temperature (RT, 20-25 C) with phosphate buffered saline (0.1 M PBS, pH 7.4) for 20 s, followed by the fixative solution made up of 4% formaldehyde (freshly depolymerized from paraformaldehyde), 0.2% picric acid, and 0.1% glutaraldehyde in phosphate buffer (0.1 M PB, pH 7.4) for 10-15 min. Once the animals were perfused, the brains were numbered by a different experimenter to conduct the protocol blindly. Then, brains were removed from the skull and post-fixed in the fixative solution for approximately 1 week at 4 C. Afterward, brains were stored at 4 C in 1:10 diluted fixative solution until used.

Pre-embedding silver-intensified immunogold method

The method applied was already described [START_REF] Puente | High-resolution Immunoelectron Microscopy Techniques for Revealing Distinct Subcellular Type 1 Cannabinoid Receptor Domains in Brain[END_REF]. Coronal midbrain vibratome sections containing the SNr were cut at 50 mm and collected in 0.1 M PB (pH 7.4) with 0.1% sodium azide at RT. Sections were preincubated in a blocking solution of 10% bovine serum albumin (BSA), 0.1% sodium azide, and 0.02% saponin prepared in Tris-HCl buffered saline (TBS 1X, pH 7.4) for 30 min at RT. Then, sections were incubated with a primary goat anti-CB 1 antibody binding to a 31 amino acids sequence of the C terminus (CB 1 C-ter 31 ; 2 mg/ml; Cat. N.: CB 1 -Go-Af450-1; Frontier Institute; Japan) in the blocking solution but with 0.004% saponin on a shaker for 1 day at RT. After several washes in 1% BSA/TBS, tissue sections were incubated in a secondary anti-goat 1.4 nm gold-labeled Immunoglobulin-G antibody (Fab' fragment, 1:100, Nanoprobes Inc.) in 1% BSA/TBS with 0.004% saponin on a shaker for 4h at RT. Thereafter, the tissue was washed in 1% BSA/TBS overnight at 4 C and post-fixed in 1% glutaraldehyde in TBS for 10 min at RT. Following washes in double distilled water, gold particles were silver-intensified with a HQ Silver kit (Nanoprobes Inc., Yaphank, NY, USA) for about 12 min in the dark and then washed in 0.1 M PB (pH 7.4). Stained sections were osmicated (1% osmium tetroxide, OsO 4 , in 0.1 M PB pH 7.4, 20 min), dehydrated in graded alcohols to propylene oxide, and plastic-embedded flat in Epon 812. Ultrathin sections (50 nm thick) were collected on mesh nickel grids, counterstained with 2.5% lead citrate for 20 min and examined with a Philips EM208S electron microscope. Tissue sections were imaged using a Morada digital camera (Olympus) coupled to the electron microscope. Figure compositions were made at 300 dots per inch (dpi). Labeling and minor adjustments in contrast and brightness were made with Adobe Photoshop (CS3, Adobe Systems).

Quantification of mtCB 1 receptor immune labeling

It was carried out according to previous publications (Gutie [START_REF] Gutie ´rrez-Rodrı ´guez | Localization of the cannabinoid type-1 receptor in subcellular astrocyte compartments of mutant mouse hippocampus[END_REF]Hebert-Chatelain et al., 2016;[START_REF] Puente | High-resolution Immunoelectron Microscopy Techniques for Revealing Distinct Subcellular Type 1 Cannabinoid Receptor Domains in Brain[END_REF]. Thus, all experiments were done in triplicate on sections obtained from CB 1 -KO, DN22-CB1-KI and their respective WT littermates (n = 3 each genotype). Immunogold-labeled resin-embedded sections were first visualized under the light microscope to select portions with good and reproducible CB 1 receptor labeling. Then, three to four semi-thin sections (0.7 mm-thick) were cut with a histo diamond knife (Diatome USA) and stained with 1% toluidine blue. Only the first five ultrathin sections (50 nm-thick) were collected onto two grids. The total CB 1 receptor labeling as well as the total CB 1 particles in plasma and mitochondrial membranes were counted for 20 mm 2 / electron micrograph, gathering ~4,000 mm 2 for each animal condition. The normalized number of gold particles localized to mitochondria versus the total particles in each 20 mm 2 -field was used to calculate the proportion of mtCB 1 over the total CB 1 labeling. At least one gold particle on mitochondrial membranes at a distance equal or more than 80 nm away from any other organelle or plasma membranes was counted, as previously done (Hebert-Chatelain et al., 2016). The GraphPad software (version 5.0) was used for graphs and statistical analysis and observer were always blind to the genotype of experimental subjects.

In vitro characterization of mt-sAC and PKA mutants Confocal microscopy imaging HeLa cells seeded on 12-mm round glass coverslips and transfected as indicated, were placed on the stage of the Olympus FV3000 confocal fluorescence microscope (Olympus, Tokyo, Japan) and imaged using a 60X oil objective (UPLAN 60 3 oil, 1.35 NA, Olympus), and appropriate excitation laser and filters. For each experiment, 15 cells were randomly selected and analyzed. Stacks separated by 0.2 mm along the Z axis were acquired. Three-dimensional reconstruction and volume rendering of the stacks were carried out with the appropriate plug-in of ImageJ (NIH, Bethesda, MD, USA). For immunofluorescence have been used TOMM20 (Santa Cruz Biotechnlogies, sc-17764), Myc (Cells Signaling Technologies, #2276) or HA (Thermo Fisher Scientific, #26183). Pearson's correlation coefficient for TOMM20 fluorescence colocalization with Myc or HA, was calculated with the Colocalization threshold tool of ImageJ.

Trypsin sensitivity assay

The trypsin sensitivity assay was carried out as described previously [START_REF] Choo | Mutant huntingtin directly increases susceptibility of mitochondria to the calcium-induced permeability transition and cytochrome c release[END_REF] with minor modifications. Isolation of mitochondrial fractions was performed as described previously [START_REF] Guedouari | Sirtuin 5 protects mitochondria from fragmentation and degradation during starvation[END_REF]. Briefly, HeLa cells were harvested and resuspended in mitochondrial isolation buffer (250 mM sucrose, 1 mM EDTA, 5 mM HEPES, pH 7.4) supplemented with 1% protease inhibitor cocktail (Bioshop, ON, Canada), 2 mM sodium orthovanadate and 1 mM sodium fluoride. Cells were lysed with 15 strokes using a 25-gauge syringe on ice and centrifuged at 1500 3 g for 5 min (4 C). The resulting supernatant was centrifuged at 12,500 3 g for 10 min (4 C). The pellet was resuspended in the mitochondrial buffer and a cycle of centrifugation at 1500 3 g and 12,500 3 g was repeated. The final pellet was considered as the mitochondria-enriched fraction. Protein concentration was determined by Bradford assay [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. Isolated mitochondria were suspended in mitochondrial isolation buffer and incubated at 37 C for 10 min in presence or absence of trypsin (0.5%) and Triton X-100 (1%). Reaction was stopped by the addition of 1% of the protease inhibitor cocktail. Mitochondria were then centrifuged at 12,500 3 g at 4 C for 10 min. The pellets were processed for SDS-PAGE and subsequent western blotting using the following antibodies: anti-Myc (Cell Signaling Technologies, #2276), anti-PKA cat (Cell Signaling Technologies, #4782S), anti-SDHA (Abcam, #Ab76238) and anti-SOD (Santa-Cruz Biotechnologies, sc-38080) as previously described [START_REF] Guedouari | Sirtuin 5 protects mitochondria from fragmentation and degradation during starvation[END_REF].

Sniffer cells detection of substance P release cDNA for human NK 1 was purchased from the cDNA resource center (https://www.cdna.org). NK 1 -mCherry plasmid was created by cloning the mCherry coding sequence in frame with the C terminus of NK 1 with its stop codon removed by PCR.

System validation in vitro NK 1 -mCherry was co-transfected with GCaMP6s (Addgene) into HEK293 cells (Cedarlane) seeded on coverslips using Lipofectamine 2000 (Invitrogen). 24-48 hours later, coverslips were transferred to a perfusion chamber containing EBS (in mM: NaCl 140, KCl 5.4,CaCl 2 1.3,HEPES 10,glucose 33,pH 7.35) and allowed to equilibrate for 10-15 minutes at room temperature with a flow rate of ~1ml/min. Baseline GCaMP6s fluorescence was recorded for 60 s. Then substance-P (Tocris) was added to the chamber using a micropipette to achieve final concentrations of 10 À11 M-10 À6 M. 16-bit Images were collected at 1Hz on an Olympus BX-61 microscope with a 20X water immersion objective and a Hamamatsu ORCA-Flash4 CCD camera. Using ImageJ, the change in fluorescence normalized to baseline fluorescence (DF/F0) was calculated following background subtraction by binning the 30 frames prior to substance-P stimulation (F0) and 30 frames surrounding the peak response following substance-P stimulation. The perfusion chamber was washed with 50mL of EBS over 15 minutes between coverslips. When necessary, rundown was corrected using the Bleach Correction algorithm in ImageJ and the occasional flicker of the microscope bulb was corrected manually.

Substance P and WIN 55,212-2 effect in vitro HEK cells were seeded on glass coverslips coated with poly-lysine and transfected with plasmid DNA for NK 1 -mCherry and GCaMP6s or Empty vector and GCaMP6s with PEI (Figure S1I). Cells were imaged 24-48 hr after transfection on epifluorescence mode with an inverted spinning-disk microscope equipped with 40X objective (NA 1.4), a multi-LED illumination system and a CDD camera. Coverslips were mounted on an open chamber and superfused with a buffer solution of (in mM): 112 NaCl, 5 KCl, 24 NaHCO3, 10 HEPES, 1.25 CaCl 2 , 1.25 MgCl 2 , 5 glucose, bubbled with air/5% CO 2 (pH 7.4) at 36 C. For experiments on cells expressing NK 1 -mCherry/ GCaMP6s, cells expressing NK 1 were first selected by 570 nm illumination and emission collection at 617/ 36 nm before starting Ca 2+ imaging. Cells expressing GCaMP6s were excited at 490 nm for 0.05-0.1 s and emission collected at 524/ 16 nm. Data were background corrected and represented as normalized fluorescence. Substance-P and WIN55.212-2 were applied for 1 minute and recording were performed for the next 5 minutes (Figure S1N).

Substance P release from striatonigral terminals

Sagittal sections containing SNr were prepared from 6 to 12 weeks-old mice. For electrical stimulation, naive CB 1 -KO, DN22-CB 1 -KI, and respective WT littermates were used. For optogenetic activation of striatonigral terminals 6 weeks-old D 1 -Cre mice were used to target striatal neurons with injection of a AAV-hSyn-DIO-ChrimsonR-tdTomato into the dorsal Striatum (in mm relative to bregma: AP = +0.8, L = ± 2.0, DV = À2.7) 6 weeks before experiments.

Mice were first sedated by inhaling isoflurane (4%) for approximately 30 s and then deeply anesthetized with a mixture of ketamine and xylazine (100 and 20 mg/kg, i.p., respectively). After the disappearance of the reflexes, a thoracotomy was performed to allow transcardial perfusion of a saturated (95% O 2 /5% CO Transfected HEK cells (see above) re-suspended in ACSF were gently deposited over the slices that were placed in a small Petridish. Slices were allowed to rest for 2h to allow the sniffer cells to attach to the tissue before starting the recording. Slices were then transferred in a recording chamber under an upright microscope (Ni-E, Nikon Instruments). For electrical stimulation experiments, a bipolar stimulating electrode was placed in proximity of capsula interna and trains of electrical stimulation were applied. For optogenetic activation, an optic fiber was placed above the SNr and trains of 570nM light pulses (5 s 20 Hz) were applied. The presence of the receptor and the fluorescence of GCaMP6s in HEK cells were observed and measured with an infrared differential interference system using a 60x immersion lens. The image detection was done with a camera (Zyla, Andor technology). GCaMP6s was excited using 470 nm light supplied by a LED device (Lumencor). Images were collected at 10 Hz. Image stacks were imported into ImageJ software where changes in fluorescence in HEK cell were measured over time. Images were post-processed to calculate DF. Regions of interest (ROI) corresponded to HEK cell visually identifiable and expressing both GCaMP6s and substance-P receptor were delimited. The fluorescence time course F of each ROI was measured by averaging all pixels within the ROI. Background fluorescence was subtracted from all values. Fluorescence at various time points was expressed relative to baseline. Stimulus-induced changes in fluorescence were calculated from the maximum value observed during a 30 s period following the onset of the response and expressed relative to baseline (average of values collected 10 s before the electrical stimulation or 3 s before red-light stimulation). Negative controls on brain slices were performed either by using HEK cells transfected only with GCaMP6s and not NK 1 -R (see above) or by GCaMP6s/NK 1 -R expressing HEK cells in presence of the selective substance-P Receptor blocker CP122721. Control experiments for whole-cell voltage-clamp recordings of oIPSCs were performed as described in the next session.

Electrophysiology

Optogenetic activation of striatonigral terminals

Male DN22-CB 1 -KI mice, CB 1 -KO mice and their WT littermates were used to target striatal neurons with injection of a AAV2-hSyn-ChR2(H134R)-mCherry into the dorsal Striatum (in mm relative to bregma: AP = +0.8, L = ± 2.0, DV = À2.7) 8-9 weeks before electrophysiological recordings. Mice were sedated with isoflurane, deeply anesthetized with ketamine/xylazine (75/10 mg/Kg) and perfused transcardially with ice-cold modified artificial cerebrospinal fluid (ACSF), equilibrated with 95% O 2 and 5% CO 2 , and containing (in mM): 230 sucrose, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 10 MgSO 4 and 10 glucose. Brains were rapidly removed and sectioned into 300 mm-thick parasagittal slices with a vibrating blade microtome (VT1200S; Leica Microsystems, Germany). Slices containing the SNr were then left to equilibrate for 1 h (at 35 C) in ACSF of the following composition (in mM except otherwise specified): 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 2 MgSO 4 , 10 glucose, 1 sodium pyruvate and 4.9mM L-gluthathione reduced (gassed with 95% O 2 and 5% CO 2 ). Single slices were transferred to a recording chamber, perfused continuously with modified oxygenated ACSF at 32-34 C containing (in mM): 126 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1.6 CaCl 2 , 1.5 MgSO 4 , 10 glucose, and visualized using infrared gradient contrast video microscopy and a 60X water-immersion objective (Fluor 60X/1.00 W, Nikon). Recordings from individual SNr neurons were made using pipettes (impedance, 6-8 MU) prepared from borosilicate glass capillaries (G150-4; Warner Instruments, Hamden, CT, USA) with a micropipette puller (P-97; Sutter Instruments, Novato, CA, USA). For whole-cell voltage-clamp recordings, pipettes were filled with (in mM): 130 K-gluconate, 6.6 Na-gluconate, 1 MgCl 2 .6H 2 O, 10 HEPES, 5 QX-314, 0.1 Na 4 EGTA, 0.4 Na 3 GTP, 2 Mg 1.5 ATP and 5.4 biocytin. The pipette solution had a pH of 7.2 and an osmolarity of 292 mOsm. Recordings were obtained using a Multiclamp 700B amplifier and Digidata 1440 digitizer controlled by Clampex 10.3 (Molecular Devices, Sunnyvale, CA, USA). Signals were low-pass filtered at 4 kHz and sampled at 20 kHz. Whole-cell voltage clamp recordings with Kgluconate-filled electrodes were corrected for a junction potential of 13 mV. In voltage clamp experiments, series resistance was monitored by a step of À5 mV at the end of each recording. Optogenetic activation of SNr terminals was performed via optic fiber as previously described [START_REF] Froux | D5 dopamine receptors control glutamatergic AMPA transmission between the motor cortex and subthalamic nucleus[END_REF]. Briefly we used a 473 nm diode pumped solid state laser (Optotronics, USA) connected to a 800 mm optical fiber (90mW at fiber tip, Errol, Paris, France) usually positioned at the surface of the slice next to the recording site in order to deliver two 1ms-light pulses spaced with 100ms (10Hz) with 20 s between each repeat (0.05Hz) [START_REF] Froux | D5 dopamine receptors control glutamatergic AMPA transmission between the motor cortex and subthalamic nucleus[END_REF]. After 5 minutes baseline, CB 1 receptor was activated with 5mM WIN55,212-2 dissolved in DMSO. This concentration has been previously showed to reduce hippocampal EPSCs in a CB 1 dependent manner (Hebert-Chatelain et al., 2016). The glutamatergic synaptic transmission was not blocked for all electrophysiological experiments. Levels of drug-induced depression in response to WIN 55,212-2 are reported as averaged IPSC amplitudes for 5 min just before bath application compared with averaged IPSC amplitudes during the 15-min period after the application. Data were discarded when the series resistance varied by > 20%. After electrophysiological recordings, slices were fixed overnight in a solution of paraformaldehyde at 4% and maintained in PBS-azide at 0.3% at 4 C until histological processing for mCherry visualization or TH/biocytin immunostaining [START_REF] Chazalon | GAT-3 Dysfunction Generates Tonic Inhibition in External Globus Pallidus Neurons in Parkinsonian Rodents[END_REF]. Hippocampal depolarization-induced suppression of inhibition Male DN22-CB 1 -KI mice and their WT littermates were sacrificed by dislocation and the brain was immediately immerged in ice-cold oxygenated cutting solution containing in mM: 180 Sucrose, 26 NaHCO 3 , 12 MgSO 4 , 11 Glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , and 0.2 CaCl 2 , oxygenated with 95% O 2 -5% CO 2 z300mOsm. Parasagittal hippocampal slices (300 mm thick) were obtained using a vibratome (VT1200S, Leica, Germany) and transferred for 30min into a 34 C bath of oxygenated ACSF containing in mM: 123 NaCl, 26 NaHCO 3 , 11 Glucose, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 z305 mOsm. After a minimum of 1h recovery at room temperature (22-25 C), slices were transferred to a recording chamber in ACSF at 32 C. Whole-cell recordings of IPSCs were made using a MultiClamp 700B amplifier (Molecular devices, UK) in CA1 pyramidal neurons voltage clamped at À70mV with a pipette (3-5 MU) containing in mM: 130 KCl, 10 HEPES, 1 EGTA, 2 MgCl 2 , 0.3 CaCl 2 , 7 Phosphocreatin, 3 Mg-ATP, 0.3 Na-GTP; pH = 7.2; 290mOsm. Evoked IPSCs were performed by a monopolar stimulating patch pipette filled with ACSF in stratum radiatum in presence of NMDA and AMPA/Kainate receptor antagonists (50 mM D-APV and 10 mM NBQX).

DSI was obtained by depolarizing pyramidal neurons from À70mV to 0mV for 3 s. DSI magnitude was calculated as the average of 3 DSIs, 2min apart and represented the percentage of change between the mean of the 5 consecutive IPSCs preceding the depolarization and the first three IPSCs following the depolarization, with IPSCs evoked every 3 s. Currents were filtered at 4kHz by a Digidata 1440A (Molecular devices, UK) and were analyzed using either Clampfit software (pClamp10).

QUANTIFICATION AND STATISTICAL ANALYSES

Data collection

No statistical methods were used to pre-determine sample sizes, but they are similar to those reported in previous publications. Data collection and analysis were performed by an experimenter blind to all the conditions except for ex vivo electrophysiological and biochemical experiments. All mice were assigned randomly to the different experimental conditions.

Statistical analyses

All graphs and statistical analyses were performed using GraphPad software (version 5.0, 6.0 or 8.0). Results were expressed as means of independent data points ± SEM. Behavioral data were checked for normality distribution with the D'Agostino&Pearson test. When all groups of an experiment passed the normality test, ANOVA (One-way or Two-way, where appropriate) analysis was performed and when interaction was significant Tukey's post hoc analysis was used. When the normality was rejected, non-parametric One-way ANOVA (Kruskal-Wallis) was used (Tables S2 andS3). Biochemical, anatomical, imaging and electrophysiological data were analyzed using Student's t test (unpaired or paired, where appropriate) or Wilcoxon test as appropriate (Tables S2 andS3). Post hoc significances were expressed as follow: * p < 0.05, ** p < 0.01, *** p < 0.001, ## p < 0.01, ### p < 0.001. Sample sizes and p values can be found in Tables S2 andS3. Data, means + SEM. **p<0.01; ***p<0.001; ### p<0.001. For details of statistical analysis, see Table S3. (I) Representative trace of mitochondrial respiration in a substantia nigra preparation from WT, DN22-CB 1 -KI and CB 1 -KO mice. Substrates are malate, pyruvate and glutamate. The inhibitory effect of WIN was observed when the respiration was coupled to ATP synthesis via the addition of Adenosine diphosphate (ADP, see Table S1).

Data, means + SEM. S3. Table S3. Statistical analysis. Related to Figure S1-S3.

INTRODUCTION

Psychostimulants like amphetamine are drugs that act to temporarily increase movement, mental alertness, and attention in humans and induce hyperlocomotion and stereotypies in rodents (Wood et al., 2014;Minassian et al., 2017;[START_REF] Faraone | The pharmacology of amphetamine and methylphenidate: Relevance to the neurobiology of attention-deficit/hyperactivity disorder and other psychiatric comorbidities[END_REF]. Interestingly, intermittent and repeated administration of amphetamine is well known to induce a long-lasting enhancement of behavioral responses to the same dose of the drug, which is called behavioral sensitization (Stewart and Badiani, 1993). This effect of amphetamine has been reliably demonstrated for decades in several animal species [START_REF] Badiani | Opiate versus psychostimulant addiction: the differences do matter[END_REF]. Even though studies in humans are limited, it has been shown that repeated psychostimulants administration induces enhanced behavioral response, in a similar manner than in animal models [START_REF] Sax | Behavioral sensitization in humans[END_REF]. In rodents, sensitization to amphetamine can be assessed by measuring the intensity of the hyperlocomotor effect over the course of repeated administrations of the drug, allowing the study of the complex underlying mechanism [START_REF] Robinson | Incentive-sensitization and addiction[END_REF]Robinson and Badiani, 1998;[START_REF] Pantoni | MDMA and memory, addiction, and depression: dose-effect analysis[END_REF]. Importantly, the neuronal changes accompanying sensitization have been hypothesized to underlie this behavioral adaptation to stimulants abuse and drug addiction (Deroche et al., 1999;Minassian et al., 2017;[START_REF] London | Impulsivity, Stimulant Abuse, and Dopamine Receptor Signaling[END_REF]. However, the mechanisms regulating the initiation and expression of behavioral sensitization are still under investigation.

The dorsal striatum has been identified as a key region for the motor-related effects of psychostimulants [START_REF] Sequeira-Cordero | Time-dependent changes in striatal monoamine levels and gene expression following single and repeated amphetamine administration in rats[END_REF]. In particular, amphetamine injection has been show to induce an increase of the dopaminergic tone within the dorsal striatum, which results in hyperlocomotion, through modulating the activity of the main cell type of this region, the medium spiny neurons (MSNs; Fleckenstein et al., 2007;[START_REF] Paulson | Amphetamine-induced time-dependent sensitization of dopamine neurotransmission in the dorsal and ventral striatum: a microdialysis study in behaving rats[END_REF]Vanderschuren et al., 2002). The majority of MSNs belong to two different subpopulations according to their projection targets and/or their molecular identities: striatonigral neurons, also known as direct pathway MSNs (dMSNs), mainly characterized by the expression of the D1 dopamine receptor, and striatopallidal neurons, also defined as indirect pathway MSNs (iMSNs), identified by the expression of the D2 dopamine receptor. In the classical view of the basal ganglia (BG) these two pathways are proposed to work in an opposite manner to coordinate motor behavior [START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF][START_REF] Bateup | Distinct subclasses of medium spiny neurons differentially regulate striatal motor behaviors[END_REF]. However, during the last decade this model has been largely challenged. Indeed, recent findings suggest a concomitant activity of these two neuronal populations for the correct execution of motor actions, which could represent a joint regulation of downstream circuits and behaviors [START_REF] Klaus | What, If, and When to Move: Basal Ganglia Circuits and Self-Paced Action Initiation[END_REF]Cui et al., 2013;Calabresi et al., 2014;Prager and Plotkin, 2019).

Consistently, both populations have been shown to participate in the behavioral sensitization induced by amphetamine, even though with an opposite mechanism [START_REF] Allichon | Cell-Type-Specific Adaptions in Striatal Medium-Sized Spiny Neurons and Their Roles in Behavioral Responses to Drugs of Abuse[END_REF]Ferguson et al., 2011). Indeed, the transient blockade of the dMSNs impairs the expression of behavioral sensitization, while the inhibition of iMSNs enhances this behavior (Ferguson et al., 2011).

The endocannabinoid system (ECS) has been involved in the response to psychostimulants and, particularly, in the expression of behavioral sensitization [START_REF] Bonm | Control of exploration, motor coordination and amphetamine sensitization by cannabinoid CB1 receptors expressed in medium spiny neurons[END_REF]Corbillé et al., 2007;[START_REF] Thiemann | The role of the CB1 cannabinoid receptor and its endogenous ligands, anandamide and 2-arachidonoylglycerol, in amphetamine-induced behavioural sensitization[END_REF]. To date, sensitization is accompanied by increased endocannabinoid tone [START_REF] Thiemann | The role of the CB1 cannabinoid receptor and its endogenous ligands, anandamide and 2-arachidonoylglycerol, in amphetamine-induced behavioural sensitization[END_REF], and genetically or pharmacologically manipulation of ECS activity modulates the expression of psychostimulants-induced sensitization (Corbillé et al., 2007;[START_REF] Deng | ABHD6 Controls Amphetamine-Stimulated Hyperlocomotion: Involvement of CB1 Receptors[END_REF]. Interestingly, striatal MSNs belonging to both neuronal populations, express one of the highest pool of the cannabinoid type-1 receptor (CB1) in the brain (Davis et al., 2018;Julian et al., 2003). However, the distinct role of CB1 receptors located in dMSNs or iMSNs, in mediating the behavioral sensitization is not well established. Thus, this study aimed at identifying the involvement of the different striatal CB1 receptor in different striatal subpopulations in the expression of the behavioral sensitization to amphetamine, and in the modulation of synaptic transmission induced by this drug of abuse.

RESULTS

Generation of conditional mutant mouse lines lacking CB1 receptors in striatal projecting neurons

In order to study the distinct roles of CB1 receptors located in the different striatal pathways, we generated two new conditional mutant mouse lines, bearing the deletion of CB1 in the two distinct MSN populations, respectively.

To delete the receptor in striatal D1-expressing (dMSN) or D2-expressing (iMSN) neurons, we crossed mice presenting the CB1 gene flanked by two loxP sites (CB1-flox mice, Marsicano et al., 2003) respectively with the Tg(Drd1a*cre)EY217Gsat mouse line or with the Tg(Adora2a*cre)KG139Gsat mouse line (Gong et al., 2007;Gerfen et al., 2013;Ruud et al., 2019;Wang et al., 2019). We named those two mouse lines Drd1-CB1-KO and Adora2a-CB1-KO, respectively.

To validate our model, we first aimed to determine whether the deletion of CB1 was specific for the targeted population of MSNs. Hence, we performed a double-fluorescence in situ hybridization (FISH) staining, which allows the simultaneous labeling of mRNAs coding for CB1 and D1, or of CB1 and D2, and we measured the level of colocalization in the dorsal striatum (Figure 1A-C).

As expected, the colocalization between D1 and CB1 was significantly reduced in Drd1-CB1-KO mice but not in Adora2a-CB1-KO mice (Figure 1A,B). On the other hand, the number of D2(+) cells also expressing CB1 is strongly reduced only in Adora2a-CB1-KO mice (Figure 1A,C), indicating the specificity of our approach.

In neurons, the CB1 protein is mainly presynaptic [START_REF] Lafenêtre | The endocannabinoid system in the processing of anxiety and fear and how CB1 receptors may modulate fear extinction[END_REF][START_REF] Busquets-Garcia | Dissecting the cannabinergic control of behavior: The where matters[END_REF][START_REF] Ohno-Shosaku | Endocannabinoids and retrograde modulation of synaptic transmission[END_REF][START_REF] Castillo | Endocannabinoid signaling and synaptic function[END_REF], and it is therefore found far from the cell body, where mRNA is enriched. Indeed, the highest levels of CB1 immunoreactivity in the BG (and the whole brain) are found in the target regions of striatal neurons, such as the substantia nigra pars reticulata (SNr) and the external segment of the globus pallidus (GPe, Julian et al., 2003;Davis et al., 2018). To test whether our approach targets the CB1 protein expression, and to further validate the specificity of our model, we generated two additional mouse lines in which CB1 receptor is selectively reexpressed in D1(+) or Adora2a(+) cells over a knockout background. To this aim, we used the STOP-CB1 mouse line, in which the expression of CB1 is prevented by the insertion of a STOP-cassette flanked by two loxP sites preceding the coding region of its gene, CNR1 (Ruehle et al., 2013;Soria-Gomez et al., 2014). Upon cre-mediated excision of the "STOP" cassette, the CB1 receptor will be re-expressed only in given cells, obtaining a conditional rescue (RS) mouse model (Ruehle et al., 2013;Soria-Gomez et al., 2014). We crossed the mouse lines used for the deletion of CB1 (Drd1a*cre or Adora2a*cre)

with the STOP-CB1 mice, thereby generating Drd1-CB1-RS and Adora2a-CB1-RS mice. Fluorescent CB1 immuno-labeling showed that Drd1-CB1-RS mice selectively express CB1 in the SNr and partially in the GPe (Figure 1D), as opposed to Adora2a-CB1-RS mice which contain CB1 in the GPe but not in the SNr (Figure 1D).

Striatonigral neurons have been shown to send collateral projections also to the GPe (bridging collaterals), which could represent a functional connection between the two neuronal populations (Parent et al., 1995). Thus, the presence of CB1(+) fibers in the GPe of Drd1-CB1-RS mice suggests that bridging collaterals of dMSNs express CB1 receptors. Therefore, we wanted to determine whether, in our model, the CB1 deletion reflects a region-specific reduction in the protein levels. To this aim, we measured the CB1 expression in the GPe and SNr from Drd1-CB1-KO and Adora2a-CB1-KO mice, using Western Immunoblotting. We observed a reduction in CB1 expression in GPe tissues from Adora2a-CB1-KO, but not Drd1-CB1-KO mice (Figure S1A), indicating that Adora2a-CB1-KO mice show a specific reduction in CB1 protein levels in the GPe. Moreover, these results suggest that the manipulation of CB1 in Drd1-CB1-KO mice does not affect the total protein level in the GPe. However, the analysis of SNr tissues showed no differences between the groups, probably due to compensatory mechanisms happening in Drd1-CB1-KO mice (Figure S1A).

We previously showed that striatonigral CB1 receptors (but not striatopallidal ones) mediate the cataleptic and antinociceptive effects of THC, [START_REF] Soria-Gomez | Subcellular specificity of cannabinoid effects in striatonigral circuits[END_REF]. To test whether the genetic deletion of CB1 bears a functional effect, we tested Drd1-CB1-KO and Adora2a-CB1-KO in the THCinduced tetrad assay (10 mg/kg i.p.). The tetrad cannabinoid assay consists in the analysis of four behavioral and somatic typical effects of these drugs, namely catalepsy (assessed in the bar test), antinociception (hot-plate test), hypolocomotion (open field) and hypothermia (Metna-Laurent et al., 2017).

Drd1-CB1-KO mice were impaired in the cataleptic and antinociceptive effects of THC, while Adora2a-CB1-KO mice were not different from controls (Figure 1E). The hypolocomotion and the hypotermia induced by the treatment were maintained in both genotypes (Figure S1B). These results confirm the functionality and selectivity of CB1 deletion in striatal projection neurons in Drd1-CB1-KO mice. Furthermore, our data indicate that the CB1 deletion in Adora2a-CB1-KO mice is specific for the indirect pathway, and confirm that this pool of receptors is not involved in the THC-induced tetrad essay. Additional behavioral analyses showed that Drd1-CB1-KO and Adora2a-CB1-KO mice have normal motor coordination, sucrose preference, and object recognition memory (Figure S1C-E).

Taken together, these results indicate that the newly generated lines represent a suitable and functional tool to study the distinct role of CB1 receptors located in striatal MSNs. Moreover, they confirm that CB1 receptors of the striatonigral pathway are sensitive to the exogenous application of cannabinoid drugs, but striatopallidal CB1 receptors are not involved in the typical short term behavioral and somatic effects of these drugs.

CB1 receptors in Adora2a-positive cells mediate amphetamine-induced behavioral sensitization

Psychostimulants, such as amphetamine, induce hyperlocomotion mainly by modulating dopaminergic signaling in the striatum [START_REF] Cole | Neuronal adaptation to amphetamine and dopamine: molecular mechanisms of prodynorphin gene regulation in rat striatum[END_REF]Fleckenstein et al., 2007). Repeated exposures to the drug cause molecular changes in the dopaminergic system, which likely underlie behavioral sensitization (Stewart and Badiani, 1993;Mlewski et al., 2016). It is known that CB1 receptor is involved in the behavioral sensitization induced by amphetamine (Corbillé et al., 2007;[START_REF] Thiemann | The role of the CB1 cannabinoid receptor and its endogenous ligands, anandamide and 2-arachidonoylglycerol, in amphetamine-induced behavioural sensitization[END_REF], but the mechanisms underlying this function have not been explored yet. To test whether amphetamine effects involve distinct striatal CB1 receptor pools, we assessed a behavioral protocol for evaluating the expression of the sensitization in Drd1-CB1-KO and Adora2a-CB1-KO mice undergoing repeated administration of amphetamine.

Adora2a-CB1-KO mice displayed a normal acute response to the drug at day 1 (Figure 2A), but they presented a delay in the expression of the behavioral sensitization. Specifically, the repeated treatment induced a higher response to the drug in wild-type mice starting from the second injection, whereas we observed a significantly increased response to amphetamine only at day 14 in Adora2a-CB1-KO littermates (Figure 2A). Moreover, the locomotion in mutant mice during the sensitization probe was lower than wildtype littermates, resulting in a significantly reduced sensitization index (Figure 2B). Interestingly, Adora2a-CB1-KO mice displayed no phenotype in basal locomotion, and they show a normal habituation to the testing environment (Figure S2A). Furthermore, when mice were treated with saline during 4 days and with amphetamine as acute exposure at day 14 (Figure S2B), there were no differences between genotypes, confirming that the differences observed were specific for the sensitization process. However, since the locomotor effects of psychostimulants depend on the behavioral state before the consumption of the drug [START_REF] Paulson | Amphetamine-induced time-dependent sensitization of dopamine neurotransmission in the dorsal and ventral striatum: a microdialysis study in behaving rats[END_REF], to better quantify the hyperlocomotion induced by amphetamine, we calculate the difference in activity/min between the last period of habituation and the time after the injection (Δactivity, see methods). The analyses of the Δactivity confirm the phenotype observed before, such as Adora2a-CB1-KO mice have a reduced response to amphetamine during the sensitization probe, as compared to their wild-type littermates, while they respond the same at day 1 (Figure 2C). Taken together, these results indicate that CB1 receptors in Adora2a-expressing cells are not involved in the single exposure effects of amphetamine, but they mediate the expression of behavioral sensitization to repeated administration of the psychostimulant.

CB1 receptors located in D1(+) cells is not involved in the behavioral sensitization induced by amphetamine

The direct or indirect pathways are largely interconnected, and their activation leads to an opposite regulation of output nuclei of the BG. However, they act in parallel for the correct execution of BG functions, like locomotion (Calabresi et al., 2014;[START_REF] Delong | Circuits and circuit disorders of the basal ganglia[END_REF]. To investigate the impact of CB1 receptors belonging to the direct pathway in the amphetamineinduced locomotor effect and sensitization, we tested the Drd1-CB1-KO mice in our protocol. Drd1-CB1-KO mice responded to amphetamine like their wild-type littermates, both regarding the acute effect and the sensitization (Figure 2D-E).

Moreover, Drd1-CB1-KO mice displayed normal basal locomotion and normal habituation to the testing chamber (Figure S2C), and they did not differ from wild-type littermates when they were treated with saline during 4 days, and with amphetamine at day 14 (Figure S2D). Indeed, also from the Δactivity analysis emerged that Drd1-CB1-KO mice have similar response to amphetamine than their wild-type littermates, both at day 1 and day 14 (Figure 2F).

These data indicate that the amphetamine-induced behavioral sensitization specifically requires CB1 receptors expressed by Adora2a-positive cells, whereas CB1 receptors located in striatal D1-expressing cells are not involved in any analyzed locomotor effect of the drug.

Pathway-specific roles of CB1 receptors

Even though the expression of the behavioral sensitization induced by amphetamine requires a normal activity of both direct and indirect striatal pathways (Ferguson et al., 2011), the data we collected so far show that only CB1 receptors located in Adora2a(+) cells are required for the effects of the repeated exposures to the drug, suggesting that only the indirect pathway is involved in this function of the endocannabinoid system. However, although striatopallidal MSNs are the major cell population expressing Adora2a adenosine receptors, they are widely distributed in the brain and in peripheral organs [START_REF] De | Adenosine A2A receptor as a drug discovery target[END_REF][START_REF] Borea | Pharmacology of Adenosine Receptors: The State of the Art[END_REF]. Therefore, the phenotype of Adora2a-CB1-KO mice does not allow to conclude that the cannabinoid control of the indirect pathway is the mechanism underlying the role of the endocannabinoid signaling in amphetamine sensitization. To address this issue, we used an intersectional recombinase approach (Zhao et al., 2020) to specifically delete the CB1 receptor in striatopallidal neurons [START_REF] Soria-Gomez | Subcellular specificity of cannabinoid effects in striatonigral circuits[END_REF]. We injected an adeno-associated virus (AAV) expressing the Crerecombinase in a flippase (FLP)-dependent manner (AAV-FRT-iCre-EGFP)

into the striatum of CB1-floxed mice. Simultaneously, we injected a retrograde AAV expressing the FLP (AAV-retro-FLP-EBFP2) or a fluorescent marker as control (CTR, AAV-retro-EBFP2) into the GPe (Figure 3A). The injections were validated by histological expression of the reporter proteins (Figure 3B),

indicating that the approach is functional, and, as previously shown, it allows the specific deletion of CB1 from striatopallidal projecting neurons (ST-GPe-CB1-KO, [START_REF] Soria-Gomez | Subcellular specificity of cannabinoid effects in striatonigral circuits[END_REF]. These mice displayed a very similar phenotype as Adora2a-CB1-KO mice in amphetamine-induced sensitization.

Indeed, they responded normally to the first injection of amphetamine, but they differed from control mice overall the repeated treatment (AAV effect; 2ways ANOVA) (Figure 3C). Consistently, we observed a significantly increased response to amphetamine only at day 14 in ST-GPe-CB1-KO mice, while in CTR mice we observed a normal expression of the behavioral sensitization (Figure 3C). However, only a non-significant trend for a lower individual sensitization index was observed in ST-GPe-CB1-KO, as compared to CTR mice, p=0,063 (Figure 3D). We did not observe differences in the basal locomotion and in the habituation to the testing chamber (Figure S2E).

Therefore, the analysis of the Δactivity indicates that there were no differences between the groups at day 1, but the sensitization probe was reduced in ST-GPe-CB1-KO mice (Figure 3F). (Vanderschuren et al., 2002). However, the impact of the crosstalk between psychostimulants and the endocannabinoid system on synaptic properties of MSNs is still poorly investigated. To test whether amphetamine modulates synaptic transmission in striatopallidal neurons, in a CB1-dependent manner, we performed ex vivo patch-clamp recording experiments in Adora2a-CB1 mice. For this experiment we adapted the behavioral protocol to keep similar conditions (see methods). Mice received one injection of saline or amphetamine (5 mg/kg i.p.), during 4 consecutive days. At day 14 the animals were sacrificed and acute sagittal slices were collected (Figure 4A). Whole-cell recordings were made from prototypic GPe neurons, identified by immunostaining as FoxP2-negative cells [START_REF] Abdi | Prototypic and arkypallidal neurons in the dopamine-intact external globus pallidus[END_REF]; Figure S2F), and the striatopallidal pathway was stimulated by placing a bipolar stimulating electrode in the striatum to evoke inhibitory postsynaptic currents (IPSCs; Figure 4B). We measured the IPSCs in basal conditions and after bath application of 1 μM amphetamine solution. In saline-treated mice, amphetamine induced a decrease in IPSCs amplitude, and this effect seemed independent on CB1, as it was present in both wild-type and KO mice (Figure 4C andD).

However, application of amphetamine onto slices collected from amphetaminetreated mice caused a more pronounced decrease in IPSCs amplitude in wildtype animals compared to saline-treated wild-type mice, and this effect was completely abolished in Adora2a-CB1-KO mice (Figure 4E andF). Interestingly, the analysis of the summarized data in all experimental conditions, shows that in wild-type mice, in vivo repeated treatment with amphetamine caused a stronger reduction of the IPSCs induced by the acute application of amphetamine, while in Adora2a-CB1-KO animals there were no difference between groups (saline vs amphetamine, Figure 4G). Moreover, there are no differences between the genotypes when mice were treated with saline, but the reduction of IPSCs amplitude induced by the repeated treatment was impaired in Adora2a-CB1-KO mice (wild-type vs ko, Figure 4G). These results suggest that the repeated treatment with amphetamine induces hypersensitivity to the drug reducing striatopallidal transmission, and this effect is mediated by CB1 in this neuronal population. Thus, we hypothesize that a CB1-dependent hypersensitivity of the indirect striatal pathway to amphetamine, might be part of the neurophysiological mechanism underlying the expression of the behavioral sensitization induced by amphetamine.

Discussion

Using genetic manipulations in specific cell types combined with histological, behavioral, and electrophysiological approaches, this study shows that in mice CB1 receptors located at striatopallidal and striatonigral neurons are dispensable for single exposure effects of amphetamine, but the former ones are necessary for behavioral and synaptic sensitization to the drug. Mice lacking CB1 receptors in Adora2a(+) cells (marker of striatopallidal neurons, iMSNs) displayed a normal response to a single exposure of amphetamine, both behaviorally in vivo and electrophysiologically in striatopallidal ex vivo brain slices. In contrast, mutant mice displayed a delayed and reduced behavioral sensitization to amphetamine, while the deletion of CB1 in Drd1(+) cells (marker for striatonigral neurons, dMSNs) did not affect this behavior.

Complementary to the genetic manipulation, the present data show that the viral deletion of CB1 specifically in striatopallidal neurons leads to a similar phenotype, confirming that this pool of receptors is the one mediating the behavioral sensitization. Moreover, the in vivo treatment with amphetamine caused a synaptic sensitization in wild-type mice, with enhanced reduction of striatopallidal IPSCs amplitude after bath application of the drug. Importantly, this effect was abolished in Adora2a-CB1-KO mice, indicating that the synaptic and behavioral sensitization are underlined by a similar mechanism and, therefore, they might be causally linked.

In the classic view of the BG, direct and indirect pathways mutually antagonize their activity, exerting opposite effects on motor behaviors, with dMSNs facilitating and iMSNs inhibiting motor actions (Albin et al., 1989;[START_REF] Ciriachi | Genetic tools to study complexity of striatal function[END_REF]. Several studies challenged this dichotomy, showing that striatal pathways are both activated during motor performances, suggesting that coordinate activity of both pathways guarantees correct execution of motor actions, with dopamine (DA) representing a fine modulator of these processes in physiological conditions (Calabresi et al., 2014;Cui et al., 2013;[START_REF] Tecuapetla | Balanced activity in basal ganglia projection pathways is critical for contraversive movements[END_REF]. Indeed, DA differentially modulates the balance of striatal pathways activation, stimulating dMSNs, which express Gs-coupled D1 dopamine receptor, and inhibiting iMSNs where it activates Gi-coupled D2 dopamine receptor [START_REF] Surmeier | D1 and D2 dopamine-receptor modulation of striatal glutamatergic signaling in striatal medium spiny neurons[END_REF]. In this study, we have shown that different pools of CB1 receptors in the same brain region mediate different behaviors and neuronal adaptations acting on specific circuits. Thus, our data are relevant for the differential modulation of direct and indirect striatal neurons in response to psychostimulants.

Behavioral sensitization induced by psychostimulants in general, and amphetamine in particular, is a phenomenon studied since several decades, representing an important link between drug of abuse and physiological changes in the brain. The dorsal striatum is a possible «targets» for the sensitization, since many of the behaviors induced by amphetamine are often associated to an enhanced striatal DA release and modulation of MSN activity (Di Chiara and Imperato, 1988;[START_REF] Robinson | Enduring changes in brain and behavior produced by chronic amphetamine administration: a review and evaluation of animal models of amphetamine psychosis[END_REF]Robinson and Badiani, 1998;Vanderschuren et al., 2002). Activation of endocannabinoid system (especially trough CB1 receptor) has been proposed as one of the neuromodulatory mechanisms involved in the behavioral effects of psychostimulants, including addiction and sensitization [START_REF] Valverde | Modulation of 3,4methylenedioxymethamphetamine effects by endocannabinoid system[END_REF][START_REF] Su | Endocannabinoid mechanism in amphetamine-type stimulant use disorders: A short review[END_REF]. Indeed, blockade of CB1 receptors impairs sensitization, while the selective rescue of CB1 in MSNs partially restores this behavior (Corbillé et al., 2007;[START_REF] Bonm | Control of exploration, motor coordination and amphetamine sensitization by cannabinoid CB1 receptors expressed in medium spiny neurons[END_REF]. Furthermore, also increasing endogenous cannabinoid tone, has also been shown to modulate amphetamine responses [START_REF] Deng | ABHD6 Controls Amphetamine-Stimulated Hyperlocomotion: Involvement of CB1 Receptors[END_REF]. Our results show that CB1 receptors located on striatopallidal (but not striatonigral) neurons is necessary for the expression of the behavioral sensitization to amphetamine without changing the response to the first exposure. This underlies a differential involvement of striatal CB1 receptors which could represent a more specific target of drugs of abuse.

Psychostimulants effects require a normal activity of both populations of MSNs, and the reversible blockade of striatopallidal or striatonigral neurotransmission impairs the acute response to amphetamine and cocaine (Hikida et al., 2010).

Furthermore, amphetamine-induced behavioral sensitization can be bidirectionally altered by chemogenetic inhibition of MSNs, (e.g. it is enhanced when striatopallidal neurons are inhibited, and abolished when the manipulation targets striatonigral neurons, Ferguson et al., 2011). Thus, we hypothesize that during the repeated treatment with amphetamine (but not upon single exposure), an orchestrated inhibition of striatopallidal neurons leads to activitydependent physiological changes in the circuit, switching to a CB1 dependent mechanism. Given the inhibitory role of these neurons on locomotor activity, this can provide ground for the expression of the behavioral sensitization. On the other hand, since CB1 receptors activity in striatonigral neurons seems not to be required for the sensitization, the regulation of this circuit during the repeated treatment could involve other systems.

The cross-talk between dopamine/psychostimulants and the ECS has been described in different brain regions. These include hippocampal formation, nucleus accumbens, amygdala and dorsal striatum (Piette et al., 2020;[START_REF] Huang | Mediation of amphetamine-induced long-term depression of synaptic transmission by CB1 cannabinoid receptors in the rat amygdala[END_REF]Centonze et al., 2004;[START_REF] Thiemann | The role of the CB1 cannabinoid receptor and its endogenous ligands, anandamide and 2-arachidonoylglycerol, in amphetamine-induced behavioural sensitization[END_REF]. The interaction between the two systems is crucial for the modulation of synaptic transmission and synaptic plasticity on corticostriatal projections (For review, Piette et al., 2020). In the dorsal striatum, the repeated-treatment with amphetamine causes an increase in the production of endocannabinoid in vivo [START_REF] Thiemann | The role of the CB1 cannabinoid receptor and its endogenous ligands, anandamide and 2-arachidonoylglycerol, in amphetamine-induced behavioural sensitization[END_REF], and their release is enhanced by the local treatment with a D2 dopamine receptor agonist (Giuffrida et al., 1999). Interestingly, cocaine is reducing striatal GABAergic transmission via D2 dopamine receptor, and this effect is blocked by a CB1 receptor antagonist (Centonze et al., 2004). Furthermore, the amphetamine induces LTD on cortical projection, which is blocked by the CB1 receptor antagonist AM251, and potentiated by the cannabinoid agonist WIN55212-2 [START_REF] Huang | Mediation of amphetamine-induced long-term depression of synaptic transmission by CB1 cannabinoid receptors in the rat amygdala[END_REF]. Thus, a tight crosstalk seems to exist between the endocannabinoid system and dopaminergic transmission in the modulation of synaptic transmission and plasticity following psychostimulants treatment. In this scenario, we showed that CB1 receptors in striatopallidal projections is necessary for the long-lasting inhibitory modulation of synaptic transmission induced by amphetamine. However, modulation of synaptic plasticity by psychostimulants has been mostly described in corticostriatal afferents. Therefore, long-term amphetamine effects on striatopallidal transmission could be either consequence of previous neurobiological changes happening in this circuit, and/or an additional modulatory process of striatopallidal transmission mediated by DA and CB1 receptors. Further studies are required to better investigate the interaction between corticostriatal and striatopallidal plasticity, with synaptic changes induced by psychostimulants.

In summary, CB1 receptors located at striatopallidal neurons are involved in the expression of the behavioral sensitization and related synaptic changes induced by amphetamine, representing a new specific target for drugs of abuse which involve distinct regulation of striatal pathways. ; experiments were performed between 9 a.m. and 5 p.m.). Groupedhoused male mice, between 8 to 12 weeks old, were used for this study. CB1flox mice, generated and maintained as describe before (Marsicano et al., 2001[START_REF] Bellocchio | Bimodal control of stimulated food intake by the endocannabinoid system[END_REF], were used for the generation of conditional mouse lines and for the viral deletion experiment. Conditional CB1 mutant mice and their wt littermates were generated by a 3-step breeding scheme using the Cre-loxP system, and maintained in our animal facility.

METHODS

Animals

Adora2a-CB1-KO:

To generate the Adora2a-CB1-KO line, CB1-flox mice were crossed to Adora2a-cre mice (Tg(Adora2a-cre)KG126 (Gerfen et al., 2013)); in Adora2a-cre mice, provided by MGI (Jackson Laboratory, USA), the cre recombinase was placed under the control of adenosine A2A receptor gene (Adora2A) regulatory sequences using BAC transgenesis.

Drd1-CB1-KO: Similarly as describe above, CB1-flox mice were crossed to Drd1-cre mice (Tg(Drd1-cre)EY217), in which the cre recombinase is inserted in the regulatory sequence of the dopamine receptor d1 gene (Drd1a, Gerfen et al., 2013). Drd1-cre mice were provided by MGI (Jackson Laboratory, USA).

Adora2a-CB1-RS and Drd1-CB1-RS: transgenic mice were generated with the same approach described before (Ruehle et al., 2013), by crossing them with Stop-CB1 mice. Upon CRE deletion in Adora2A or Drd1 positive cells stopcassette was excised driving selective CB1 re-expression.

Drugs

THC was obtained from THC Pharm GmbH (Frankfurt, Germany). Used at 10mg/kg, it was dissolved in a mixture of saline (0.9% NaCl) with 5% ethanol and 4% cremophor. D-amphetamine (Tocris, UK, cat 2813) was kindly provided by Véronique Deroche, dissolved in saline (0,9% NaCl) and injected at 5 mg/kg.

Vehicles contained the same amounts of solvents respectively to the drug. All drugs were prepared fresh before the experiments.

Viral Vectors and surgery procedures

For the striatopallidal CB1 deletion experiment we used the same procedures Animals were allowed to recover for at least four weeks before the beginning of behavioral experiments, and at the end of the protocol they were fixed by transcardial perfusion of 4% PFA. The brains were frozen in isopentane, 30µm slices were collected with the help of a cryostat (Microm HM 500M Microm Microtech) and then processed for imaging to detect EBFP2 and EGFP. Mice that did not fulfill histological positive criteria were excluded from the study.

Immunofluorecence and Double fluorescent in-situ hybridization (FISH)

For the anatomical experiments, Adora2a-CB1-KO/RS and Drd1-CB1-KO/RS mice were sacrificed by transcardial perfusion with 4% PFA and 30 µm freefloating frozen brain coronal sections were collected with the cryostat (Microm HM 500M Microm Microtech) and stored at -20°C, in antifreeze solution.

Immunofluorescence: For the immunofluorescence detection of CB1, the slices were processed as previously described (Hebert-Chatelain et al., 2016), using the primary antibody directed against CB1 receptor (CB1-Rb-ab23703; 2 μg/ml; Abcam, Cambridge, UK). (DIG)-labeled riboprope against mouse CB1 receptor (1:1000, prepared as described in Marsicano and Lutz, 1999). Signals were revealed with a TSA reaction using fluorescein isothiocyanate (FITC)-labeled tyramide (1:80 for 12 minutes, Perkin Elmer NEL741001KT) for D1R or D2R receptor, or cyanine 3 (Cy3)-labeled tyramide (1:100 for 10 minutes, PerkinElmer NEL744001KT) for CB1 receptor. Sense control probes were used to establish background signal.

Finally the sections were mounted, coverslipped and imaged with a confocal Leica SP8 microscope 40x objective (Leica, Germany). Counting of coexpressing cells was performed manually as previously described [START_REF] Soria-Gomez | Subcellular specificity of cannabinoid effects in striatonigral circuits[END_REF][START_REF] Oliveira Da Cruz | Specific Hippocampal Interneurons Shape Consolidation of Recognition Memory[END_REF][START_REF] Terral | CB1 Receptors in the Anterior Piriform Cortex Control Odor Preference Memory[END_REF]. Image analyses and counting was performed in at least 6 striatal slice per mouse. This resulted in counting 400-600 neurons in average per each condition/analysis.

Immunofluorescence against FOXP2 and biocytin staining: GPe projecting neurons are divided into two types of neurons, called arkypallidal and prototypic, which differ for their connections [START_REF] Abdi | Prototypic and arkypallidal neurons in the dopamine-intact external globus pallidus[END_REF]Aristieta et al., 2021). Since we are interested in studying the synaptic transmission of the striatopallidal pathway, we limited the analysis at prototypic neurons, target of iMSNs [START_REF] Bogacz | Properties of Neurons in External Globus Pallidus Can Support Optimal Action Selection[END_REF]. To this aim, we filled the recorded neurons with biocytine and we performed immunostaining against the protein Forkhead-Box P2 (FoxP2; marker for arkypallidal neurons), the recorded neurons positive for the staining were excluded from the analysis. After electrophysiological recordings (see below), slices were fixed overnight in a solution of 4% PFA and maintained in PBS at 4°C, until FoxP2/biocytin immunostaining. The slices were incubated with blocking solution (0.3% Triton X-100 + NDS 4% in PBS, 1h RT) and then with the primary antibody Rabbit anti-FoxP2, ab16046 (Abcam, Cambridge, UK) 

Western Blot for CB1R in GPe tissue homogenates

For this experiment naive mice, Adora2a-CB1-KO, Drd1-CB1-KO and their respective wt littermates were used. Immediately after cervical dislocation, the brain was extracted and the external globus pallidus (GPe) was rapidly dissected using the coronal brain matrix, and processed as describe before (Vallée et al., 2014). The tissue samples were immediately frozen in dry ice and stored at -80°C. Samples were then homogenized using the Tissue Lyser (Quiagen, Hilden,Germany), in lysis buffer (0.05M Tris-HCl pH 7.4, 0.15M NaCl, 0.001M EDTA, 10% Glycerol, 1% Triton X-100) added with protease and phosphatase inhibitors purchased from Roche (Basel, Switzerland). After 10 min incubation at 4°C, samples were centrifuged at 17000 g for 20 min at 4°C. and analyzed using the Image Lab software (Bio-Rad, Hercules, California).

Behavioral test

THC-induced tetrad assay: 30 min after the injection of THC (10 mg/kg, i.p.) mice were successively tested for hypothermia, antinociception, catalepsy and locomotion (Monory et al., 2007;Metna-Laurent et al., 2017). Hypothermia is expressed as the difference in the body temperature, measured before and after the injection by rectal probe thermometer. For measuring the locomotion, mice were placed in a single actimetry cage (Imetronic, France) equipped by infrared beams, for 5 min. For the catalepsy, mice were placed in a new cage without bedding with on a horizontal bar (0.7cm Diameter) placed at 4.5 cm high. Mice were positioned with the fore paws gripping the bar and the hind paws in the plastic box. The time of immobility spent in this position was scored for two minutes. Immediately after, mice were placed in a Hot Plate (BIOSEB) to measure antinociception. The plate was pre-heated at 52°. The escape latency, defined as the time until the mice showed signs of discomfort (paw licking, jumping), was recorded. All equipment was cleaned with ethanol 25%

and dried with paper towels between all the trials.

Rotarod test: For testing the motor coordination and motor skills learning, mice

were placed with all four pawns on a turning horizontal bar of 3 cm diameter, placed 30 cm above the bottom of the apparatus (RotaRod LE8200, Harvard Apparatus). The bar rotates around its longitudinal axis with constant acceleration, from 4 to 40 rpm/min over 600s. The latency to fall was scored and the procedure is repeated over 3 trials by day, during 3 consecutive days.

Sucrose-preference test: the test took place in the homecage. For this test mice were habituated to drink from two 50ml-drinking tubes (Conical Centrifuge Tube, Thermo Fisher Scientific, Rochester, USA) filled with water. Consumption was measured by controlling for spillage. To avoid any neophobic behavior during the test phase, one drinking tube was replaced with another identical tube filled with water solution of 5% sucrose, for 1h by day. The procedure was repeated during 2 days, alternating the position of the sucrose. After the habituation, mice were water deprived and they were trained to drink only one hour per day, during three consecutive days. The day of the test, two drinking tubes were presented simultaneously, one filled with water and the second one with sucrose. Mice were allowed to drink during 1h and the preference was measured as the ratio between sucrose consumption over the total consumption.

Novel object recognition memory test: For testing whether our models are not impaired in hippocampal memory formations we performed the novel object recognition memory test (NOR), as describe before (Robin et al., 2018). The task took place in L-shaped maze made of dark gray polyvinyl chloride shaped by two identical perpendicular arms (35 and 30 cm long respectively for external and internal L walls, 4.5 cm wide and 15 cm high walls) placed on a white background. The task consisted of 3 sequential daily session of 9 min each. During the habituation session (day 1), mice were allowed to freely explore the maze in the absence of any objects. For the acquisition session (day 2) two identical objects were positioned at the extremities of each arm.

The memory test occurred 24 hr later (day 3), in which one of the familiar objects was replaced by a novel object different in its shape, color, and texture.

The position of the novel object and the associations of novel and familiar were support recent growing ideas of different cellular functions dependent on specific subcellular locations of molecular events (Ilouz et al., 2017). Indeed, in this study, we have shown that the same receptor in the same brain circuit modulates neurotransmission or neuromodulation depending on its subcellular location.

II. Striatopallidal CB1 receptors and amphetamine

In this study, we dissected the role of different sub-pools of striatal CB1 receptors located in MSNs belonging to the direct or indirect pathway. We have shown that the expression of the behavioral sensitization induced by the repeated treatment with amphetamine requires the activation of striatopallidal CB1 receptors, but not striatonigral ones. Moreover, the application of amphetamine on acute slices induces a decrease in striatopallidal GABAergic transmission with a mechanism CB1 independent. However, after the in vivo repeated treatment, amphetamine induces a stronger reduction of IPSCs in the GPe and this effect requires CB1 receptors activity since in mutant mice no changes are recorded between mice pretreated with saline or amphetamine.

Even though a controlled activity of both neuronal pathways within the dorsal striatum is necessary for the correct expression of the behavioral sensitization induced by psychostimulants (Hikida et al., 2010;Ferguson et al., 2011), only the regulation of striatopallidal neurons in this behavioral effect involves CB1 receptors activity. This observation further suggests the presence of distinct regulatory mechanisms of the two striatal pathways, which are more and more suspected as independent circuits.

III. General discussion

For my Ph.D. thesis project, I studied the distinct roles of CB1 receptors belonging to different types of striatal neurons. In particular, we focused on dissecting the specific role of this receptor depending on its circuit or subcellular location. We have shown that CB1 receptors located at different subcellular compartments in striatonigral, but not striatopallidal, neurons mediate some behavioral effects of THC, such as catalepsy and antinociception. On the other hand, only CB1 receptors located in striatopallidal neurons mediate the synaptic changes and the behavioral effects of repeated treatment with amphetamine.

The striatum is one of the most heterogeneous nuclei of the brain.

However, 95% of its cells belong to one cellular type, MSNs, and they are segregated only into two circuits [START_REF] Kemp | The structure of the caudate nucleus of the cat: light and electron microscopy[END_REF][START_REF] Bishop | Morphological and physiological properties of neostriatal neurons: an intracellular horseradish peroxidase study in the rat[END_REF].

The connections between the striatum and the related nuclei of BG are organized in a complex system of reciprocal regulation and create a closed loop within cortical areas and the output structures of BG [START_REF] Alexander | Functional architecture of basal ganglia circuits: neural substrates of parallel processing[END_REF]. In the classic model of BG, the two striatal circuits are believed to compete in the regulation of the output structures activity, and the balance within these two circuits, having opposite effects on motor behaviors, mediates the BG functions [START_REF] Gerfen | D1 and D2 dopamine receptorregulated gene expression of striatonigral and striatopallidal neurons[END_REF]. However, more and more studies suggested that this model represents only a simplified representation of striatal functions. Indeed, striatonigral and striatopallidal neurons can be activated at the same time for mediating the same behavioral output, and the two circuits are also anatomically connected by bridging collateral fibers (Cui et al., 2013;Parent et al., 1995). Therefore, in the current view of BG is proposed that exist different functional modules involving both striatal MSNs subpopulations which mediate specific aspects of behavioral functions [START_REF] Lee | Anatomically segregated basal ganglia pathways allow parallel behavioral modulation[END_REF]Calabresi et al., 2014). This idea takes advantage of the topographical organization of the projections direct to and originating from the striatum, proposing that functional modules generate from distinct corticostriatal fibers and are maintained among the circuit according to their organization [START_REF] Foster | The mouse cortico-basal gangliathalamic network[END_REF][START_REF] Nakano | Neural circuits and topographic organization of the basal ganglia and related regions[END_REF][START_REF] Alexander | Parallel organization of functionally segregated circuits linking basal ganglia and cortex[END_REF]. The presence of different modules which cooperate in parallel for mediating different functions could explain the wide range of behavioral output involving BG. 

Figure 1 .

 1 Figure 1. Schematic view of mtCB1 signaling. Bottom: CB1 receptors are likely to localize at the mitochondrial outer membrane and their activity controls the respiratory chain. Right: representation of the mtCB1-downstream signaling. Intra-mitochondrial Gi/o proteins inhibit the soluble form of adenylyl cyclase (sAC), resulting in the decrease of cAMP production, mtPKA activity, and phosphorylation of OXPHOS complexes. These events can impair the respiratory chain and ATP production, likely affecting other mitochondrial functions. From Busquets-Garcia et al., 2018.

Figure 2 .

 2 Figure 2. Endocannabinoid-CB1 receptors signaling. Depolarization, calcium entry through ionotropic receptors (I.R.), and activation of metabotropic receptors (M.R.) in the postsynaptic neuron lead to the synthesis and release of endocannabinoids. Activation of presynaptic CB1 receptors causes suppression of neurotransmission through: inhibition of cAMP/PKA signaling and reduction in neurotransmitter release; inhibition of Ca 2+ channels; stimulation of MAPK/ERK signaling pathway, modulation of gene expression and plasticity. Adapted from Rezayof and Hashemizadeh, 2016.

Figure 3 .

 3 Figure 3. Therapeutic potential of ECS manipulation. Representation of ECS components and the disorders associated to its dysfunctions. From Reddy et al., 2020.

Figure 4 .

 4 Figure 4. Basal Ganglia circuits. The striatum (STR) receives inputs mainly from cortical areas for activating direct and indirect pathways. The direct pathway originating from Drd1-positive MSNs, projects to Substantia Nigra pars reticulata (SNr). The indirect pathway originates from Drd2-positive MSNs and projects to the external segment of Globus Pallidus (GPe). Thal: Thalamus; STN: Subthalamic nucleus; Green arrow: excitatory connections; Purple lines: inhibitory connections.

Figure 5

 5 Figure 5 Connections of medium spiny neurons. A) Representation of inputs converging to MSN showing the localization of different input at spines head or neck, and cell body. B) Diagram of connections in the striatum: inputs to distal dendrites of MSNs from cortical areas and thalamus, and nigral dopaminergic neurons; cholinergic and GABAergic local inputs from local interneurons targeting the proximal dendrites and cell body; reciprocal connection of MSNs through local collaterals targeting proximal dendrites.
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 1 work is to identify the specific roles of striatal CB1 receptors in mediating the behavioral functions of BG. In particular, we wanted to unravel the specific involvement of striatal To study the role of striatonigral CB1 receptors in mediating the antinociceptive and cataleptic effects of THC THC effects are mainly mediated by activation of central CB1 receptors

  antinociception and catalepsy induced by THC, which represent the therapeutic and deleterious effects of cannabinoids. Objective 1.1: Identification of specific striatal CB1 receptors responsible for the behavioral effects of THC. -Combining genetics, pharmacology, and viral manipulations, we wanted to evaluate the effect of striatonigral CB1 receptors inactivation in the tetrad essay (typical essay for evaluating the behavioral effects of THC administration; Metna-Laurent et al., 2017). Moreover, in order to confirm that the effects observed upon striatonigral manipulations are specific for this neuronal population, we study the effect of the viral deletion of CB1 receptors from striatopallidal neurons in the tetrad essay. -Identification of subcellular pools of CB1 receptors involved in the behavioral effects of THC. We evaluated by tetrad essay the effects of combined pharmacology and genetics to specifically target mtCB1 vs pmCB1 receptors. Objective 1.2: Identification of the mechanisms underlying the different behavioral effects of THC-stimulated striatonigral CB1 receptors.

  striatonigral) express the highest levels of cannabinoid type-1 receptors (CB1R) in the brain, and represent a potential target explaining both beneficial and deleterious THC-effects. Neuronal CB1R are associated with the plasma membranes, where they regulate synaptic transmission as well as in intracellular compartments, notably associated with mitochondria. By combining genetic, pharmacological, biochemical, electrophysiological, imaging and behavioral approaches, we show that striatonigral CB1R are responsible for the multimodal action of THC, according to their subcellular distribution. Notably, upon pharmacological activation, plasma membrane CB1 receptors modulate Substance-P release and mediate antinociception, while mitochondrial CB1 activity, decreasing neurotransmitter release, induces catalepsy. These results are crucial for a better understanding of the mechanisms of action of cannabis and for the development of new therapeutic strategies, based on the beneficial effects (e.g. analgesia) while avoiding the deleterious effects (e.g. catalepsy).

  Published by Elsevier Inc. 1513 ll (legend on next page)

Figure 1 .

 1 Figure 1. Striatonigral CB 1 receptors mediate catalepsy and antinociception(A and B) Effects of correct ''hit'' or misplaced ''no-hit'' intra-SNr administration of the cell-permeable CB 1 antagonist AM251 on the (A) cataleptic and the (B) antinociceptive THC effect (10 mg/kg i.p.) with respect to vehicle-treated mice. (C) Representative micrograph (left) and relative quantification (right) of CB 1 immunoreactivity in the GPe (white bars) and the SNr (black bars) of mice with striatopallidal (ST-GP-CB 1 -KO) or striatonigral (ST-SN-CB 1 -KO) CB 1 receptor deletion compared to control littermates. Target regions are indicated by yellow dotted lines. (D and E) Cataleptic (D) and (E) antinociceptive effects of THC (10 mg/kg i.p.) in mice with striatopallidal (ST-GP-CB 1 -KO) or striatonigral (ST-SN-CB 1 -KO) CB 1 receptor deletion compared to control littermates. (F and G) Effects of intra-SNr administration of the cell-impermeable CB 1 antagonist hemopressin (Hp) on the (F) cataleptic and (G) antinociceptive effect of systemic THC (10 mg/kg i.p.) with respect to vehicle-treated mice. (H and I) Effects of intra-SNr administration of the NK 1 receptor agonist GR73632 on the (H) cataleptic and (I) antinociceptive effect of THC (10 mg/kg i.p.) with respect to vehicle-treated mice. (J) Schematic representation of the substance P sniffer strategy, and representative picture of sniffer cells (HEK cell expressing NK 1 receptor [NK 1 R; red] and GCaMP6 [green]) deposited over slices (IR). GPe, external globus pallidus; SNr, substantia nigra pars reticulata; Stim: electrical stimulation, STR, striatum. Scale bars: 50 mm. (K) Left: representative GCaMP6 fluorescence in the SNr before and after electrical stimulation, in presence of vehicle or WIN (5 mM). Center: representative traces of GCaMP6 fluorescence variation (DF/F0) from sniffer cells overlying the area shown in (K) and in (J) (right panel, white square) in the absence (Vehicle) and in the presence of WIN when electrical stimulation (gray bars) of the striatonigral pathway is applied in both WT and CB 1 -KO littermates. Plots are from the same cells in both conditions. Right: summary graphs comparing DF/F0 induced by electrical stimulation in all sniffer cells responding and imaged over the SNr in Vehicle and WIN conditions, comparing WT versus CB 1 -KO littermates. (L) Schematic representation of the substance P sniffer strategy coupled to optogenetic stimulation of striatonigral terminals. GPe, external globus pallidus; SNr, substantia nigra pars reticulata. (M) Left: traces of GCaMP6 fluorescence variation (DF/F0) from sniffer cells overlying the SNr in the absence (Vehicle) and in the presence of WIN when light stimulation (red bars) of the striatonigral pathway is applied. Plots are from the same cells in both conditions. Right: summary graphs comparing DF/F0 induced by light stimulation in all sniffer cells responding and imaged over the SNr in Vehicle and WIN conditions. Data, means ± SEMs. **p < 0.01; ***p < 0.001; ### p < 0.001. For details of statistical analysis, see TableS2. See also FigureS1.

Figure 2 .

 2 Figure 2. CB 1 receptor subcellular localization in the SNr

  (A-E) Immunogold detection of CB 1 receptor by electron microscopy in WT and CB 1 -KO mice in SNr. White arrows, plasma membrane gold particles; pink arrows, mitochondrial gold particles; scale bar: 500 nm. Den, dendrites; m, mitochondrion; ter, synaptic terminal; red arrowheads, synapses. Relative quantifications of total CB 1 receptor labeling (B), plasma membrane CB 1 (pmCB 1 ) receptor labeling (C), mitochondrial-associated CB 1 (mtCB 1 ) receptor labeling (D), and proportion of CB 1 receptor-positive mitochondria (E). (F-J) Immunogold detection of CB 1 receptor by electron microscopy in WT and DN22-CB 1 -KI mice in SNr. White arrows, plasma membrane gold particles; pink arrows, mitochondrial gold particles; scale bar: 500 nm. Relative quantifications of total CB 1 receptor labeling (G), plasma membrane CB 1 (pmCB 1 ) receptor labeling (H), mitochondrial-associated CB 1 (mtCB 1 ) receptor labeling (I), and proportion of CB 1 receptor-positive mitochondria (J).

Figure 3 .

 3 Figure 3. Striatonigral mtCB 1 receptor functions (A) Representative picture of the striatonigral pathway targeted with optogenetic tools. GPe, external globus pallidus; HP, hippocampus; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; STR, striatum; TH, thalamus. Scale bar: 500 mM. (B) Representative post hoc characterization of the analyzed cells (white arrow) by immunofluorescence for biocytin, mCherry (ChR2), and thyroxine-hydroxylase (TH). Scale bar: 50 mM. (C) Representative traces of light evoked inhibitory post-synaptic currents (oIPSCs) under control condition and in presence of the GABA A receptor blocker gabazine (GBZ) with its corresponding time course effect (bottom). (D) Time course effect of WIN (5 mM) on striatonigral oIPSCs in slices derived from WT, CB 1 -KO, and DN22-CB 1 -KI mice. (E) Plots of normalized oIPSCs with representative traces before and after WIN treatment and summary of the average change of oIPSCs relative to baseline. (F and G) Cataleptic (F) and (G) antinociceptive effect of systemic THC (10 mg/kg i.p.) or WIN (3 mg/kg i.p.), with respect to vehicle in WT and DN22-CB 1 -KI mice. Data, means ± SEMs. ***p < 0.001; ## p < 0.001, ### p < 0.001. For details of statistical analysis, see TableS2. See also FigureS3.

Figure 4 .

 4 Figure 4. Striatonigral mtCB 1 receptor signaling (A) Schematic representation of the CB 1 or DN22-CB 1 rescue approach in D 1 -CB 1 -KO mice. mtCB 1 , mitochondrial CB 1 receptor; pmCB 1 , plasma membrane CB 1 receptor; SNr, substantia nigra pars reticulata; STR, striatum. (B) Representative immunofluorescence pictures of CB 1 or DN22-CB 1 rescue in the SNr of D 1 -CB 1 -KO mice. Green, CB 1 + signal; blue, DAPI nuclear counterstaining. Scale bar: 250 mm. (C) Relative quantification of CB 1 receptor immunofluorescence D 1 -CB 1 -KO mice after CB 1 or DN22-CB 1 rescue in the SNr. (D) Effect of WIN (1 mM) on mitochondrial respiration (OCR) in SN homogenates from WT, D 1 -CB 1 -KO control mice and CB 1 or DN22-CB 1 rescued in the striatonigral circuit (see A and B). (E) Cataleptic effect of THC (10 mg/kg i.p.) in WT, D 1 -CB 1 -KO control mice, and CB 1 or DN22-CB 1 rescued in the striatonigral circuit (see A and B). (F) Effect of WIN (1 mM) on mitochondrial respiration (OCR) in SN homogenates pre-treated with vehicle or the sAC blocker KH7 (5 mM). (G and H) Effects of intra-SNr administration of sAC blocker KH7 (2 mg) on the (G) cataleptic and (H) antinociceptive effect of systemic THC (10 mg/kg i.p.) with respect to vehicle-treated mice. (I) Effect of WIN (1 mM) on mitochondrial respiration (OCR) in SN homogenates from D 1 -Cre mice injected in the striatum with control (Ctr) virus or Cre-dependent mt-sAC expressing virus. (J and K) Cataleptic (J) and (K) antinociceptive effects of systemic THC (10 mg/kg i.p.) with respect to vehicle in D 1 -Cre mice injected with either control (Ctr) or Cre-dependent mt-sAC expressing virus in the striatum. (L and M) Cataleptic (L) and (M) antinociceptive effect of systemic THC (10 mg/kg i.p.) with respect to vehicle in D 1 -Cre mice injected with either control (Ctr) or Cre-dependent PKA-CA or MLS-PKA-CA expressing virus in the striatum. (N) Effect of WIN (1 mM) on mitochondrial respiration (OCR) in SN homogenates from D 1 -Cre mice injected in the striatum with control virus or Cre-dependent PKA-CA or MLS-PKA-CA vectors. Data, means ± SEMs. *p < 0.001; **p < 0.001; ***p < 0.001; ### p < 0.001. For details of statistical analysis, see TableS2.

  Figure S1. Cannabinoid-induced antinociception, but not catalepsy, relies on

  Figure S2. Functional localization of CB 1 receptors at mitochondrial

  Figure S3. MtCB 1 receptors and their signaling mediate the cataleptic effect

  Figure S4. Proposed mechanisms for the subcellular specificity of behavior

  Thus the specific deletion of CB1 in striatopallidal neurons impairs the expression of the behavioral sensitization induced by amphetamine. This evidence, complementary to the genetic manipulation of CB1 in Adora2a+ cells, strongly indicate that CB1 receptors located in the indirect striatal pathway are necessary for the normal expression of the behavioral sensitization induced by amphetamine. Repeated amphetamine exposure increases amphetamine-sensitivity of striatopallidal neurons in a CB1-dependent manner Repeated treatments with amphetamine and the consecutive expression of behavioral sensitization are associated with transcriptional changes and hypersensitivity to dopamine

  we described before in[START_REF] Soria-Gomez | Subcellular specificity of cannabinoid effects in striatonigral circuits[END_REF]. Briefly, mice were anesthetized by inhalation of isofluorane 5% and placed into the stereotaxic apparatus with the anesthesia maintained at 2% during the entire surgery. AAV vectors were injected with the help of a microinjector (Nanoject III, Drummond Scientific, PA, USA). The deletion was performed injecting, in the dorsal striatum (STR), the viral vector AAV-hEF1a-dFRT-iCre-EGFP (titre 6.3*10 12 , 2 injections of 1μl per side) with the following coordinates: AP + 0,8 ML ± 2,0 DV -3,0 and -3,5. The retrograde vectors AAV-retro-hSyn1-EBFP2-FLPo(6.4*10 12 ) or AAV-retro-hSyn1-EBFP2 (4.1*10 12 ) were injected in the external Globus Pallidus, GPe (AP -0,5 ML ± 1,8 DV -4,25; volume 350 nl per side). The viral vectors were purchased from the Viral Vector Facility (VVF) of the Neuroscience Center Zurich (Zentrum für Neurowissenschaften Zürich, ZNZ).

FISH:

  Double FISH experiments to measure the number of CB1/D1R vs CB1/D2R positive striatal neurons, were carried to what as been previously described (Soria-Gomez et al., 2021; Oliveira da Cruz et al., 2020; Terral et al., 2019) with some modifications. Briefly, after inactivation of endogenous peroxidases and blocking with Avidin/Biotin Blocking Kit (Vector Labs, USA), sections were processed with a combination of FITCH coupled riboprobe against D1R or D2R (1:1000 Monory et al., 2007) together with Digoxigenin

  randomized. Apparatus and objects were cleaned with ethanol (70%) before experimental use and between each animal testing. Memory performance was assessed by the discrimination index (DI). The DI was calculated as the difference between the time spent exploring the novel (TN) and the familiar object (TF) divided by the total exploration time (TN+TF): DI = [TN-TF]/[TN+TF].Object exploration was defined as the orientation of the nose to the object at a distance of less than 2 cm. Experienced investigators evaluating the exploration were blind to the genotype of the animals.Amphetamine-induced behavioral sensitization: For the measure of locomotor effects induced by amphetamine, we used the Actimeter apparatus (Imetronic, Marcheprime, France). Apparatus: the Actimeter consists in an aluminium ventilated rack covered with PVC plates. The rack contains 8 single boxes (actimetry cages), 30x16x11cm. Each box is equipped with infrared sensors to detect locomotory activity, and infrared planes to detect rearings. The rack is connected with electronic interface, which provides the formatting of signals from infrared sensors and allows communication with the computer. The locomotory activity is recorded as beam-breaks. Protocol: every day of the test, mice are moved in the testing room and they are allowed to adapt to the room for at least 45 minutes. After this period mice are located in a single box and their basal locomotion is recorded for 1h period (Habituation). Once the habituation ends, mice receive amphetamine (5 mg/kg, i.p.), and their locomotion is recorder for another 1h period (Test). The same identical procedure is repeated over 4 consecutive days. Mice were rested for 10 days, and at day 15 (sensitization probe), the same procedure is repeated. Data: the software Imetronic store the data as beam-breaks/5 min unit. The locomotory activity is then expressed as Activity/h, corresponding to the total activity during 1h recording, or as ΔActivity/min. For this measure we calculate the activity/min during the last period of the habituation phase (range of time in which the locomotion induced by the novel environment exploration is lower) and we subtracted it to the activity/min recorded during the total post-injection period.Finally, for the individual analysis of the sensitization we calculate the «sensitization index», as the relative change in the Activity/h between D1 and D14; sensitization index: (D14-D14)/(D1).ElectrophysiologyAdora2a-CB1-KO mice and their WT littermates were placed in a dark arena (30x16x11cm), and let to habituate to the environment for 15 minutes. After this period, animals were i.p. injected with either saline or 5 mg/kg amphetamine and their locomotion was recorded for 45 minutes period. The same procedure was repeated for 4 consecutive days. At day 14 animals were decapitated and the brain was rapidly removed and placed in ice-cold cutting solution that contained (in mM): sucrose 180, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, MgCl2 12, CaCl2 0.2, glucose 11, and was gassed with 95% O2/5% CO2 (pH = 7.3-7.4). 350 μm thick sagittal slices were made with a vibratome (VT1200S, Leica) and incubated in ACSF at 34ºC, after 30 min slices were kept at room temperature. ACSF contained (in mM): NaCl 123, KCl 2.5, NaH2PO4 1.25, NaHCO3 26, MgCl2 1.3, CaCl2 2.5, and glucose 11, and was gassed with 95% O2/5% CO2 (pH= 7.3-7.4). Slices containing the striato-pallidal pathway were transferred to an immersion recording chamber, superfused at 2 ml/min with gassed ACSF and visualized under an Olympus microscope (Olympus Optical).Electrophysiological recordings ofGPe neurons were made in whole-cell configuration of the patch-clamp technique. Patch electrodes had resistances of 4-6 MΩ when filled with the internal solution containing (in mM): KCl 130, HEPES 10, EGTA 1, MgCl2 2, CaCl2 0.3, Phosphocreatin 7, Mg-ATP 3, Na-GTP 0.3 and 1% biocytine (pH = 7.3, 290 mOsm). Recordings were obtained with a MultiClamp 700B amplifier (Molecular devices). Membrane potential was held at -70 mV and series and input resistances were monitored throughout the experiment using a -5 mV pulse. Cells were discarded when series and input resistances changed >20%. Signals were fed to a PC through a DigiData 1440A interface board. Signals were filtered at 1 KHz and acquired at 10 KHz sampling rate. The pCLAMP 10.7 (Axon instruments) software was used for stimulus generation, data display, acquisition and storage. Platinum/iridium bipolar parallel stimulation electrodes (1 mm electrode spacing) were placed in the striatum for bipolar stimulation of the striato-pallidal pathway. Paired pulses (50 ms interval) were continuously delivered at 0.33 Hz using a Digitimer Ltd stimulator. Evoked inhibitory postsynaptic currents (IPSCs) were isolated in the presence of NBQX (10 µM) and AP-5 (50 µM) to block AMPA and NMDA receptors, respectively. Stable IPSCs were recorded for 5 min in basal conditions and amphetamine 1µM was added in the bath for additional 20 min. After the experiments were finished, the patch pipette was gently removed and slices were fixed in PFA 4% at 4ºC overnight, then, they were moved to PBS and stored at 4ºC for immunohistochemistry. IPSC amplitude was normalized to the 5 min of basal recordings and time bins of 60 s were made to illustrate the time course of amphetamine effects. The effects of amphetamine on IPSC amplitude on the different experimental groups were determined by comparing the last 5 min of recordings (averages of n = 100 IPSCs).
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 23 Figure 2. CB1 receptors in Adora2a+, but not Drd1+, cells mediate amphetamine-induced behavioral sensitization. A) Effects of the repeated treatment with amphetamine (5 mg/kg i.p.) on total activity (events/h) in Adora2a-CB1 mice; n: WT=11; KO=14. 2ways ANOVA p=0,0108; Post-hoc: Sidak's multiple comparisons test, vertical bar: * p<0,05 compare to WT; horizontal bars: * p<0,05 compare to Day 1. B) Sensitization index, calculated as the relative change in the total activity at Day 14 respect to Day 1, in Ado-ra2a-CB1 mice. Statistics: unpaired t test; * p<0,05. C) Δ activity (events/min) calculated for the first exposure to amphetamine (Day 1) and the sensitization probe (Day 14). Differences between Adora2a-CB1-KO and their WT littermates are observed at Day 14. Statistics: 2ways ANOVA p=0,0053; Post-hoc: Sidak's multiple comparisons test, ** p<0,01. D) Effects of the repeated treatment with amphetamine (5 mg/kg i.p.) on total activity (events/h) in Drd1-CB1 mice. Drd1-CB1-KO mice show normal expression of behavioral sensitization. n: WT=13, KO=14. 2ways ANOVA: Treatmet effect: p<0,0001; Post-Hoc: Dunnett's multiple comparisons test, horizontal bars: * p<0,05 compare to Day 1. E) Sensitization index in Drd1-CB1-KO mice, does not differ from their wt littermates. F) Δ activity (events/min) calculated at Day 1 and Day 14 show no differences between genotypes.

Figure 4 .

 4 Figure 4. Repeated amphetamine exposure increases amphetamine-sensitivity of the striato-pallidal pathway in a CB1-dependent manner. A) Experimental timeline: Mice were i.p. injected with either saline or amphetamine for 4 consecutive days. At day 14 mice were sacrificed and patch-clamp recordings were performed. B) Scheme (left) and DIC image (right) depicting the experimental approach. Striatum (Str), Globus Pallidus capsula externa (GPe), anterior comisure (a. c.). scale bar=250 µm. C) Representative IPSC traces recorded in basal conditions and after bath application of 1µM amphetamine from WT and Adora2a-CB1-KO mice treated with saline. Scale bars: 100 pA, 20 ms. D) Time course of bath-applied amphetamine on IPSC amplitude in WT and Ado-ra2a-CB1-KO mice treated with saline. E and F) Like c and d but for mice treated with amphetamine. G) Change in IPSC amplitude recorded 20 min after bath application of amphetamine in all experimental conditions. Data are expressed as mean ± sem. Statistics: 2-way ANOVA; * p < 0.05, ** p < 0.01.

Figure S1 (FI.

 S1 Figure S1 (Related to Main Figure 1). Conditional mutant mouse lines for studying striatal CB1 receptors. A) Representative immunoblots for CB1 (top) and respective optical densitometric quantification (bottom), from GPe (left) and SNr (right) homogenates from WT, Drd1-CB1-KO or Adora2a-CB1-KO mice. Statistics: unpaired t test; * p < 0.05 with respect to WT. B) Hypotermic (top) and hypolocomory (bottom) effects of THC (10 mg/kg i.p.) in WT, Drd1-CB1-KO, and Adora2a-CB1-KO mice. Statistics: One-way ANOVA; *** p < 0,001compared to vehicle treated-mice. C) Rotarod test for evaluating the motor coordation and motor skills learning. n: wt= 8; Drd1-CB1-KO=5; Ado-ra2a-CB1-KO=6. D) Sucrose preference calculated as the ration between sucrose consumption/total consumption over 1h of free-access to both drinking tubes. E) Memory performances tested by novel object recognition (NOR) test in mutant mice compare to WT littermates, discrimination index (left) and total exploration time (right) are no different between genotypes.

  The results collected during my Ph.D. work show that two of the most common drug of abuse THC and amphetamine, exert some of their behavioral effects by acting on different pools of striatal CB1 receptors. Is not surprising that such different substances act on the same brain region and through the same receptor, considering the heterogeneous nature of both, the striatum and ECS. One could speculate that the opposite behavioral effects of THC and amphetamine find their neurological substrates in different modules of the dorsal striatum, and despite the involvement of the same regulatory mechanism (CB1 regulation of neuronal activity) they generate opposite outputs, such as immobility and hyperlocomotion. The pathway-specific involvement of striatal CB1 receptors in mediating the behavioral effects of THC or amphetamine is supported also by the evidence that MSNs belonging to the direct or indirect pathway differ for intracellular signaling activity and electrophysiological properties[START_REF] Matamales | Signaling from the cytoplasm to the nucleus in striatal medium-sized spiny neurons[END_REF][START_REF] Bertran-Gonzalez | What is the Degree of Segregation between Striatonigral and Striatopallidal Projections?[END_REF]. Indeed, upon similar stimulation, the two neuronal populations produce different responses, involving a specific pattern of intracellular activity. In the same line, the same signaling pathway is involved in different functions, depending on the circuit.Moreover, we have shown another level of heterogeneity for a given signaling molecule that is determined by its intracellular localization, as for mitochondria vs plasma membrane CB1 receptors. The discovery that different subcellular pools of CB1 receptors are involved in different neuronal processes, such as the regulation of GABA or Substance-P release, represents important evidence in the understanding of the plethora of effects involving the ECS.To conclude, the results collected during my Ph.D work show that the ability of CB1 receptors to mediate different functions relies on the specificity of its localization. Indeed, CB1 receptors mediate different functions when located in different neurons of the same brain region or different subcellular compartments of the same circuit. The specificity of ECS functions depending on its localization could represent the mechanism by which this system mediates such different functions. Furthermore, the specificity of action for the ECS highlights the importance of developing more specific tools for targeting different pools of CB1 receptors in the brain and better identifying their functions.Bolam JP, Wainer BH, Smith AD. Characterization of cholinergic neurons in -impregnation and electron microscopy.Neuroscience. 1984;12(3):711-718. 

  revealed that CB 1 receptors in the SNr are also associated with mitochondrial membranes with a density of ~3 particles per 20 mm 2 (Figures 2A-2D and S2A). Moreover, ~10% of total mitochondria analyzed were labeled with CB 1 receptor in WT mice (Figures 2A-2E and S2A). Conversely, only background levels of CB 1 immunoreactivity were detected in any analyzed compartment of CB 1 -KO mice (Figures 2A-2E and S2A), clearly demonstrating the existence of mtCB 1 in striatonigral terminals.

  , pharmacological experiments cannot provide definitive information about the subcellular location and the molecular specificity of the observed effects. To address these issues, we used a Cre-dependent viral approach to overexpress a mitochondrial-targeted version of sAC (mt-sAC-hemagglutinin [HA];Hebert-Chatelain et al., 2016;[START_REF] Valsecchi | Role of soluble adenylyl cyclase in mitochondria[END_REF] that was previously reported to be targeted to mitochondria (FigureS3L; co-localization of Pearson's coefficient 0.70 ± 0.04;Hebert-Chatelain et al., 2016) and to block the respiratory effects of cannabinoids in cell cultures(Hebert-Chatelain et al., 2016). The striatonigral overexpression of mt-sAC obtained by injecting AAV-DIO-mt-sAC-HA into the dorsal striatum of D 1 -Cre mice[START_REF] Lemberger | Expression of Cre recombinase in dopaminoceptive neurons[END_REF] (FiguresS3M and S3N) fully blocked the cannabinoid effect on mitochondrial respiration in SN extracts(Figures 4I and 
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  MODELS AND SUBJECT DETAILSAnimal modelsAll experimental procedures were approved by the Committee on Animal Health and Care of INSERM, and the French Ministry of Agriculture and Forestry (authorization number 3306369) and the French Ministry of Higher Education, Research and Innovation (authorization APAFIS#20053). Maximal efforts were made to reduce the suffering of the animals. Experimental subjects had a normal health and immune status with the animal facility regularly checked for standard pathogens. 2-4 months old naive male mice (no previous drug tests done) were used for behavioral, electrophysiological and imaging studies. For anatomical and biochemical experiments naive males and female mice (2-4 months old) were used since no sex differences were observed, neither reported in the previous studies on mtCB 1 receptor[START_REF] Be ´nard | Mitochondrial CB 1 receptors regulate neuronal energy metabolism[END_REF][START_REF] Koch | Hypothalamic POMC neurons promote cannabinoid-induced feeding[END_REF] Hebert-Chatelain et al., 2016).

  2 ) ice-cold solution containing 250 mM sucrose, 10 mM MgSO 4 $7H 2 O, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 $H 2 O, 0.5 mM CaCl 2 $H 2 O, 1.3 mM MgCl 2 , 26 mM NaHCO 3 and 10 mM D-glucose. After decapitation, each brain was quickly removed and cut into sagittal slices (300 mm) using a vibratome (VT-1200S; Leica Microsystems, Germany). The slices were then incubated at 34 C for 10 min in a standard artificial cerebrospinal fluid (ACSF) saturated by bubbling 95% O 2 /5% CO 2 and containing 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 $H 2 O, 2 mM CaCl 2 $H 2 O, 2 mM MgSO 4 $7H 2 O, 26 mM NaHCO 3 and 10 mM D-glucose, supplemented with 5 mM glutathion and 1 mM sodium pyruvate.

Table S1 . Characterization of mitochondrial respiration in SN extracts. Related to STAR methods.

 S1 

						D'agostino&Pearson's		
	Figure	Conditions	"n" (x group)	Analysis (post-hoc reported in figure)	Factor analyzed	Normality test	F Ratios	P value
						Passed Normality test		
						(Alpha=0.05)?		
		IP Veh -THC / intra SNr veh -AM251 HIT	8 -13	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 44) = 27.82	P < 0.0001
	1A 1A							
		IP Veh -THC / intra SNr veh NO HIT	5 -6	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 21) = 16.84	P = 0.0008
		IP Veh -THC / intra SNr veh -AM251 HIT	8 -12	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 42) = 13.05	P = 0.0045
	1B 1B							
		IP Veh -THC / intra SNr veh -AM251 NO HIT	5 -6	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 21) = 15.00	P = 0.0018
	1C	GPE-SNr / ST-GP or ST-SN deletion -Ctr	7-8	One way ANOVA (Kruskal-Wallis)	Viral deletions		F (6, 46) = 27.74	P < 0.0001
	1D	IP Veh -THC / ST-GP or ST-SN deletion -Ctr	7-10	One way ANOVA (Kruskal-Wallis)	Viral deletions and Treatments	NO	F (6, 54) = 41.87	P < 0.0001
	1E	IP Veh -THC / ST-GP or ST-SN deletion -Ctr	7-10	One way ANOVA (Kruskal-Wallis)	Viral deletions and Treatments	NO	F (6, 54) = 39.94	P < 0.0001
	1F	IP Veh -THC / intra SNr veh -HP	4 -17	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 30) = 39.94	P < 0.0001
	1G	IP Veh -THC / intra SNr veh -HP	4 -17	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 37) = 21.28	P < 0.0001
	1H	IP Veh -THC / intra SNr veh -GR73632	6-7	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 26) = 21.50	P < 0.0001
	1I	IP Veh -THC / intra SNr veh -GR73632	6-7	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 26) = 13.93	P < 0.0001
							Interaction F (1, 43) = 4,383	P=0,0422
	1K	WT vs CB1-KO / veh vs WIN	18-27	RM Two way ANOVA (Sidak)	GT x Drug		GT F (1, 43) = 6,752	P=0,0128
							Drug F (1, 43) = 9,609	P=0,0034
	1M	veh vs WIN	22	Paired t-test				P < 0.0001
	2B	WT vs CB1-KO (Total particles)	55 -59	Unpaired t-test				P < 0.0001
	2C	WT vs CB1-KO (pm particles)	55 -59	Unpaired t-test				P < 0.0001
	2D	WT vs CB1-KO (mtCB1 particles)	55 -59	Unpaired t-test				P < 0.0001
	2E	WT vs CB1-KO (CB1+mito/total mitos)	13 -16	Unpaired t-test				P < 0.0001
	2G	WT vs DN22-CB1-KI (Total particles)	58 -61	Unpaired t-test				P = 0.4489
	2H	WT vs DN22-CB1-KI (pm particles)	58 -61	Unpaired t-test				P = 0.6588
	2I	WT vs DN22-CB1-KI (mtCB1 particles)	58 -61	Unpaired t-test				P < 0.0001
	2J	WT vs DN22-CB1-KI (CB1+mito/total mitos)	15 -16	Unpaired t-test				P < 0.0001
		WT WIN vs veh	11	One sample t-test				P < 0.0001
		CB1-KO WIN vs veh	4	One sample t-test				0,3719
	2L	DN22-CB1-KI WIN vs veh	9	One sample t-test				0,8028
		WT, CB1-KO, DN22-CB1-KI (WIN effect)	4 -11	One way ANOVA (Kruskal-Wallis)			F (3, 24) = 17.34	P = 0.0002
		WT WIN vs Baseline	7	Wilcoxon test				P = 0.0156
	3E	DN22-CB1-KI WIN vs Baseline	5	Wilcoxon test				P = 0.3125
		CB1-KO WIN vs Baseline	7	Wilcoxon test				P= 0.0781
		WT vs DN22-CB1-KI vs CB1-KO (WIN effect)	5 -7	One Way ANOVA (Kruskal-Wallis)			F (3, 19) = 14.46	P < 0.0001
	3F	Veh -THC -WIN / WT -DN22-CB1-KI	8 -9	One way ANOVA (Kruskal-Wallis)	Genotype and Treatmants	NO	F (6, 50) = 41.34	P < 0.0001
							Interaction F (2, 44) = 1.173	P = 0.3190
	3G	Veh -THC -WIN / WT -DN22-CB1-KI	8 -9	Two way ANOVA (Tukey)	Treatment x Genotype	YES	Genotype F (1, 44) = 4.722	P = 0.0352
							Treatment F (2, 44) = 50.56	P < 0.0001
	4C	AAV in D1-CB1-KO mice	4 -8	One way ANOVA (Kruskal-Wallis)			F (4, 25) = 9.815	P = 0.0202
		WT WIN vs veh	5	One sample t-test				P = 0.0033
		D1-CB1-KO WIN vs veh	9	One sample t-test				P = 0.8681
	4D	AAV in D1-CB1-KO mice (WIN effect) and ComplexII OXPHOS; CII P, ComplexII OXPHOS; ROX, Residual 6 -9 One way ANOVA (Kruskal-Wallis) F (4, 25) = 16.96 D1-CB1-KO+DN22 WIN vs veh 6 One sample t-test CI L, ComplexI Leak; CI P, ComplexI OXPHOS; CI & CII P, ComplexI D1-CB1-KO+CB1 WIN vs veh 5 One sample t-test	P = 0.0007 P = 0.2280 P = 0.0007
	4E	AAV in D1-CB1-KO mice + THC Oxigen Consumption. 7 -9 Veh-WIN vs veh 5	One way ANOVA (Kruskal-Wallis) One sample t-test		NO	F (5, 40) = 27.55	P < 0.0001 P = 0.0078
	4F	KH7-WIN vs veh	10	One sample t-test				P = 0.2084
		Veh vs KH7 (WIN effect)	5 -10	Mann-Whitney test				P = 0.0007
	4G	IP Veh -THC / intra SNr veh -KH7	5 -9	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 28) = 24.19	P < 0.0001
	4H	IP Veh -THC / intra SNr veh -KH7	5 -10	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 29) = 15.55	P = 0.0014
		Ctr WIN vs veh	6	One sample t-test				P = 0.0038
	4I	mt-sAC WIN vs veh	6	One sample t-test				P = 0.8955
		Ctr vs mt-sAC (WIN effect)	6	Mann-Whitney test				P = 0.0329
	4J	Veh -THC / Ctr vs mt-sAC	5 -9	One way ANOVA (Kruskal-Wallis)	Viral injection and Treatment	NO	F (4, 27) = 18.54	P = 0.0003
	4K	Veh -THC / Ctr vs mt-sAC	5 -9	One way ANOVA (Kruskal-Wallis)	Viral injection and Treatment	NO	F (4, 29) = 16.43	P = 0.0009
	4L	IP Veh -THC / ctr vs PKA-CA or MLS-PKA-CA	5	One way ANOVA (Kruskal-Wallis)	Viral injection and Treatment	NO	F (6, 30) = 22.68	P = 0.0004
	4M	IP Veh -THC / ctr vs PKA-CA or MLS-PKA-CA	5	One way ANOVA (Kruskal-Wallis)	Viral injection and Treatment	NO	F (6, 30) = 21.52	P = 0.0006
		Ctr WIN vs veh	5	One sample t-test				P = 0.0048
	4N	PKA-CA WIN vs veh	5	One sample t-test				P = 0.0035
							780	P=0,0050

MLS-PKA-CA WIN vs veh 5 One sample t-test P = 0.1911 Ctr vs PKA-CA vs MLS-PKA-CA (WIN effect) 5 One way ANOVA (Kruskal-Wallis) F (3, 15) = 8.

Table S2 . Statistical analysis. Related to main Figure 1-4.

 S2 

	S3A							
	S3E							
	S3H	IP Veh -THC /intraSNR V -HP22ng	4-5	One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 19) = 11.71	P = 0.0084
	S3I	IP Veh -THC / IP veh -GR73632		One way ANOVA (Kruskal-Wallis)	Treatments	NO	F (4, 20) = 13.05	P = 0,0045
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INCLUSION AND DIVERSITY

Abstract

The repeated exposure to psychostimulants, such as amphetamine, cause a long-lasting enhancement in the behavioral responses to the drug, called behavioral sensitization. This phenomenon involves several neuronal systems and brain areas, including the dorsal striatum. The endocannabinoid system (ECS) has been proposed to play a role in this effect, but the neuronal basis of this interaction are not established. In the CNS, the ECS exert its functions mainly acting through the cannabinoid type-1 (CB1) receptor, which is highly expressed by both populations of striatal medium spiny neurons (MSNs), forming the direct and indirect pathways. In this study, we show that, while striatal CB1 receptors are not involved in the acute response to amphetamine, the expression of the behavioral sensitization and related synaptic changes requires the activation of CB1 receptors specifically located at striatopallidal MSNs (indirect pathway). These results highlight a new specific role for CB1 receptors activity, which represent a new target for drugs of abuse, and their neuronal adaptations.

DISCUSSION