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Implication des voies descendantes sérotoninergiques dans le contrôle de la nociception dans la maladie de Parkinson Résumé :

La maladie de parkinson (MP) est caractérisée par la perte des neurones à dopamine (DA) dans la substance noire compacte qui s'accompagne de symptômes moteurs caractéristiques mais aussi de symptômes non-moteurs comme la douleur dont les mécanismes ne sont pas encore connus. Outre la DA, d'autres systèmes comme le système sérotoninergique (5-HT) peuvent être affectés par la MP. Or celui-ci est fondamental dans le contrôle de la douleur, ses neurones projetant au niveau de la moelle épinière (ME). Nous émettons donc l'hypothèse que la douleur dans la MP est liée à une perturbation de la modulation douloureuse par les voies descendantes 5-HT. Pour tester cela, nous avons utilisé le modèle 6-OHDA de MP chez la souris. Nous montrons que la déplétion dopaminergique (DA) diminue les seuils douloureux mécaniques bilatéralement, engendre une augmentation de l'activité nociceptive de la corne dorsale de moelle épinière (CDME) et notamment une hyperactivité des neurones nociceptifs de celle-ci. Aussi, elle engendre une augmentation de l'activité de neurones 5-HT du nucleus raphe magnus (NRM) et une augmentation des niveaux de 5-HT dans la ME. Afin de vérifier que l'hypersensibilité observée chez les souris 6-OHDA est directement liée à l'augmentation de l'activité 5-HT, nous avons utilisé des souris transgéniques 5-HTcre et des techniques d'optogénétiques pour spécifiquement inhiber la voie 5-HT descendante. Nous montrons ainsi que l'inhibition de la voie 5-HT permet un rétablissement partiel de la sensibilité douloureuse chez les souris 6-OHDA ainsi qu'une diminution de l'activité nociceptive de la CDME. Ce rétablissement peut être mimé par l'injection intrathécale d'antagonistes des récepteurs 5-HT2a et 3. Tout cela montre que la délétion DA augmente l'activité des neurones 5-HT du NRM induisant une hyperexcitabilité spinale associée à une hypersensibilité douloureuse. Ces résultats révèlent une voie facilitatrice de la 5-HT après déplétion DA alors que chez les souris naïves, il a été montré une inhibition de la douleur par la voie 5-HT descendante, suggérant que le rôle de la 5-HT dans le contrôle de la nociception change en fonction de l'activité de ses neurones. Nous avons donc étudié le rôle du niveau de stimulation de la voie 5-HT sur la nociception. Nous montrons que l'inhibition des voies 5-HT, réduit les seuils de retrait de la patte et augmente l'activité des neurones nociceptifs dans la CDME, révélant un rôle tonique anti-nociceptif de la voie 5-HT en condition normale. Ensuite, nous avons activé les voies 5-HT en utilisant différents protocoles optogénétiques et chémogénétiques. Nous avons confirmé avec l'optogénétique que les stimulations à court terme des neurones 5-HT est analgésique tandis que celles plus longues sont proalgésiques. Les expériences chémogénétiques suggèrent aussi que différentes concentrations de DCZ conduisent à un contrôle opposé de la douleur, mais des expériences supplémentaires sont nécessaires pour consolider ces résultats. Cependant, tout cela étaye l'hypothèse selon laquelle le niveau d'activité des neurones 5-HT régule leur effet sur la transmission nociceptive. Enfin, nous explorons les récepteurs médullaires de la 5-HT impliqués et montrons que l'effet analgésique passe par les récepteurs 5-HT2a et c des interneurones locaux, tandis que l'effet hyperalgésique nécessite le recrutement des récepteurs 5-HT3.

En conclusion, ce travail démontre que (1) le niveau d'activité des neurones 5-HT est un indicateur crucial du contrôle 5-HT de la douleur, allant de l'analgésie à l'hyperalgésie, et que (2) la perte des neurones DA entraîne une augmentation de l'activité de la voie descendante 5-HT, induisant une hypersensibilité nociceptive liées aux récepteurs spinaux 5-HT2a/5-HT3. Cela ouvre à l'exploration de l'utilisation d'antagonistes de la 5-HT dans le traitement potentiel de la douleur chronique dans la MP et l'utilisation de l'activité des neurones 5-HT comme indicateur de douleurs pathologiques.
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Prevalence and incidence of PD in male subjects is increased compared to female subjects [START_REF] Baldereschi | Parkinson's disease and parkinsonism in a longitudinal study : Two-fold higher incidence in men[END_REF]Georgiev et al., 2017). However, this difference tends to decrease with the time: originally at a ratio of 2.06 for men over women in 1990-2000, prevalence has gradually decreased to 1.15 in recent times [START_REF] Zirra | Gender Differences in the Prevalence of Parkinson's Disease[END_REF].

The reason behind the gender difference of incidence and prevalence is not well understood. One argued that age at inclusion might explain the difference but although a difference of age at disease onset between male and female is suggested by some studies [START_REF] Haaxma | Gender differences in Parkinson's disease[END_REF], others show no difference [START_REF] Baba | Progressive supranuclear palsy : Phenotypic sex differences in a clinical cohort[END_REF]Georgiev et al., 2017) and no consensus is drawn there. Another proposed explanation is the possible neuroprotective effect of estrogens in women [START_REF] Bourque | Neuroactive steroids and Parkinson's disease[END_REF] coupled with gender differences in risk factors that may contribute to a higher incidence among men (Georgiev et al., 2017). However, it is important to consider that these differences may also be influenced by gender bias in access to healthcare or the inclusion of patients in studies [START_REF] Annandale | Gender and access to healthcare in the UK : A critical interpretive synthesis of the literature[END_REF][START_REF] Galea | Participation Rates in Epidemiologic Studies[END_REF] especially since door-to-door studies have shown no difference in PD prevalence [START_REF] Bergareche | Prevalence of Parkinson?s disease and other types of Parkinsonism[END_REF].

 Risk factors

PD is a multifactorial disease with both genetic and environmental factors playing a role. As already mentioned, as for other neurodegenerative disease, aging is the principal risk factor even if 10% of the patients are diagnosed before 45 years old [START_REF] Lees | Parkinson's disease[END_REF].

PD is generally an idiopathic disease. Only 10 to 15% of patients report a family history and only 5% have mendelian inheritance [START_REF] Kalinderi | The genetic background of Parkinson's disease : Current progress and future prospects[END_REF]. [START_REF] Bourgoin | Electrical stimulation of the nucleus raphe magnus in the rat. Effects on 5-HT metabolism in the spinal cord[END_REF] PARK genes have been identified as potentially causing PD, although the implication in PD is not conclusively confirmed for all of them, and some are only considered as risk factors. The gene mutations causing most of the sporadic cases are the mutation of GBA1 (encoding β-glucocerebrosidase), LRRK2 (encoding leucine-rich repeat kinase 2) and genes linked to mitochondrial homeostasis PPKN, PINK1 and DJ-1 [START_REF] Van Geest | Parkinson's Disease : Etiology, Neuropathology, and Pathogenesis[END_REF]. Investigating the genetics risk factor help to understand pathogenic pathway relevant to PD development. They include alpha-synuclein accumulation, mitochondrial dysfunction, oxidative stress, impairment of dopamine release or synaptic vesicle cycle dysfunction [START_REF] Deng | The genetics of Parkinson disease[END_REF].

It is thus thought that PD is mostly due to a combination of genetic and environmental factors. Some of them have been identified: heavy and long-term smokers have a decreased risk to develop PD than non-smokers [START_REF] Hernán | A meta-analysis of coffee drinking, cigarette smoking, and the risk of Parkinson's disease[END_REF]. The reason of it is not well understood yet but nicotine and acetylcholine receptors might be involved. Agonists of these receptors show protective effect in animal model [START_REF] Bordia | The α7 nicotinic receptor agonist ABT-107 protects against nigrostriatal damage in rats with unilateral 6-hydroxydopamine lesions[END_REF]. Also, coffee consumption has a protective effect against PD especially in men as coffee drinkers show a 25% risk reduction of developing PD [START_REF] Noyce | Meta-analysis of early nonmotor features and risk factors for Parkinson disease[END_REF].

One of the major risk factors is the contact with pesticides, chemical products or halogenated solvents as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), Rotenone, Paraquat or Trichloroethylene (TCE) [START_REF] De Miranda | Trichloroethylene, a ubiquitous environmental contaminant in the risk for Parkinson's disease[END_REF][START_REF] Dinis-Oliveira | Paraquat exposure as an etiological factor of Parkinson's disease[END_REF][START_REF] Ilieva | Oral ingestion of the environmental toxicant trichloroethylene in rats induces alterations in the gut microbiome : Relevance to idiopathic Parkinson's disease[END_REF][START_REF] Semchuk | Parkinson's disease and exposure to agricultural work and pesticide chemicals[END_REF][START_REF] Van Geest | Parkinson's Disease : Etiology, Neuropathology, and Pathogenesis[END_REF] to the extent that France has even acknowledge PD as work-related illness for professionals exposed to pesticides, such as farmers (INRS, 2020).

MPTP treatment is even used to model many features of Parkinson disease on lab animals (no-human primates and mice). It has the ability to damage directly the dopaminergic neurons which is one of the major features of PD. MPTP is metabolized in the brain in MPP+ that enters DA neurons through DA transporter DAT. Reaching toxic levels, the compounds inhibit the Complex 1 of the mitochondrial respiratory chain, which results in oxidative stress leading to the damage of the neurons. [START_REF] Langston | The MPTP Story[END_REF][START_REF] Speciale | MPTP : Insights into parkinsonian neurodegeneration[END_REF]. Rotenone also inhibits mitochondrial complex I, inducing oxidative stress, which result in the development of PD-like motor disabilities in the rat [START_REF] Sanders | Oxidative damage to macromolecules in human Parkinson's disease and the rotenone model[END_REF].

Neuropathology PD is mainly associated with the degeneration of darkly pigmented dopaminergic neurons of the SNc [START_REF] Fearnley | AGEING AND PARKINSON'S DISEASE : SUBSTANTIA NIGRA REGIONAL SELECTIVITY[END_REF] which is associated to the apparition of the motor symptoms. Loss of dopaminergic neurons is progressive throughout the disease. It is initially restricted to ventral SNpc but, by the end-stage of the disease, it becomes more widespread and affect other midbrain dopaminergiccell containing neurons [START_REF] Damier | The substantia nigra of the human brain[END_REF]. At motor symptoms onset, 60% of SNc DA neurons is already degenerated suggesting the degeneration to start years before [START_REF] Mullin | Pathogenic Mechanisms of Neurodegeneration in Parkinson Disease[END_REF][START_REF] Radhakrishnan | Parkinson's disease : A review[END_REF].

Besides DA depletion, a hallmark of the disease is the presence of α-synuclein aggregates referred as Lewy bodies in neurons. Accumulation of Lewy bodies in the cell induced a perturbation of its metabolism [START_REF] Xilouri | Alpha-synuclein and Protein Degradation Systems : A Reciprocal Relationship[END_REF] and its degradation. Alpha-synuclein aggregation is progressive throughout the disease. It is hypothesized that once α-synuclein aggregates have formed in a neuron, they can be transported intra-axonally to other brain regions, be released into the extracellular space, be taken up by neighboring neurons and seed aggregation of endogenous α-synuclein once inside their new cellular host [START_REF] Brundin | Prion-like transmission of protein aggregates in neurodegenerative diseases[END_REF].

Braak defined different stages to described the spreading of the disease fig 1: he suggests that the first aggregates are formed at the level of the olfactory bulb and the gut enteric nerve [START_REF] Hawkes | Parkinson's disease : A dual-hit hypothesis[END_REF]. This corresponds to stage I. Then, Braak stage II corresponds to the appearance of Lewy bodies in the cholinergic and monoaminergic lower brainstem neurons. Braak Stage III and IV correspond to the infiltration of Lewy-bodies to cholinergic and monoaminergic neurons in the midbrain and basal forebrain. SNc is described as affected at this stage. Lasts steps corresponds to the presence of aggregates in the limbic and neocortical brain regions. [START_REF] Wolters | Parkinson's disease : Premotor clinico-pathological correlations[END_REF]. Braak stages description aligns to the clinical description of the symptoms: PD has very long prodromal period characterized by numerous non-motor symptoms starting with olfactory loss and autonomic dysfunction before the onset of motor symptoms.

However, the symptomatic phenotypes of patients can be very heterogeneous and Braak theory has faced criticism as it does not fit all the clinical cases [START_REF] Burke | A critical evaluation of the Braak staging scheme for Parkinson's disease[END_REF]. For example, Per Borghammer brought the possibility of Brain-first/Body-first classification depending if nigrostriatal dysfunction appears before or after peripheral autonomous system one [START_REF] Borghammer | Brain-First versus Gut-First Parkinson's Disease : A Hypothesis[END_REF].

Symptoms

PD is defined clinically by the presence of bradykinesia in combination with at least one more manifestation: muscular rigidity, rest tremor or postural instability (the latter being a feature of the more advanced form of the disease) [START_REF] Hughes | Accuracy of clinical diagnosis of idiopathic Parkinson's disease : A clinico-pathological study of 100 cases[END_REF]. Bradykinesia in PD context is defined as "slowness of movement and decrement in amplitude or speed (or progressive hesitation/halts) as movement are continued" [START_REF] Bologna | Redefining Bradykinesia[END_REF].

Beside the well-known motor symptoms, PD is accompanied by several non-motor symptoms some of which can manifest up to 20 years before the clinical diagnosis during the prodromal phases [START_REF] Fereshtehnejad | Evolution of prodromal Parkinson's disease and dementia with Lewy bodies : A prospective study[END_REF]. These early non-motor symptoms include hyposmia, rapid eye movement sleep behavior disorder, depression, and constipation during the prodromal stage. Subsequently, as the condition progresses, patients may experience fatigue, mild cognitive impairment, and pain. Once motor symptoms become evident, non-motor symptoms persist and may even intensify, including new symptoms like urinary problems, hallucinations, or sexual dysfunction fig2. From all the non-motor symptoms, PD pain, which will be our interest in this manuscript, is one of the most frequent symptoms as it affects up to 95% of the patients (Blanchet & Brefel-Courbon, 2018).

Patients describe it as one of the most troublesome non-motor symptoms throughout the disease (Politis et al., 2010) and for some of them, pain is even qualified as the most distressing symptom of the disease [START_REF] Ford | Pain in Parkinson's disease[END_REF]. Pain symptoms significantly impact patients' quality of life, often emerging during the early motor stage of PD. Pain can even appear in the prodromal phase before diagnosis and the onset of motor features [START_REF] Durcan | Prevalence and duration of non-motor symptoms in prodromal Parkinson's disease[END_REF].

Pain in Parkinson disease

What is pain ? a) Pain definition

Although pain is an unpleasant experience, it is fundamental in our well-being to feel pain as it is a powerful protective mechanism. Patients with insensitivity to pain show a decrease life span mostly due to self-mutilation, repetitive fractures and excessive risk-taking behavior leading to higher mortality in early life [START_REF] Bennett | Painful and painless channelopathies[END_REF]. We all, expect pathological exceptions, have already experienced pain during our life but everybody has its own definition of pain. Defining pain is not an easy task as pain is a subjective experience that is influenced to varying degrees by biological, psychological and social factors. The actual International Association for the Study of Pain (IAPS) definition of pain (2020) is : "

An unpleasant sensory and emotional experience associated with, or resembling that associated with, actual or potential tissue damage" [START_REF] Raja | The revised International Association for the Study of Pain definition of pain : Concepts, challenges, and compromises[END_REF].

The "unpleasant sensory and emotional experience" part of the definition remind us that pain and nociception are different phenomena. Indeed, the definition of nociception is restricted to the neural process of encoding noxious stimuli while pain cannot be inferred solely from activity in sensory neurons. Some are even recognizing pain as "a psychological concept and not a physical one" [START_REF] Merskey | Logic, truth and language in concepts of pain[END_REF].

Pain is a multi-dimension concept which can be divided as : sensory-discriminative dimension that refers to the sensation of pain itself with its physical characteristics such as location, intensity, duration; motivational-affective dimension which refers to the degree of unpleasantness of the experience and how the patient react to it (escape, worry...); cognitive-evaluated dimension based on subject beliefs, cultural values and its own pas experience of pain [START_REF] Gandolfi | Understanding and Treating Pain Syndromes in Parkinson's Disease[END_REF][START_REF] Millan | The induction of pain : An integrative review[END_REF]. These dimensions are interrelated and their neural encoding is thought to raise from the "pain matrix" activity. Pain matrix is a group of brain structures jointly activated by painful stimuli described as a "fluid system composed of several interacting networks" [START_REF] Garcia-Larrea | Pain matrices and neuropathic pain matrices : A review[END_REF]. There are two classical mechanisms by which pain perception can be altered: either the intensity of the pain sensation changes, or the threshold at which pain is perceived is modified.

The modification of the intensity of pain sensation is called hyperalgesia, which is defined by IASP as "increased pain in response to a stimulus that normally provokes pain." On the other hand, allodynia refers to a lowered pain threshold, where a stimulus typically considered innocuous can now elicit a sensation of pain. For example, a light touch with a pencil may generate pain (see fig3).

Hyperalgesia and allodynia are evaluated in both preclinical and clinical studies and allow to evaluate perturbation of the sensory-discriminative component of pain. In clinical settings, allodynia and hyperalgesia are defined based on the sensations experienced after a stimulus that would typically not cause pain in individuals without pain conditions or when applied to a non-affected part of the patient's body [START_REF] Jensen | Allodynia and hyperalgesia in neuropathic pain : Clinical manifestations and mechanisms[END_REF].

When tissue damage occurs, the resulting heightened pain sensitivity at the injury site is termed primary hyperalgesia or allodynia. Then a secondary hyperalgesia or allodynia can appear with the development of increased pain sensitivity in areas adjacent to or distant from the injury site. These primary and secondary hyperalgesia and allodynia highlight changes in either peripheral or central nervous system referred as peripheral or central sensitization.

Sensitization can have various origins, leading to the classification of pain into different categories : i) nociceptive pain is defined as "the sensation associated with the detection of potentially tissue- damaging noxious and is due to activation of nociceptors" (IASP, 2020). It represents the response to noxious stimuli or injury of tissue. ii) Neuropathic pain is caused by a lesion or disease of the somatosensory nervous system [START_REF] Woolf | What is this thing called pain?[END_REF]. It can be due to the affection of the peripheral or central nervous system. Last, iii) nociplastic pain concerns all the rest of pain which cannot be defined by the precedent definitions (IASP, 2020). This classification help to distinguish the different types of pain to identify shared or distinct biological mechanisms. It also helps to improved treatment especially when pain persists and become pathological.

Indeed, while sensitization is a natural and physiological response to injury, serving a protective function by discouraging contact with the injured area to facilitate healing, it becomes problematic when such pain persists beyond the healing phase. In cases of prolonged pain, the initially advantageous effects are lost, ultimately having detrimental effects on the patient's quality of life (Basbaum et al., 2009;[START_REF] Latremoliere | Central Sensitization : A Generator of Pain Hypersensitivity by Central Neural Plasticity[END_REF].

During this transition, pain stops playing a protective role, transforming from acute, where it acts as a signal for injury and helps in preserving the organism's integrity, to chronic, where the perception of pain persists and debilitates even in the absence of injured tissue.

Chronic pain is defined as pain that persists after normal healing time. Recognizing the challenge of defining a precise "normal healing time" especially for condition as neuropathy, the International Association for the Study of Pain (IASP) has established this duration as 3 months [START_REF] Treede | Chronic pain as a symptom or a disease : The IASP Classification of Chronic Pain for the International Classification of Diseases (ICD-11)[END_REF].

Chronic pain is a real burden for our societies : it is a frequent condition affecting around 20% of the population worldwide [START_REF] Breivik | Survey of chronic pain in Europe : Prevalence, impact on daily life, and treatment[END_REF][START_REF] Sá | Prevalence of chronic pain in developing countries : Systematic review and metaanalysis[END_REF][START_REF] Yong | Prevalence of chronic pain among adults in the United States[END_REF]. It is currently one of the most frequent causes for patients to seek medical care [START_REF] Treede | Chronic pain as a symptom or a disease : The IASP Classification of Chronic Pain for the International Classification of Diseases (ICD-11)[END_REF] as it affects strongly the quality of life of the patients. It is considered that 1/3 rd of chronic pain patients are in severe pain and half of them are in constant pain [START_REF] Breivik | Survey of chronic pain in Europe : Prevalence, impact on daily life, and treatment[END_REF]. Moreover, an extensive study of prevalence, impact on daily life and treatment of European chronic pain shows that around 40% of chronic pain patients have inadequate management of their pain due to difficulties of diagnosis and non-efficiency of the prescribed drugs.

Description of PD pain syndromes

Chronic pain manifestation in PD patients was already described in the early clinical description of the disease. "Complained of extreme pain in the back" or "Stomach pain" are already mentioned in the "Essay on the shaking palsy" publication of James Parkinson in 1817 [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF]. Later, Charcot and his students established Parkinson's disease as a distinct entity separate from multiple sclerosis and conducted a full clinical examination of the disease, they included a description of pain associated to the disease [START_REF] Charcot | Lecons sur, les maladies du système nerveux[END_REF][START_REF] Goetz | The History of Parkinson's Disease : Early Clinical Descriptions and Neurological Therapies[END_REF]. The proportion of PD patients having chronic pain is even higher than in the general population (20% vs 50-95%) suggesting a direct unknown link between physiopathology of PD and chronic pain [START_REF] Beiske | Pain in Parkinson's disease : Prevalence and characteristics[END_REF].

Pain in PD is expressed through various and heterogeneous syndroms that are difficult to describe for patients as well as for neurologists. Various features are reported such as muscle cramps, painful dystonia, aching, numbness, tingling, burning, vibrating, or lancinating pain. Some are disappearing with motor improvement and others not. Therefore, there is a growing need for classifying PD pain syndromes to enhance the understanding of the origins of these conditions and therefore assist clinicians in providing effective treatment to PD patients.

Nègre-Pages et al, proposed to discriminate pain depending on its relationship with PD: pain syndromes are defined as "PD-pain" if it has a temporal and/or topographical relationship with PD (onset and location), if it is influenced by motor complications or by antiparkinsonian medication and depending also on the patient's opinion about the relationship between pain and PD. Otherwise pain is considered as "not related to PD" [START_REF] Nègre-Pagès | Chronic pain in Parkinson's disease : The cross-sectional French DoPaMiP survey[END_REF].

Following this, a series of proposals for classifying pain syndromes in Parkinson's disease emerged.

The first classification of PD pain divided pain syndromes into 5 categories depending on the clinical approach used to treat it: Musculoskeletal, Radicular/neuropathic pain, Dystonia, Central or primary pain and Akathisia [START_REF] Ford | Pain in Parkinson's disease[END_REF] It proposes thus to adapt any therapeutic approach to the type of pain but it has to be taking into account that different syndromes can cohabit within the same patients.

Lee and colleagues propose to categorize pain with a pathological approach. In this classification they first define pain as neuropathic, or nociceptive and second they separate pain from its relationship with PD and its treatment (M. A. [START_REF] Lee | A Survey of Pain in Idiopathic Parkinson's Disease[END_REF]. As knowledge increased about the disease, Wasner and Deuschl refined the previous classification, proposed a combination of it and added miscellaneous category as sources of pain in PD (Wasner & Deuschl, 2012) fig4.

However, this classification still lacks clarity especially concerning this miscellaneous pain which is not clearly defined.

Marques thus proposed to classified different types of pain based on chronic pain definition separating nociceptive, neuropathic and nociplastic pain [START_REF] Marlier | Autoradiographic mapping of 5-HT1, 5-HT1A, 5-HT1B and 5-HT2 receptors in the rat spinal cord[END_REF] Table 2.

From these classifications, prevalence rate of the different pain types was described. However, they are very heterogeneous among studies due to different focus of the study, severity stages in the studied PD populations, or methods of classification used. Musculoskeletal pain is the most prevalent one with up to 74% of prevalence then come dystonic and radicular-neuropathic pain with a prevalence of 11 to 44% and 4 to 35.6% respectively. Central pain which is described with the highest severity [START_REF] Ozturk | Chronic pain in Parkinson's disease : Frequency, characteristics, independent factors, and relationship with healthrelated quality of life[END_REF] occurs with a prevalence between 8 to 35% of the patients (Marques & Brefel-Courbon, 2021).

To add to the complexity of diagnosis and treatment, patients are presenting several pain types: 47% of them are presenting at least 2 PD pain types. And, except for arthritis pain, all types of pain are more prevalent in advanced-stage subjects [START_REF] Valkovic | Pain in Parkinson´s Disease : A Cross-Sectional Study of Its Prevalence, Types, and Relationship to Depression and Quality of Life[END_REF].

Overall, although these classifications help the clinicians to find appropriate medication, current treatments are still poorly efficient because notably to the lack of knowledge of each syndrome's pathophysiology and origins.

At the beginning of the 60s, clinicians started attributing sensory symptoms as aching or burning to alteration of central nervous system but most of them still were considering that these sensory were a consequence of motor symptoms (rigidity, bradykinesia) or were side effects of antiparkinsonian medication [START_REF] Boshes | Therapeutic uses and side effects of L-dopa[END_REF]. However this model starts to fail in the mid 70's, when Snider and colleagues, reported that up to 50% of their patients experience recurrent pain and others sensations that could not be directly attributed to musculoskeletal symptoms [START_REF] Snider | Primary sensory symptoms in parkinsonism[END_REF].

It is now a consensus that the "musculogenic" origin for all pain symptoms is too simplistic as it cannot be applied to all expressed pain syndromes in PD patients. Indeed, pain could appear before the motor symptoms [START_REF] Durcan | Prevalence and duration of non-motor symptoms in prodromal Parkinson's disease[END_REF]. Moreover, it has been shown that some patients with motor impairments and rigidity do not have pain and that the severity of PD symptoms are not correlated with the presence of pain [START_REF] Goetz | Pain in Parkinson's disease[END_REF]. Plus, although it is clear that motor status can aggravate pain in patients, a significative proportions of patients remain with pain despite motor improvement (Cury, Galhardoni, Fonoff, et al., 2016;[START_REF] Spielberger | The influence of deep brain stimulation on pain perception in Parkinson's disease[END_REF].

In the case of subthalamic deep brain stimulation (STN-DBS), a treatment used to address refractory motor complications in PD, it has been shown to partially relieve pain of PD patients [START_REF] Askari | Dorsal subthalamic deep brain stimulation improves pain in Parkinson's disease[END_REF]Cury, Galhardoni, Teixeira, et al., 2016). However, it is not clear whether STN-DBS analgesic properties are related to potential effects on sensory thresholds or are secondary to motor improvement. This uncertainty is especially notable considering that DBS has been found to be effective in treating different types of pain, including central pain, neuritic/radicular pain, and musculoskeletal pain (Cury, Galhardoni, Teixeira, et al., 2016;[START_REF] Geroin | Integrated Approach for Pain Management in Parkinson Disease[END_REF] so not only pain related to motor symptoms.

Additionnaly, studies examining evoked pain stimuli in pain-free PD patients, both under L-Dopa treatment and without it, have revealed abnormalities in nociceptive input processing compared to healthy individuals [START_REF] Tinazzi | Abnormal processing of the nociceptive input in Parkinson's disease : A study with CO2 laser evoked potentials[END_REF][START_REF] Tinazzi | Hyperalgesia and laser evoked potentials alterations in hemiparkinson : Evidence for an abnormal nociceptive processing[END_REF].

Thus, from all these data, it is clear that PD pain symptoms cannot be attributed only to motor features but are also linked to abnormal pain processing in PD.

Treatments against PD pain

Given that PD is primarily characterized by disruptions of dopaminergic system and basal ganglia, the initial treatment approach consists of dopaminergic treatments, which are also the primary treatments for addressing motor symptoms. This is guided also by the fact that PD patients frequently report pain during their off-states (i.e. when medication effect wear off) and levodopa can reverse altered pain nociceptive perception with higher threshold in on-state [START_REF] Rukavina | Pain in Parkinson's disease : New concepts in pathogenesis and treatment[END_REF].

It has been shown that indeed, additionally to motor symptoms relief, dopaminergic treatments are also able to partially elevates pain in PD patients : patients taking L-Dopa treatment can experience partial or complete remission of pain during on period (i.e. when treatments diminished motor symptoms) [START_REF] Nebe | Pain intensity on and off levodopa in patients with Parkinson's disease[END_REF]. Dopamine agonist have been also tested : Apomorphine, a shortacting D1-and D2-like receptor agonist with an efficacy comparable to that of L-DOPA, has been shown

to have an effect on pain [START_REF] Carbone | Apomorphine for Parkinson's Disease : Efficacy and Safety of Current and New Formulations[END_REF]. Also, patches containing the dopamine agonist rotigonin can also improve pain symptoms as painful posturing in the morning and pain in arms and legs during night [START_REF] Trenkwalder | Rotigotine effects on early morning motor function and sleep in Parkinson's disease : A double-blind, randomized, placebo-controlled study (RECOVER)[END_REF].

The mechanisms underlying the effects of dopaminergic treatment on pain relief in PD are not fully understood. While the partial pain relief may be attributed to the alleviation of motor symptoms, it's important to note that dopaminergic treatment has demonstrated a partial positive effect on other types of pain that are not directly linked to motor symptoms [START_REF] Beiske | Pain in Parkinson's disease : Prevalence and characteristics[END_REF]. This suggests that dopamine agonists may play a role in normalizing abnormal pain processing in PD. Additionally, studies have demonstrated that pain threshold, which is lower in PD patients, can be increased after L-DOPA administration [START_REF] Gerdelat-Mas | Levodopa raises objective pain threshold in Parkinson's disease : A RIII reflex study[END_REF]. This improvement is associated with the fact that PD patients have higher pain-induced activation in nociceptive pathways, which can be reduced by L-DOPA (Brefel-Courbon et al., 2005).

Still, dopaminergic treatments are effective in only 30% of patients [START_REF] Buhmann | Management of Pain in Parkinson's Disease[END_REF] and have a limited impact on all types of pain symptoms. To illustrate this point, Wasner and Deuschl introduced a classification system based on the response to dopamine treatment. They categorized pain into two distinct groups: "dopaminergically maintained pain (DMP)", which refers to pain that shows at least partial responsiveness to antiparkinson medication, and "dopaminergically independent pain", where antiparkinson medication has little to no analgesic effect (Wasner & Deuschl, 2012).

Also we should note that apomorphine seems to not be able to reproduce the threshold modification observed with L-Dopa treatment [START_REF] Dellapina | Apomorphine effect on pain threshold in Parkinson's disease : A clinical and positron emission tomography study[END_REF]. This suggests that the anti-nociceptive role of L-DOPA might be carried by other monoamine system knowing that L-Dopa can be also converted in norepinephrine [START_REF] Dolphin | Noradrenaline synthesis from L-DOPA in rodents and its relationship to motor activity[END_REF]) and can interact with serotonin system [START_REF] Carta | Dopamine released from 5-HT terminals is the cause of l-DOPA-induced dyskinesia in parkinsonian rats[END_REF].

All of this underscores that dopaminergic disruption alone is insufficient to explain the entire pathophysiology of PD pain. Therefore, the use of other treatments targeting different systems is necessary to complement and effectively manage PD-related pain. However, to date no clear guidelines for management are available, therefore, to treat "dopamine independent pain", clinicians turn to traditional treatments for chronic pain, such as neuropathic pain medications and antinociceptive drugs.

The most used treatments are the classical pain killers non-steroidal anti-inflammatory drug as Ibuprofen and diclofenac. PD patients are also taking paracetamol and opioid derivatives as tramadol, codeine or morphine [START_REF] Buhmann | Management of Pain in Parkinson's Disease[END_REF][START_REF] Geroin | Integrated Approach for Pain Management in Parkinson Disease[END_REF]. The use of oxycodone/naloxone prolonged release was classified as 'possibly useful' for central, musculoskeletal and nocturnal pain in the International Parkinson and Movement Disorder Society Evidence-Based Medicine Committee's recommendations for the treatment of NMS in Parkinson's disease [START_REF] Seppi | Update on treatments for nonmotor symptoms of Parkinson's disease-An evidence-based medicine review[END_REF][START_REF] Trenkwalder | Prolonged-release oxycodone-naloxone for treatment of severe pain in patients with Parkinson's disease (PANDA) : A double-blind, randomised, placebo-controlled trial[END_REF].

For peripheral and central PD pain, anti-neuropathic treatments are used. We should mention anticonvulsants as gabapentin which has analgesic effect due to its affinity to α2 delta subunit of voltage-gated calcium channels on primary afferent nerves reducing the release of neurotransmitters central terminals as well as its interaction with NMDAR complex leading to an inhibition of NMDA receptors action [START_REF] Russo | Gabapentin-Friend or foe?[END_REF][START_REF] Taylor | Analgesia with Gabapentin and Pregabalin May Involve N-Methyld-Aspartate Receptors, Neurexins, and Thrombospondins[END_REF].

Antidepressants, including tricyclic antidepressants and serotonin-norepinephrine reuptake inhibitors (SNRIs), are prescribed to alleviate central pain in PD [START_REF] Buhmann | Management of Pain in Parkinson's Disease[END_REF]Wasner & Deuschl, 2012). However, there is still ongoing debate and uncertainty regarding the direct painrelieving effects of antidepressants in PD, as contradictory findings exist [START_REF] Anghelescu | Antidepressants Effects on Pain in Parkinson Disease : A Systematic Review[END_REF].

Nonetheless, there is evidence suggesting that duloxetine, an SNRI, may be effective in treating central pain associated with PD (Djaldetti et al., 2004).

This data implies that treatments targeting monoaminergic systems other than the dopaminergic system can alleviate pain symptoms, once again suggesting the involvement of the noradrenaline and serotonin systems in the pathophysiology of PD pain.

To summarize, clinical evidences suggest that PD pain is related to abnormal pain processing, implicating not only the dopaminergic system but also the noradrenergic and serotoninergic systems.

However, the specific mechanisms driving PD pain remain elusive, making its management challenging.

To get a better understanding of how these systems are involved in PD pain, studies are being conducted using preclinical PD models designed to mimic the clinical characteristics of PD.

Preclinical PD pain model

Different categories of animal models exist based on the approach used to induce PD symptoms:

toxins induced models and genetic models. They all serve to provide information on pathophysiological mechanisms underlying PD symptoms. Here, a brief description of genetic models will be provided but we will focus our attention on toxin induced models and notably to 6-OHDA model as it is the one used in this thesis.

a) Genetic models

As described in the introduction, one reason of the development of PD is gene mutations thus corresponding animal models have been developed. These models mostly lead to the abnormal production of PD-related proteins such as alpha-synuclein, parkin, PINK1, DJ-1, LRRK2 or UCHL1.

Nociceptive behavior has rarely been investigated in this models and when it is the case, no difference of nociception was shown [START_REF] Buhidma | Potential of animal models for advancing the understanding and treatment of pain in Parkinson's disease[END_REF]. Another transgenic mouse, the Pitx3 416inG mouse, model used first to model for eye dysfunction, showed symptoms very similar to PD ones including decrease pain threshold making it a valuable new model [START_REF] Rosemann | Microphthalmia, parkinsonism, and enhanced nociception in Pitx3416insGmice[END_REF].

b) Toxins induced models

 MPTP models

As described previously in the introduction, MPTP is a chemical substance inducing a degeneration of DAT expressing neurons by entering the cell through it, perturbing the complex I of the mitochondrial electron transport chain and leading to oxidative stress [START_REF] Speciale | MPTP : Insights into parkinsonian neurodegeneration[END_REF]. MPTP is administered usually systemically (intraperitoneally, intramuscularly & subcutaneous injection or intracarotid infusion) in different species (mice, cats and primates) with various efficiency depending on the strain lines and the species used: the sensitivity to MPTP and therefore its ability to induce parkinsonism closely follows the phylogenetic tree and the species most closely related to humans are the most vulnerable to this neurotoxin [START_REF] Przedborski | REVIEW ARTICLE The parkinsonian toxin[END_REF]. One of the MPTP model limitations was that most protocols of MPTP administration use acute drug treatments and fail to mimic the progressive nature of PD inducing directly up to 93% lesion of SNc. Thus chronic MPTP protocol were proposed to overcome this problem [START_REF] Betarbet | Animal models of Parkinson's disease[END_REF].

While MPTP treatment effectively replicates motor impairment and pathological aspects of Parkinsonism, especially in non-human primates which are still considered as the most predictive animal model of PD (Aron Badin et al., 2015), it does not replicate the presence of Lewy bodies in the brain.

Inclusion bodies might be observed in MPTP-treated monkeys but they do not display the fully convincing morphological and immunocytochemical features, characteristics of the human inclusion bodies in PD [START_REF] Forno | Similarities and differences between MPTP-induced parkinsonsim and Parkinson's disease. Neuropathologic considerations[END_REF].

To date, only few studies have investigated nociceptive changes in the MPTP model. To our knowledge only 3 mice studies looked at pain sensitivity and they all demonstrate the induction of hypersensitivity after injection of MPTP: MPTP injected mice present a decrease in latencies in tail flick and hot plate tests [START_REF] Park | Pain perception in acute model mice of Parkinson's disease induced by 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP)[END_REF][START_REF] Rosland | Acute and Long Term Effects of 1-Methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) in Tests of Nociception in Mice[END_REF][START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF], a decrease in mechanical threshold [START_REF] Park | Pain perception in acute model mice of Parkinson's disease induced by 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP)[END_REF][START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF] as well as an increase in mechanical allodynia (Zhou et al., 2021).

 6-OHDA models

The 6-hydroxydopamine (6-OHDA) induced model is the most commonly employed neurotoxin model. 6-OHDA is a neurotoxin that was first described in 1971 by Ungertedt as inducing neurodegeneration of dopaminergic neurons if injected in the substantia nigra. 6-OHDA enters the cells through dopamine transporter (DAT) and the noradrenaline reuptake transporter. However, a selective entrance via the DAT transporter can be achieved when coadministered with desipramine. Once in the cell, 6-OHDA, as MPTP or most of the neurotoxins, inhibits complexes I and IV of the mitochondrial respiratory chain and induces oxidative stress and neuroinflammation [START_REF] Buhidma | Potential of animal models for advancing the understanding and treatment of pain in Parkinson's disease[END_REF]. This leads to the loss of DA neurons leading to the manifestation of motor symptoms as akinesia. 6-OHDA models is useful to study to motor symptoms. These symptoms can be reduced by L-Dopa treatment but repeatedly L-Dopa administration can lead, as for humans, to the onset of abnormal involuntary movements (AIMs) in animals. Thus, the 6-OHDA model can also be useful for study of the mechanisms responsible for treatment-related dyskinesia [START_REF] Duty | Animal models of Parkinson's disease : A source of novel treatments and clues to the cause of the disease[END_REF].

We can separate different model depending on the injection site and the 6-OHDA dose employed which will determine the level of DA depletion.

6-OHDA can be injected in the SNc, the medial forebrain bundle (MFB) or in the striatum.

In the case of injection in the SNc or MFB, DA neurons start degenerating within 24h and the SNc degeneration reaches 90% of SNc neurons 5 weeks after MFB injection (Sarre et al., 2004). In this model, striatal DA reduction is also massive as it reaches its maximum already after 3-4 days after SNc lesion [START_REF] Faull | Changes in dopamine levels in the corpus striatum following lesions in the substantia nigra[END_REF] while the complete loss of dopamine content is reach at 3 weeks after injection (Sarre et al., 2004).

In contrast, striatal 6-OHDA injection induces a more progressive degeneration of SNc neurons and the level of DA stratial loss is dependent on the dose injected (C. S. [START_REF] Lee | Dopaminergic neuronal degeneration and motor impairments following axon terminal lesion by intrastriatal 6-hydroxydopamine in the rat[END_REF]. Thus this model can be used to model initial stages of PD when 50% of DA neurons are still intact [START_REF] Bové | Neurotoxin-based models of Parkinson's disease[END_REF].

Injection are mainly unilateral especially for MFB and SNc injection. Indeed, injected in both hemispheres, bilateral depletion of the nigro-striatal dopamine (DA) system can lead to a high death rate due to aphagia, adipsia and seizures [START_REF] Ungerstedt | Adipsia and Aphagia after 6-Hydroxydopamine Induced Degeneration of the Nigro-striatal Dopamine System[END_REF]. Thus, bilateral model is used only in partial depletion model.

Rat models were primarily preferred as their size makes observations easier than in mice. Also, their higher survival rate and the fact that their monitoring after 6-OHDA injection is easier than mice favored their use. Nevertheless, the need of specific genetic lines for mechanistic studies pushed the use of mice.

Concerning pain behavior in these models, in both species, 6-OHDA injection induces pain hypersensitivity. Depending on the site and doses of the 6-OHDA injection, the precise pain behavior of the animals can differ. In summary, 6-OHDA unilateral MFB model leads to bilateral mechanical and thermal hypersensitivity revealed by decrease mechanical withdrawal threshold during Von Frey tests [START_REF] Cao | Restoring Spinal Noradrenergic Inhibitory Tone Attenuates Pain Hypersensitivity in a Rat Model of Parkinson's Disease[END_REF][START_REF] Chen | Dopaminergic imaging of nonmotor manifestations in a rat model of Parkinson's disease by fMRI[END_REF]Gee et al., 2015, p. 20;Luan et al., 2020;[START_REF] Park | Pain perception in acute model mice of Parkinson's disease induced by 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP)[END_REF]Wang et al., 2017;[START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF]; decrease latencies in hot plate test, tail flick tests or plantar test and increase in nociceptive behavior after chemical stimulus [START_REF] Cao | Restoring Spinal Noradrenergic Inhibitory Tone Attenuates Pain Hypersensitivity in a Rat Model of Parkinson's Disease[END_REF]Chudler & Dong, 1995).

However, some studies showed 6-OHDA impacts ipsilateral paws to the lesion onlyand induces no difference of mechanical or thermal thresholds of the contralateral paws compared to sham (Charles et al., 2018;[START_REF] Takeda | Intrastriatal grafts of fetal ventral mesencephalon improve allodynia-like withdrawal response to mechanical stimulation in a rat model of Parkinson's disease[END_REF]. Also, some studies failed to demonstrate a heat hypersensitivity particularly with the tail flick test. Detailed tables in the reviews [START_REF] Buhidma | Potential of animal models for advancing the understanding and treatment of pain in Parkinson's disease[END_REF]Faivre et al., 2019) refer the changes in pain perception observed in 6-OHDA animals compared to control groups in different studies with different models.

These models are then used to understand the mechanisms leading to the hypersensitivity observed.

Pathophysiology of PD pain

As we saw, the pathophysiology of pain in PD is still not well understood, and the mechanisms responsible for the pain symptoms remain unclear. Preclinical models provide a valuable means to explore the circuits associated with pain perception and to uncover how dopamine depletion can impact these circuits. Before presenting the studies's conclusion, it is crucial to describe the pain circuits involved.

I. Description of pain circuits

Ascending pathways convey nociceptive signals from the periphery to the central nervous system through the dorsal horn of the spinal cord (DHSC). In the brain, the information is integrated and pain perception is then created (see above definition and pain matrix). The ascending pathway is highly modulated by the descending pathways originating from supraspinal structures and targeting the DHSC which serves as pivotal integration center. This constitutes the endogenous pain control system. fig 5. From periphery to central nervous system a) Primary afferent fibers

Signal coming from the stimulated tissue is carried to the DHSC by the peripheral nervous system (PNS) which contains sensory neurons able to detect stimuli such as brush, pressure, vibration temperature etc. The intensity of the stimulation will then determine whether the signal will be qualified as noxious or innocuous.

These neurons are organized in fibers called primary afferent fibers and gathered in peripheral nerves. Different groups of fibers have been described depending on their conduction velocity (related to size and myelination), response properties (sensory modalities and threshold of activation) and neurochemical phenotype (as peptide expression) [START_REF] Todd | Neuronal circuitry for pain processing in the dorsal horn[END_REF] fig6.

Sensory neurons with the largest cell body give rise to myelinated, rapidly conducting Aβ primary sensory fibers. In physiological conditions, these fibers are detecting innocuous stimuli. They are mainly low-threshold mechanoreceptors meaning that they are activated by innocuous mechanical stimuli. In pathological pain conditions, these fibers can be recruited and activated by nociceptive signal participating to the increased abnormal nociception [START_REF] Willis | Mechanical allodynia : A role for sensitized nociceptive tract cells with convergent input from mechanoreceptors and nociceptors[END_REF]. In contrast, C and Aδ fibers come from small and medium diameter cell bodies are activated by innocuous stimuli and by noxious ones.

Aδ fibers are divided in 2 types : Type I fibers are innervating hairy and not hairy skin and are composed of moderate threshold mechanoreceptors and high threshold thermoreceptors; Type II fibers are in contrast high threshold mechanoreceptors and moderate thermoreceptors [START_REF] Julius | Molecular mechanisms of nociception[END_REF].

C fibers are activated mainly by thermal and mechanical noxious signal but part of them are also activated by low intensity thermal and mechanical stimuli. Also, C-fibers are sensitive to the transient receptor potential vanilloid 1 (TRPV1) ion channel agonist, capsaicin, the pungent compound found in hot peppers. C fibers are also divided into categories depending on the chemical composition : Peptidergic C fibers express calcitonin gene-related peptide (CGRP) and the neuropeptide substance P while nonpeptidergic C fibers bind the Griffonia simplicifolia isolectin B4 (IB4) [START_REF] Zeilhofer | Fast Synaptic Inhibition in Spinal Sensory Processing and Pain Control[END_REF].

Non-peptidergic C fibres are mainly associated with the skin, where they innervate the epidermis, whereas peptidergic fibres innervate various other tissues as well as deeper regions of the skin [START_REF] Todd | Neuronal circuitry for pain processing in the dorsal horn[END_REF]. It seems that these 2 categories are not involved in the same nociceptive modalities as behavioral responses to noxious heat were shown to be exclusively mediated by TRPV1 positive peptidergic nociceptors while responses to noxious mechanical stimuli seems to be encoded by nonpeptidergic nociceptors expressing the sensory neuron-specific G protein-coupled receptor mrgprd [START_REF] Cavanaugh | Distinct subsets of unmyelinated primary sensory fibers mediate behavioral responses to noxious thermal and mechanical stimuli[END_REF].

Aδ fibers are thinly myelinated while C-fibers are completely unmyelinated. This disparity in conduction speed has led to the distinction of two pain components: the "first" pain, characterized as "rapid, acute, and sharp," conveyed by Aδ fibers, and the "second" pain, described as "delayed, more diffuse, and dull," mediated by C-fibers [START_REF] Julius | Molecular mechanisms of nociception[END_REF]. The slowness of the transduction by C-fibers will help us to let apart nociceptive responses of neurons of the DHSC from sensitive response during electrophysiological analysis (see methods). b) How pain is detected from the periphery? Noxious stimuli are classified as such because they activate nociceptors located at the periphery.

Potential harmful stimuli are detected at the periphery by specific nociceptors which are providing connectivity between peripheral targets (skins, deep tissues and internal organs) and the DHSC.

Nociceptors are pseudo-unipolar with a peripheral terminal innervating the target organs, the soma located in the dorsal root ganglia (DRG) or trigeminal ganglia (depending on the zone of innervation) and a central terminal innervating the DHSC or the trigeminal nucleus in the brainstem [START_REF] Bennett | Painful and painless channelopathies[END_REF] 1967).

They are able to sense a wide variety of external stimuli (heat, cold, pH, pressure stimuli or molecules as capsaicin, ATP, inflammatory molecules) depending on the modality specific sensory transduction molecule present at the surface of the peripheral terminals that will trigger depolarization and activate the cells (Basbaum et al., 2009;[START_REF] Bennett | Painful and painless channelopathies[END_REF] fig 7D. Modalities are usually conveyed through the activation of more than one transducer. For example, heat sensing passes through the Transient receptor potential channel vanilloid TRPV1 channels [START_REF] Bevan | TRPV1[END_REF] but also TRPM3 [START_REF] Vriens | TRPM3 Is a Nociceptor Channel Involved in the Detection of Noxious Heat[END_REF] and the calcium activated chloride channel ANO1 [START_REF] Cho | The calcium-activated chloride channel anoctamin 1 acts as a heat sensor in nociceptive neurons[END_REF].

If the receptor depolarization is sufficient to reach the activation threshold of the voltage-gated channels (sodium -Nav; potassium -Kv; calcium -Cav) also present at the surface of nociceptors, a burst of action potentials that encode the intensity of the noxious stimuli is generated. There are numerous subtypes of these channels and their combined presence on the membrane of the nociceptor determine the excitability and firing properties of the cell [START_REF] Dubin | Nociceptors : The sensors of the pain pathway[END_REF] fig7D-E. Regulation and/or alteration of all these channels can participate to peripheral sensitization responsible then of hyperalgesia and/or allodynia [START_REF] Baron | Peripheral input and its importance for central sensitization[END_REF][START_REF] Woolf | Central sensitization : Implications for the diagnosis and treatment of pain[END_REF] c) Non-neural cell role At the periphery, not only neurons are actors of the transduction of noxious signals. Non neuronal cells play also a role. Epithelial cells as keratinocytes have been shown for example to express TRPV1, 3 and 4 and may contribute to thermosensation: heat-evoked activation of TRPV3 or TRPV4 in keratinocytes may lead to a release of molecule cocktail that, in turn, activate adjacent epidermal or dermal sensory nerve terminals. (H. [START_REF] Lee | TRPV channels as thermosensory receptors in epithelial cells[END_REF] Also, in the context of tissue inflammation, mast cells and platelets are participating in the release of what is called "inflammatory soup" composed of neurotransmitters, peptides, lipids and neurotrophins. These molecules have the ability to sensitize or to directly excite the nociceptors : they modulate ion channels present at the surface of the nociceptor by a direct action on channels or by the activation of intracellular signaling cascades that in turn modulate ion channels [START_REF] Smith | Nociceptors : A phylogenetic view[END_REF].

In their turn, nociceptors are then able to participate to the creation of this inflammatory cascade. As they release calcitonin gene related peptide (CGRP) and substance P, they are able to induce vasodilation, activation of the mast cells and other actors of the periphery [START_REF] Julius | Molecular mechanisms of nociception[END_REF].

All of these information coming from the nociceptors are then integrated in the dorsal horn of the spinal cord.

Ascending pathways a) DHSC : First relay of periphery signal

Primary afferent fibers are directly innervating the spinal cord (SC). SC is composed of 10 regions of the gray matter called laminae I to IX and the tenth is called substantia grisea centralis. The dorsal horn of the spinal cord (DHSC) is made up of laminae I to VI [START_REF] Rexed | The cytoarchitectonic organization of the spinal cord in the cat[END_REF] and is composed of numerous neuronal populations building a very complex network. As it is represented on fig 8, Aδ and C-fibers are projecting mostly to laminae I and II, few Aδ fibers project to lamina V, while Aβ fibers innervates laminae IIid, III, IV and V (R. K. [START_REF] Christensen | Spinal dorsal horn astrocytes release GABA in response to synaptic activation[END_REF][START_REF] Dolique | Spinal Cord : Dorsal Horn[END_REF][START_REF] Lorenzo | Postnatal changes in the Rexed lamination and markers of nociceptive afferents in the superficial dorsal horn of the rat[END_REF][START_REF] Millan | The induction of pain : An integrative review[END_REF][START_REF] Todd | Neuronal circuitry for pain processing in the dorsal horn[END_REF]Wercberger & Basbaum, 2019).

In link with this anatomical description, lamina I and II neurons are generally responsive to noxious stimuli while neurons in laminae III and IV are primarily responsive to innocuous stimulations. In lamina V, neurons are responsive to both type of stimulus due to direct A-fibers inputs and indirect C-fibers inputs (Basbaum et al., 2009).

All of these neurons are part of a highly intricate network in which 2 major group of neurons can be identified: projections neurons located in laminae I and IV-V that transmit information to supraspinal areas and interneurons that form a complex network in lamina II within the DHSC itself. WDR neurons are pivotal in the integration of signal as they receive information from the periphery both directly and indirectly while also being modulated by supraspinal descending pathways that will be described later (Millan, 2002). Also, their main characteristic is the ability to encode stimulus intensity as they show increasing frequencies of response from innocuous to noxious stimulation [START_REF] Maixner | Wide-dynamicrange dorsal horn neurons participate in the encoding process by which monkeys perceive the intensity of noxious heat stimuli[END_REF][START_REF] Price | Neurons involved in the exteroceptive function of pain[END_REF]. They also exhibit sensitization properties such as windup as repeated low frequency stimulation of a nerve at constant C-fiber strength was found to elicit a progressive increase in action potential firing over the course of the stimulus [START_REF] Mendell | Responses of Single Dorsal Cord Cells to Peripheral Cutaneous Unmyelinated Fibres[END_REF]. This cellular plasticity mainly involved NMDA receptor activation which upregulates excitatory synaptic transmission. Other mechanisms implicating peptidergic slow synaptic potential, facilitation of slow calcium channels and synaptic disinhibition can also participate to the sensitization of the cells (Baranauskas & Nistri †, 1998;[START_REF] Woolf | Central sensitization : Implications for the diagnosis and treatment of pain[END_REF] This type of neurons is thus really interesting to study as they are positioned as a main output of the spinal cord, they present short term plasticity sharing characteristic of central sensitization and integrate both innocuous and noxious stimulations. Recording WDR activity gives a readout of spinal cord excitability, it reflects well the global activity of the circuit. Their response to external noxious stimuli can be examined through electrophysiological recordings as will be done in this manuscript.

 Interneurons

Although afferent fibers can have monosynaptic contacts with projections neurons, they largely influence their activity indirectly through the innervation of interneurons which represent the great majority of the spinal neurons (more than 90% of lamina I and II are interneurons). This is particularly true for the projections neurons located in deeper laminae as C fibers innervation has been observed in the lamina V [START_REF] De Koninck | Spinal neurons exhibiting a specific nociceptive response receive abundant substance P-containing synaptic contacts[END_REF], it is admitted that they are mostly indirectly activated by C fibers through excitatory interneurons (EXINs).

EXINs defined as glutamatergic neurons [START_REF] Landry | Expression of vesicular glutamate transporters in rat lumbar spinal cord, with a note on dorsal root ganglia[END_REF][START_REF] Millan | The induction of pain : An integrative review[END_REF] represent around 70-75% of the interneurons [START_REF] Peirs | Neural circuits for pain : Recent advances and current views[END_REF][START_REF] Todd | Light microscope study of the coexistence of GABA-like and glycine-like immunoreactivities in the spinal cord of the rat[END_REF]. They exhibit a remarkable diversity [START_REF] Häring | Neuronal atlas of the dorsal horn defines its architecture and links sensory input to transcriptional cell types[END_REF][START_REF] Russ | A harmonized atlas of mouse spinal cord cell types and their spatial organization[END_REF], which is further classified into various categories. They can be discriminated by their morphology: vertical cells mostly located in lamina I and II [START_REF] Grudt | Correlations between neuronal morphology and electrophysiological features in the rodent superficial dorsal horn[END_REF] are described as almost exclusively excitatory. [START_REF] Todd | Identifying functional populations among the interneurons in laminae I-III of the spinal dorsal horn[END_REF] and has been shown notably to be involved in a microcircuit that transmits and gates mechanical pain [START_REF] Duan | Identification of Spinal Circuits Transmitting and Gating Mechanical Pain[END_REF].

However, while this chemical segregation is effective for approximately half of the interneurons, it is applicable only to interneurons within laminae I & II. In laminae III, other neurochemical markers have been described. For example, Peirs and colleagues showed that transient expression of the vesicular glutamate transporter VGLUT3 can define a large population of excitatory interneurons in lamina III [START_REF] Peirs | Dorsal Horn Circuits for Persistent Mechanical Pain[END_REF]. The overlapping of the different markers for the different populations complicate specific functional determination of spinal excitatory interneurons. However, we should note that for immunohistochemistry distinction it is possible to mark different transcription factors specific of excitatory interneurons, as T-cell leukemia homeobox protein 3 (TLX3) or LIM homebox transcription factor 1 beta (LMX1B). To target inhibitory neurons, the marker used is the transcription factor Pax2 [START_REF] Barrio | A Transcription Factor Code Defines Nine Sensory Interneuron Subtypes in the Mechanosensory Area of the Spinal Cord[END_REF].

For the correct processing of the sensory information, the balance between excitation and inhibition in the DHSC is crucial. If EXINs help to transit information from the afferent fibers to projection neurons, IINs play an important modulatory role in limiting the flow of nociceptive information.

Even if IINs can contact excitatory interneurons, they are mostly targeting directly nociceptive projection neurons and primary afferent fibers terminals offering a pre-and post-synaptic inhibition of nociceptive input from the periphery [START_REF] Millan | The induction of pain : An integrative review[END_REF]. IINs represents around 20-25% of the DHSC and GABA and/or glycine are their principal transmitter. As for EXINs, it exists a high diversity if IINS [START_REF] Häring | Neuronal atlas of the dorsal horn defines its architecture and links sensory input to transcriptional cell types[END_REF] and multiple way to discriminate them [START_REF] Todd | Identifying functional populations among the interneurons in laminae I-III of the spinal dorsal horn[END_REF] depending on their shape, their firing properties [START_REF] Grudt | Correlations between neuronal morphology and electrophysiological features in the rodent superficial dorsal horn[END_REF], neurochemical features (calretinin, neuropeptide Y, galanin, parvalbumin (PV) expression, neuronal nitric oxide synthase [START_REF] Boyle | A quantitative study of neurochemically defined populations of inhibitory interneurons in the superficial dorsal horn of the mouse spinal cord[END_REF][START_REF] Häring | Neuronal atlas of the dorsal horn defines its architecture and links sensory input to transcriptional cell types[END_REF]) or lamina localization (I,II or III).

c) From the DHSC to the brain

 Output of the spinal cord

Projection neurons constitute the major output of the DHSC. They project to the supraspinal areas through multiple ascending pathways. It exists several way to discriminate them. One is anatomical. In this regards, 3 major groups can be defined [START_REF] Almeida | Afferent pain pathways : A neuroanatomical review[END_REF]:

-Spino-thalamic tracts: This pathway carries nociceptive, temperature, crude touch and pressure from all DHSC but mostly from laminae I and II, to the somatosensory area of the thalamus, i.e.

ventral posterior inferior nucleus, the medial part of the posterior complex, the central lateral nucleus, and other intralaminar and medial thalamic nuclei [START_REF] Willis | Neuroanatomy of the pain system and of the pathways that modulate pain[END_REF].

-Spino-reticular tract: It originates mainly from laminae V, VII and VIII, and also lamina I, from NS and WDR neurons mostly. It conveys noxious and innocuous stimuli to the brainstem and to the ventro-postero-median thalamus. This pathway is mostly involved in the motivational-affective characteristics as well as neurovegetative response to pain [START_REF] Almeida | Afferent pain pathways : A neuroanatomical review[END_REF][START_REF] Millan | The induction of pain : An integrative review[END_REF].

-Spino-mesencephalic tract: The cells of origin of this tract are distributed in lamina I and IV-VI.

It projects to numerous nuclei of the midbrain like the periaqueductal gray nucleus (PAG).

Another major target of the spino-mesencephalic tract is the parabrachial nucleus of the pons [START_REF] Millan | The induction of pain : An integrative review[END_REF]. The fibers of the spino-mesencephalic tract are nociceptive.

We should mention, that the 3 majors groups presented here are not sufficient to exhaustively describe the ascending tracts which are summarized in the table below.

 The pain matrix

From human studies, several brain areas have been shown to be activated after noxious stimulus.

The most commonly activated regions are primary and secondary somatosensory cortices, anterior cingulate cortex (ACC), insular cortex (IC), prefrontal cortex (PFC), thalamus, basal ganglia, and cerebellum. This defines the "pain matrix" which could be defined as the brain network which activity reflects pain perception [START_REF] Schweinhardt | Pain imaging in health and disease-How far have we come?[END_REF].

The thalamus is the main direct or indirect output of the ascending tracts. It is considered as a crucial relay for nociceptive information on the way to the cortex [START_REF] Millan | The induction of pain : An integrative review[END_REF] as all the cortical bound Table 3 : Overview of ascending pathways transmitting nociceptive information to higher centers (from [START_REF] Millan | The induction of pain : An integrative review[END_REF] somatosensory inputs relay through it [START_REF] Yen | Thalamus and pain[END_REF]. It is divided into medial and lateral pathways which are both critical relays in pain processing: lateral pathway projects mostly to S1 and S2 cortices while the medial pathway projects to the prefrontal cortex and anterior cingulate cortex (ACC) and the ILN projects to the lateral cortex [START_REF] Yen | Thalamus and pain[END_REF]. Medial pathway is more associated to affective dimensions of pain while the lateral pathway is more associated to sensory-discriminative components of pain [START_REF] Brinkhus | Encoding of graded noxious skin heating by neurons in posterior thalamus and adjacent areas in the cat[END_REF][START_REF] Bushnell | Pain perception : Is there a role for primary somatosensory cortex[END_REF][START_REF] Craig | Functional imaging of an illusion of pain[END_REF][START_REF] Peschanski | Posterior intralaminar region in rat : Neuronal responses to noxious and nonnoxious cutaneous stimuli[END_REF].

Cortical areas as ACC also participate to the descending pathways projecting to the PAG [START_REF] Bragin | Cortical projections to the periaqueductal grey in the cat : A retrograde horseradish peroxidase study[END_REF] and even directly to the spinal cord (T. [START_REF] Chen | Postsynaptic Potentiation of Corticospinal Projecting Neurons in the Anterior Cingulate Cortex after Nerve Injury[END_REF] revealing also a participation to the descending pathways and modulation of nociception.

d) Sensitization of the ascending signal

Pathological pain is usually linked to a perturbation of the balance between facilitatory and inhibitory regulation of nociceptive information leading to increase ascending signal intensity.

This imbalance can happened through 2 different ways: peripheral sensitization, meaning an increased nociceptive signal coming from the periphery and central sensitization which is link to the sensitization of the nociceptive neurons combined with the loss of inhibitory tone in the spinal cord.

Concerning peripheral sensitization, early work showed that skin receptors themselves can gradually increase their responsiveness via complex mechanisms [START_REF] Perl | Sensitization of High Threshold Receptors with Unmyelinated (C) Afferent Fibers[END_REF]. Also, during the description of the peripheral system, we mentionned that the inflammatory soup can increase the sensitivity and the activity of the nociceptors. Finally, Nav, Cav and TRP presented at the terminal side of the nociceptors can participate to the regulation of the noxious signal transmission at a pre-synaptic zone [START_REF] Woolf | Nociceptors-Noxious Stimulus Detectors[END_REF].

Then, increase nociceptive information from afferent fibers can lead to sensitization of projection neurons (NS and WDR) by increasing their excitability [START_REF] Woolf | Central sensitization : Implications for the diagnosis and treatment of pain[END_REF]. The phenomenon of wind-up mentioned in the projection neurons description is the perfect example of this possible plasticity: Low frequency stimulation of a nerve at constant C-fiber strength was found to elicit a progressive increase in action potential firing over the course of the stimulus [START_REF] Mendell | Responses of Single Dorsal Cord Cells to Peripheral Cutaneous Unmyelinated Fibres[END_REF].

All of this participate to the increase excitatory tone of the ascending pathway.

Concerning the loss of inhibitory tone, it is admitted that IINs of the DHSC have a very important role in the maintenance of the excitation/inhibition balance and that the perturbation of this tone affects the nociception. Indeed, intrathecal administration of glycinergic or GABAergic antagonists leads to allodynia and hyperalgesia (Aby et al., 2022;[START_REF] Beyer | Hyperalgesia induced by altered glycinergic activity at the spinal cord[END_REF][START_REF] Roberts | Nociceptive responses to altered gabaergic activity at the spinal cord[END_REF].

In pathological context, pharmacological blockade of spinal inhibition has no effect on sensitivity revealing a dramatic loss of spinal inhibitory tone. This has been demonstrated for example in a mouse model of neuropathic pain (cuff model), where neurons that are normally under inhibitory control and not spontaneously active become spontaneously active and are no longer regulated by tonic inhibition following nerve injury [START_REF] Medrano | Loss of inhibitory tone on spinal cord dorsal horn spontaneously and nonspontaneously active neurons in a mouse model of neuropathic pain[END_REF].

The loss of inhibitory tone induces the recruitment of low threshold fibers into nociceptive inputs.

For example, in the spared nerve injury (SNI) mice model, we can observe the recruitment of PKC neurons of the DH. In physiological state, these neurons, sensitive to low threshold (Aβ) information are inhibited by parvalbumin (PV) inhibitory interneurons. In neuropathic pain, this inhibition is lost, leading to the formation of action potentials in PKC neurons and presumably in the rest of the network. The restoration of inhibitory tone through chemogenetic activation of PV neurons reverses the mechanical allodynia induced by the nerve injury model [START_REF] Peirs | Neural circuits for pain : Recent advances and current views[END_REF][START_REF] Petitjean | Dorsal Horn Parvalbumin Neurons Are Gate-Keepers of Touch-Evoked Pain after Nerve Injury[END_REF].

One proposed mechanism underlying the loss of inhibition could be the decrease of inhibitory neurons presence in pathological conditions. Moore shows for example that a loss of post-synaptic GABAa receptor-mediated inhibition in the superficial dorsal horn happens after partial nerve injury. As GABAa receptors remained present but unitary GABA release was significantly decreased, authors suggest that for the loss of GABAergic inhibition in lamina II is due to mostly to presynaptic rather than postsynaptic changes. . They actually show that there is a neuronal death occurring in the DHSC after the partial peripheral nerve injury [START_REF] Moore | Partial Peripheral Nerve Injury Promotes a Selective Loss of GABAergic Inhibition in the Superficial Dorsal Horn of the Spinal Cord[END_REF].

Another hypothesis implicates the downregulation of the chloride anion transporter KCC2 in neuropathic conditions (Aby et al., 2022;[START_REF] Coull | Trans-synaptic shift in anion gradient in spinal lamina I neurons as a mechanism of neuropathic pain[END_REF][START_REF] Mapplebeck | Chloride Dysregulation through Downregulation of KCC2 Mediates Neuropathic Pain in Both Sexes[END_REF][START_REF] Sánchez-Brualla | Activation of 5-HT2A Receptors Restores KCC2 Function and Reduces Neuropathic Pain after Spinal Cord Injury[END_REF]: Following nerve injury, a microglia-neurons signaling cascade is triggered leading to depolarizing shift in the anion reversal potential through the release of brain-derived neurotrophic factor (BDNF) [START_REF] Coull | BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain[END_REF]. It has been shown that alteration of KCC2 expression has been associated with BNDF-TrK signaling pathway (BDNF -brain-derived neurotrophic factor) [START_REF] Lee-Hotta | Role of the BDNF-TrkB pathway in KCC2 regulation and rehabilitation following neuronal injury : A mini review[END_REF]. KCC2 is thus downregulated in nerve injury conditions which modify the inhibitory power of IINs. Indeed, changes in chloride equilibrium induces a disinhibition as GABA inputs are no longer inhibitory.

Overall, these described mechanisms participate to the sensitization of the circuit and the increase response of the DHSC.

Endogenous control of nociception

Several mechanisms are in place in order to modulate the ascending signal involving spinal and brain circuits.

a) Spinal gate control

We have seen previously that the spinal cord is a network very complex, very plastic that has a key role in the transmission of nociceptive signal to the supraspinal areas and is considered as a hub of modulation. We have seen that if the inhibitory tone disappears that leads to pathological and enhanced pain. Melzach and Wall theorized the gate control theory [START_REF] Melzack | Pain mechanisms : A new theory[END_REF] and suggest also that This spinal regulation mechanism is controlled by descending influences from supraspinal structures [START_REF] Calvino | Central pain control[END_REF].

b) Diffuse Noxious Inhibitory control

Pain perception can be controlled by the diffuse noxious inhibitory control (DNIC). This mechanism can be resumed as "Pain inhibiting pain" phenomenon. It is characterized by the phenomenon where the application of intense pain to one area of the body leads to pain relief in various distant regions of the body. It has been first described by [START_REF] Bars | Diffuse noxious inhibitory controls (DNIC). I. Effects on dorsal horn convergent neurones in the rat[END_REF] which showed that DHSC neurons responding to Aδ and C fibers inputs were powerfully inhibited by noxious stimuli applied to various parts of the body [START_REF] Bars | Diffuse noxious inhibitory controls (DNIC). I. Effects on dorsal horn convergent neurones in the rat[END_REF].

The pathways responsible for Diffuse Noxious Inhibitory Controls (DNIC) are believed to be descending and situated within supraspinal brainstem regions [START_REF] Bannister | Diffuse noxious inhibitory controls and nerve injury : Restoring an imbalance between descending monoamine inhibitions and facilitations[END_REF]. DNIC has been demonstrated to result from noradrenergic mechanisms, primarily mediated by the activation of α2adrenoreceptors located in the spinal cord [START_REF] Kucharczyk | The origin of diffuse noxious inhibitory controls[END_REF]. This inhibitory control has been shown to be reduced in neuropathic conditions but can be restored if descending 5-HT3 induced Figure 9: Revised gate control model facilitations are reduced and if norepinephrine modulation is enhanced by a norepinephrine reuptake inhibitor [START_REF] Bannister | Diffuse noxious inhibitory controls and nerve injury : Restoring an imbalance between descending monoamine inhibitions and facilitations[END_REF].

c) Descending pathways influences

Also located in the brainstem, other relays receive information from the ascending pathways and then project it caudally, either directly or indirectly, to the spinal cord to modulate the ascending signal.

One of the major hubs playing a fundamental role in the descending pathway is the periaqueductal gray , which projects to the rostral ventromedial medulla (RVM), which, in turn, projects itself into the dorsal horn of the spinal cord, creating one of the most important descending pathways, PAG-RVM [START_REF] Ossipov | Central modulation of pain[END_REF].

The PAG is located in the midbrain and surrounds the cerebral aqueduct. This area serves as a central hub in pain perception. Indeed, it plays a crucial role in ascending pain transmission as it receives afferents from nociceptive neurons in the spinal cord and then projects them to the thalamus. In addition, PAG is an important hub in the top-down modulation of pain: it integrates multiple inputs from the cortex and, in turn, transmits them to the medulla projecting to locus coeruleus, gigantocellular nucleus, paragigantocellular nucleus as well as nucleus raphe magnus [START_REF] Cameron | The efferent projections of the periaqueductal gray in the rat : A Phaseolus vulgaris-leucoagglutinin study. II. Descending projections[END_REF], or even directly to the spinal cord [START_REF] Castiglioi | Spinal projections from the midbrain in monkey[END_REF].

As a consequence, electrical stimulation of the PAG not only generates analgesia and inhibition of nociceptive dorsal horn neurons (Basbaum & Fields, 1984), but, depending on the area of stimulation, is often accompanied by other behaviors. For instance, stimulation in the lateral column of the PAG evokes a defense response, while stimulation in the ventrolateral PAG results in immobility [START_REF] Willis | Neuroanatomy of the pain system and of the pathways that modulate pain[END_REF]. Therefore, PAG is believed to be involved in complex behavioral responses to stressful or life-threatening situation.

For example, in collaboration with the Herry team, we identified a brainstem circuit composed of vlPAG cells that specifically project to the RVM and mediate fear-conditioned analgesia to regulate pain responses during threatening situations. Indeed, we demonstrated that the activation and inhibition of vlPAG somatostatin (SST) cells decreased and increased fear-conditioned analgesia, respectively, by specifically promoting pronociceptive and antinociceptive responses in the spinal cord dorsal horn (DH) [START_REF] Winke | Brainstem somatostatin-expressing cells control the emotional regulation of pain behavior[END_REF].

Concerning the mechanisms of the descending pathway, the antinociceptive role of the PAG involves a spinal release of 5-HT and NE, and both spinal 5-HT receptors and α2 adrenoreceptors [START_REF] Cui | Periaqueductal gray stimulation-induced inhibition of nociceptive dorsal horn neurons in rats is associated with the release of norepinephrine, serotonin, and amino acids[END_REF]. The inactivation of the RVM prevents this antinociceptive effect which put in evidence that the connection from the PAG to the RVM is the neuroanatomical basis for descending modulation of nociception by the PAG. Neurotransmitters involved in the antinociceptive actions of the pathway from the PAG through the RVM include endogenous opiates, 5-HT, and NE [START_REF] Willis | Neuroanatomy of the pain system and of the pathways that modulate pain[END_REF] The RVM is a heterogeneous region containing several nuclei thatprovide all descending pathway to the DHSC, mostly directly. RVM is composed medially by the nucleus raphe magnus (NRM) and dorsally and laterally by the nuclei gigantocellularis (reticularis, pars alpha, reticularis lateralis). It receives direct sensory inputs and is highly modulated by afferents from the PAG, the parabrachial nucleus (PBN) and the nucleus tractus solitaris which are involved in the process of nociceptive information (Q. [START_REF] Chen | Plasticity in the Link between Pain-Transmitting and Pain-Modulating Systems in Acute and Persistent Inflammation[END_REF][START_REF] Ossipov | Central modulation of pain[END_REF].

The RVM presents different cell types: ON and OFF cells, which makes it an interesting actor of the nociception modulation. These cells are categorized depending on their reaction to nociceptive inputs.

ON cells are excited by nociceptive stimulus and are thought to have a facilitatory role whereas OFF cells are inhibited by nociceptive inputs and have an inhibitory influence. Neutral cells are not responding to painful stimuli.

The biphasic effect of RVM activity has also been demonstrated through stimulation of the RVM, which reveals its facilitatory or inhibitory potential on descending axons. High-intensity stimulation of the RVM produces analgesic effects, while lower intensities (4-10 times lower) have a facilitating effect on pain production [START_REF] Zhuo | Biphasic Modulation of Spinal Nociceptive Transmission From the Medullary Raphe Nuclei in the Rat[END_REF]. The RVM releases several neurotransmitters into the DHSC, including GABA, Neurotensin, opioids, and serotonergic inputs. RVM GABAergic neurons facilitate mechanical pain by inhibiting dorsal horn enkephalinergic/GABAergic interneurons [START_REF] François | A Brainstem-Spinal Cord Inhibitory Circuit for Mechanical Pain Modulation by GABA and Enkephalins[END_REF]. On the other hand, the serotonergic descending pathway is involved in the analgesic effect of the stimulation of the PAG-RVM axis in physiological conditions [START_REF] Ossipov | Central modulation of pain[END_REF]. Adding to the complexity, as we will discuss later in this introduction, the serotonin descending pathway can exert either an inhibitory or excitatory effect, depending on the pain state of the organism (Millan, 2002).

This descending pathway is thus an important component of pain perception circuits and an interesting pathway to study while investigating the pathophysiology of pain.

II. Modification of pain circuits in PD

Now that we have outlined the pain circuits, we can examine how PD affects them by utilizing preclinical PD pain models. These models have revealed various alterations in central nervous system activity that could explain abnormal pain processing in PD.

Brain area activity alteration

Human studies using fMRI and PET have demonstrated disrupted cortical pain representation in PD patients in the medication off-state, including alterations in ACC and prefrontal cortex activity (Brefel-Courbon et al., 2005, 2013;[START_REF] Polli | Anatomical and functional correlates of persistent pain in Parkinson's disease[END_REF]. This suggests that the pain representation in the brain is disrupted in the context of PD. Therefore, pre-clinical models are employed to investigate what is happening in the brain, particularly in pain matrix areas and the connections between the basal ganglia and them.

Starting from the basal ganglia, partial SNc lesions in rats increase nociceptive responses in the SNr, while total SNc lesions led to increased nociceptive responses in both the SNr and subthalamic nucleus (STN) [START_REF] Pautrat | Revealing a novel nociceptive network that links the subthalamic nucleus to pain processing[END_REF][START_REF] Pautrat | Altered parabrachial nucleus nociceptive processing may underlie central pain in Parkinson's disease[END_REF]. In unilateral MFB 6-OHDA treated mice, Luan and colleagues confirmed a neuronal hyperactivity of the STN when SNc is depleted. Additionally, they show that optogenetic inhibition of STN neurons reverses pain hypersensitivity phenotypes without modifying the motor ability of mice (Luan et al., 2020). This indicates that the nociceptive responses recorded in STN depend on the integrity of the nigrostriatal DA system and that STN hyperactivity can then induce modification of pain perception.

Indeed, these studies showed that the perturbation of the STN activity in PD models have an impact on other brain areas: it can lead to an increase activity of the anterior cingulate cortex (ACC), the medial prefrontal cortex (mPFC) (Luan et al., 2020). Also they put in evidence that STN disruption can induce a perturbation of the parabrachial nucleus (PBN), which will exhibit inhibited nociceptive responses and an increased expression of GABAa receptors [START_REF] Pautrat | Altered parabrachial nucleus nociceptive processing may underlie central pain in Parkinson's disease[END_REF]. These regions are part of the pain matrix and the modification of their activity can results in a perturbation of pain perception.

Zhou and colleagues showed also that, in MPTP mice, ACC synaptic transmission is enhanced and inhibition of the ACC with bilateral injection of muscimol (GABA agonist) can induce a reduction in mechanical hypersensitivity [START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF].

In sum, preclinical models here revealed a possible nociceptive network linking nigrostriatal depletion to alteration of pain perception involving the STN as an important center of this pathway.

Increased spinal cord activity

As often when allodynia and hyperalgesia are reported, in PD pain models perturbation of spinal cord activity has been observed. Indeed, unilateral MFB 6-OHDA injection in rats induces an increase of neuronal responses and hyperexcitability of wide dynamic range (WDR) neurons of lamina V of the DHSC in response to electrical stimulation of the sciatic nerve, as compared to sham rats (Charles et al., 2018).

Also, ex vivo recording of the spinal cord in unilateral 6-OHDA MFB injected mice, showed that superficial dorsal horn neurons (SDH) present an increased excitability compared to sham. They have more depolarized resting membrane potentials and more action potentials evoked by depolarizing current steps (Tang et al., 2021).

The mechanisms leading to this increased nociceptive spinal activity are not defined yet neither.

Activation of spinal D2 receptors can reverse hyperalgesia and hyperexcitability of the DHSC in PD mice model (Tang et al., 2021). It suggests then that hyperactivity of the spinal cord could be explained by a decrease of the dopamine following DA lesion. However, in bilateral injected 6-OHDA rats, no decrease of DA in the lumbar spinal cord has been observed [START_REF] Cao | Restoring Spinal Noradrenergic Inhibitory Tone Attenuates Pain Hypersensitivity in a Rat Model of Parkinson's Disease[END_REF]. Also, contradictory results exist concerning the DA descending pathways and the impact of the 6-OHDA lesion on it. A11 nucleus is the only known DA nucleus projecting to the spinal cord, providing the primary source of DA at all level of the spinal cord (Koblinger et al., 2014). During her thesis, Keri-Ann Charles suggested that unilateral injection of 6-OHDA in the MFB could lead to a reduction of TH+ neurons in the A11 and that chemogenetic stimulation of the A11 improved mechanical thresholds and reduced neuronal responses of WDR neurons to noxious electrical stimulation of the sciatic nerve [START_REF] Charles | La pathophysiologie des anomalies nociceptives dans le contexte de la maladie de Parkinson[END_REF]. On the other hand, Buhidma et al., do not show histological changes in A11 region of the hypothalamus following unilateral MFB injection of 6-OHDA in rats [START_REF] Buhidma | Periaqueductal grey and spinal cord pathology contribute to pain in Parkinson's disease[END_REF].

These conflicting results lead to explore alternative mechanisms that might provide an explanation for spinal hyperactivity.

Clinical data suggest that serotoninergic and noradrenergic (NA) systems are involved in pain symptoms. Both systems are projecting to the spinal cord and are able to modulate its nociceptive activity (Millan, 2002). It is thus interesting to investigate what role they can have in the PD pain pathophysiology and if the pain modulation observed can be linked to them.

Actually, it has been shown in rats with bilateral 6-OHDA injection in the striatum, that duloxetine, a norepinephrine (NE) and 5-HT reuptake inhibitor, significantly inhibited thermal and mechanical pain hypersensitivity [START_REF] Cao | Restoring Spinal Noradrenergic Inhibitory Tone Attenuates Pain Hypersensitivity in a Rat Model of Parkinson's Disease[END_REF]. Also, injection of citalopram coupled to desipramine, respectively 5-HT and NE reuptake inhibitors, prevent the apparition of hyperalgesia in animal models of PD, reinforcing the hypothesis that NE and 5-HT are involved in PD hypersensitivity.

Noradrenergic system

The depletion of TH cells of the locus coeruleus (LC) is one of the clinical features of PD [START_REF] Van Geest | Parkinson's Disease : Etiology, Neuropathology, and Pathogenesis[END_REF]. In preclinical PD model, disruption of the noradrenergic (NA) system has also been observed in bilateral striatum 6-OHDA-injected rats: Campos et al. showed that unilateral striatal 6-OHDA injection induces decrease of NA cells in the LC which is prevented by reuptake inhibitors (Campos et al., 2019). Cao and colleagues showed that NA content is significantly decreased in lumbar spinal cord in unilateral injected 6-OHDA rat model. Also, they showed that NA depletion induced by injection of N-

(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) can aggravate pain hypersensitivity. In contrast, systemic treatment with pharmacological norepinephrine (NE) precursor droxidopa or alpha-2adrenoceptor agonist clonidine significantly attenuated thermal and mechanical pain hypersensitivity in 6-OHDA rat model [START_REF] Cao | Restoring Spinal Noradrenergic Inhibitory Tone Attenuates Pain Hypersensitivity in a Rat Model of Parkinson's Disease[END_REF]. All of this indicated that impairment in the descending noradrenergic system may play a role in PD-associated pain.

Serotonergic system

The 5-HT system has been shown to be altered in the context of Parkinson's disease and is thought to be important in the onset of non-motor symptoms in general. Indeed, human PET-studies using 5-HT transporter (SERT) specific ligands have shown a reduction in striatal SERT distribution volumes, suggesting a loss of serotonergic striatal innervation in PD [START_REF] Gallagher | Psychosis, apathy, depression and anxiety in Parkinson's disease[END_REF]. In another recent

PET study, depressive symptoms in PD correlated with higher SERT binding in the median raphe nuclei and limbic structures, suggesting lower extracellular serotonin levels in these areas (Politis et al., 2010).

Also, according to Braak studies, neuronal degeneration starts in the brainstem and affect the 5-HT nuclei. In 'Braak' stage two, Lewy body and Lewy neurite deposition were described within the lower raphe nuclei containing the serotonergic neurons of the caudal brainstem [START_REF] Wolters | Parkinson's disease : Premotor clinico-pathological correlations[END_REF], suggesting that brainstem 5-HT nuclei are affected by PD. Serotonin disturbance is then associated with the apparition of several motor and non-motor symptoms from tremor to depression, fatigue, weight loss and of course pain that is our interest here (Politis et al., 2010).

In preclinical models, it appears that the serotonergic system, particularly the 5-HT descending system, is also affected by the 6-OHDA injection in the basal ganglia: Studies showed that in PD conditions, the PAG-RVM axis is altered inducing a perturbation of the 5-HT system. Indeed, Buhidma and colleagues showed that in unilateral MFB 6-OHDA treated rats, there is a depletion of dopaminergic neurons of the PAG. This is associated with a decreased number of cFos positive neurons (a transcription factor which expression depends on the activity of the neurons in response to stimuli) in the NRM after noxious stimulation without depletion of 5-HT neurons [START_REF] Buhidma | Potential of animal models for advancing the understanding and treatment of pain in Parkinson's disease[END_REF]. In unilateral striatal 6-OHDA rats, a perturbation of the GABA labelling in the PAG has been reported associated to a decrease of 5-HT levels in NRM and spinal cord (Campos et al., 2019). Bilateral striatal 6-OHDA treated rats also show a decrease number of 5-HT cells in the NRM and of 5-HT concentration in the spinal cord.

Additionally to this, a decrease of 5-HT fibers in the spinal cord is observed (Wang et al., 2017).

In unilateral lesion model, injection of citalopram prior 6-OHDA injection can prevent the 5-HT lesion and the apparition of hypersensitivity (Campos et al., 2019). Similarly, in bilateral model, injection of 5-7 dihydroxytryptamine (a derivative of 5-HT) or citalopram (selective serotonin reuptake inhibitors) in the RVM reversed the hypersensitivity observed in the animals (Wang et al., 2017).

These results suggests that the perturbation of the 5-HT descending pathway may be involved in hyperalgesia in the 6-OHDA induced rat model of PD. Furthermore, in Campos study, 6-OHDA injection induces an increase of cFos labelling in the DHSC, which can be prevented by citalopram injection prior to 6-OHDA (Campos et al., 2019).

Taken together, these results confirm that non-dopaminergic circuitry is involved in the pain symptoms of PD and its role in pain modulation in PD context must be further investigated to understand better PD pain pathophysiology.

To summarize, abnormal pain processing in Parkinson's disease could be linked to two main factors resulting from the loss of dopamine neurons in the SNc : 1) Disruption of subthalamic nucleus (STN) activity, leading to alterations in regions within the pain matrix such as the anterior cingulate cortex (ACC), medial prefrontal cortex (mPFC), and parabrachial nucleus (PBN). These changes ultimately may affect the brain's representation of pain. 2) Enhanced nociceptive activity within the spinal cord, demonstrated both in vivo in rats and ex vivo in mice. This disruption in the spinal cord's integration of nociceptive signals seems to be linked to a perturbation of the descending pathway, and particularly noradrenergic and serotonergic pathways. However, the precise mechanisms connecting the altered integration of signals in the spinal cord and the descending pathway remain unknown.

In this thesis, we choose to address the role of the serotonergic descending pathway in PD pain modulation as it appears to be a key player in influencing the spinal processing of nociceptive information in Parkinson's disease. Serotonin is of particular interest in the context of pathological pain, as existing literature highlights its significant role in pain modulation and hypersensitivity

Serotonergic descending pathway and pain

Anatomy of the central 5-HT system

The serotonin system is composed of 9 nuclei localized in the caudal part of the brain all restricted to the brainstem [START_REF] Dahlstroem | EVIDENCE FOR THE EXISTENCE OF MONOAMINE-CONTAINING NEURONS IN THE CENTRAL NERVOUS SYSTEM. I. DEMONSTRATION OF MONOAMINES IN THE CELL BODIES OF BRAIN STEM NEURONS[END_REF]. These 9 nuclei are divided into 2 groups: the rostral group, located in the midbrain and rostral pons, consists of caudal linear, dorsal and median raphe nuclei with major projections targeting the forebrain. In contrast, the caudal group, situated within the caudal pons and the medulla, is composed of the raphe magnus, obscurus and pallidus nuclei and the lateral medullary reticular formation and projects primarily to the spinal cord. Moreover, these two groups exhibit strong interconnections with each other and with other brainstem nuclei [START_REF] Hornung | The human raphe nuclei and the serotonergic system[END_REF].

Approximately 85% of the brain's serotonin (5-HT) neurons are concentrated in the rostral group, particularly in the Dorsal Raphe (DR) nucleus. The projections originating from the DR are extensive, encompassing a wide range of forebrain regions. As mentioned earlier, these projections primarily innervate the rostral areas of the brain but few collaterals projecting to the spinal cord have been observed [START_REF] Kazakov | Sources of cortical, hypothalamic and spinal serotonergic projections : Topical organization within the nucleus raphe dorsalis[END_REF]. Nevertheless, 5-HT descending pathway reaching the spinal cord are coming for a large majority from the caudal group.

The nucleus raphe magnus (NRM) is the biggest nucleus of the caudal group and is of a particular interest in the study of descending pathways as the 5-HT dorsolateral pathway projecting to the DHSC originates mainly from that specific region. The other nuclei of the caudal group, Raphe Obscurus and Raphe Pallidus nuclei, are projecting through the ventro-medial pathway and their fibers terminates in intermediate and ventral horn of the spinal cord.

While the NRM is considered a component of the RVM, it's common to encounter confusion in the literature regarding the nomenclature and usage of these two anatomical areas, RVM being sometimes used to talk about NRM.

In this study, our focus will be specifically on 5-HT neurons of the NRM that project to spinal cord.

However, we should note that NRM is not exclusively a 5-HT nucleus. In fact, half of the neurons projecting to the spinal cord from the NRM are not serotonergic [START_REF] Jones | Serotoninergic medullary raphespinal projection to the lumbar spinal cord in the rat : A retrograde immunohistochemical study[END_REF]. For example, GABA neurons were identified in the NRM projecting also to DHSC and inhibiting GABA/PENK+ interneurons [START_REF] François | A Brainstem-Spinal Cord Inhibitory Circuit for Mechanical Pain Modulation by GABA and Enkephalins[END_REF].

Additionally, it has been shown that 5-HT containing neurons can co-express neurotransmitters notably SP, thyrotropin-releasing hormone, GABA, DYN and ENK that might then interact with the nociceptive action of 5-HT release concomitantly (T. Chen et al., 2013;[START_REF] Hökfelt | Multiple messengers in descending serotonin neurons : Localization and functional implications[END_REF]Millan, 2002).

Attempts were made to categorize 5-HT neurons in the RVM based on their responses to nociceptive stimuli and according to the traditional classifications of "ON," "OFF," and "Neutral" cells. 5-HT cells used to be classified as "neutral cells" [START_REF] Potrebic | The density and distribution of serotonergic appositions onto identified neurons in the rat rostral ventromedial medulla[END_REF]. However, Gao and Mason, using noxious heat, tempered this affirmation and showed that 5-HT-containing neurons are predominantly neutral cells, but 29% of recorded 5-HT neurons were strongly activated by the stimuli [START_REF] Gau | Noxious stimulation excites serotonergic neurons : A comparison between the lateral paragigantocellular reticular and the raphe magnus nuclei[END_REF].

Nevertheless, in a previous study, they also demonstrated that the responses of 5-HT cells to noxious stimuli are qualitatively and quantitatively distinct from those of non-5-HT "ON" and "OFF" cells, or even neutral cells. They concluded that 5-HT cells do not share physiological functions with "ON" and "OFF" cells, suggesting that they should be classified differently (K. [START_REF] Gao | Serotonergic Raphe Magnus Cells That Respond to Noxious Tail Heat Are Not on or off Cells[END_REF].

Another approach to characterizing NRM neurons involves examining their response to opioids, and this aspect is complex due to the existence of sub-populations within 5-HT projecting neurons.

Electrophysiological investigations have been conducted, revealing that 5-HT neurons in the RVM can express both MOR (μ-opioid receptor) and KOR (κ-opioid receptor), leading to the identification of distinct subpopulations of 5-HT neurons that respond to mu-, kappa-, or mu/kappa-opioids. [START_REF] Gu | Endomorphin-2-immunoreactive fibers selectively appose serotonergic neuronal somata in the rostral ventral medial medulla[END_REF][START_REF] Marinelli | Rostral Ventromedial Medulla Neurons That Project to the Spinal Cord Express Multiple Opioid Receptor Phenotypes[END_REF][START_REF] Winkler | Kappa Opioid Receptor (KOR) and GAD67 Immunoreactivity Are Found in off and neutral Cells in the Rostral Ventromedial Medulla[END_REF].

Finally, the NRM sends an extensive network of 5-HT fibers to the spinal cord, with varicosities and terminals observed in the superficial zone (Lamina I/II) and in deeper laminae (IV/VI) respectively (Millan, 2002). It acts on 5-HT receptors which are present on terminals of primary afferent neurons, on projections neurons but also on excitatory and inhibitory interneurons of the DHSC. This presence of the receptors in such different cell types, adds yet another layer of complexity to the mechanisms of 5-HT action. [START_REF] Müller | Handbook of the behavioral neurobiology of serotonin[END_REF].

Dual role of the descending pathways

The role of the 5-HT descending pathway in the control of the nociception is indeed very complex as conflicting observations were made.

To start, data were mostly in favor of an inhibitory role of the 5-HT. Indeed, intrathecal administration of 5-HT has an anti-nociceptive effect [START_REF] Bardin | Effect of intrathecal serotonin on nociception in rats : Influence of the pain test used[END_REF]. Also, lesion studies showed that depletion of 5-HT neurons in the RVM via 5,7-dihydroxytryptamine (5,7-DHT) induces hyperalgesia [START_REF] Fasmer | Changes in nociception after lesions of descending serotonergic pathways induced with 5,6-dihydroxytryptamine[END_REF]. Then, Sorkin and colleagues demonstrate in 1993 in cats that "wide pulse, low frequency" stimulation of the NRM (67 or 30Hz -0.5ms) could elicit 5-HT release specifically in the dorsal horn of the spinal cord and inhibition of the nocicpetive projection cells located near the dialysis fiber [START_REF] Sorkin | Raphe magnus stimulation-induced antinociception in the cat is associated with release of amino acids as well as serotonin in the lumbar dorsal horn[END_REF]. Their results suggested that electrical stimulation of the 5-HT descending pathway is anti-nociceptive through the action of 5-HT in the spinal cord. These results matched the results they obtained also in primate and fit well with the rest of literature showing that electrical stimulation lead to 5-HT release in the spinal cord and analgesia [START_REF] Oliveras | Opiate antagonist, naloxone, strongly reduces analgesia induced by stimulation of a raphe nucleus (centralis inferior)[END_REF][START_REF] Rivot | Increase of serotonin metabolism within the dorsal horn of the spinal cord during nucleus raphe magnus stimulation, as revealed by in vivo electrochemical detection[END_REF].

However, recent studies showed that 5-HT at the spinal level can also exert facilitatory control of pain. Cai and colleagues used TPH2-ChR2 mice and optogenetic tools to test the impact of stimulation of serotonergic neurons of the NRM. A single stimulation of 20Hz, 15 ms during 5 min induced a decrease of mechanical threshold and thermal latencies for 4 days while repeated stimulations (same stimulation but once daily for 3 days) has the same effect but for at least 12 days (Cai et al., 2014).

Lately, in Zeilhoffer lab, Ganley and colleagues showed that chemogenetic stimulation of 5-HT neurons of the NRM induces a decrease of the mechanical threshold (Ganley et al., 2023).

Other studies seem to show that the role of 5-HT depends on the acute or chronic state of pain and depends on the pain modality investigated.

For example, Lmx1bf/f/p mice, i.e., which are lacking 5-HT neurons in the central nervous system, have normal acute thermal thresholds and visceral pain responses but are less sensitive to mechanical stimuli. However, these animals exhibit enhanced inflammatory pain responses [START_REF] Zhao | Mice Lacking Central Serotonergic Neurons Show Enhanced Inflammatory Pain and an Impaired Analgesic Response to Antidepressant Drugs[END_REF] suggesting that 5-HT depletion caused different changes in inflammatory vs acute pain responses. In line with these results, in inflammatory pain context, lesioning of the spinal 5-HT fibers enhances or has no effect on thermal hyperalgesia [START_REF] Géranton | Descending Serotonergic Controls Regulate Inflammation-Induced Mechanical Sensitivity and Methyl-CpG-Binding Protein 2 Phosphorylation in the Rat Superficial Dorsal Horn[END_REF]Millan, 2002).

Additionally, using lentiviral approach (LV-shTPH2) in order to deplete selectively 5-HT within the dorsal horn without altering serotonergic fiber integrity, Gauthier and colleagues showed that whereas mechanical and thermal nociceptive thresholds were unchanged by 5-HT depletion, mice presented marked reductions in intraplantar formalin (but not carrageenin)-evoked nocifensive responses. By contrast, significant increase in mechanical and thermal hyperalgesia induced by sciatic nerve ligation were noted in LV-shTPH2 injected rats versus controls [START_REF] Gautier | Lentiviral vector-driven inhibition of 5-HT synthesis in B3 bulbo-spinal 130 serotonergic projections -Consequences on nociception, inflammatory and neuropathic pain in rats[END_REF]. This shows that 5-HT depletion can even have an opposite effect on inflammatory versus neuropathic pain.

In line with these results, in the context of neuropathic pain, after nerve injury, lesion of the 5-HT spinal fibers via intrathecal injection of 5,7di-hydroxytryptamine (5,7DHT) attenuated mechanical and cold thermal hyperalgesia [START_REF] Rahman | Depletion of endogenous spinal 5-HT attenuates the behavioural hypersensitivity to mechanical and cooling stimuli induced by spinal nerve ligation[END_REF].

To investigate the fact that the neuropathic pain context changes the inhibitory role of 5-HT descending pathway to a facilitatory one, our team studied the impact of optogenetic activation of 5-HT fibers coming from the NRM and projecting to the dorsal horn of the spinal cord in control and neuropathic conditions. (Aby et al., 2022). We showed that 5Hz/5ms for 3min optogenetic stimulation of ChR2 infected 5-HT neurons is able to elicit action potential apparition in the 5-HT neurons of the NRM and we confirmed that NRM stimulation induces an increase of 5-HT levels in the DHSC.

Mechanical and thermal sensitivity have then been measured combined with the optogenetic stimulation and we showed that activation of the 5-HT descending pathway have an analgesic effect in male and in female mice and decreases the dorsal horn responses to electrical peripheral noxious stimulations in control conditions. In contrast, in spared nerve injury mice, activation of the descending pathway induces a decrease of thresholds and an increase of the nociceptive activity of the spinal cord:

the 5-HT descending pathway has switched from an inhibitory role to a facilitatory one.

We could thus see that it is hard to have a consensus on the action of the 5-HT descending pathway role. Still, these contradictory findings emphasize the important role of descending 5-HT pathways in pain transmission, with their influence being intricate and contingent on the specific pathological conditions. Several hypotheses were drawn concerning the mechanisms behind this bidirectional role of the descending 5-HT pathway.

In the context of nerve injury, we demonstrate that the switch from inhibition to facilitation is due to chloride imbalance at the level of the DHSC. To explain further, we showed that in physiological context, descending pathways stimulation has an inhibitory effect on the nociceptive ascending signal through the stimulation of inhibitory interneurons. After nerve injury, DNSC neurons present a decreased membrane expression of KCC2 channels, a Cl-transporter responsible of the maintenance of low level of chloride within the cell. This leads to a chloride imbalance and interneurons thus do not act anymore as inhibitors, inducing the loss of the inhibitory action of 5-HT descending pathway. Inhibition can be rescued in neuropathic mice with a booster of KCC2, CLP290, restoring the level of KCC2 channels at the surface of the membrane and thus the correct chloride balance (Aby et al., 2022).

The complexity of the effect exerted by 5-HT can also at least partially be explained by the multitude of serotonin receptors present in the central nervous system (CNS). In fact, mutant mice deficient in one type or another of serotonin receptor display varied behavioral responses to thermal, mechanical, or inflammatory nociceptive stimuli, sometimes weaker and sometimes stronger than those observed in paired "wild-type" mice (i.e., mice with the same genetic background). In fact, the modifications of these behavioral responses differ depending on the type of serotonin receptor targeted by the genetic mutation [START_REF] Kayser | Mechanical, thermal and formalin-induced nociception is differentially altered in 5-HT1A-/-, 5-HT1B-/-, 5-HT2A-/-, 5-HT3A-/-and 5-HTT-/-knock-out male mice[END_REF].

Role of the spinal 5-HT receptors in pain modulation 15 types of 5-HT receptors has been described and divided in 7 classes (from 1 to 7). Except 5-HT 3

which is a ligand-gated cation channel, the other receptors are G-protein coupled metabotropic receptors that can modulate ligand-and voltage-gated channels through Gi/o or Gq protein signalization. [START_REF] Barnes | A review of central 5-HT receptors and their function[END_REF]. All of them can be found at the level of the spinal cord but their activation by 5-HT does not imply the same effect on pain perception. This different effects participate to the complexity of 5-HT system role.

While spinal 5-HT1A, 1B, 2C, 5 and 7 could be involved in the descending inhibitory control exerted by 5-HT on transmission of nociceptive messages, 5-HT2A (and 2B) leads to its facilitation. In the case of 5-HT3, both roles have been put in evidence, depending on the pain state of the organism (Bourgoin et al., 2017). Pain studies mostly focus on 5-HT1, 2, 3 receptors role and we will detail their physiology here and a brief review of the role of the other receptors will be also provided.

a) 5-HT1 receptors 5-HT1 receptors are coupled with Gi/o leading to the inhibition of adenylyl cyclase (AC), activation of potassium (K+) channels, and inhibition of voltage-gated calcium (Ca2+) channels. There are divided in 6 classes from A to F. We can find the receptors and particularly the 5-HT1A and 1B in the DHSC [START_REF] Marlier | Autoradiographic mapping of 5-HT1, 5-HT1A, 5-HT1B and 5-HT2 receptors in the rat spinal cord[END_REF], on the primary afferent terminals and on DH neurons [START_REF] Cope | Motor Neurobiology of the Spinal Cord[END_REF].

The spinal role of 5-HT1A receptors has been shown to be mostly antinociceptive. Use of selective 5-HT1A receptor agonist (F-13640) produces analgesia in rodent models of acute and chronic pain. This effect can be reversed only with the use of morphine (Bardin, 2011).

The 5-HT1B receptors have also an antinociceptive action as demonstrated by the decrease response to nociceptive stimulation after intrathecal injection of 5-HT1B receptors [START_REF] Alhaider | Differential roles of 5-hydroxytryptamine1A and 5hydroxytryptamine1B receptor subtypes in modulating spinal nociceptive transmission in mice[END_REF][START_REF] Jeong | Roles of serotonin receptor subtypes for the antinociception of 5-HT in the spinal cord of rats[END_REF]. It has been shown that the 5-HT1B receptors are also present at the neuronal terminals of Aδ and C fibers and block the release of glutamate, substance P and CGRP in the DHSC participating to the regulation of pain transmission [START_REF] Arvieu | Sumatriptan inhibits the release of CGRP and substance P from the rat spinal cord[END_REF].

b) 5-HT2 receptors 5-HT2 receptors are coupled with Gq proteins leading to the activation of phospholipase C (for 5-HT2A and 2C) and Phospholipase A2 (for 5-HT2A) and leading to the production of inositol triphosphate (IP3) and thus to a release of calcium from the endoplasmic reticulum. Kinase proteins will then be activated leading to a global activation of the cell.

It has been demonstrated a pronociceptive role for 5-HT2A receptors on spinal nociceptive transmission under normal conditions on male Sprague-Dawley rats [START_REF] Rahman | A pronociceptive role for the 5-HT2 receptor on spinal nociceptive transmission : An in vivo electrophysiological study in the rat[END_REF]. 5-HT2A receptors are located in the laminae I-IV of the DHSC and 5-HT2AR have been shown to be involved in the sensitization of peripheral nociceptors and spinal nociceptive processing in mice [START_REF] Thibault | Serotonin 5-HT2A receptor involvement and Fos expression at the spinal level in vincristine-induced neuropathy in the rat[END_REF]. Also, intrathecal injection of 5-HT2A antagonists induces analgesia in inflammatory conditions.

In fact, 5-HT2a receptors have been shown to induce a strong morphological reorganization of PKCγ + interneurons that leads to their sensitization in rats [START_REF] Alba-Delgado | 5-HT2A Receptor-Induced Morphological Reorganization of PKCγ-Expressing Interneurons Gates Inflammatory Mechanical Allodynia in Rat[END_REF]. 5-HT2a is thus considered to have a facilitatory role on pain modulation [START_REF] Nishiyama | Effects of a 5-HT2A receptor antagonist, sarpogrelate on thermal or inflammatory pain[END_REF].

However, its presence on inhibitory interneurons of the DHSC suggests that it can also have an action on the inhibitory tone of the DHSC [START_REF] Xie | Identification of 5-HT Receptor Subtypes Enhancing Inhibitory Transmission in the Rat Spinal Dorsal Horn in vitro[END_REF]. For example, the stimulation of 5-HT2A receptors has also been reported to produce an anti-hyperalgesic effect in diabetic neuropathic rats. In this case, GABAergic interneurons seem to be involved but only if a disruption of 5-HT2A/PDZ protein interaction has occurred [START_REF] Pichon | Disrupting 5-HT2A Receptor/PDZ Protein Interactions Reduces Hyperalgesia and Enhances SSRI Efficacy in Neuropathic Pain[END_REF].

Additionally, the activation of 5-HT2a receptors has been shown to upregulate KCC2 function [START_REF] Bos | Activation of 5-HT2A receptors upregulates the function of the neuronal K-Cl cotransporter KCC2[END_REF]. Thus it was hypothesized that its activation would have an analgesic effect on neuropathic pain. It is actually the case for spinal cord injury but not for spared nerve injury model [START_REF] Sánchez-Brualla | Activation of 5-HT2A Receptors Restores KCC2 Function and Reduces Neuropathic Pain after Spinal Cord Injury[END_REF].

Thus we can see that 5-HT2a receptors action is also complex and depends also on the context.

5-HT2c receptors are also located in the DHSC but mostly in deep layers. Agonist application leads to an anti-nociceptive effect, while antagonists reversed completely the antinociceptive effect of 5-HT confirming the idea that these receptors are antinociceptive [START_REF] Bardin | Serotonin receptor subtypes involved in the spinal antinociceptive effect of 5-HT in rats[END_REF] in physiologic condition in rats. Also in neuropathic condition, as nerved injured mice, 5-HT2C antagonist has been shown to block the antiallodynic effect of 5-HT2c agonists suggesting an antinociceptive role of the receptors [START_REF] Obata | Antiallodynic effects of intrathecally administered 5-HT2C receptor agonists in rats with nerve injury[END_REF]. We should note that antiallodynic effect of 5-yT2 activation can be blocked by alpha2 adrenergic antagonist showing that noradrenergic spinal neurotransmission is involved in the action of 5-HT2c receptors. This idea is reinforced by the fact the depletion of NA fibers in the spinal cord attenuates the action of 5-HT2c receptors agonist (Bourgoin et al., 2017).

c) 5-HT3 receptors 5-HT3 receptors is a ligand-gated cation channel whose activation leads the entry of sodium and calcium accompanied by an outward flow of potassium. 5-HT3 receptors are located on neurons located in the superficial layers of the DHSC [START_REF] Kia | Localization of 5-HT3 receptors in the rat spinal cord : Immunohistochemistry and in situ hybridization[END_REF].

The role of spinal 5-HT3 receptors is complex as 5-HT3 can lead to pronoceptive or antinociceptive action.

5-HT3 seems to participate to the 5-HT antinociception effect in the spinal cord [START_REF] Jeong | Roles of serotonin receptor subtypes for the antinociception of 5-HT in the spinal cord of rats[END_REF].

Actually, 5-HT3 receptors are present on GABAergic inhibitory interneurons, which suggests a role in the inhibitory tone of the spinal cord. 5-HT via an action at 5-HT3 receptors may evoke release of GABA, which may in turn inhibit nociceptive transmission at terminals of primary afferent fibers on their postsynaptic side [START_REF] Alhaider | Spinal 5-HT3 receptor-mediated antinociception : Possible release of GABA[END_REF]. However, electrophysiological and behavioral studies also showed that 5-HT3 facilitates nociceptive response of some neurons in the DHSC [START_REF] Ali | The role of 5HT3 in nociceptive processing in the rat spinal cord : Results from behavioural and electrophysiological studies[END_REF]. And this would be associated with an increase glial activation [START_REF] Guo | Spinal 5-HT3 Receptors Mediate Descending Facilitation and Contribute to Behavioral Hypersensitivity via a Reciprocal Neuron-Glial Signaling Cascade[END_REF].

In neuropathic conditions, the role of 5-HT3 receptors is clearer as its antagonist tends to decrease pain perception (Bardin, 2011;Bourgoin et al., 2017). For example, in peripheral nerve injured rats, 5-HT3R antagonist ondasetron, decreases hyperalgesia and allodynia [START_REF] Hayashida | Ondansetron Reverses Antihypersensitivity from Clonidine in Rats after Peripheral Nerve Injury[END_REF].

d) Others receptors 5-HT 4, 6 and 7 receptors are Gs protein positively coupled to adenylate cyclase (AC). Activation of these receptors induces a production of cyclic adenosine monophosphate (cAMP, which modulates cAMP gated channels) which leads to the phosphorylation of several proteins mediated by protein kinase A such as K+ channels.

5-HT4 receptors are expressed in the superficial laminae of the spinal cord at the terminals of the primary afferent fibers suggesting a presynaptic role of the receptor (Bourgoin et al., 2017). These receptors seem to be specifically involved in inflammatory signal regulation as 5-HT4R agonist can reduce formalin induced pain [START_REF] Jeong | Roles of serotonin receptor subtypes for the antinociception of 5-HT in the spinal cord of rats[END_REF] but 5-HT4R antagonist cannot block 5-HT action on mechanical nociception [START_REF] Bardin | Serotonin receptor subtypes involved in the spinal antinociceptive effect of 5-HT in rats[END_REF]. This anti-nociceptive action has been confirmed through electrophysiology recordings and it has been shown that GABAergic inhibitor interneurons might be involved in the process [START_REF] Bianchi | Dual effects of 5-HT4 receptor activation on GABA release from guinea pig hippocampal slices[END_REF][START_REF] Liu | Roles of 5-Hydroxytryptamine (5-HT) Receptor Subtypes in the Inhibitory Effects of 5-HT on C-Fiber Responses of Spinal Wide Dynamic Range Neurons in Rats[END_REF] 5-HT6 receptors are present in superficial laminae of the DHSC. Little is known about the action of this receptor but it seems that intrathecal injection of its agonist increases nociceptive response to formalin injection, while antagonist injection decreases it, suggesting a pronociceptive effect of the receptor [START_REF] Castañeda-Corral | Role of peripheral and spinal 5-HT6 receptors according to the rat formalin test[END_REF][START_REF] Finn | The effects of pharmacological blockade of the 5-HT6 receptor on formalin-evoked nociceptive behaviour, locomotor activity and hypothalamo-pituitary-adrenal axis activity in rats[END_REF].

5-HT7 receptors as the others, are principally found in superficial laminae of the DHSC. It is expressed postsynaptically in local interneurons, presynaptically in peptidergic fibers and in astrocytes [START_REF] Doly | Pre-and postsynaptic localization of the 5-HT7 receptor in rat dorsal spinal cord : Immunocytochemical evidence[END_REF]. It has been shown that 5-HT7 receptors colocalized with GABAergic interneurons suggesting an inhibitory action of the receptors. Indeed, 5-HT7R agonist injection induces a decrease of mechanical and thermal hypersensitivity [START_REF] Brenchat | Pharmacological activation of 5-HT7 receptors reduces nerve injury-induced mechanical and thermal hypersensitivity[END_REF]. Also, in neuropathic conditions (spinal nerve ligated animals), the restauration of DNIC via SSRI action involved 5-HT7 receptors reinforcing the idea that 5HT 7 receptors are important for the inhibitory effect of 5-HT [START_REF] Bannister | An investigation into the inhibitory function of serotonin in diffuse noxious inhibitory controls in the neuropathic rat[END_REF].

5-HT5 receptors are a Gi coupled receptor and their activation leads to the hyperpolarization of the neuron. They are present at the superficial layers of the DHSC. Their involvement on pain modulation starts to be investigated and if it seems that 5-HT5 has an anti-nociceptive action, data are still poor and debated (Bourgoin et al., 2017).

In summary, this overview of the involvement of the 5-HT descending pathway in pain modulation reveals its complexity, as it can exert both inhibitory and facilitatory effects on pain regulation. These effects depend on various factors, including the individual's pain state. Moreover, the presence of multiple subtypes of 5-HT receptors in the spinal cord adds to the intricacy of 5-HT's mechanisms of action.

Nonetheless, it is clear that disruption in the 5-HT descending pathway can have a significant impact on pain perception. Therefore, gaining a deeper understanding of how this pathway is recruited and functions in Parkinson's disease is essential. Such insights could potentially lead to the development of therapeutic targets for alleviating pain in PD patients. Objectives of the thesis:

Through this introduction we have seen that PD pain is a major non motor symptoms which is expressed through very heterogeneous features. Nowadays, treatment given to PD patients are still limited due to the lack of understanding of the origins of PD pain syndromes. Through the study of several preclinical model, it has been shown that dopaminergic system alteration is not sufficient to explain the PD hypersensitivity and other monoaminergic and particularly serotonergic system involvement has to be further investigated.

First part of this thesis is to aim to:

1. Proceed to the in vivo characterization of the mice model of parkinsonism induced by unilateral injection of 6-OHDA in the MFB:

We will characterize:

-Motor behavior of 6-OHDA mice -Pain sensitivity of 6-OHDA mice -Possible alteration of pain circuits activity through the recordings of the nociceptive activity of the DHSC

Determine the role of the 5-HT descending pathway in PD context

We will address the following:

-Is the 5-HT descending pathway activity modified by the 6-OHDA injection?

-What are the consequences in the modulation of pain perception?

-Which are the receptors involved in the spinal cord?

In the second part of the thesis, the physiological role of 5-HT descending pathway is investigated and the influences of its activity on its role in pain modulation is questioned.

Thus the questions we addressed are:

1. What is the role of 5-HT descending pathway in physiological conditions on pain modulation?

2. How does modifying the activity of the 5-HT descending pathway affect its role in pain modulation? Post-surgery care was necessary during the first three weeks after the surgery: mice were kept continuously on heating pads, their classical food was completed with cheese or sweet condensed milk and mice were injected twice a day with an alternation of intraperitoneal injection of a glucose solution (5%) and NaCl 0.9% solutions. Mice have at least a 3-week recovery period before any other surgery, behavioural or electrophysiological assessment.

AAV injections

In parallel, we proceed to stereotaxic injections of virusesneeded for the expression of the different proteins needed for our optogenetic or chemogenetic studies. In the nucleus raphe magnus (NRM), we injected a total of 600 nL (in 3 bolus of 200 nL, at coordinates from bregma AP/ML/DV - 5,6;6;7), of selected viruses (See table below). Special care is then dispensed for 2 weeks before the implantation of the fibres. Spinal cord implantations followed the protocol described in (A. J. Christensen et al., 2016). In anesthetized mice (see above surgery). A 1-to 2-cm incision was made slightly caudal to the peak of the dorsal hump to expose the lumbar spinal region. The T12 L1 vertebra of interest was identified, and then a small incision was made between the tendons and the vertebral column on either side. The vertebra was then secured using spinal adaptor clamps, and all the tissue was removed from the surface of the bone. Using a microdrill, we removed the spinous process and the surface of the vertebra. Next, a small hole was drilled approximately 1 mm from midline, centrally on the rostro-caudal axis on the left side. We positioned the optical fiber above the hole and cemented the cannula in place using first cyanoacrylate glue then dental cement. Finally, we sutured and cleansed the skin surrounding the dental cement securing the cannula implantation. We monitored the animal for at least 1 week before behavioural and electrophysiological experiments.

Stimulation of the NRM neurons

During this work, we stimulated the NRM neurons or their spinal projections with optogenetic or chemogenetic techniques.

Optogenetic protocols

The fiber is implanted as described before at the level of the spinal cord. The mechanical threshold of the mice is measured before the injection and then at 30min, 1h, 2h, 3h, 4h and 24 hours after.

Behavior Motor behaviour

Locomotor symptoms induced by 6-OHDA were evaluated using the cylinder test adapted from (Boix et al., 2015). First, mice were placed individually inside a glass cylinder (diameter 144 mm). The session lasted 2 min and was videotaped and analysed using EthoVision® software (XT, Noldus Information Technology, NL). The spontaneous rotation preference has been assessed by counting the number of clockwise (ipsilateral) and anti-clockwise (controlateral) rotations.

Then, we placed the mice in an openfield of 40 x 40 cm for 10 min. Using the tracking Ethovision software, we evaluated the distance travelled by the animals.

Algesimetry a) Von Frey test

To assess the mechanical thresholds, we used a set of Von Frey filaments of different forces (UgoBasile, Italy). Mice were habituated to the testing apparatus for 30min prior to testing. Von Frey hairs of different forces were applied to the plantar surface of the hind-paws. The simplified up-down method (SUDO) has been used (Bonin et al., 2014) in which only 5 trials are done on the hind-paws.

Briefly, we started with filament number 8 (1g) and if there was a lack of response to that filament, then we used next higher filament in the following stimulation (i.e., number 9). If there was a positive response, we used the next lowest filament (i.e., number 7). The last filament indicates the threshold weighted by the value of the 4th test. We converted the paw withdrawal threshold 

b) Plantar test

To assess thermal heat sensitivity, we used the Hargreaves apparatus (Ugo Basile, Italy). 3 thermal stimulations delivered at an infrared intensity of 50IR were applied to the surface of the hindpaws separated by 3 min each. We measured the latency (s) of the paw withdrawal and the thermal withdrawal latency corresponds to the mean of the 3 measures done.

Pharmacology -Intrathecal injection

To test the different antagonists, we inject a bolus of 10µL of solution containing the drug or only saline as control directly at the level of the spinal cord via an intrathecal injection with a 10µL Hamilton syringe equipped with a 30G needle. Drug are all dissolved in NaCl 0.9% solution.

The concentration of the drug and the time let between the injection and the behavioral measure can be found in the following table. For the combined drug, granisetron and ketanserin have been injected in 1 bolus while granisetron and MDL11239 have been injected separately to respect the timing before behavioral measure.

High Performance Liquid Chromatography (HPLC)

After anaesthesia under urethane, 6-OHDA and sham mice were euthanized and the ipsilateral and contralateral lumbar spinal cord rapidly extracted and frozen in cold isopentane (-35°C). Thereafter, tissues were placed in pre-weighed tubes, and placed at -80°C. On the day of the biochemical analysis, tubes containing the lumbar cord samples were placed on ice, and rapidly wiped and weighed. Samples were then homogenized in 0.1N HClO4 (100 µL), sonicated and centrifuged at 13.000 rpm for 30 min at 4°C. The supernatants were injected into the HPLC system using a manual injector (Rheodyne 7725i, Mice have been first anaesthetized with urethane (20%) and placed on a stereotaxic frame (Unimécanique, Asnières, France). A laminectomy was performed on lumbar vertebrae T13-L1 to expose the segment L4-L5 of the spinal cord. For light stimulation, an optical fiber was lowered as close as possible to the nervous tissue allowing light stimulation at 8mW/cm2. Recording electrodes were built with glass capillaries from thin-walled borosilicate glass capillaries (outside diameter 1.5 mm;

World Precision Instruments, Sarasota, FL, USA) and pulled using a puller (p-97; Sutter Instrument, Novato, CA, USA). Pipette were then filled with a solution of NaCl 4% and were inserted into the left dorsal horn using a micromanipulator. Recordings were performed with an amplifier (DAM80, WPI, USA) connected to a CED1401 interface and recorded using Spike2 program (v7, CED, UK). Paw stimulations allow detection of local field potentials until isolation of one specific unit. Wide dynamic range (WDR) nature of the isolated units was assessed with electrical stimulation in the center of its receptive field and neurons with a fast (between 10 and 80ms) and slow (between 80 and 150ms) component were recorded.

Single unit recordings of identified WDR (see above) have been done in sham and 6-OHDA animals.

First, we determined the minimal stimulation allowing slow response of the WDR. Then, we measured the response of the neurons to paw stimulation at 0.5, 1, 2, 3, 4 and 5mA with one stimulation of 1ms every 15s. We then set the intensity as 3 times the threshold for optogenetic stimulations and stimulated the paws again every 15s. The response of the WDR neurons before and during optogenetic stimulation is recorded. Finally, central sensitization was assessed with a wind-up protocol, i.e 15 stimulation at 1Hz still at an intensity corresponding to 3 times the threshold.

CFos experiment

Mice expressing ChR2 in the NRM were anesthetized with urethane 20% and placed on a stereotaxic frame (M2E, Asnières, France). The segments L4 to L5 of the spinal cord were exposed using the same surgical procedure as that used in the electrophysiology experiment. An optic fiber was placed above 

DAB immunostaining

For TH quantification, we used DAB immunostaining. Briefly, slices are rinsed with PBS 1X then endogenous peroxidases are inhibited with a solution of hydrogen peroxide (H2O2) in PBS for 10 min.

Slices are rinsed in PBS1X then saturated and permeabilized with PBS1X/BSA 2%/Triton100X-0.3% solution for 30 min. Slices are then incubated overnight at 4°C with anti-TH rabbit (1:5000, Novus Biologicals, NB300-109). After few washes with PBS1X, they are incubated 30 min with a secondary antibody anti-rabbit VisUCyte (R&D systems, VC003-125) and then washed again. Finally, the reaction is revealed via the chromogen Diaminobenzidine (DAB) which turns brown in presence of an electron donner, here the H2O2 for one minute. Slices are then mounted on gelatine slides.

The lesion of all the animals used in this study has been verified and we acquired the images of the striatum, SNc and A11 sections with the microscope Panoramic scan II 3DHISTECH. The images were analysed with ImageJ Fiji software (National Institutes of Health, New York, USA).

Grey level of the striatum TH staining is defined as the difference between the mean intensity of the pixels of the striatum (i.e. TH + background staining) and the mean intensity of the pixels located in the cortex areas (i.e. background staining). The images were previously transformed as 8bit images and the pixel intensity rated between 0 and 255.

The number of TH cells in the SNc was obtained using the optical fractionator (Bastide et al., 2014) unbiased stereological method (Leica DM6000B, Mercator Pro, ExploraNova,France). Immuno-labelled cells were counted by a blinded investigator on every 6 sections for the SNc (Counting frames: 60× 40 μm, Spacing: 120 × 180 μm, number of sections: 5). Finally, we counted the number of A11 TH+ neurons manually using Image J and its cell counting plugin. 

Cell quantification

RNA Scope

RNAscope is an advanced in situ hybridization technique that enables the detection of the desired mRNA with enhanced specificity and sensitivity. This technique is performed over a three-day period following the manufacturer's instructions and utilizing the RNAscope® Multiplex Fluorescent Detection Kit v2 (ACD, Newark, CA, USA; #323110). On the first day, frozen fresh brain tissues are sectioned using a cryostat, and 16 μm fresh tissue sections are mounted directly onto slides. They are then incubated in cold 4% PFA (4°C) for 16 minutes. Subsequently, the sections are dehydrated in alcohol baths of 50%, 70%, and 100%, with each percentage bath lasting 5 minutes. The sections are then transferred to another 100% ethanol bath and left overnight at -20°C.

The following day, the sections are allowed to air-dry at room temperature for 10 minutes. A hydrophobic barrier is drawn along the sections using a hydrophobic pen (ImmEdge Hydrophobic Barrier Pen, #310018), and the sections are left at room temperature for 10 minutes to allow the barrier to dry.

The sections are then treated with Protease Pretreat-4 (Cat#322340) for 20 minutes at room temperature. Afterward, the sections are washed with Wash buffer (Cat#310091) diluted at 1/50 in 0.1M PBS.

Next, the sections are incubated with a mixture of three probes (details of the probe mixture in Table 8) for 2 hours at 40°C. 2 controls were also prepared in parallel: 1 positive control (Mice specific RNAscope 3-plex Positive Control Probes) and 1 negative control(RNAscope™ 3-plex Negative Control Probecat 320871).

The significance of RNAscope lies in its signal amplification, which occurs in several steps: the sections are incubated with AMP1 for 30 minutes at 40°C, followed by AMP2 and AMP3.

Then section area incubated by HRP-C1 for 15min at 40°C, washed with WashBuffer 1X then incubated with TSA fluorophore of the chosen color for C1 for 30min at 40°C. HRP is then blocked with the incubation of the section in HRP blocker solution for 15 min at 40°C. These step are repeated with HRP-C2 and HRP-C3 with TSA of different color for each repetition.. Subsequently, the sections are incubated with DAPI (#320851) for 20 seconds at room temperature.

Finally, the sections are mounted with Fluoromount (ThermoFisher Scientific) and kept at room temperature overnight in the dark at 4°C to dry. The sections are stored at -20°C until confocal acquisitions are performed. To study if hyperexcitability in 6-OHDA mice is due to WDR properties, we studied the intrinsic propreties of the WDR neurons through the study of windup, a short-term central sensitization elicited by same high intensity, low frequency (1Hz) repetitive stimulations (Fig. 13F). In 6-OHDA mice windup curve is higher than in sham (Fig. 13G Two-Ways ANOVA Sham vs 6-OHDA ***p=0.0002). However, there is no significant change in windup coefficient suggesting that increased windup curve is not due to intrinsic properties (Fig. 13H Mann-Whitney test p=0.4257). To confirm this possibility, we normalized windup curve to the 1 st response in order to focus on amplification property. We show that amplification is strictly similar in 6-OHDA and sham suggesting that hyperexcitability in the DHSC is due to alteration 

Increased activity of 5-HT neurons of the NRM.

As we saw that the only dopamine nucleus projecting to the spinal cord, A11 nucleus (Koblinger et al., 2014), is not affected by the lesion Fig. 11C, we focused our attention on others monoamines known to influence pain perception (Millan, 2002). Using HPLC, we dosed monoamine levels in fresh lumbar spinal cord from sham and 6-OHDA mice. Noradrenaline level is not changed in 6-OHDA animals (Fig. To assess this, we then focused on the brainstem nucleus raphe magnus (NRM), a major 5-HT descending pathway that control nociceptive transmission in the DHSC. By using 5-HT::Ai9 td tomato mice, we compared the expression of phosphorylated extracellular signal-regulated kinases (pERK), which is a marker of neuronal activity (Xia et al., 1996), in the NRM of 6-OHDA and sham animals. First, we quantified 5-HT neurons (i.e., expressing tomato) of the NRM and no difference was observed between both conditions (Fig. 15I Mann-Whitney test p=0.5). Then using immunohistochemistry technique, we revealed phosphoERK positive (pERK+) neurons. In 6-OHDA animals, there is an increase number of pERK+ in all NRM (Fig. 15K Mann-Whitney test ****p<0.0001). This is due notably to an increased number of 5-HT/pERK+ neurons (Fig. 15L Mann-Whitney test ***p<0.002). Also, if we restrain the quantification to 5-HT neurons of the NRM, we see that the proportion of pERK+ neurons is increased in 6-OHDA condition compare to sham (Fig15M Mann-Whitney test **p=0.0065).

We can conclude that 6-OHDA injection induces an increased expression of pERK specifically in 5-HT neurons of the NRM suggesting an increased activity of 5-HT neurons. Finally, we measured the miniature excitatory synaptic currents (mEPSCs) onto 5-HT neurons (Fig. 17A). In 6-OHDA conditions, we observed an increase in the amplitude of the mEPSCs (Fig. 17BG 4. Inhibition of 5-HT descending reverses mechanical hypersensitivity of 6-OHDA mice.

We next assessed the role of 5-HT descending pathway in mechanical hypersensitivity and spinal hyperexcitability in 6-OHDA mice. We injected a cre-dependent virus (AAV-Dio-ARchT-GFP) in NRM of 5-HT Cre allowing expression Archaerhodopsin (ArchT), an inhibitory opsin acting as a proton-pump (Fig. 18A). Our approach allows specific expression of GFP in5-HT neurons (Fig. 18B around 90% of GFP positive neurons are 5HT). We used a group of animals injected with an AAV-dio-GFP as a control.

We implanted optical fibers necessary for opsin activation and 5-HT fibers inhibition above dorsal surface of the spinal cord (see method and (Aby et al., 2022)), to specifically inhibit 5-HT descending fibers coming from the NRM and projecting to the spinal cord. Optogenetic inhibition of the 5-HT Wilcoxon test **p=0.039 & *p=0.0156). Moreover, 5-HTR3 antagonist, granisetron also significantly increases the mechanical threshold (Fig. 20D Wilcoxon test **p=0.0078). Finally, we tested for a synergic effect of 5-HT2a and 5-HT3 blockade. Interestingly, although combined injection of ketanserin and granisetron has a significant effect comparable to each drug alone, the combined injection of Granisetron + MDL11239, significantly increased mechanical threshold, that raises back to sham animals, suggesting a synergic effect of both antagonists (Fig. 20E Wilcoxon test *p=0.0156 & **p=0.0078).

Summary of part 1

In this part, we show that unilateral injection of 6-OHDA in the MFB leads to a drastic lesion of the nigro-striatal pathway inducing expected motor impairment in the mice. The DA depletion induces an increase of the 5-HT descending pathway activity characterised by an increase level of 5-HT in the spinal cord and an hyperexcitability of 5-HT NRM neurons. This induces bilateral mechanical hypersensibility and an hyperexcitability of the nociceptive circuit of the dorsal horn of the spinal cord that can be at least partially reversed by intrathecal injection of 5-HT2a and 3 receptor antagonists. In the previous part of the thesis, data demonstrated a facilitatory role of 5-HT descending pathway in 6-OHDA conditions, whereas previous data of the team show that in naive mice 5-HT descending pathway have an inhibitory role (Aby et al., 2022). As in 6-OHDA conditions 5-HT descending pathway have an increased activity compared to sham animals, we suggest that the role of the descending serotonin in nociceptive control changes upon 5-HT neurons activity.

To test this hypothesis we decided to look at the 5-HT descending pathway function in physiological condition and investigate the role of the level of stimulation of the 5-HT descending pathway on nociceptive responses and dorsal horn neurons excitability.

Inhibition of 5-HT descending pathway in physiological condition induces hyperalgesia

To start, we assessed the role of the 5-HT descending pathways in physiological conditions. For that, we injected an AAV-hsyn-DIO-hM4D(Gi)-mcitrine or an AAV-CAG-flex-GFP as control in the NRM of mice expressing Cre-recombinase in 5-HT neurons to be able to chemogenetically inhibit specifically the 5-HT neurons of the NRM. Indeed, this viral infection leads to the expression of DREADD protein hM4D(Gi) that is an engineered version of the M4 muscarinic acetylcholine receptor. When bound by deschloroclozapine (DCZ) delivered through i.p injection, membrane hyperpolarization results through a decrease in cAMP signaling and increased activation of inward rectifying potassium channels. This leads to the inhibition of the neuron. We measured then the mechanical withdrawal threshold of the mice before and after DCZ i.p. injection and we could see that inhibition of 5-HT neurons of the NRM induces a bilateral hyperalgesia from 1h to 3h after DCZ injection in hM4D(Gi) expressing animal but no effect in control animals (fig 22B, hM4D(Gi) Two-ways ANOVA Time effect **p=0.0029, Before vs 1h **p=0.02; Before vs 2h *p=0.047; Before vs 3h *p=0.047 / GFP Two-ways ANOVA Time effect p=0.383). This show that 5-HT neurons of the NRM have a tonic inhibitory role in the control of pain in physiological conditions.

To enhance temporal control of inhibition and to target specifically 5-HT neurons projecting to the spinal cord, we used the same optogenetic stimulation strategy as part I but this time under Still using optogenetic strategy, we recorded with extracellular electrophysiology technique as described in the previous section, nociceptive neurons of the DHSC and looked at the impact of 5-HT descending pathway inhibition on their activity. We thus showed that inhibiting the 5-HT descending pathway induces a significant increase of the C-fibers response elicited by electrical stimulation of the paws in ArchT expressing mice but not in control mice (fig22F, Wilcoxon test, ArchT *p=0.0371; GFP p=0.078).

These results confirm that in physiological condition, 5-HT descending pathway has a tonic inhibitory nociceptive transmission. 

b) Optogenetic stimulation effect depends on its intensity

We opted for a different approach to gain better control over the intensity and timing of the stimulation: we used again optogenetic strategy but this time viral injection lead to the expression of channelrhodospin. Under blue light application, this opsin triggered cation entrance and neuronal depolarisation. We used 2 protocols of stimulation: one at 5Hz/5ms for 3 min which is close to the physiological activity of 5-HT neurons [START_REF] Mlinar | Firing Properties of Genetically Identified Dorsal Raphe Serotonergic Neurons in Brain Slices[END_REF] and one with a longer duration, more intense at 5Hz/100ms for 3 min. Here again we measured the mechanical withdrawal threshold as well as the nociceptive activity of the DHSC neurons.

We demonstrated that stimulating the descending pathway at 5Hz/5ms had an analgesic effect, resulting in an increased mechanical withdrawal threshold (fig24B, Wilcoxon test ***p=0.0005) and a reduced C-fibers response of the DHSC neurons (fig24B, Wilcoxon test **p=0.004). In contrast, when we applied more intense stimulation at 5Hz/100ms, we observed a decrease of the mechanical withdrawal threshold (fig24C, Wilcoxon test *p=0.0156) and an increase of the nociceptive spinal neurons activity (fig24C, Wilcoxon test ***p=0.0005) indicating a hyperalgesic effect of the stimulation.

Thus, it suggests that the impact of 5-HT shifts from analgesic to hyperalgesic depending on the intensity of the stimulation. 

Exploration of spinal cord circuits influenced by 5-HT descending pathway

We demonstrated that the 5-HT descending pathways exhibit tonic activity and play an analgesic role in physiological conditions, but this role can shift to a proalgesic one when their activity is increased. 

b) Inhibitory interneurons in DHSC express 5-HT receptors

We then wanted to know through what receptors 5-HT acts. We thus started by looking at the 5-HT receptors expression in the inhibitory interneurons of the DHSC. As we observed an activation of the inhibitory interneurons and as 5-HT descending pathway has an analgesic effect in physiological conditions, we decided to focus our attention on activatory 5-HT receptors that are known to be invoved in pain modulation i.e. 5HT2a, 5HT2c and 5-HT3 receptors (see Introduction).

Immunohistochemitry tagging of 5-HT receptors is challenging due the difficulty in finding efficient antibodies that specifically target these receptors. Thus, we used alternative approaches allowing us to tag RNA expression of the receptors or reveal the cells expressing the gene of the receptors of interest.

As we had access to HT2a*Ai14tdtomato mice, we performed immunohistochemistry on spinal cord slices to determine the type of neurons in which the tdTomato expression is present. We marked Pax2 positive neurons (inhibitory interneurons) as well as TLX3 positive neurons (excitatory interneurons).

We can see that alsmost exclusively inhibitory interneurons are expressing 5-HT2A receptors (fig26A).

Next, we employed the RNAscope technique to label the mRNA expressed by neurons in the DHSC.

Using probes for HTR2C and HTR3a/HTR3b, we identified neurons expressing 5-HT2C and 5-HT3 mRNA, respectively. We complemented this with the use of Slc32a1 and Slc17a6 probes to distinguish GABA/Gly and glutamatergic neurons, respectively.

We demonstrated that inhibitory neurons express both 5-HT2CR and 5-HT3R mRNA, with 5-HT3 being almost exclusively expressed in inhibitory interneurons (fig26B-C) Finally, transcriptionnal data from single-cell RNA sequencing work of Häring and colleagues were analysed. The mRNA expression of 5-HT receptors were plotted for all cell types, GABA cells only or Vglut cells only. We could see that 5-HT2C mRNA is very expressed in all the neurons and particularly in GABA neurons.

All of these findings collectively suggest the presence of 5-HT2A, 5-HT2C, and 5-HT3 receptors within the inhibitory interneurons of the DHSC.

c) Analgesic effect of optogenetic stimulation invovles by 5-HT2a and 2c receptors

We aimed to investigate whether these receptors played a role in the action of 5-HT at the spinal cord level. To test this, we conducted intrathecal injection of 5-HT antagonists solution while stimulating the 5-HT descending pathway with optogenetic stimulation (fig27A). Through this, we were able to demonstrate that the analgesic effect of the 5-HZ/5ms stimulation observed in naïve animal ( In contrast, the injection of granisetron, a 5-HT3 antagonist, did not affect the analgesic effect of optogenetic stimulation. We can suggest that the analgesic effect of optogenetic stimulation at 5Hz/5ms involved 5-HT2a and 2c receptors but not by 5-HT3 receptors. In contrast, when we explored the role of 5-HT3 receptors but this time under 5Hz/100ms stimulation, we were able to demonstrate that the hyperalgesic effect of the 5-HZ/100ms stimulation observed in naïve animal (Fig28B, Wilcoxon test *p=0.0156) and saline injected mice (fig28C, Wilcoxon test *p=0.0156) was abolished when mice were injected with granisteron (fig28D, Wilcoxon test p>0.9999). We thus can conclude that contrary to the analgesic effect, the hyperalgesic effect may need the recruitement of 5-HT3 receptors. In this part of the study, we demonstrated that under physiological conditions, the 5-HT descending pathway exerts a tonic analgesic effect. Inhibition of this pathway leads to hyperalgesia and an increase in the nociceptive activity of DHSC neurons. Furthermore, our results suggest that its role in pain control depends on its activity, shifting from an inhibitory role to a facilitatory one under more intense stimulation. Indeed, 5Hz/5ms stimulation induces analgesia and decrease of the nociceptive activity of DHSC neurons while 5Hz/100ms stimulation induces hyperalgesia and increase of the nociceptive activity of DHSC neurons. Finally, we provided evidence that 5-HT may acts on inhibitory interneurons through 5-HT2A and 5-HT2C receptors, and its hyperalgesic role may require the recruitment of 5-HT3 receptors. 

DISCUSSION

In the first part of the results, we demonstrated that 5-HT neurons from the NRM exert a descending facilitation on nociceptive transmission in a model of hemi-parkinsonism. We show that hemiparkinsonism induces mechanical hypersensitivity associated to dorsal horn neuron hyperexcitability.

We show that this hyperexcitability is associated with hyperactivity of 5-HT neurons in the brainstem.

Inhibiting 5-HT neurons activity with optogenetic suppressed mechanical hypersensitivity and spinal hyperexcitability. Finally, we show that these effects could be mediated through 5HT2a and 5HT3 receptors that coulb be then considered as possible future therapeutic routes fig 21.

Characterization of 6-OHDA mice model Unilateral 6-OHDA induces bilateral mechanical hypersensitivity

We used a model of hemi-parkinsonism by means of unilateral injection of 6-OHDA in the mid forebrain bundle of adult mice. 6-OHDA is a neurotoxin that induces catecholamine depletion in DAT expressing neurons, including noradrenergic and dopamine neurons (Ungerstedt, 1968). It induces a strong neuronal death i.e. more than 80% of nigrostriatal projections and unilateral injection avoid animal death while inducing unilateral motor impairment easy to detect (Thiele et al., 2012). To preserve noradrenergic neurons, 6-OHDA injection is preceded by i.p. injection of desipramine to protect noradrenergic cells. We observed a huge dopamine lesion in Substancia Nigra pars compacta (SNc) (>80%). Moreover, dopamine innervation in the striatum was also significantly reduced ipsilateral to the lesion (>90%). These values are comparable or even greater than previous studies using this model of hemi-parkinsonism (Luan et al., 2020;Tang et al., 2021). Associated to dopamine depletion, we observed locomotor impairments as shown by unilateral rotation and reduced locomotion in the open field test. Interestingly, following unilateral dopaminergic lesion, we observed a bilateral decrease in mechanical threshold. This result is in line with previous work in mice and data from clinical studies (Djaldetti et al., 2004;Luan et al., 2020;[START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF].

The fact that a unilateral lesion induces a bilateral effect comforts the idea that the hypersensitivity is due to a perturbation of the brainstem nuclei. Indeed, NRM is a central nucleus that projects to both sides of the spinal cord [START_REF] Mokha | Pathways mediating descending control of spinal nociceptive transmission from the nuclei locus coeruleus (LC) and raphe magnus (NRM) in the cat[END_REF]) so perturbation of this nucleus could impact both sides of the animal.

We used both males and females and show that mechanical sensitivity was increased in both sexes. This is an interesting results as several studies suggest that gender differences exist for many features of PD and particularly for non-motor symptoms (Georgiev et al., 2017). Pain symptoms appear in both gender cases but women report higher pain scores and seems to develop more PD-related pain symptoms (L. Gao et al., 2022). It has also been shown that if gender influenced pain perception in PD patients, no correlation has been found between pain treatment effect and gender (Zella et al., 2019).

However it has to be noticed that pain-related gender difference can also be seen in the general population (Mogil, 2012). Our work brings element to understand better the physiology of PD pain and shows no difference between males and females of the effect of dopaminergic depletion on pain sensitivity.

Dorsal horn neurons hyperexcitability.

We also show that unilateral lesion induces a dorsal horn neuron hyperexcitability. We evaluated the response of dorsal horn neurons that respond to both non nociceptive and nociceptive peripheral fibers.

These neurons are called wide dynamic range neurons (WDR) and are considered as one of the main outputs from the dorsal horn of the spinal cord (Basbaum et al., 2009). Changes in WDR excitability is a good indicator of the dorsal horn sensitization, a phenomenon of short-or long-term increase in activity at the basis of nociceptive alterations following injury of the peripheral or central nervous system (Baranauskas & Nistri †, 1998). We show that WDR increased their responsiveness to nociceptive inputs suggesting an alteration of both neuronal circuits. This increased responsiveness appeared from the weakest stimulation as shown by the decreased threshold to induce nociceptive response. For the strongest stimulations, however, the response was not different from sham suggesting that WDR have reached their maximum response capacity. As observed for mechanical pain behavior, we found the same level of hyperexcitability in males and females.

We and other, already observed an increased excitability of dorsal horn neurons in rat following unilateral injection of 6-OHDA but the intensity-response relationship was differently altered in rats (Charles et al., 2018). Indeed, in rat lower stimulations induced higher response in sham and the other way round for higher stimulations, by contrast in mice, from lower to higher stimulation, neurons from 6-OHDA mice always responds more than neurons from sham mice. Finally, we found no modification of the windup, a form of short-term plasticity suggesting that sensitization capabilities of 6-OHDA mice is not altered. Again, this result is different from what we observed in rats where windup amplitude was increased in WDR neurons of 6-OHDA rats. These discrepancies between rats and mice may be due to capacity of rats to better cope with dopamine lesion and may be explained by unknown compensatory mechanisms that limit the impact of dopamine lesion (Sarre et al., 2004). Also we have to mention that rat electrophysiology recordings have been conducted under isoflurane anesthesia which is not the case of mice recordings. It is known that isoflurane can decrease serotonergic activity (Martin et al., 1990;Mukaida et al., 2007) and our work shows that spinal cord activity is modulated by 5-HT so the difference of anesthetics used could also be an explanation of the rat-mice discrepancies.

Increase of 5-HT descending pathway activity in 6-OHDA mice model 6-OHDA injection in the mid forebrain bundle induces a dopamine depletion in SNc and striatum associated to motor impairments. Because hemi Parkinsonism also induces nociceptive hypersensitivity and spinal cord neurons hyperexcitability, we evaluated alteration of dopaminergic system projecting to the spinal cord. We found no change in ipsilateral A11 dopamine neurons that are known to project to the dorsal horn of the spinal cord (Koblinger et al., 2014). We also observed no difference in dopamine content in the spinal cord and even if Dopac levels are slightly increased, it seems that there is no difference in the dopamine degradation mechanisms as the ratio DO/DA does not change between 6-OHDA and sham animals (fig29, Mann whitney tests Dopamine p=0.132; DOPAC *p=0.0152; Ratio p= 0.31). However, we should note that the dopamine detected are at very low levels and are at the limit of the system detection. Thus, to confirm the HPLC measures, we should replicate the experiment with increased quantity of material.

These results are in accordance with previous results obtained after bilateral 6-OHDA lesion in rats (Wang et al., 2017). These results suggest that dopaminergic system projecting to the spinal cord remain unaffected by the lesion.

Because monoamine networks are interconnected and are altered in Parkinson disease, we looked at noradreniergic spinals levels and show no difference between sham and 6-OHDa samples. Thus we focused on 5-HT circuits andnother important finding in the present study is the increased activity of 5-HT neurons of the nucleus raphe magnus. First, we show that levels of 5-HT in the dorsal horn of the spinal cord is increased in 6-OHDA mice as compared to control. By contrast, the degradation dynamic of 5-HT is not changed as the 5-HT/5HIAA ratio is stable. These results suggest that the increase level of 5-HT is not due to a degradation pathway deficiency but rather to an increase activity of 5-HT neurons.

We show that the number of 5HT neurons in the B3 5-HT nucleus is not modified in 6-OHDA mice and that the number of neurons expressing pERK, a marker of activity, is increased in this area and particularly 5-HT neurons. This is in contrast with previous results suggesting a decrease in spinal 5-HT levels associated to a 5-HT neuron loss in the B3 nucleus in rats (Campos et al., 2019;Wang et al., 2017).

However, in the cited publications, 6-OHDA was injected either bilaterally in the SNc or unilaterally in the striatum of rats. The animal model (rats vs mice), the localization of the administration could explain the observed difference. On another hand, 5-HT neurons of the NRM are not sending fibers neither to the cerebral cortex nor to subcortical areas, it is also very unlikely to have 5-HT neurons loss with our procedure. Moreover, we performed patch clamp recordings of identified 5-HT neurons of NRM slices from sham and 6-OHDA mice. We found that 5-HT neurons exhibit no increased excitability but receive increase barrage of excitatory post-synaptic currents (EPSCs). These results observed both with spontaneous and miniature EPSCs show that 5-HT neurons in 6-OHDA mice receive more excitatory inputs that confirm the increased activity of 5-HT neurons of the NRM. Together our results show that unilateral injection of 6-OHDA in the MFB induces a strong dopamine depletion associated with the hyperactivity of 5-HT system in the nucleus raphe magnus (NRM).

The question that arises is how a depletion of the nigrostriatal pathway can lead to an increase in NRM activity. To our knowledge, there is no direct projection between the NRM and the SNc that has been demonstrated (Wang et al., 2017), so the alteration of NRM activity must occur through indirect mechanisms.

Several regions of the brains have been shown to be able to influence pain through the NRM modulation.

First, STN is involved in nociception modulation (Luan et al., 2020) and STN-DBS stimulation induces a decrease of the hypersensitivity and a decrease WDR nociceptive activity. This effect of DBS stimulation has been shown to be blocked when lidocaine in injected in the RVM suggesting that, even if no direct projection are known between STN and RVM, the STN-DBS effect passes via a pathway involving RVM [START_REF] Charles | La pathophysiologie des anomalies nociceptives dans le contexte de la maladie de Parkinson[END_REF]. In addition, no projection neither has been demonstrated between STN and PAG but STN-DBS stimulation can also modified PAG activity [START_REF] Gee | Subthalamic deep brain stimulation alters neuronal firing in canonical pain nuclei in a 6-hydroxydopamine lesioned rat model of Parkinson's disease[END_REF]. These studies suggest that STN activity perturbation can modify descending pathway activity. Yet, SNc lesion can induce a perturbation of the STN activity [START_REF] Pautrat | Revealing a novel nociceptive network that links the subthalamic nucleus to pain processing[END_REF][START_REF] Pautrat | Altered parabrachial nucleus nociceptive processing may underlie central pain in Parkinson's disease[END_REF]. Thus, we can hypothesise that part of the pathway that modulates the NRM activity in 6-OHDA mice involves the STN.

In addition, it has been shown that an increased activity of the STN leads to an increased activity of the ACC, the mPFC and the PBN [START_REF] Pautrat | Altered parabrachial nucleus nociceptive processing may underlie central pain in Parkinson's disease[END_REF][START_REF] Zhou | Synaptic potentiation of anterior cingulate cortex contributes to chronic pain of Parkinson's disease[END_REF]. These three regions are interesting because they are known to influence the descending pathway; thus, we can hypothesize that the modification of their activity can have repercussions on the RVM activity. Indeed, ACC stimulation induces descending facilitatory modulation that is relayed by the RVM : descending facilitation produced by electrical stimulation at a site within the ACC was blocked by injection of lidocaine within the RVM [START_REF] Calejesan | Descending facilitatory modulation of a behavioral nociceptive response by stimulation in the adult rat anterior cingulate cortex[END_REF].

Concerning the mPFC, the modification of its activity can also influence downstream pathway. Indeed, PAG receives extensive projections from it [START_REF] Hardy | Cortical projections to the periaqueductal gray in the monkey : A retrograde and orthograde horseradish peroxidase study[END_REF]. These connections have been shown to be altered in nociceptive condition leading to a decrease serotonergic modulation of the spinal cord (J. [START_REF] Huang | A neuronal circuit for activating descending modulation of neuropathic pain[END_REF]. This demonstrate that the perturbation of the mPFC activity can have an indirect action on the 5-HT system. Additionally, besides the fact that mPFC activity can be modified via STN alteration in 6-OHDA model, it has been shown that perturbation of the dopaminergic VTA activity can also altered mPFC activity inducing an alteration of the descending pathways (S. Huang et al., 2020). And, in our model, we observed that part of the VTA can be affected by 6-OHDA injection in the MFB (Lesion of VTA (Ipsi/Contra): Min 0%, Max 100%, Mean ± SEM: 45.5 ± 5.3%; n=28). Thus, it would be interesting to investigate the impact of the 6-OHDA injection on the mPFC activity and its possible involvement in NRM alteration and in PD pain.

Last interesting structure is the PBN which is also known to project to the PAG and the RVM [START_REF] Chiang | Parabrachial Complex : A Hub for Pain and Aversion[END_REF]. Moreover, lateral PBN activity has been shown to influences the activity of ON and OFF cells of the RVM [START_REF] Roeder | The parabrachial complex links pain transmission to descending pain modulation[END_REF] and activation of the projecting fibers from the PBN to the RVM showed the activation of ON and OFF cells. This induces an increase of thermal latencies to heat-evoked paw withdrawal behavior in physiological conditions (Q. [START_REF] Chen | Optogenetic Evidence for a Direct Circuit Linking Nociceptive Transmission through the Parabrachial Complex with Pain-Modulating Neurons of the Rostral Ventromedial Medulla (RVM)[END_REF]. However, the effect of these modulation in pathological context is not known.

These are all possible pathways that could potentially influence NRM activity and be involved in PD pain. Overall, future investigations will be required to understand better the mechanisms that lead to the increase of 5-HT descending pathway. The first step will be to investigate the inputs received by the 5-HT neurons of the NRM and then to look how 6-OHDA injection influences these projections activity.

5-HT descending pathway involvement in pain modulation

As we have seen in the introduction, 5-HT descending pathway can have facilitatory or inhibitory effect depending on the pain state of the subject. Here, we investigated the role of the 5-HT descending pathway in physiological and PD context.

Switch of the role of 5-HT descending pathway in PD context

Utilizing a chemogenetic approach to express hM4D(Gi) in 5-HT neurons of the NRM, resulting in hyperpolarization upon binding of its ligand DCZ, we demonstrated that inhibiting the 5-HT NRM neurons leads to a bilateral decrease in the mechanical withdrawal threshold of control animals. This shows that NRM has an inhibitory role on pain modulation and confirms NRM influence on both side of the animal. This result matches with the rest of the literature demonstrating antinociceptive role of 5-HT [START_REF] Bardin | Effect of intrathecal serotonin on nociception in rats : Influence of the pain test used[END_REF] and showing that stimulation of the NRM decreases pain (Aby et al., 2022;[START_REF] Oliveras | Opiate antagonist, naloxone, strongly reduces analgesia induced by stimulation of a raphe nucleus (centralis inferior)[END_REF][START_REF] Rivot | Increase of serotonin metabolism within the dorsal horn of the spinal cord during nucleus raphe magnus stimulation, as revealed by in vivo electrochemical detection[END_REF][START_REF] Sorkin | Raphe magnus stimulation-induced antinociception in the cat is associated with release of amino acids as well as serotonin in the lumbar dorsal horn[END_REF].

To increase the temporal resolution of the stimulation, we used an optogenetic approach to express the ArchT opsin in 5-HT neurons of the NRM. ArchT activation with green light induces a proton efflux that induces a strong hyperpolarization (Chow et al., 2010). To specifically target 5-HT fibers projecting to the spinal cord, we implanted an optic fiber above the dorsal horn to activate descending fibers (A. J. Christensen et al., 2016). In control condition, we confirmed a decrease of the threshold and show also decrease of the DHSC hyperexcitability. Thus, we conclude that in physiological conditions, 5-HT descending pathway has a tonic activity and an inhibitory role on pain.

In contrast, in 6-OHDA mice, optogenetic inhibition of 5-HT fibers increased the mechanical threshold and generate decreased dorsal horn hyperexcitability. This demonstrates that in pathological conditions, the 5-HT pathway maintains its tonic activity but undergoes a functional shift, switching to a facilitatory role in pain modulation.

In the 6-OHDA condition, we observed an increase in NRM activity compared to the control group.

Based on this finding, we hypothesized that the pronociceptive effect of the 5-HT descending pathway could be linked to this increase in activity. This hypothesis is supported by previous studies that have shown that strong stimulation of the 5-HT descending pathway can have a pronociceptive effect: Cai and colleagues, using TPH2-ChR2 mice and optogenetics, demonstrated that a single stimulation at 20Hz/15 ms, lasting for 5 minutes, induced a decrease in mechanical threshold and thermal latencies for up to 4 days. They also found that repeated stimulation (again at 20Hz/15 ms, 5 minutes daily for 3 days) decreased thresholds for at least 12 days (Cai et al., 2014). Additionally, a recent pre-printed publication showed that optogenetic activation of the 5-HT pathway with 4 repetitions of 10 pulses, each lasting 4 ms at 20 Hz with 10 seconds between trains, produced mechanical hypersensitivity and conditioned place aversion [START_REF] Cramer | Elevated serotonin in mouse spinal dorsal horn is pronociceptive[END_REF]. The stimulation protocols used in these studies are considered strong, as they are outside the physiological range of 5-HT neurons, which typically have a discharge frequency of 1-3Hz [START_REF] Mlinar | Firing Properties of Genetically Identified Dorsal Raphe Serotonergic Neurons in Brain Slices[END_REF].

These findings collectively suggest that the descending pathway may have a pronociceptive effect when strongly stimulated.

5-HT effect depends on its activity

We thus investigate the influences of different protocol of stimulation on the mechanical withdrawal threshold of mice.

a) Chemogenetic experiments

In 2023, in Zeilhoffer lab, Ganley and colleagues showed that chemogenetic stimulation of NRM 5-HT neurons with CNO 2mg/kg induces a decrease of the mechanical threshold in control animals (Ganley et al., 2023).

To test our hypothesis, we decided to replicate their experiment and then tried different concentrations of DDREADs ligand to determine if we could modify the effect of the 5-HT descending pathway on pain modulation.

Using mice expressing cre-recombinase in the 5-HT neurons, with viral injection we specifically induced the expression of hM4D(Gi) or hM3D(Gq) or GFP alone in the 5-HT neurons of the NRM.

Using the CNO at 2mg/Kg in hM3D(Gq) expressing mice, we were able to replicate the results obtained by Ganley in colleagues (fig30Biii, Two-Way ANOVA Time *p=0.0462; F (1,960,15,[START_REF] Dedek | Loss of STEP61 couples disinhibition to N-methyl-d-aspartate receptor potentiation in rodent and human spinal pain processing[END_REF] Thus, we decided to use DCZ instead of CNO as it has been shown that DCZ has less side effect than the CNO [START_REF] Nagai | Deschloroclozapine, a potent and selective chemogenetic actuator enables rapid neuronal and behavioral modulations in mice and monkeys[END_REF].

We used 2 different concentrations of DCZ, 0.1mg/kg and 0.05mg/kg. First, no effect on GFP expressing mice has been observed. Then, in hM3D(Gq) expressing mice, the DCZ injection had different effect depending on its concentration. However, the results were not consistent between the different sessions.

The inconsistency in the results could be attributed, at least in part, to limitations in the temporal precision of the stimulation and variations in its intensity. These limitations could arise from experimental variation due to intraperitoneal injection. Intraperitoneal injections have a success rate of maximum 85% [START_REF] Ballard | Intraperitoneal route of administration-How accurate is this technique?[END_REF], leading to inter-individual variations in DCZ concentrations within the brain. To address this, replication of experiments may be necessary. Furthermore, to gain deeper insights, it would be beneficial to monitor NRM activity through techniques such as photometry or electrophysiology recordings concurrently with chemogenetic stimulation and behavioral assessments. This approach could help establish correlations between NRM activity and pain perception. Anyway, we show with DCZ a bidirectional action of 5-HT neuron activation facilitating or inhibiting nociceptive transmission.

b) Optogenetic experiments

Thus, we decided to use optogenetic approach to increase the resolution of the stimulation.

We expressed Chr2 opsin, a rapidly gated light-sensitive cation channel, in 5HT-neurons of the NRM.

Chr2 activation with blue light induces depolarization of the neurons [START_REF] Boyden | Millisecond-timescale, genetically targeted optical control of neural activity[END_REF]. To specifically target 5-HT fibers projecting to the spinal cord we implanted an optic fiber above the dorsal horn to activate descending fibers (A. J. Christensen et al., 2016). Two protocols were employed, each of which had inversed effects on pain modulation.

A 5Hz/5ms stimulation protocol, resembling physiological conditions, increased the mechanical withdrawal threshold and reduced nociceptive activity in the DHSC. These results replicate the previous findings of the lab (Aby et al., 2022).

Conversely, the more intense 5-Hz/100ms stimulation induced mechanical hypersensitivity and hyperexcitability of DHSC neurons. These results confirm our hypothesis that the role of the 5-HT descending pathway depends on its activity.

Anatomical description of 5-HT circuits

We then investigate the mechanisms behind the 5-HT action and first explore the spinal targets of 5-HT descending pathway.

We first showed that 5-HT descending pathway acts through inhibitory interneurons (IINs) of the DHSC. These findings align with earlier research conducted in our laboratory (Aby et al., 2022) and with the existing literature on the descending pathway (Millan, 2002).

Then, with immunohistochemistry and an advanced methods of in situ hybridization (RNAscope) we demonstrated the presence of mRNA for 5-HT2a, 5-HT2c, and 5-HT3 receptors, as they are receptors known to be involved in pain modulation (Bardin, 2011), in inhibitory interneurons (IINs) within the DHSC. These findings strongly suggest the existence of these receptors in the DHSC. Receptor expression appears to be predominantly localized to inhibitory interneurons, although the sample size for describing 5-HT2c and 5-HT3 receptors is currently limited. To establish more robust quantitative conclusions, an increased number of images and quantifications are necessary.

The presence of 5-HT2 and 3 receptors in IINs is also in line with previous description of receptors expression [START_REF] Xie | Identification of 5-HT Receptor Subtypes Enhancing Inhibitory Transmission in the Rat Spinal Dorsal Horn in vitro[END_REF].

One limitation of this study is our current lack of knowledge regarding the specific types of inhibitory interneurons (IINs) expressing the receptors. Additionally, we have yet to determine whether the different 5-HT receptors are expressed within the same neuron types or if they are found in separate populations of neurons.

Dual role of 5-HT descending pathway mechanisms

Next, we administered various intrathecal antagonists for 5-HT receptors while simultaneously assessing the mechanical withdrawal threshold before and during optogenetic stimulation of the descending pathway with the 5Hz/5ms protocol.

We then demonstrated that the effect of the stimulation at 5Hz/5ms is prevented by the injection of methysergid, a global 5-HT receptor antagonist, confirming that the stimulation effect is due to 5-HT action. Then we demonstrate that 5-HT2a and 2c but not 5-HT3 antagonists blocked the effect of the stimulation. This indicates that the analgesic effect of 5-HT stimulation is mediated through 5-HT2a and 2c receptors. Additionally, we observed that prior to optogenetic stimulation, the administration of a 5-HT2c antagonist led to a decrease in the mechanical withdrawal threshold. This suggests that the tonic influence of serotonin is mediated through 5-HT2c.

Our findings align with existing literature which characterizes 5-HT2c receptors as having an antinociceptive function [START_REF] Bardin | Serotonin receptor subtypes involved in the spinal antinociceptive effect of 5-HT in rats[END_REF]. As we saw also in the introduction, the impact of 5-HT2a receptor activation remains debated, with reports of both facilitatory and inhibitory effects. In our study, we provide evidence supporting the involvement of 5-HT2A receptors in the antinociceptive role of serotonin in physiological condition.

If 5-HT3 receptors are not involved in the analgesic effect of 5-HT, we observed that, in contrast, 5-HT3 antagonist blocks the effect of 5Hz/100ms stimulation. This demonstrates that the hyperalgesic effect of 5-HT requires the recruitment of 5-HT3 receptors.

5-HT3 receptors role in pain modulation is also highly debated as activation of it can lead to pro-or anti-nociceptive effect [START_REF] Ali | The role of 5HT3 in nociceptive processing in the rat spinal cord : Results from behavioural and electrophysiological studies[END_REF][START_REF] Jeong | Roles of serotonin receptor subtypes for the antinociception of 5-HT in the spinal cord of rats[END_REF] Our results, which highlight the role of 5-HT3 receptors in the hyperalgesic effects of 5-HT descending pathway activation, align with previous studies that have demonstrated the efficacy of 5-HT3 antagonists in alleviating hypersensitivity observed in neuropathic conditions where the 5-HT descending pathway plays a facilitatory role (Bardin, 2011).

However, activation of 5-HT3 receptors leads to the activation of the cell it is located on, and we showed that it is expressed on inhibitory interneurons (IINs). Therefore, the facilitatory role of 5-HT3 receptors is not straightforwardly explained and the mechanisms are still unclear.

One possibility is that 5-HT3 receptors are located on a population of inhibitory interneurons (IINs) that is separate from the other 5-HT receptor-expressing IINs. These 5-HT3-expressing IINs could then lead to disinhibition as they inhibit other IINs. This could due to the fact that 5-HT descending pathway is activated too intensely that may lead to an increase of 5-HT level in the spinal cord. The recruitment of this population of IINs expressing 5-HT3 receptors in response to intense 5-HT descending pathway activity could then be due to volume transmission, as it has been shown that 5-HT can act in a paracrine manner [START_REF] Ridet | Volume transmission[END_REF].

While in our study, it appears that the majority of 5-HT3-expressing cells are GABAergic, some studies have shown that terminals of excitatory interneurons could also express 5-HT3 receptors [START_REF] Conte | Transmitter content, origins and connections of axons in the spinal cord that possess the serotonin (5hydroxytryptamine) 3 receptor[END_REF]. Therefore, it's possible to imagine that when the 5-HT descending pathway is overstimulated, these cells are recruited and play a facilitatory role. Additionally, it is important to note that the 5-HT3 receptor is a ligand-gated cation channel, whereas the other receptors are G-protein-coupled. The activation of 5-HT3 receptors may lead to quicker effects compared to the others, making its effect predominant.

Further anatomical studies are required to investigate the nature of 5-HT3-expressing cells and determine whether they constitute a distinct population compared to other 5-HTR-expressing cells.

Additionally, studying their direct inputs and outputs will be necessary to gain a better understanding of the impact of 5-HT3 recruitment.

Emerging pathophysiology of PD pain

We show in this study that in 6-OHDA condition, 5-HT descending pathway has a tonic facilitatory role on pain in link with the increase of 5-HT activity. The injection of 5-HT2A and 5-HT3 receptors antagonists reverses the hypersensitivity suggesting that this facilitatory role pass by 5-HT2a and 5-HT3 receptor.

As we saw just before, an increase of 5-HT descending pathway activity is associated with hyperalgesia effect of 5-HT and this trough the recruitment of 5-HT3 receptors. 6-OHDA context is thus in line with this result and the switch of the role of 5-HT descending pathway can be explained at least in part by the recruitment of 5-HT3 receptors.

In physiological conditions, 5-HT2a receptors are associated with an inhibitory role. However, in the 6-OHDA condition, the fact that a 5-HT2a antagonist alone is capable of reversing hypersensitivity suggests that the activation effect of 5-HT2a receptors becomes facilitatory. This phenomenon has been observed in other contexts, such as inflammation or neuropathy. The switch in the role of the 5-HT descending pathway in this neuropathy has been explained by a disturbance in chloride balance, leading to a reduction in the inhibitory effect of IINs in the spinal cord (Aby et al., 2022).

Therefore, we can hypothesize that in the 6-OHDA condition, there is a disturbance in the localization of KCC2 at the cell membrane, which leads to the alteration in the role of the 5-HT descending pathway.

In fact, previous studies in rats have demonstrated that unilateral striatal 6-OHDA treatment can induce astrocytic and microglial activation in the DHSC [START_REF] Campos | Motor Cortex Stimulation Reversed Hypernociception, Increased Serotonin in Raphe Neurons, and Caused Inhibition of Spinal Astrocytes in a Parkinson's Disease Rat Model[END_REF]. This phenomenon of microgliosis has also been observed in human tissue [START_REF] Buhidma | Periaqueductal grey and spinal cord pathology contribute to pain in Parkinson's disease[END_REF]. This is of particular interest because the perturbation of KCC2 can be induced by a microglial-neurons signaling cascade [START_REF] Coull | BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain[END_REF]. Therefore, it is essential to further explore this hypothesis and investigate the possibility of microglial activation and chloride imbalance in our 6-OHDA model. Furthermore, in the context of 6-OHDA, the disturbance in microglia may be attributed to the recruitment of 5-HT3 receptors. Indeed, it has been shown in rats that the activation of spinal 5-HT3 receptors by intrathecal injection of a selective 5-HT3 receptor agonist SR 57227 induced spinal glial hyperactivity, in addition to the neuronal hyperexcitability and pain hypersensitivity. The glial hyperactivation was attenuated by molecular depletion of the descending 5-HT system by intra-RVM Tph-2 shRNA interference [START_REF] Guo | Spinal 5-HT3 Receptors Mediate Descending Facilitation and Contribute to Behavioral Hypersensitivity via a Reciprocal Neuron-Glial Signaling Cascade[END_REF]. This hypothesis could also explain the mechanisms underlying the synergy observed between 5-HT3 and 5-HT2a antagonists. In this scenario, the chloride imbalance would imply that the inhibitory effect of 5-HT3 expressing IINs would shift toward a facilitatory role. As a result, we would observe a potentiation of the activation effects of both 5-HT2A and 5-HT3 receptors.

Considering potential therapeutic target, 5-HT3 receptors seems thus to be really interesting candidate to target and potentially counteract the installation of persistent pain. Also, this perturbation of the 5-HT descending pathway role toward facilitatory role also explain the limitation of selective serotonin reuptake inhibitor drugs to treat PD pain.

CONCLUSION

In this study, we aimed to explore and characterize the role of the 5-HT descending pathway in the pathophysiology of PD pain. We used the MFB unilateral 6-OHDA treated mouse model of PD, as well as behavioral, electrophysiological, pharmacological, and anatomical approaches to accomplish our objectives.

Through this work, we have shown that the unilateral lesion of dopaminergic neurons in the nigrostriatal pathway leads to bilateral mechanical and thermal hypersensitivity associated with hyperexcitability of the DHSC. This perturbation of nociception is notably due to the fact that dopamine depletion leads to an abnormally increased activity of the 5-HT descending pathway, inducing a switch in the role of 5-HT from inhibition to facilitation of pain.

Indeed, this work has also demonstrated that the effect of 5-HT descending pathway activation may depend on the level of pathway activity. Under normal physiological conditions, the 5-HT descending pathway exerts an analgesic effect through the activation of 5-HT2a and 5-HT2c receptors. However, when the 5-HT descending pathway is overactivated, 5-HT in the spinal cord transitions to a hyperalgesic effect involving the recruitment of 5-HT3 receptors.

In the context of Parkinson's disease (PD), inhibition of the 5-HT descending pathway reverses mechanical hypersensitivity and hyperexcitability of DHSC. This suggests that in PD condition, the 5-HT descending pathways remain tonic, but NRM increased activity may lead to a hyperalgesia effect of spinal 5-HT.

Additionally, pharmacological approaches showed that 5-HT2a and 5-HT3 antagonists were also able to partially reverse the hypersensitivity of the animals, demonstrating the involvement of these receptors in pain facilitation. This opens the door to promising targets for future therapeutic strategies against pain in Parkinson's disease.

Howerver, further studies still have to be conducted to explore the pathways linking dopaminergic lesions to increased activity of the 5-HT descending pathway and to investigate the cellular mechanisms behind the recruitment of 5-HT3 receptors and the switch in the spinal 5-HT effect in order to deeply understand pathophysiology od PD pain.

ANNEXES

Detailed results -Part 1 Abstract:

Parkinson's disease (PD) is a neurodegenerative disease primarily caused by the death of dopamine neurons (DA) in the basal ganglia mainly in the substantia nigra pars compacta (SNc). This neuronal death is associated to well-known motor symptoms including akinesia, postural stiffness, and tremor but PD is also associated to disabling non-motor symptoms, of which pain is the most prominent. Chronic pain with neuropathic features is 4 to 5-fold higher in PD patients than in general population but the underlying mechanisms are still poorly understood. We used a mouse model of PD induced by unilateral injection of the toxin 6-OHDA in the mid forebrain bundle, and we studied the consequence of DA depletion on descending control of pain. We show that, associated to motor impairments, mice exhibit mechanical pain hypersensitivity associated to an hyperexcitability of spinal dorsal horn neurons. Although we found no change neither in dopamine immunoreactivity nor in dopamine levels in the spinal cord, we observed increased 5-HT levels associated to an increase 5-HT neurons activity in the nucleus raphe magnus. Optogenetic inhibition of 5-HT neurons reverses the mechanical hypersensitivity and decreases nociceptive field potentials responses. Finally, we show that blocking 5HT2a and 5HT3 receptors suppress 6-OHDAinduced mechanical hypersensitivity. These results demonstrate for the first time that dopaminergic lesion induces a spinal-mediated mechanical hypersensitivity associated to hyperactivity of 5-HT descending pain facilitation opening the route for specific 5-HT treatments of pain in PD.

[Summary Fig7]

Introduction:

Parkinson's disease (PD) is the second most common neurodegenerative disease affecting 2-3% of the population over the age of 60-65, an estimated 0.3% of the general population (Poewe et al., 2017). It is identified as the fastest growing neurological disorder in terms of deaths and disability (Schiess et al., 2022). PD is well-known for motor symptoms, consequence of a progressive neuronal degeneration starting with dopamine neurons in the substantia nigra pars compacta (SNc). PD also induces non-motor symptoms appearing concomitantly to motor deficits or even before. Among these non-motor symptoms, pathological pain is one of the more prominent and debilitating affecting up to 95% of patients with PD who qualified it as one of the most troublesome non motor symptoms throughout the disease (Blanchet & Brefel-Courbon, 2018;Politis et al., 2010). Pathological pain in PD patients has various origin but up to 35% of PD patients with pain have a neuropathic pain component (Marques & Brefel-Courbon, 2021). Moreover, PD patients show decrease pain threshold but not tactile threshold suggesting alteration in nociceptive transmission [START_REF] Zambito Marsala | Spontaneous pain, pain threshold, and pain tolerance in Parkinson's disease[END_REF].

Current treatments to relieve pain in PD patients depends on the type of pain. Nociceptive pain such as musculo-skeletal syndromes is improve with medication also targeting motor impairments, i.e, Levodopa or L-DOPA (i.e., dopamine precursor) while neuropathic pain is addressed with antidepressant or anticonvulsant (Wasner & Deuschl, 2012). In consequence, the loss of dopamine in the basal ganglia may partly explain the changes in pain thresholds but the absence of a total recuperation of these symptoms with dopaminergic medication suggests also a role of nondopaminergic mechanisms in the appearance or maintenance of pain symptoms in PD (Brefel-Courbon et al., 2005;[START_REF] Schapira | Non-motor features of Parkinson disease[END_REF]. Considering the high prevalence of neuropathic pain in PD and the lack of efficient therapies, it is extremely urgent to know the underlying mechanisms.

Several animal models of PD have been developed summarizing motor and non-motor symptoms of the disease. Particularly, the intracerebral injection of the toxin 6-OHDA induces a robust dopamine neuronal loss associated to severe motor impairments and pain hypersensitivity (Faivre et al., 2019). Moreover, pain hypersensitivity is associated with hyperexcitability of dorsal horn neurons and increase responsiveness to nociceptive stimulation (Charles et al., 2018). However, the origin and the underlying mechanisms of such hyperexcitability are still unknown. Clinical studies fail to demonstrate peripheral nerve alteration in PD patients suggesting a central origin of pain hypersensitivity (Blanchet & Brefel-Courbon, 2018). Basal ganglia (BG) are connected to cerebral nociceptive networks, therefore dopamine loss in SNc in PD could modify nociceptive network that project to the spinal cord and control nociceptive transmission (Chudler & Dong, 1995). Particularly, it is known that associated to dopamine depletion, PD patients also exhibit altered activity of the serotoninergic system [START_REF] Politis | Serotonin in Parkinson's disease[END_REF]. So far, only brain innervation of serotonin (5-HT) has been studied in the context of PD but nothing is known about B1-B3 5-HT nuclei projecting directly to the spinal cord. B3 also called nucleus raphe magnus (NRM), is well known to control nociceptive integration in the dorsal horn (Millan, 2002). In the present study, we used a model of unilateral 6-OHDA injection in the mid forebrain bundle (MFB) to study the role of 5-HT neurons of the NRM in spinal nociceptive hypersensitivity in PD. We confirm the spinal hypersensitivity already observed in rats and human, and we show that 5-HT neurons of the nucleus raphe magnus are hyperactive and mediate a descending facilitation promoting spinal hyperexcitability and pain hypersensitivity.

Material and methods

Animals

Adult (20g-25g) female and male 5-HT-cre mice (B6.Cg-Tg (FeV-cre) 1Esd/J, Jackson Laboratory)

were used. to minimize animal suffering and to reduce the number of animal used.

Surgery

Mice were anaesthetized under 4% isoflurane in an induction chamber then were placed into a stereotaxic frame (RWD, Shengzen, China) on a heating pad, head-fixed with ear bars and maintained at 1.5-2% isoflurane. The eyes were protected with ocular gel and the area of interest shaved and then cleansed with betadine. Mice received a subcutaneous injection of buprenorphine (100µL, 0.1 mg/kg) and local injection of lidocaine (100µL, 0,4mg/kg). Injections were made using a graduated glass capillary with an outer tip diameter of 40 µm attached to a plastic tube and a 5mL syringe.

 6-OHDA model 6-hydroxydopamine (6-OHDA) or vehicle (NaCl 0.9%) were injected stereotaxically into the right medial forebrain bundle (MFB). 6-OHDA is dissolved in 1% ice-cold ascorbate/saline solution and used within 12h. 1µL of toxin was injected the MFB at the following coordinates (relative to bregma) :

anterior-posterior (AP) = -1.2; medio-lateral (ML) =-1.3 and dorso-ventral (DV)= from -4.85 to -4.65

(from the dura) with bolus of 200 nL every 0.05 µm DV. An intraperitoneal injection of desipramine at 25mg/kg was proceed 30 min before the 6-OHDA injection in order to protect noradrenergic neurons.

Post-surgery care was necessary during the first three weeks after the surgery: mice were kept continuously on heating pads, their classical food was completed with cheese or sweet condensed milk and mice were injected twice a day with an alternation of intraperitoneal injection of a glucose solution (5%) and NaCl 0.9% solutions. Mice have at least a 3-week recovery period before any other surgeries, behavioural or electrophysiological assessments.

 AAV injections

In parallel, we proceed to stereotaxic injections of virus needed for the expression of the Archaerhodopsin (ArchT) or Green fluorescent protein (GFP) in the nucleus raphe magnus (NRM). We injected a total of 600 nL (in 3 bolus of 200 nL, at coordinates from bregma AP/ML/DV -5,6/0/-5,6; -5,8/0/-5,6; -6,1/0/-5,7), of selected viruses: AAV-CAG-Flex-ArchT-YFP (4,2x10 12 p/mL, UNC Vector Core for 5-HT inhibition) or AAV-CAG-Flex-GFP (8×10 12 p/ml, UNC Vector Core for control). Special care is then dispensed for 2 weeks before the implantation of the fibres.

 Spinal implantation of optic fibers

Implantations were performed 2 weeks after injection of 6-OHDA and/or of virus. Optical cannulae (KFP2301LZXX LC Ceramic Ferule NO flange OD 1,25mm -ID 230 micron -conc < 20 micron from AMS Technologies, associated with Ø200 μm Core TECS-Clad Multimode Optical Fiber, 0.39 NA from Thorlabs) were implanted above the surface of the DH of the spinal cord to deliver light to 5-HT descending fibers expressing the selected opsins. Before implantation, optical fibres were prepared and cleaved to the appropriate length (0,5 mm) then polished and their light intensities were recorded using a Thorlabs power meter.

Spinal cord implantations followed the protocol described in (Christensen et al., 2016). In anesthetized mice (see above surgery). A 1-to 2-cm incision was made slightly caudal to the peak of the dorsal hump to expose the lumbar spinal region. The T12 L1 vertebra of interest was identified, and then a small incision was made between the tendons and the vertebral column on either side. The vertebra was then secured using spinal adaptor clamps, and all the tissue was removed from the surface of the bone. Using a microdrill, we removed the spinous process and the surface of the vertebra. Next, a small hole was drilled approximately 1 mm from midline, centrally on the rostrocaudal axis on the left side. We positioned the optical fiber above the hole and cemented the cannula in place using first cyanoacrylate glue then dental cement. Finally, we sutured and cleansed the skin surrounding the dental cement securing the cannula implantation. We monitored the animal for at least 1 week before behavioural and electrophysiological experiments.

Behavior  Motor beha viour

Locomotor symptoms induced by 6-OHDA were evaluated using cylinder test adapted from (Boix et al., 2015). First, mice were placed individually inside a glass cylinder (diameter 144 mm). The session lasted 2 min and was videotaped and analysed using EthoVision ® software (XT, Noldus Information Technology, NL). The spontaneous rotation preference has been assessed by counting the number of clockwise (ipsilateral) and anti-clockwise (controlateral) rotations.

Then, we placed the mice in an openfield of 40 x 40 cm for 10 min. Using the tracking Ethovision software, we evaluated the distance travelled by the animals.

 Algesimetry o Von Frey test

To assess the mechanical thresholds, we used a set of Von Frey filaments of different forces (UgoBasile, Italy). Mice were habituated to the testing apparatus for 30min prior to testing. Von Frey hairs of different forces were applied to the plantar surface of the hind-paws. The simplified up-down method (SUDO) have been used (Bonin et al., 2014) in which only 5 trials are done in the hind-paws.

Briefly, we started with filament number 8 (1g) and if there was a lack of response to that filament, then we used next higher filament in the following stimulation (i.e., number 9). If there was a positive response, we used the next lowest filament (i.e., number 7). The last filament indicates the threshold weighted by the value of the 4 th test. We converted the paw withdrawal threshold (PWT) measured to force (g) with the following equation: PWTforce = 10 (x*F+B) with PWT being the paw withdrawal threshold in grams used in the figures, F the filament number that was established with the SUDO method and x and B are constant value determined by the Bonin and colleagues as the following : for filament numbered 2-7, x=0.240 and B=-2.00, and for the filament numbered 7-14, x=0.182 and B=-1.47.

To investigate the effect of inhibiting 5-HT descending pathways, we assessed the threshold both before and during optogenetic stimulation. We connected the 577nm laser to the optical fiber, positioned at the lumbar spinal cord level, with its power set at 10 mW/mm². Continuous stimulation of 3 min long were conducted.

o Plantar test

To assess thermal heat sensitivity, we used Hargreaves apparatus (Ugo Basile, Italy). 3 thermal stimulations delivered at an infrared intensity of 50IR were applied to the surface of the hindpaws separated by 3 min each. We measured the latency (s) of the paw withdraw and the thermal withdrawal latency corresponds to the mean of the 3 measures done.

Pharmacology  Intrathecal injection of 5-HT antagonists

To test the different antagonists, we inject a bolus of 10µL of solution containing the drug or only saline as control directly at the level of the spinal cord via an intrathecal injection with a 10µL Hamilton syringe equipped with a 30G needle. Drug are all dissolved in NaCl 0.9% solution.

The concentration of the drug and the time let between the injection and the behavioral measure can be found in the following For the combined drug, granisetron and ketanserin have been injected in 1 bolus while granisetron and MDL11239 has been injected separately to respect their time before behavioral measure.

High Performance Liquid Chromatography (HPLC)

After anaesthesia under urethane, 6-OHDA and sham mice were sacrificed and the ipsilateral and contralateral lumbar spinal cord rapidly extracted and frozen in cold isopentane (-35°C). Thereafter, tissues were placed in pre-weighed tubes, and placed at -80°C. On the day of the biochemical analysis, tubes containing the lumbar cord samples were placed on ice, and rapidly wiped and weighed. Samples were then homogenized in 0.1N HClO4 (100 µL), sonicated and centrifuged at 13,000 rpm for 30 min at 4°C. The supernatants were injected into the HPLC system using a manual injector (Rheodyne 7725i, 

 In vivo single unit recordings

Mice have been first anaesthetized with urethane (20%) and placed on a stereotaxic frame (Unimécanique, Asnières, France). A laminectomy was performed on lumbar vertebrae T13-L1 to expose the segment L4-L5 of the spinal cord. For light stimulation, an optical fiber was lowered as close as possible from the nervous tissue allowing 577 nm light stimulation at 8mW/mm². Recording electrodes were built with glass capillaries from thin-walled borosilicate glass capillaries (outside diameter 1.5 mm; World Precision Instruments, Sarasota, FL, USA) and pulled using a puller (p-97;

Sutter Instrument, Novato, CA, USA). Pipettes were then filled with a solution of NaCl 4% and were advanced into the left dorsal horn using a micromanipulator to a depth between 400µm and 600µm.

Recordings were performed with an amplifier (DAM80, WPI, USA) connected to a CED1401 interface and recorded using Spike2 program (v7, CED, UK). Paw stimulations allow detection of local field potentials until isolation of one specific unit. Wide dynamic range (WDR) nature of the isolated units was assessed with electrical stimulation in the center of its receptive field and neurons with a fast (between 10 and 80ms) and slow (between 80 and 150ms) component were recorded.

Single unit recordings of identified WDR (see above) have been done in sham and 6-OHDA animals. First, we determined the minimal stimulation allowing slow response of the WDR. Then, we measured the response of the neurons to paw stimulation at 0.5, 1, 2, 3, 4 and 5mA with one stimulation every 15s. We then set the intensity as 3 times the threshold for optogenetic stimulations (continuous light for 1 min) and stimulated the paws again every 15s. The response of the WDR neurons before and during optogenetic stimulation is recorded. Finally, central sensitization was assessed with a wind-up protocol, i.e 15 stimulation at 1Hz still at an intensity corresponding to 3 times the threshold. During the all session, local field potentials (LFP) were also recorded and for them signal was low pass-filtered.

Immunohistochemistry

 Fluorescent immunohistochemistry 

 DAB immunostaining

For TH quantification, we used DAB immunostaining. Briefly, slices are rinsed with PBS 1X then endogenous peroxidase are inhibited with a solution of hydrogen peroxide (H2O2) in PBS for 10 min.

Slices are rinsed in PBS1X then saturated and permeabilized with PBS1X/BSA 2%/Triton 100X 0,3% solution for 30 min. Slices are then incubated overnight at 4°C with anti-TH rabbit (1 : 5000, Novus Biologicals, NB300-109). After few washes with PBS1X, they are incubated 30 min with a secondary antibody anti-rabbit VisUCyte (R&D systems, VC003-125) and then washed again. Finally, the reaction is revealed via the chromogen Diaminobenzidin (DAB) which turns brown in presence of an electron donner, here the H2O2 for one minute. Slices are then mounted on gelatine slides.

The lesion of all the animals used in this study has been verified and we acquired the images of the striatum, SNc and A11 sections with the microscope Panoramic scan II 3DHISTECH. The images were analysed with ImageJ Fiji software (National Institutes of Health, New York, USA).

Grey level of the striatum TH staining is defined as the difference between the mean intensity of the pixels of the striatum (i.e. TH + background staining) and the mean intensity of the pixels located in the cortex areas (i.e. background staining). The images were previously transformed as 8bit images and the pixel intensity rated between 0 and 255.

The number of TH cells in the SNc was obtained using the optical fractionator (Bastide et al., 2014) unbiased stereological method (Leica DM6000B, Mercator Pro, ExploraNova,France). Immuno-labelled cells were counted by a blinded investigator on every 6 sections for the SNc (Counting frames: 60× 40 μm, Spacing: 120 × 180 μm, number of sections: 5). Finally, we counted the number of A11 TH+ neurons manually using Image J and its cell counting plugin.

 Cell quantification

Images of the NRM of 5-HTCre*Ai9tdtomato animals were realised with the confocal microscope (Leica TCS SP5). The size of the pixel is 688.71x688.71x629 nm. The image is saved as 8bit and has been taken with 20x oil immersion objective. A stack of 20µm is imaged for each zone. TPH2, tdtomato or PhosphoERK positive cells were counted with the Cell Counting plugin of ImageJ software.

Statistics

As the groups contain less than 30 elements, we used non-parametric tests. OHDA mice windup curve is higher than in sham (Fig. 2G Two-Ways ANOVA Sham vs 6-OHDA ***p=0.0002). However, there is no significant change in windup coefficient suggesting that increased windup curve is not due to intrinsic properties (Fig. 2H Mann-Whitney test p=0.4257). To confirm this possibility, we normalized windup curve to the 1 st response in order to focus on amplification property.

We show that amplification is strictly similar in 6-OHDA and sham suggesting that hyperexcitability in the DHSC is due to alteration of afferent fibers or local interneurons rather than WDR neurons (Fig. 2I Two-Ways ANOVA Interaction p=0.98 Sham vs 6-OHDA p=0.3398).

Increased activity of 5-HT neurons of the NRM.

As we saw that the only dopamine nucleus projecting to the spinal cord, A11 nucleus (Koblinger et al., 2014), is not affected by the lesion (Fig. 1C), we focused our attention on others monoamines known to influence pain perception (Millan, 2002). Using HPLC, we dosed monoamine levels in fresh lumbar spinal cord from sham and 6-OHDA. Noradrenaline level is not changed in 6-OHDA animals (Fig. To assess this, we then focused on the brainstem nucleus raphe magnus (NRM), a major 5-HT descending pathway that control nociceptive transmission in the DHSC. By using 5-HT::Ai9 td tomato mice, we compared the expression of phosphorylated extracellular signal-regulated kinases (pERK), which is a marker of neuronal activity (Xia et al., 1996), in the NRM of 6-OHDA and sham animals. First, we quantified 5-HT neurons (i.e., expressing tomato) of the NRM and no difference was observed between both conditions (Fig. 3B Mann-Whitney test p=0.5). Then using immunohistochemistry technique, we revealed phosphoERK positive (pERK+) neurons. In 6-OHDA animals, there is an increases number of pERK+ in all NRM (Fig. 3C-ii Mann-Whitney test ****p<0.0001). This is due notably to an increased number of 5-HT/pERK+ neurons (Fig. 3C-iii Mann-Whitney test ***p<0.002). Also, if we restrain the quantification to 5-HT neurons of the NRM, we see that the proportion of pERK+ neurons is increased in 6-OHDA condition compare to sham (Fig3. C-iiii Mann-Whitney test **p=0.0065). We can conclude that 6-OHDA injection induces an increase expression of pERK specifically in 5-HT neurons of the NRM suggesting an increased activity of 5-HT neurons. To confirm that possibility, we performed ex vivo patch-clamp recordings of 5-HT neurons of the NRM in both 6-OHDA and sham mice (Fig. 4A&E). We measured the intrinsic properties as well as synaptic connections of 5-HT neurons. Although resting potential, rheobase, action potential amplitude and Inhibition of 5-HT descending in 6-OHDA animals reverses mechanical hypersensitivity.

We next assessed the role of 5-HT descending pathway in mechanical pain hypersensitivity and spinal hyperexcitability in 6-OHDA mice. We injected a cre-dependent adenovirus (AAV-Dio-ARchT-GFP) in NRM of 5-HT Cre allowing expression Archaerhodopsin (ArchT), an inhibitory opsin acting as a proton-pump (Fig. 5A). Our approach allows specific infection of 5HT neurons (SupFig. 5A, around 90% of infected neurons are 5HT). We used a group of animals infected with an AAV-dio-GFP as a control.

We implanted optical fibers necessary for opsin activation and 5-HT fibers inhibition above dorsal surface of the spinal cord (see method and These results show that 5-HT descending pathway from the NRM participate in spinal hyperexcitability in 6-OHDA mice.

5-HT2a and 5-HT3 mechanical hypersensitivity in 6-OHDA mice. 

Discussion

In the present article, we demonstrated that 5-HT neurons from the NRM exert a descending facilitation on nociceptive transmission in a model of hemi-parkinsonism. We show that hemiparkinsonism induces mechanical hypersensitivity associated to dorsal horn neuron hyperexcitability.

We show that this hyperexcitability is associated with hyperactivity of 5-HT neurons in the brainstem.

Silencing 5-HT neurons activity with optogenetic suppressed mechanical hypersensitivity and spinal hyperexcitability. Finally, we show that these effects are mediated through 5HT2a and 5HT3 receptors that should be considered in the future as potential therapeutic routes fig7.

-Unilateral 6-OHDA induces bilateral mechanical hypersensitivity

We used a model of hemi-parkinsonism by means of unilateral injection of 6-OHDA in the mid forebrain bundle of adult mice. 6-OHDA is a neurotoxin that induces catecholamine depletion in DAT expressing neurons, including noradrenergic and dopamine neuron (Ungerstedt, 1968). It induces a strong neuronal death over 80% of nigrostriatal projections and unilateral injection avoid animal loss while inducing unilateral motor impairment easy to detect (Thiele et al., 2012). To preserve noradrenergic neurons, 6-OHDA injection is preceded by i.p. injection of desipramine to protect noradrenergic cells. We observed a huge dopamine lesion in Substancia Nigra pars compacta (SNc) (>80%). Moreover, dopamine innervation in the striatum was also significantly reduced ipsilateral to the lesion (>90%). These values are comparable or even greater than previous studies using this model of hemi-parkinsonism (Luan et al., 2020;Tang et al., 2021). Associated to dopamine depletion, we observed locomotor impairments as shown by unilateral rotation and reduced locomotion in the open field test. Interestingly, following unilateral dopaminergic lesion, we observed a bilateral decrease in mechanical threshold. This result is in line with previous work in mice and data from clinical studies (Djaldetti et al., 2004;Luan et al., 2020).

Moreover, we used both males and females and show that mechanical pain was increased in both sexes. This is an interesting results as several studies suggest that gender differences exist for many features of PD and particularly for non-motor symptoms (Georgiev et al., 2017). Pain symptoms appear in both gender cases but women report higher pain scores and seems to develop more PD-related pain symptoms (Gao et al., 2022). It has also been shown that if gender influenced pain perception in PD patients, no correlation has been found between pain treatment and gender (Zella et al., 2019).

However it has to be noticed that pain-related gender difference can also be seen in the general population (Mogil, 2012). Our work brings here element to understand better the physiology of PD pain and shows no difference between males and females of the effect of dopaminergic depletion on pain sensitivity.

Dorsal horn neurons hyperexcitability.

We also show that unilateral lesion induces a dorsal horn neuron hyperexcitability. We evaluated the response of dorsal horn neurons that respond to both non nociceptive and nociceptive peripheral fibers. These neurons are called wide dynamic range neurons (WDR) and are considered as one of the main outputs from the dorsal horn of the spinal cord (Basbaum et al., 2009). Changes in WDR excitability is a good indicator of the dorsal horn sensitization, a phenomenon of short-or long-term increase in activity at the basis of nociceptive alterations following injury of the peripheral or central nervous system (Baranauskas & Nistri †, 1998). We show that WDR increased their responsiveness to both (or not) nociceptive and non-nociceptive inputs suggesting an alteration of both neuronal circuits.

This increased responsiveness appeared from the weakest stimulation as shown by the decreased threshold to induce nociceptive response. For the strongest stimulations, however, the response was not different from sham suggesting that WDR have reached their maximum response capacity. As observed for mechanical pain behaviour, we found the same level of hyperexcitability in males and females. We and other, already observed an increased excitability of dorsal horn neuron in rat following unilateral injection of 6-OHDA but the intensity-response relationship was differently altered in rats (Charles et al., 2018). Indeed, in rat lower stimulations induced higher response in sham and the other way round for higher stimulations, by contrast in mice, from lower to higher stimulation, neurons from 6-OHDA mice always responds more than neurons from sham mice. Finally, we found no modification of the windup, a form of short-term plasticity suggesting that sensitization capabilities of 6-OHDA mice is not altered. Again, this result is different from what we observed in rats where windup amplitude was increased in WDR neurons of 6-OHDA rats. These discrepancies between rats and mice may be due to capacity of rats to better cope with dopamine lesion and may be explained by unknown compensatory mechanisms that limit the impact of dopamine lesion (Sarre et al., 2004). Also we have to mention that rat electrophysiology recordings have been conducted under isoflurane anesthesia which is not the case of mice recordings. It is known that isoflurane can decrease serotonergic activity (Martin et al., 1990;Mukaida et al., 2007) and our work shows that spinal cord activity is modulated by 5-HT so the difference of anesthetics used could also be an explanation of the rat-mice discrepancies.

-Monoamine plasticity in 6-OHDA mice.

6-OHDA injection in the mid forebrain bundle induces a dopamine depletion in SNc and striatum associated to motor impairments. Because hemi parkinsonism also induces nociceptive hypersensitivity and spinal cord neurons hyperexcitability, we evaluated alteration of dopaminergic system projecting to the spinal cord. We found no change in ipsilateral A11 dopamine neurons that are known to project to the dorsal horn of the spinal cord (Koblinger et al., 2014). We also observed no difference in dopamine content in the spinal cord and even if Dopac levels are slightly increased, it seems that there is no difference in the dopamine degradation mechanisms as the ratio DO/DA does not change between 6-OHDA and sham animals fig Supplemental 3 These results are in accordance with previous results obtained after bilateral 6-OHDA lesion in rats (Wang et al., 2017). These results suggest that dopaminergic system projecting to the spinal cord remain unaffected by the lesion.

Because monoamine networks are interconnected and are altered in Parkinson disease, we focused and another important finding in the present study is the increased activity of 5-HT neurons of the nucleus raphe magnus. First, we show for the first time that levels of 5-HT in the dorsal horn of the spinal cord is increased in 6-OHDA mice as compared to control. By contrast, the degradation dynamic of 5-HT is not changed and the 5-HT/5HIAA ratio is stable. These results suggest that the increase level of 5-HT is not due to a degradation pathway deficiency but rather to an increase activity of 5-HT neurons. We first show that the number of 5HT neurons in the B3 5-HT nucleus is not modified in 6-OHDA mice and that the number of neurons expressing pERK, a marker of activity, is increased in this area and particularly 5-HT neurons. This is in contrast with previous results suggesting a decrease in spinal 5-HT levels associated to a 5-HT neuron loss in the B3 nucleus in rats (Campos et al., 2019;Wang et al., 2017). However, in the cited reviews, 6-OHDA was injected either bilaterally in the SNc or unilaterally in the striatum of rats. The animal model (rats vs mice), the localization of the administration could explain the observed difference. On another hand, 5-HT neurons of the NRM are not sending fibers neither to the cerebral cortex nor to subcortical areas, it is also very unlikely to have 5-HT neurons loss with our procedure. Moreover, we performed patch clamp recordings of identified 5-HT neurons of NRM slices from sham and 6-OHDA mice. We found that 5-HT neurons exhibit no increased excitability but receive increase barrage of excitatory post-synaptic currents (EPSCs). These results observed both with spontaneous and miniature EPSCs show that 5-HT neurons in 6-OHDA mice receive more excitatory inputs that confirm the increased activity of 5-HT neurons of the NRM.

Together our results show that unilateral injection of 6-OHDA in the MFB induces a strong dopamine depletion associated to hyperactivity of 5-HT system in the nucleus raphe magnus (NRM).

-Spinal 5-HT control nociceptive transmission in PD.

We recently show that optogenetic manipulation of 5-HT neurons of the NRM mediate mechanical analgesia through activation of inhibitory interneurons (Aby et al., 2022). We also showed that after peripheral nerve injury, 5-HT neurons activation generate hyperalgesia (Aby et al., 2022).

Here, we show that 5-HT neuron activity is increased and this increase is associated with spinal hyperexcitability and mechanical pain hypersensitivity. We used an optogenetic approach to express the ArchT opsin in 5HT-neurons of the NRM. ArchT activation with green light induces a proton efflux that induces a strong hyperpolarization (Chow et al., 2010). To specifically target 5-HT fibers projecting to the spinal cord we implanted an optic fiber above the dorsal horn to enlight descending fibers (Christensen et al., 2016). In 6-OHDA mice, optogenetic inhibition of 5HT fibers increased the mechanical threshold and generate decreased dorsal horn hyperexcitability. This result confirms the role of 5-HT descending pathway in nociceptive transmission already observed in different pain model (Aby et al., 2022;Cai et al., 2014;Ganley et al., 2023). However, to directly associate spinal hyperexcitability and 5-HT descending pathways in our model of hemiparkinsonism, we used a pharmacological approach. We show that at least two 5-HT receptors are involved in spinal hyperexcitability -5-HT2 and 5-HT3 mediated spinal hyperexcitability.

5HT is associated with 7 different receptors 5HT1-7 and at least 15 subtypes (Millan, 2002). The more recent studies identified at least 12 subtypes involved in the dorsal horn response to 5HT (Bourgoin et al., 2017). Recent results in our group show that 5HT descending pathway from the NRM exerts an analgesic action through activation of spinal inhibitory interneurons but the same pathway is turned into pronociceptive in pathological context of neuropathic pain (Aby et al., 2022). Here, we show that 5HT system is impaired in 6-OHDA animals toward an increase activity of 5HT neurons of the NRM. This impairment leads to a pronociceptive role of 5HT descending pathway participating in pain hypersensitivity. 5HT descending facilitation has been observed in different pathological context including inflammation and neuropathic pain and is considered associated with 5HT3 and 5HT2a receptor subtypes (Bardin, 2011). We show here that inhibiting 5HT descending pathway from the NRM is analgesic and that spinal hypersensitivity can be blocked with 5HT2a and 5HT3 antagonists.

Moreover, we show that individually 5HT3 and 5HT2a antagonist exert a significant analgesic effect but that association of both antagonists almost totally reversed the mechanical allodynia in 6-OHDA mice, suggesting a synergic effect of both molecules. This synergic effect could be due to action of these two receptors in different spinal neuronal subpopulation [START_REF] Liu | Role of 5-HT receptors in neuropathic pain : Potential therapeutic implications[END_REF].

We show in the present article that dopamine depletion induced by 6-OHDA in mice, induced a spinally mediated pain hypersensitivity associated to an alteration of 5-HT descending pathway due to hyperactivity of 5-HT neurons of the nucleus raphe magnus. This hyperactivity participates in mechanical pain by promoting nociceptive transmission in the spinal cord through 5HT2a and 5HT3

receptors. These results suggest that therapeutic approaches aiming at downregulating activity of 5-HT neurons of the nucleus raphe magnus or pharmacologically blocking spinal 5HT2a and 5HT3

receptors could be interesting routes to treat pain in Parkinson disease LFP size (mV/s²) -ArchT 5,6x10 -5 ± 7,8x10 -6 3,1x10 -5 ± 4,8x10 -6 Wilcoxon test ** 0,002

Supplemental tables

LFP size (mV/s²) -GFP 4,21x10 -5 ± 7,8x10 -6 4,3x10 -5 ± 7,9x10 -6 Wilcoxon test 0,48 

INTRODUCTION

Pain is a warning system that protects organisms against real or potential tissue damages. This unpleasant feeling can be efficiently reduced in case of excessive pain thanks to the existence of an endogenous system that controls pain transmission. Yet, the brain's ability to control pain sensitivity is equally important to allow fight or flight responses. There is growing evidence that a failure of endogenous analgesia may underlie some pathological pain hypersensitivity syndromes (1). Endogenous pain control involves descending pathways that directly or indirectly project to the dorsal horn of the spinal cord (DHSC) (2)(3)(4)(5). Indirect projections involve different brainstem nuclei such as the periaqueductal gray (PAG) and the rostral ventromedial medulla (RVM) (2,6). These regions also receive the ascending nociceptive information coming from the DHSC and exert a potent descending inhibition. This ascendingdescending loop is highlighted in the phenomenon of diffuse nociceptive inhibitory control, more recently referred to as conditioned pain modulation (CPM) in human (2,7). A deficit in CPM has emerged as a good predictor of poor pain outcome after surgery and growing lines of evidence link abnormal CPM to chronic pain states in patients with postoperative, neuropathic, or idiopathic pain. Therefore, CPM paradigms are commonly used in clinics to evaluate pain status (8)(9)(10)(11). Alterations in CPM reflect an imbalance between facilitatory and inhibitory descending pain pathways to the DHSC, but the underlying neural circuits remain largely unknown (3,12). Recent studies have identified specific neural circuits in the PAG and the RVM promoting either pain inhibition or pain facilitation (13)(14)(15)(16)(17). These circuits involve monoaminergic neurons that are also the target of the more efficient current medication against chronic pain, namely, the serotonin-noradrenaline reuptake inhibitors (SNRIs). In contrast, selective serotonin reuptake inhibitors (SSRIs) have failed to show analgesic efficacy in neuropathic pain (18)(19)(20). Yet, serotonin (5-HT) neurons of the brainstem represent an important projection to the DH and are known as pain modulators (21)(22)[START_REF] Bourgoin | Electrical stimulation of the nucleus raphe magnus in the rat. Effects on 5-HT metabolism in the spinal cord[END_REF][START_REF] Oliveras | Analgesia induced by electrical stimulation of the inferior centralis nucleus of the raphe in the cat[END_REF]. 5-HT-mediated control of nociceptive transmission varies between pathophysiological conditions, suggesting the presence of both 5-HT descending facilitation and inhibition in variable balance (3,15,16,[START_REF] Bannister | What do monoamines do in pain modulation?[END_REF].

In the present study, we aimed to uncover the mechanism underlying the lability of endogenous serotoninergic pain modulation by selective optogenetic manipulation of 5-HT descending pathways in naïve and neuropathic animals. We targeted 5-HT neurons of the RMg that are known to project to the DHSC. We found that this specific population mediates a descending inhibition through activation of local spinal inhibitory interneurons. This inhibitory circuit is turned into facilitation due to a spinal chloride dysregulation in animals with nerve injury. We show that normalizing chloride homeostasis allows for the recovery of 5-HT descending inhibition and confers analgesic efficacy of SSRIs against neuropathic pain.

RESULTS

Optogenetic activation of RMg 5-HT neurons causes selective spinal 5-HT release

Our first aim was to clearly establish the role of acute stimulation of 5-HT neurons of the RMg in nociceptive transmission. We used a specific mouse strain expressing cre-recombinase under the control 1 Université de Bordeaux, Bordeaux, France. 2 Institut des maladies neurodégénératives (IMN), CNRS UMR 5293, Bordeaux, France. 3 CERVO Brain Research Center, Université Laval, Québec City, Canada. 4 Department of Psychiatry and Neuroscience, Université Laval, Québec City, Canada. 5 of a PET1 (polyethylene terephthalate pheochromocytoma 12 ETS (E26 transformation-specific) promoter specific to 5-HT neurons [START_REF] Scott | A genetic approach to access serotonin neurons for in vivo and in vitro studies[END_REF]. We first crossbred ePet::Cre mice with Ai9::tdtomato reporter mice. We observed a high level of colocalization of cre-recombinase with tryptophan hydroxylase 2 (TPH2), a specific marker of 5-HT neurons (fig. S1). We also observed spinal projections of cre(+) fibers in the dorsal horn in two main regions, the superficial and deep laminae (Fig. 1A). Higher magnification showed clear putative synaptic bouton in the deep layer of the DHSC (Fig. 1A, inset). Next, we used a viral-based transduction approach to express the excitatory opsin channelrhodopsin 2 (ChR2) in 5-HT neurons. Three weeks after injection of an adeno-associated virus (AAV) containing ChR2 and enhanced yellow fluorescent protein (EYFP) [AAV-EF1a-DIOhChR2 (H134R)-EYFP-WPRE-pA] in the RMg, we found EYFP expression in both cell bodies of 5-HT neurons of the RMg and their projections to the DHSC (fig. S1B and Fig. 1B). We used slices of RMg to perform whole-cell patch clamp recordings to determine the validity of opsin expression and light stimulation protocol (Fig. 1C). We used a stimulation protocol that activates 5-HT neurons in a physiological range (5 Hz/5 ms) ( 27), and we observed that neurons fired action potentials that faithfully followed optogenetic stimulation (Fig. 1C,inset). In the next step, we used high-performance liquid chromatography (HPLC) measurements of the DHSC after optogenetic stimulation of 5-HT neurons, and we observed that our protocol elicited a significant increase in the level of 5-HT in the DHSC, but not of the other monoamines measured (Fig. 1D).

Optogenetic activation of spinal RMg 5-HT fibers causes analgesia

Then, we performed optogenetic stimulation of 5-HT neurons in both male and female animals using our stimulation protocol. ChR2 activation with optic fibers implanted above the injection site (i.e., RMg) (see Materials and Methods) elicited a strong mechanical and thermal analgesia (Fig. 2, A andB). We show that (i) paw withdrawal threshold (PWT) was significantly increased (fig. S2A1), (ii) five repetitive stimulations (RSs) with a suprathreshold Von Frey filament failed to induce reproducible behavioral responses (fig. S2A2), and (iii) thermal latency (TL) to paw withdrawal was significantly increased (Fig. 2B). These effects were equivalent in males and females. To focus on descending pathways projecting to the DHSC, we performed the same experiments but implanted the optic fiber above the lumbar spinal cord to specifically target 5-HT projecting fibers [START_REF] Christensen | In vivo interrogation of spinal mechanosensory circuits[END_REF]. As shown in Fig. 2 (C andD), we observed the same results as in Fig. 1 (A andB), suggesting that 5-HT-induced analgesia is due to 5-HT fibers projecting in DHSC. As a control, optogenetic stimulation in ChR2(-) mice remained ineffective regardless of the location of the fiber implantation (fig. S2).

RMg 5-HT neurons inhibit spinal nociception

To confirm that such analgesia is due to direct modification of nociceptive transmission in DHSC, we performed in vivo electrophysiological recordings. We first evaluated the global consequence of optogenetic stimulation of 5-HT neurons by recording local field potential after peripheral electrical stimulation of the paw (Fig. 3, A to C). Nociceptive field potentials (NFPs) were decreased during optogenetic stimulation in mice expressing ChR2, but not in mice expressing green fluorescent protein (GFP) only. This effect was equivalent in males and females and confirmed that 5-HTinduced analgesia occurs through a modification of the nociceptive 7) Opto ( 10) Control ( 7) Opto ( 10 transmission in the DHSC. To determine whether the decrease in nociceptive information is localized at the level of the DHSC, we recorded deep dorsal horn neurons that project outside DHSC. We restricted recordings to wide dynamic range neurons (WDRs) that are highly convergent and exhibit a clear C-component, i.e., a delayed response following suprathreshold electric stimulation of the corresponding receptive field, which can be used as a readout of nociceptive transmission (29) (Fig. 3, D to G). During optogenetic stimulation, we observed a decrease in the number of action potentials in the C-fiber range (Fig. 3, E andF) that was not present with mice expressing the GFP tag only. This decrease was equivalent in males and females (Fig. 3G). PWT is significantly increased (total: 3.3 ± 0.21 g before and 6.7 ± 0.68 g during opto, N = 18; males: 3.3 ± 0.23 before and 7.7 ± 0.93 g during opto, N = 11; females: 3.2 ± 0.44 g before and 5.3 ± 0.7 g, N = 7). (B) RS is significantly decreased (total: 95.6 ± 2% before and 18.9 ± 3.4% during opto, N = 18; males: 96.36 ± 2.44% before and 18.2 ± 4% during opto, N = 11; females: 94.3 ± 3.7% before and 20 ± 6.1%, N = 7). (C) TL is significantly decreased (total: 3.8 ± 0.2 s before and 4 ± 0.3 s during opto, N = 15; males: 4 ± 0.15 s before and 5.1 ± 0.26 s during opto, N = 7; females: 3.4 ± 0.389 s before and 4 ± 0.48 s, N = 8). (D) Optogenetic stimulation of 5-HT fibers induces a sex-independent mechanical and thermal analgesia. (E) PWT is significantly increased (total: 2.5 ± 0.16 g before and 5.3 ± 0.5 g during opto, N = 28; males: 2.7 ± 0.24 before and 6.3 ± 0.73 g during opto, N = 17; females: 2.2 ± 0.15 g before and 3.9 ± 0.33 g, N = 11). (F) RS is significantly decreased (total: 96.9 ± 1.4% g before and 17.7 ± 4% during opto, N = 26; males: 96 ± 1.8% before and 20 ± 5.5% during opto, N = 15; females: 98.2 ± 1.8% before and 14.6 ± 6%, N = 11). (D) TL is significantly decreased (total: 3.6 ± 0.21 g before and 5.2 ± 0.26 g during opto, N = 28; males: 4 ± 0.26 before and 5.8 ± 0. RMg 5-HT analgesia works through local spinal GABAergic/glycinergic neurons Subsequently, we worked to determine the spinal microcircuit involved in this analgesia. 5-HT receptors are widely expressed in the DHSC and exert excitatory or inhibitory influences on either excitatory or inhibitory spinal neurons. Although it is known that 5-HT can activate inhibitory neurons [START_REF] Xie | Identification of 5-HT receptor subtypes enhancing inhibitory transmission in the rat spinal dorsal Hornin vitro[END_REF][START_REF] Abe | Responses to 5-HT in morphologically identified neurons in the rat substantia gelatinosa in vitro[END_REF], we cannot exclude that analgesia would be due to a direct inhibitory action of 5-HT fibers on excitatory afferent fibers or projection neurons. We first aimed at determining if 5-HT neurons could also express inhibitory neurotransmitters. Most of the inhibitory interneurons in the RVM including RMg express both glycine and GABA [START_REF] Hossaini | Distribution of glycine/GABA neurons in the ventromedial medulla with descending spinal projections and evidence for an ascending glycine/GABA projection[END_REF], and we used GAD67::GFP mice to determine whether GFP fluorescence could be colocalized with TPH2 staining in the RMg and found no colocalization (fig. S3A). We also used ePet::Cre-Ai9::tdtomato mice (see above) and GAD65 immunostaining and found numerous putative synaptic contacts of GABA terminals on 5-HT neurons and fibers in the RMg but no colocalization between GABA and 5-HT fibers/ terminals neither in the RMg nor in the DHSC (fig. S3, B andC). Then, we sought for 5-HT targets in the DHSC and performed immunostaining of both excitatory and inhibitory interneurons in spinal slices of epet::cre mice injected in the RMg with an AAV-CAG-Flex-GFP. We compared the apposition of GFP fluorescence in 5-HT fibers with a marker of excitatory (tlx3) or inhibitory neurons (Pax2) (Fig. 4, A to C). We found that 5-HT fibers are in closer contact with Pax2 than Tlx3 in both males and females (Fig. 4C), suggesting connections between 5-HT fibers and local inhibitory interneurons. To confirm this hypothesis, we used GAD67::GFP mice and performed TPH2 immunostaining. We found putative 5-HT(+) boutons onto GABAergic interneurons on both cell bodies and fibers (Fig. 4D). We injected an AAV-DIO-Synaptophysin-myc in the RMg of ePET::cre and found synaptic terminals in the deep lamina of the DHSC (Fig. 4E). Last, we crossbred the ePET::cre mouse with the GAD67::GFP mouse to seek for synaptic buttons between 5-HT fibers originating in the RMg and GABAergic neurons in the DHSC. We injected an AAV-DIO-Synaptophysin-myc in the RMg and performed a co-immunohistochemistry of Myc tag and GFP. We observed synaptic contacts between 5-HT fibers and GABAergic neurons on both cell bodies and fibers (Fig. 4F). To determine whether our optogenetic protocol activates inhibitory interneurons in the DHSC, we performed optogenetic stimulation of 5-HT descending fibers in anesthetized mice. One hour after optogenetic stimulation, mice were euthanized and quickly perfused, and early gene cFos immunostaining was performed (fig. S4). To identify inhibitory interneurons, an immunostaining against Pax2 was also conducted. We Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 found, in both superficial and deep layer of the DHSC, c-Fos (+) neurons that were also Pax2(+), showing that optogenetic activation of 5HT fibers activate spinal inhibitory interneurons. Last, to confirm that the analgesic effect was due to the microcircuit linking 5-HT neurons of the RMg and inhibitory interneurons in the DHSC, we evaluated mechanical and thermal pain sensitivity during optogenetic stimulation of 5-HT fibers after intrathecal injection of picrotoxin to block GABA A and glycine (Gly) receptors. Picrotoxin suppressed the analgesic effect of optogenetic stimulation in both males and females (Fig. 5, A andB). To confirm that this blockade altered nociceptive transmission in DHSC, we performed in vivo electrophysiological recordings of WDR neurons, and we observed that blockade of GABA/Gly receptors suppressed the decrease in WDR neuron responsiveness (Fig. 5, C andD). Together, these results show that 5-HT fibers come from the RMg synapse onto spinal inhibitory interneurons to, in turn, inhibit spinal nociceptive transmission.

Spinal KCC2 blockade switches descending RMg 5-HT inhibition into excitation

In neuropathic pain models, disinhibition due to chloride dysregulation appears to be a crucial mechanism responsible for neuronal hyperexcitability and pain hypersensitivity [START_REF] Coull | BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain[END_REF][START_REF] Beggs | P2X4R+ microglia drive neuropathic pain[END_REF][START_REF] Huang | Ionic plasticity and pain: The loss of descending serotonergic fibers after spinal cord injury transforms how GABA affects pain[END_REF]. We then investigated whether we could reverse the effect of the optogenetic stimulation of 5-HT fibers coming from the RMg by changing chloride balance in the DHSC. We performed intratumoral injections of two different blockers of chloride transporters, the nonselective inhibitor furosemide (fig. S5) and the selective K + -Cl --transporter KCC2 inhibitor VU043271 (Fig. 6, A andB). In both cases, optogenetic stimulation of 5-HT fibers induced a significant increase in pain sensitivity in both males and females. PWT was significantly decreased (Fig. 6A1 recordings showed that VU043271 caused a switch in the response of WDR neurons to optogenetic manipulation of 5-HT neurons. Under VU043271 superfusion, but not vehicle, WDR neurons increased their response to peripheral stimulation when RMg 5-HT fibers are optogenetically stimulated (Fig. 6, C and D). These results show that altering chloride balance could switch serotoninergic inhibition into excitation.

Nerve injury switches RMg 5-HT inhibition to excitation via spinal KCC2 hypofunction

We then studied the role of the 5-HT descending pathway in a pathological context using the spared nerve injury (SNI) model of painful mononeuropathy [START_REF] Decosterd | Spared nerve injury: An animal model of persistent peripheral neuropathic pain[END_REF]. We first confirmed that 2 weeks after SNI, mice expressed a strong mechanical and thermal hypersensitivity (Fig. 7, A and B) that was equivalent in both males and females. Using epet::cre-Ai9::Tdtomato, we first confirmed that 5-HT descending fibers are not modified in SNI as their density is equivalent to the one quantified in naïve animals, and their contacts are mostly on inhibitory interneurons again as in naïve animals (fig. S6). Therefore, we used epet::cre SNI mice to manipulate 5-HT descending fibers from the RMg spinal optogenetic stimulation of RMg 5-HT fibers to induce a reinforcement of mechanical and thermal hypersensitivity in both males and females. PWT and TL were lowered during optogenetic stimulation of 5-HT fibers (Fig. 7, C and D).

In vivo electrophysiological recordings showed that these mechanical and thermal hypersensitivities were associated with an increased responsiveness of the DHSC (NFP; Fig. 8, A andB). Last, WDR neurons increased the number C-fiber spikes in response to peripheral stimulation during optogenetic activation of spinal RMg 5-HT fibers (Fig. 8C). These effects were equivalent in both males and females (Fig. 8D). These results strongly suggest that chloride imbalance in spinal neurons could modify descending pain controls by switching the impact of descending RMg 5-HT input from inhibition to facilitation. To address that possibility, we proposed to pharmacologically enhance KCC2 chloride transporters in SNI mice using the molecule CLP290 [START_REF] Chen | Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations[END_REF][START_REF] Lavertu | Enhancing K-Cl co-transport restores normal spinothalamic sensory coding in a neuropathic pain model[END_REF]. We first confirmed that CLP290 induces an increase in membrane levels of KCC2. We performed immunohistochemical analysis on DHSC slices from SNI mice treated with either CLP290 or vehicle, and we found that the treatment in SNI mice (i) significantly increased KCC2 immunoreactivity in the spinal dorsal horn (fig. S7), (ii) significantly increased membrane KCC2 levels in individual dorsal horn neurons (Fig. 9, A to C), and (iii) induces a slight but significant increase in PWT and TL (fig. S7). Then, we compared pain behavior in SNI mice treated with either saline or CLP290 during optogenetic stimulation of 5-HT fibers (Fig. 9, D and E). In SNI mice treated with CLP290 but not vehicle, optogenetic stimulation of 5-HT fibers promoted mechanical and thermal analgesia as shown by a significant increase in PWT and TL in both males and females. Using in vivo electrophysiology recordings, we also found that, after CLP290 treatment, WDR neurons decreased their responsiveness to peripheral stimulations in both males and females upon optogenetic stimulation of RMg 5-HT fibers (Fig. 9, F and G). Together, these results show that KCC2-mediated chloride balance control descending influence: Normal chloride extrusion maintains effective RMg 5-HT descending input net inhibitory, while KCC2 hypofunction after nerve injury, causing chloride dysregulation, promotes RMg 5-HT descending input to become net facilitatory.

Rescuing KCC2 function restores SSRI-mediated analgesia

This mechanism may explain why SSRIs are not capable of relieving pain in patients with chronic pain (18,[START_REF] Salvat | A comparison of early and late treatments on allodynia and its chronification in experimental neuropathic pain[END_REF]. To test this hypothesis, we combined SSRI treatment with the KCC2 enhancer (Fig. 10). First, we confirmed in SNI mice that the SSRI fluoxetine injection alone induced a slight mechanical and thermal hypersensitivity (Fig. 10, in red). On the other hand, CLP290 induced a slight but significant decrease in mechanical and thermal hypersensitivity (Fig. 10, in yellow). By contrast, the combination of fluoxetine and CLP290 strongly relieved mechanical and thermal hypersensitivity (Fig. 10, in green). This analgesic effect was durable and still present 24 hours after a single injection of the combined molecules (Fig. 10, C and F). This effect was comparable in males and females (fig. S8). Last, to go beyond evoked pain responses that involve sensorymotor reflexes, we designed a conditioned place preference (CPP) paradigm to address the effect of our drug combination on supraspinal pain integration (fig. S9). SNI mice were first placed in a two-chamber maze of the same size but with an opaque and a transparent chamber and remained free to explore the whole maze (fig. S9A). Then, they were alternately locked in one or the other chamber; one was associated with either our drug combination (fluoxetine + CLP290; group 1) or fluoxetine alone (group 2). Two days after, mice were again left free to move in the maze and spent significantly more time in the chamber associated with the combination, but not in the chamber associated with fluoxetine alone (fig. S9B). These results show that SNI mice associate the chamber and the combination of fluoxetine and CLP and that this combination improves the painful state of the animal.
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DISCUSSION

These results show that 5-HT neurons of the RMg contact inhibitory interneurons in the DHSC and gate both mechanical and thermal nociceptive transmission in a sex-independent manner. Moreover, KCC2 down-regulation underlies the change in sign (i.e., excitatory or inhibitory) of 5-HT descending influence on nociceptive transmission, switching from pain inhibition to facilitation in the pathological condition (fig. S10). This result demonstrates that the balance between descending excitation and inhibition depends, contrary to previously thought, on local alteration at the spinal level. In particular, it suggests that the same 5-HT circuit can be excitatory and/or inhibitory depending on the excitability of the targeted region. 5-HT neurons are gathered in nine different nuclei of the brainstem called B1 to B9 [START_REF] Soiza-Reilly | From B1 to B9: A guide through hindbrain serotonin neurons with additional views from multidimensional characterization[END_REF][START_REF] Bourgoin | Yin and Yang in serotonin: Its Janus roles in pain control mechanisms[END_REF]. B1 to B3 nuclei project to the spinal cord, with B1 (i.e., raphe pallidus) and B2 (i.e., raphe obscurus) projecting to the ventral horn and B3 (i.e., medial RMg) and lateral nucleus paragigantocellularis (LPGi) projecting to the dorsal horn [START_REF] Gautier | Differential innervation of superficial versus deep laminae of the dorsal horn by bulbo-spinal serotonergic pathways in the rat[END_REF]. Here, by crossbreeding ePet::cre mice to Ai9::tdtomato reporter mice, we confirmed the dorsal projection of 5-HT neurons in two preferential areas, superficial lamina and deep lamina. The former is attributed to the projection of the LPGi, and the latter is attributed to the projections of the nucleus raphe magnus (RMg) [START_REF] Bourgoin | Yin and Yang in serotonin: Its Janus roles in pain control mechanisms[END_REF][START_REF] Gautier | Differential innervation of superficial versus deep laminae of the dorsal horn by bulbo-spinal serotonergic pathways in the rat[END_REF]. Here, we focused on the medial RMg, and we confirmed the projections of 22) CLP290 ( 20) Fluoxetine ( 21)

Vehicle ( 21) Fluoxetine + CLP290 ( 22) CLP290 ( 20) Fluoxetine ( 21 5-HT neurons from this nucleus to the deep layer of the spinal cord. Last, by using an AAV-dio-synaptophysin-myc, we show clear 5-HT terminals associated to inhibitory interneurons, suggesting that 5-HT release is synaptic rather than volumic in our circuit [START_REF] Hornung | The neuronatomy of the serotonergic system[END_REF][START_REF] Hornung | The Human Nervous System[END_REF].

Optogenetic stimulation of 5-HT neurons of the medial RMg at a frequency slightly higher than the tonic rate of discharge of 5-HT neurons induces a specific increase in 5-HT levels in the spinal cord, in accordance with previous studies using electrical stimulation of the medial RMg [START_REF] Sorkin | Amino acids and serotonin are released into the lumbar spinal cord of the anesthetized cat following intradermal capsaicin injections[END_REF][START_REF] Sorkin | Raphe magnus stimulation-induced antinociception in the cat is associated with release of amino acids as well as serotonin in the lumbar dorsal horn[END_REF]. Associated with this increase, we observed a thermal and mechanical analgesia in naïve animals during light activation that ceased quickly after light stopped. This result is in contradiction with those obtained with a mouse constitutively expressing ChR2 in 5-HT neurons [START_REF] Cai | Optogenetic activation of brainstem serotonergic neurons induces persistent pain sensitization[END_REF]. In this study, optogenetic stimulation of 5-HT neurons induced a robust and long-lasting hypersensitivity to pain that lasts for several days following light illumination. Two differences may explain such discrepancy: First, we used a stimulation protocol that mimics the maximum rate of discharge of 5-HT neurons recorded in vivo (5 Hz/5 ms) in place of a high nonphysiological stimulation frequency (20 Hz/15 ms). A frequency-dependent mode of action of 5-HT neurons is in accordance with previous results that show that electric stimulation of the RMg can induce either pronociceptive or analgesic effects [START_REF] Sommer | Serotonin in pain and pain control[END_REF]. Second, in the study from [START_REF] Cai | Optogenetic activation of brainstem serotonergic neurons induces persistent pain sensitization[END_REF], they used a mouse that expressed ChR2 in all the B3 5-HT nuclei including the LPGi that is excluded from our study. Taking into account that 5-HT neurons from the LGPi project to the more superficial lamina of the dorsal horn, we cannot exclude that this circuit would be responsible for the pronociceptive effect observed, consequently suggesting two parallel descending pathways (one excitatory and one inhibitory) [START_REF] Suzuki | Bad news from the brain: Descending 5-HT pathways that control spinal pain processing[END_REF]. This possibility is reinforced by recent studies showing that manipulation of different cortical circuits can give rise to either facilitatory or inhibitory 5-HT-dependent pathways controlling nociceptive transmission at the level of the spinal cord (15,16).

We show that 5-HT neurons from the medial RMg project to inhibitory interneurons in the DHSC. By blocking GABA A -and glycine receptor-mediated inhibitory neurotransmission with picrotoxin, we suppress the analgesic effect of the optogenetic stimulation of 5-HT neurons. 5-HT-induced neuronal responses are dependent on 5-HT receptors that comprise 7 families (5-HT1 to 5-HT7) and 15 subtypes. The more recent studies identified at least 12 subtypes involved in the dorsal horn response to 5-HT [START_REF] Cortes-Altamirano | Review: 5-HT1, 5-HT2, 5-HT3 and 5-HT7 receptors and their role in the modulation of pain response in the central nervous system[END_REF]. Among them, at least three families can exert an action on inhibitory interneurons, i.e., 5-HT1, 5-HT2, and 5-HT3 (3,[START_REF] Yoshimura | Mechanisms for the anti-nociceptive actions of the descending noradrenergic and serotonergic systems in the spinal cord[END_REF]. More precisely, 5-HT2a, 5-HT2c, and 5-HT3 receptors can increase inhibitory neurotransmission by a direct modulation of inhibitory terminals in both GABA A -and glycine receptor-mediated inhibitory neurotransmission [START_REF] Xie | Identification of 5-HT receptor subtypes enhancing inhibitory transmission in the rat spinal dorsal Hornin vitro[END_REF][START_REF] Abe | Responses to 5-HT in morphologically identified neurons in the rat substantia gelatinosa in vitro[END_REF][START_REF] Yoshimura | Mechanisms for the anti-nociceptive actions of the descending noradrenergic and serotonergic systems in the spinal cord[END_REF]. Activation of these receptors with specific agonists is also capable of generating a significant inhibition of the C-fiber component of dorsal horn neurons, and antagonists suppress the inhibitory effect of 5-HT application on the same neurons [START_REF] Liu | Roles of 5-hydroxytryptamine (5-HT) receptor subtypes in the inhibitory effects of 5-HT on C-fiber responses of spinal wide dynamic range neurons in rats[END_REF]. Last, 5-HT2 receptor modulators including 5-HT2c agonists suppress mechanical allodynia in neuropathic pain models [START_REF] Obata | Antiallodynic effects of intrathecally administered 5-HT(2C) receptor agonists in rats with nerve injury[END_REF]54).

Here, optogenetic manipulation of 5-HT neurons induced a mechanical and thermal analgesia associated with a decrease in the C-fiber component of the nociceptive receptive field and dorsal horn neurons in accordance with the strong inhibition of these neurons induced by RMg stimulation or 5-HT spinal application [START_REF] Liu | Roles of 5-hydroxytryptamine (5-HT) receptor subtypes in the inhibitory effects of 5-HT on C-fiber responses of spinal wide dynamic range neurons in rats[END_REF]. Therefore, our results suggest that 5-HT neurons from the RMg exert a 5-HT2-and/or 5-HT3-mediated activation of local spinal inhibitory interneurons that block nociceptive inputs by decreasing excitability of dorsal horn neurons.

We used the SNI model of neuropathy to study the alteration of the RMg to the spinal cord circuit under pathological conditions. Alteration of 5-HT modulation in chronic pain is well documented in preclinical models. For instance, the influence of 5-HT3 receptormediated hyperexcitability is well known following peripheral nerve injury [START_REF] Suzuki | Descending facilitatory control of mechanically evoked responses is enhanced in deep dorsal horn neurones following peripheral nerve injury[END_REF][START_REF] Suzuki | Spinal-supraspinal serotonergic circuits regulating neuropathic pain and its treatment with gabapentin[END_REF]. Here, we show that RMg to spinal cord circuit is not modified in the SNI model of neuropathic pain. 5-HT fiber density is not altered in the DHSC of SNI animals, and 5-HT fibers target inhibitory interneurons in the DHSC as shown in naïve animals. However, optogenetic stimulation of the same circuit in SNI induces mechanical and thermal hyperalgesia, transforming a descending inhibition circuit into descending facilitation. We also show that this switch is a consequence of chloride imbalance following neuropathy. Chloride imbalance is a key feature in chronic pain models, particularly following peripheral neuropathy [START_REF] Coull | BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain[END_REF][START_REF] Mapplebeck | Chloride dysregulation through downregulation of KCC2 mediates neuropathic pain in both sexes[END_REF][START_REF] Coull | Trans-synaptic shift in anion gradient in spinal lamina I neurons as a mechanism of neuropathic pain[END_REF]. Mechanistically, it is mediated by the decreased expression of the KCC2 cotransporter that normally mediates chloride outflux to maintain low intracellular chloride. KCC2 hypofunction induces a depolarizing shift in chloride equilibrium, yielding a weakening and sometimes even an inversion of GABA A and glycine receptor-mediated inhibition [START_REF] Doyon | Chloride regulation: A dynamic equilibrium crucial for synaptic inhibition[END_REF]. Whether the switch from net inhibition to net excitation reflects an inversion of the sign of GABA A or glycine receptormediated transmission or the loss of balance within a mixture of excitatory/inhibitory effect of activation of descending 5-HTmediated transmission remains to be determined. However, the critical finding is that manipulating KCC2 function with specific modulators [START_REF] Chen | Reactivation of dormant relay pathways in injured spinal cord by KCC2 manipulations[END_REF][START_REF] Gagnon | Chloride extrusion enhancers as novel therapeutics for neurological diseases[END_REF] effectively switched the net effect of stimulation of the RMg-spinal 5-HT circuit: Inhibiting KCC2 promotes 5-HT descending net facilitation in naïve animals, and enhancing KCC2 promotes 5-HT descending net inhibition in neuropathic animals. Overall, this paved the way to a mechanistic handle to reverse a maladaptive loss of endogenous pain control, which can explain abnormal pain hypersensitivity in neuropathic pain syndromes.

Antidepressants are currently one of the first lines of medication to manage chronic pain in humans (18). Among the antidepressant family, SNRIs and tricyclic antidepressants (TCA) are the more efficient molecules but with moderate efficiency (relief of 50% of pain in approximately half of patients) and many side effects (19). SSRIs, by contrast, have little or no effect on pathological pain sensation but with fewer side effects, effectively singling out serotoninergic transmission as a viable target for analgesia [START_REF] Salvat | A comparison of early and late treatments on allodynia and its chronification in experimental neuropathic pain[END_REF]. Here, we confirm that treatment with fluoxetine does not improve thermal or mechanical hypersensitivity, but if fluoxetine is associated with a KCC2 enhancer, it durably relieves pain hypersensitivity for at least 24 hours. Our findings posit that fluoxetine increases spinal 5-HT that activates inhibitory interneurons. Its ineffectiveness is attributed to spinal chloride dysregulation, causing it to promote pain facilitation after nerve injury. Restoring chloride extrusion in spinal neurons was sufficient to yield a net inhibitory action of fluoxetine in the spinal circuits that had undergone maladaptive reorganization in a pathological setting. By choosing to very selectively stimulate the RMg 5-HT pathway, isolating a pure descending serotonergic system, we offered a paradigm that enabled uncovering a mechanistic explanation for the failure of SSRI to produce analgesia in neuropathic pain. Given the lower side effect liability of SSRIs, the current findings open entirely new therapeutic perspectives, including repurposing for a class of drugs that is readily available for use in multiple other conditions. Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 To conclude, we identify a spinal mechanism responsible for the deficiency of endogenous pain control in pathological pain, which may explain the ineffectiveness of conventional treatments targeting these pathways. Therefore, combining SSRIs with chloride extruders presents a new therapeutic approach that will restore CPM in chronic pain syndromes, with the vital advantage of reempowering patients by reestablishing their ability to control their own pain.

MATERIALS AND METHODS

Animals

Male and female mice, between 6 and 12 weeks of age, were maintained under a standard 12-hour light/12-hour dark cycle with food and water available ad libitum. All experiments followed European Union (Council directive 86/609EEC) and institutional guidelines for laboratory animal care and use. Institutional license for hosting animals was approved by the French Ethical Committee (APAFIS#3751). Male and female mice exhibit the same responses; thus, we pooled results from both sexes in all figures. We used different transgenic mice strains derived from C57BL6/J genetic background: ePet::Cre (strain 012712; RRID: IMSR_JAX:012712), ePet::CreXAi9::tdtomato (strain 007909, RRID: IMSR_JAX:007909), Gad67::GFP, and ePet::CreXGad67::GFP. ePet::Cre: It enables specific expression of light-activated opsins and molecular or fluorescent tags. ePet::CreXAi9::tdtomato: It allows the expression of a tomato fluorescent tag in cre-expressing cells, used to verify the expression of CRE in targeted neurons and, thus, 5-HTexpressing cells. Gad67::GFP (strain 007677, RRID: IMSR_JAX:007677): Mouse strain expressing GFP fluorescent tag in Gad67-positive neurons mainly GABA inhibitory neurons. ePet::CreXGad67::GFP: CRE expression in 5-HT neurons and GFP expression in GABA neurons. In each experimental group, mice were sex-, weight-, and age-balanced. Animals with no trace of viral infection in the RMg, those whose optic fibers were removed after implantation, those with no exaggerated pain behavior after SNI procedure, and those with a loss of body weight > 15% were excluded from the study.

Surgical procedure

We performed surgical procedures following [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF].

Virus injection

For a functional specification of the role of 5-HT neurons of the RMg in the descending modulation of the nociceptive transmission, 6-to 10-week-old ePet::Cre male and female mice were deeply anesthetized under 4% isoflurane in an induction chamber, then moved, and maintained under 1.5% isoflurane. Eyes were protected with ocular gel (Ocry-gel, Lab TVM, France), 100 l (0.3 g/ml) of buprenorphine was intraperitoneally injected (and repeated 6 hours after the surgery), and 20 l of lidocaine 1% was administered locally (scalp) to alleviate pain during surgery. Mice were placed into a stereotaxic frame (RWD Desktop Digital Stereotaxic Instruments, Shenzhen, China), and the head was fixed with ear bars and a feedback-controlled heating pad (World Precision Instrument, Sarasota, USA), which ensured maintenance of core body temperature at 37°C. The skin was opened to expose the skull, and the surface was cleaned to expose the Bregma and Lambda. To specifically target the RMg of the RVM in the brainstem, three sites of injection were used, -5.6/0.0/-5.6, -5.8/0.0/-5.6, and -6.1/0.0/-5.7 (antero-posterior/medio-lateral/dorso-ventral, respectively), and a small hole (1-mm diameter) was drilled to expose the surface of the brain (RWD Microdrill, Shenzhen, China). Pulled borosilicate glass capillaries (Ringcaps, DURAN, Hirschmann Laborgeräte, Germany) were used to microinject a total of 300 nl of selected viruses (100 nl at each coordinate of interest, at a speed of 50 nl/min). We used AAV-EF1a-DIOhChR2(H134R)-EYFP-WPRE-pA (4.5 × 10 12 vg/ml UNC Vector Core) for light activation or AAV-CAG-Flex-GFP (4.8 × 10 12 vg/ml, UNC Vector Core) as control. We also used an AAV-DIO-Synaptophysin-myc for anatomical tracing of 5-HT synapses (62). Glass capillaries were kept in the injection site 5 min after injection and then retracted slowly over 3 min. The surgical sites were sutured and cleaned with betadine and treated with 1% lidocaine. Animals were kept on a heating pad and monitored until fully recovered (30 min) before being returned to their cage and continued to be group-housed after the procedure.

Optic fiber implantation

Optical cannulas including ceramic ferrule (AMS Technologies, Germany) in combination with a multimode optical fiber (Ø200m, Thorlabs, NJ, USA) were implanted either at 300 m above the RMg in the RVM or between vertebrae and spinal cord [START_REF] Christensen | In vivo interrogation of spinal mechanosensory circuits[END_REF]. Before the cannula implantation, the optical fibers were prepared and cleaved to the appropriate length (5.5 mm for the RMg and <0.5 mm for the lumbar vertebrae), and the light intensity emitted through the fibers was assessed using a power meter (PM-100D, Thorlabs, NJ, USA) and set to 10 mW. For RMg implantation, the skin was opened to expose the skull, and the surface was cleaned to expose the Bregma and Lambda. A small hole was drilled to expose the surface of the brain. With the help of a stereotaxic cannula holder (Thorlabs, NJ, USA), the optical cannula was lowered into the hole, and dental cement was used to secure it in place. Once the cement was dry, it was covered with black nail varnish to reduce the risk of external illumination. For spinal cord implantations, a 1-to 2-cm incision was made slightly caudal to the peak of the dorsal hump to expose the lumbar spinal region. The vertebra of interest was identified, and then a small incision was made between the tendons and the vertebral column on either side. Vertebra was then secured using spinal adaptor clamps, and all tissues were removed from the surface of the bone. A small hole was drilled approximately 1 mm from the midline on either the left or right side. We positioned the optical fiber in the hole and used a small amount of superglue around the drilled hole and over the surface of the bone to reduce the possibility of bone bleeds and to secure the cannula in place. Afterward, we cemented the cannula in place using dental cement, and we sutured and cleaned the skin surrounding the dental cement securing the cannula implantation. Mice were weighed and placed on a heating blanket to awaken them, and they were allowed to recover before they were returned to their cage and continued to be group-housed after the procedure. An optogenetic stimulation protocol has been set according to the spontaneous discharge of 5-HT neurons measured in previous studies. On average, 5-HT neurons have a discharge of 1 to 3 Hz (63); we set the stimulation protocol at 5 Hz/5 ms to be sure to activate 5-HT neurons and elicit action potentials at each optogenetic stimulation (see Fig. 1C).

SNI model

The day before the surgery, mice were tested for their mechanical threshold as described below (see the "Pain behavior" section). Then, on the day of the surgery, mice were anesthetized under 2% isoflurane. A single skin incision was made into the mid-thigh level, and the biceps femoris muscles were separated by blunt dissection to expose the sciatic nerve and its three main branches. The common peroneal and the tibial nerves were ligated using 6-0 Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 silk and cut with small scissors, removing a 2-to 4-mm piece of each distal nerve stump. The sural nerve was kept intact. The muscle and skin were then sutured using 6-0 silk. Mice were allowed to recover on a warmed surgical pad until they were able to move freely.

Pain behavior

Behavioral experiments were carried out blind and performed following procedures previously described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF]. For optogenetic experiments, the experimenter did not know the virus (ChR2 or GFP) injected into the tested mice. For pharmacology, the experimenter was not aware whether the drug or vehicle was injected.

Paw withdrawal threshold

Animals were placed in a square plastic frame with a mesh grid on the floor. After 10 min of habituation, animals were tested for mechanical threshold using Von Frey Hairs (Bioseb, France). Five successive tests were performed by applying a Von Frey Hair on the plantar surface of the paw in mice remaining on their four paws. We assessed the mechanical threshold using the simplified up and down (SUDO) technique [START_REF] Bonin | A simplified up-down method (SUDO) for measuring mechanical nociception in rodents using von Frey filaments[END_REF]. Briefly, starting from the 10th filament (2 g), the response of the animal to the stimulation (withdrawal or not) decided the value of the next filament. The lower filament tested whether the animal withdrew the paw, and the upper filament tested the other case. Five successive filaments were applied. Each test was separated by around 20 s. A series of SUDO was performed before, during, and after optogenetic stimulation of 5-HT neurons of the RMg or spinal cord. PWT was evaluated using the last filament value +/-0.5 depending on the value of the fourth filament. To determine the value in grams, the algorithm PWT = 10 (x*F+B) was used. F is the filament number obtained using SUDO, and x and B were determined from a linear regression of the logarithm of the empirically measured filament bending force plotted against the filament number [the following equation was used: log (bending force) = x * filament number + B, with x = 0.182 and B = -1.47 when 7 < F < 14, and x = 0.240 and B = -2 when 2 < F < 9] [see [START_REF] Bonin | A simplified up-down method (SUDO) for measuring mechanical nociception in rodents using von Frey filaments[END_REF]].

Repetitive stimulations

To assess for analgesic effect, after determining the PWT, a suprathreshold filament was selected, and five repetitive tests were performed before, during, and after optogenetic stimulation of the 5-HT neurons. The number of paw thresholds was plotted as a percentage of the total number of tests (i.e., five). To test for hyperalgesia effects, the same procedure was applied but with the choice of a subthreshold filament. Thermal latency Animals were placed in a Plexiglas cage with a transparent glass floor. An infrared laser beam of calibrated value was applied on the plantar surface of the paw until the animal withdrew its paw. The value of the latency was measured in seconds. Two trials separated by at least 30 s to avoid sensitization were performed before, during, and after optogenetic stimulation of 5-HT neurons of the RMg. An average value of each trial was then compared between conditions. Laser intensity was adapted to the pathophysiological condition: infrared intensity (IR50) was used for naïve animals that give a mean withdraw latency around 5 to 10 s. IR30 was used in SNI to have the same range of responses.

Conditioned place preference

On day 1, SNI mice were free to move in a two-chamber maze (chamber size, 30 cm by 30 cm) separated by a corridor (10 cm) for 10 min. One chamber contained an opaque wall and one chamber contained a transparent wall (30 cm high each). On day 2, one group of mice (group 1) received an intraperitoneal dose of fluoxetine (10 mg/kg) and an oral dose of CLP290 (100 mg/kg). One hour and 30 min after injection, mice were placed and restrained in one chamber for 10 min (drug-paired). Group 2 received an intraperitoneal dose of fluoxetine (10 mg/kg), and mice were restrained in one chamber for 10 min (drug-paired). On day 4, mice were placed again in the maze and were free to visit all chambers. The percentage of total time spent in each chamber was measured and compared in each group between day 1 (predrug) and day 4 (test).

In vivo electrophysiology

In vivo electrophysiology was performed following procedures previously described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF]. Mice were anesthetized with urethane 20% and placed on a stereotaxic frame (M2E, Asnières, France). A laminectomy was performed on lumbar vertebrae L1 to L3, and segments L4 to L5 of the spinal cord were exposed. Extracellular recordings of WDR dorsal horn neurons were made with borosilicate glass capillaries (2 megohms, filled with 684 mM NaCl) (Harvard Apparatus, Cambridge, MA, USA). For NFPs, the signal was low pass-filtered. For single-unit recordings, the signal was high passfiltered, and the criterion for the selection of a neuron was the presence of an A-fiber response (0 to 80 ms) followed by a C-fiber response (80 to 300 ms) to electrical stimulations of the ipsilateral paw with bipolar subcutaneous stimulation electrodes. Threshold for C-fiberevoked response was evaluated. Trains of electrical stimulation (at 0.067 Hz) at two times the threshold for C-fibers were performed before, during, and after optogenetic stimulation, with an optic fiber placed above the recording site. c-Fos experiments epet::cre mice expressing ChR2 in the RMg (see above) were anesthetized with urethane 20% and placed on a stereotaxic frame (M2E, Asnières, France). Surgical procedure was performed as previously described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF]. Briefly, a laminectomy was performed on lumbar vertebrae L1 to L3, and segments L4 to L5 of the spinal cord were exposed. An optic fiber was placed above the spinal cord to allow light illumination of 5-HT descending fibers. After 1 hour of stable anesthesia, an optogenetic stimulation at 5 Hz/5 ms for 2 min was performed. One hour later, mice were quickly euthanized and perfused through the left ventricle with 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS). Spinal cords were extracted. dissected out, post-fixed for 3 hours at 4°C in the same solution, then cryoprotected in a solution of 0.1 M PBS and 25% sucrose overnight, and stored at -80°C. c-Fos immunostaining with c-Fos antibodies (rabbit anti-c-Fos (1/500; 9F6, mAB Cell Signalling Technology 2250 S) was performed as below (see the "For molecular identifications of spinal network" section).

High-Performance liquid chromatography

Tissue samples from optogenetically stimulated and control mice were deposited in previously weighed Eppendorf tubes and placed back in the freezer at -80°C. The tubes containing the samples were cautiously weighed again the day of the biochemical analysis, and 200 l of perchloric acid (HClO 4 0.1 N, 4°C) was added. The samples (weighing approximately between 16 and 34 mg with no significant differences between the stimulated and the non-stimulated group) were homogenized with ultrasound for about 8 s and centrifuged at 13,000 rpm for 30 min at 4°C. A volume of 10 l of the supernatant was injected into an HPLC system. Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 The tissue concentrations of monoamines were measured by HPLC coupled to electrochemical detection. The mobile phase of the HPLC system was composed of methanol (7%), NaH 2 PO 4 (70 mM), triethylamine (100 l/liter), EDTA (0.1 mM), and sodium octyl sulfate (100 mg/liter) diluted in deionized water (pH 4.2, adjusted with orthophosphoric acid) as previously reported [START_REF] Chagraoui | Neurochemical impact of the 5-HT2C receptor agonist WAY-163909 on monoamine tissue content in the rat brain[END_REF]. It was filtered (0.22 m) before its installation in the system. The mobile phase was delivered through the HPLC column (Hypersyl, C18 at a flow rate of 1.2 ml/min using an HPLC pump (LC10Ad Vp, Shimadzu, France). The column was protected by a Brownlee-Newgard precolumn (RP-8, 15 × 3.2 mm, 7 m; C.I.L.). The injection of the samples (10 l) was carried out by a manual injection valve (Rheodyne, model 7725i, C.I.L., Sainte-Foy-La-Grande, France) equipped with a loop of 20 l. The monoamines exit the column at different retention times (approximately NA: 3′38; DA: 7′43; 5-HT: 17′35) and passed into the coulometric detection cell (Cell 5011, ESA, Paris, France) equipped with two electrodes. The potential of these two electrodes was fixed via the coulometric detector (CoulochemII, ESA) at +350 mV (oxidation) and -270 mV (reduction), respectively. Only the signals from the oxidation channel were monitored. The coulometric detector was connected to a computer through an interface (Ulyss, Azur system, Toulouse, France). The calibration curves were performed once the peaks in a standard solution (1 ng/10 l) were well separated in the chromatogram. The calibration curves were adapted to the expected and heterogeneous quantities of monoamines (0.1 to 1 ng/10 l for 5-HT and NA; 0.01 to 0.1 ng/10 l for DA) [START_REF] Milan | Monoaminergic control of spinal locomotor networks in SOD1G93A newborn mice[END_REF]. Using a timeline method, the gains used ranged from 10 nA (for DA) to 200 nA (for NA and 5-HT). Standard solutions were used before each series of samples to verify the chromatographic conditions. The overall sensitivity for the compounds ranged from 2.4 pg/10 l for DA to 7 pg/10 l for 5-HT with a signal-to-noise ratio of 3:1.

In vitro patch-clamp recordings

Patch-clamp recordings were performed following procedures previously described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF], on brain slices from mice expressing either AAV-EF1a-DIOhChR2(H134R)-mCherry-WPRE-pA or AAV-CAG-Flex-GFP. Briefly, 8-to 12-week-old mice were intracardially perfused during euthanasia (exagon/lidocaine: 300/30 mg/kg, i.p.) with ice-cold N-methyl-d-glucamine (NMDG) solution [containing the following: 1.25 mM ascorbate, 3 mM Na-pyruvate, 2 mM thiourea, 93 mM NMDG, and 93 mM HCl 37% (pH 7.3 to 7.4); osmolarity: 305 to 310 mosM]. Brains were quickly removed, and 250-m slices containing the RMg were prepared with a VT1100S Leica vibratome in ice-cold oxygenated NMDG solution before recovery for 12 to 15 min at 34°C in oxygenated NMDG solution. Slices were then transferred at room temperature into artificial cerebrospinal fluid (aCSF) solution [containing the following: 124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgCl 2 , 2.5 CaCl 2 , 227 2.5 mM d-glucose, and 25 mM NaHCO 3 (pH 7.3 to 7.4); osmolarity: 305 to 310 mosM] for at least 1 hour. Slices were placed in the recording chamber under a microscope (Nikon EF600) outfitted for fluorescence and IR (infrared)-DIC (digital image correlation) video microscopy and perfused with oxygenated aCSF at 2 to 3 ml/min. Viable RMg 5-HT neurons were visualized with a fluorescence video camera (Nikon). Borosilicate pipette (4 to 6 megohms; 1.5-mm optical density; Sutter Instrument) was filled with an intracellular solution (containing the following: 128 mM K gluconate, 20 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, 0.3 mM CaCl 2 , 2 mM Na 2 -adenosine 5′-triphosphate, 0.3 mM Na-guanosine 5′-triphosphate, 0.2 mM adenosine 3′,5′-monophosphate, and 10 mM Hepes; 280 to 290 mosM, pH 7.3 to 7.4). Recordings were made using a Multiclamp 700B amplifier, digitized using the Digidata 1440A interface, and acquired at 2 kHz using pClamp 10.5 software (Axon Instruments, Molecular Devices, Sunnyvale, CA). Pipette and cell capacitances were fully compensated, but junction potential was not corrected. RMg 5-HT neurons were recorded in whole-cell current-clamp mode. Brain slices expressing ChR2 or GFP were opto-stimulated at 470 nm (5 Hz, 5 ms pulse width) for 10 s every 30 s. Laser intensity was set at 5 mW/mm 2 .

Drug injections

Drug injections were performed as previously described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF].

Intraperitoneal injection

Intraperitoneal injections of furosemide (25 mg/kg) dissolved in NaOH 1 N with NaCl or vehicle (NaOH and NaCl) were performed 30 min before behavioral tests. Intraperitoneal injections of fluoxetine (10 mg/kg) dissolved in NaCl or vehicle (NaCl) were performed 1 hour 30 min before behavioral tests. Naïve epet::cre mice were maintained with one hand, and a 26-gauge needle connected to a 1-ml syringe was inserted in the intraperitoneal left side of the mice. A volume of 10 l was injected.

Intrathecal injections

Intrathecal injection of 10 l of picrotoxin (30 M), Vu 0463271 (25 M), or vehicle (0.03% of dimethyl sulfoxide in ddH 2 O) in epet::cre mice was done 20 min before the behavioral tests. Mice were maintained with one hand by the pelvic girdle, and a 27-gauge needle connected to a 10-l Hamilton syringe was inserted in the subarachnoidal space between vertebrae L5 and L6.

Per os administration

Oral administration of CLP 290 (100 mg/kg) or vehicle (20% 2-hydroxypropyl--cyclodextrin) was done 1 hour 30 min before the behavioral tests. Mice were maintained with one hand, and a force-feeding needle connected to a 1-ml syringe was inserted into the throat to deliver 250 l of the drug or vehicle.

Immunohistochemistry

As already described in [START_REF] Aby | Serotonergic neurons of the nucleus raphe Magnus in the control of nociceptive transmission in the dorsal horn of the spinal cord: An optogenetic study in different pathophysiological contexts[END_REF] and after completion of experiments, mice were euthanized with urethane and perfused through the left ventricle with 4% (w/v) PFA in 0.1 M PBS. Brains and spinal cords were extracted, dissected out, post-fixed for 3 hours at 4°C in the same solution, then cryoprotected in a solution of 0.1 M PBS and 25% sucrose overnight, and stored at -80°C.

For verification of both viral expression and location of optic fiber in RMg, a series of 20-m thin slices containing the RMg were incubated free-floating in 0.1 M PBS containing Triton X-100 (0.3%), bovine serum albumin (1%; Sigma-Aldrich), and chicken anti-GFP antibody (1:1000; Averlabs) overnight at 4°C. After washing with 0.1 M PBS, secondary antibodies, such as Alexa Fluor 488conjugated goat anti-chicken (1:500), were added in 0.1 M PBS for 2 hours at room temperature. Sections were finally viewed on epifluorescence microscope (axiophot2, Zeiss) fitted with a 20× dry objective and both 40× and 63× oil immersion 1.3 numerical aperture (NA) objective.

For molecular identifications of the spinal network, spinal cord sections were incubated free-floating in 0.1 M PBS containing Triton X-100 (0.3%), bovine serum albumin (1%; Sigma-Aldrich), guinea pig anti-TLX3 antibody (1:1000; a gift from T. Müller), goat Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 anti-Pax2 antibody (1:300; Bio-techne), rabbit anti-Myc antibody (1:500; Euromedex), rabbit anti-TPH2 antibody (1:1000; Bio-techne), and rabbit anti-GAD65/67 (G5163, Sigma-Aldrich) in combination with chicken anti-GFP antibody (1:1000; Averlabs) overnight at 4°C. After washing with 0.1 M PBS, secondary antibodies were added in 0.1 M PBS for 2 hours at room temperature. Depending on the primary antibody species used, we used Alexa Fluor 568-conjugated goat anti-guinea pig (1:500, Molecular Probes), Alexa Fluor 568conjugated donkey anti-goat (1:500; Thermo Fisher Scientific), Alexa Fluor 568-or 647-conjugated goat anti-rabbit (1:500; Invitrogen), and Alexa Fluor 568-conjugated goat anti-mouse (1:500; Invitrogen) associated with Alexa Fluor 488-conjugated goat antichicken (1:500; Thermo Fisher Scientific). For c-Fos experiments, rabbit anti-c-Fos (1:500; 9F6, mAB Cell Signalling Technology 2250 S) was combined with goat anti-Pax2 antibody (1:300; Bio-techne). c-Fos primary antibody was used for 24 hours, and then Alexa Fluor 488-conjugated goat anti-rabbit (1:500; Thermo Fisher Scientific) and Alexa Fluor 647-conjugated donkey anti-goat (1:500; Thermo Fisher Scientific) were used for c-Fos and Pax2, respectively.

Reactions using biotinylated antibodies were further incubated with Alexa 568-conjugated streptavidin (1:500; Molecular Probes) for 1 hour at room temperature. Sections were then mounted on gelatin-coated slides with DakoCytomation Fluorescent Mounting Medium (Dako SA) and finally viewed on a confocal microscope (Leica TCS SPE, Mannheim, Germany) fitted with a 20× dry objective and both 40× and 63× oil immersion 1.3 NA objective; confocal image stacks (0.75-m steps) were acquired for each sample, and sequential acquisition was used to prevent cross-talk between Alexa 488 and Alexa 568. Three-dimensional (3D) reconstructions were performed using imaris software (Oxford Instruments, UK) from z-stack acquisitions. For 5-HT fiber contacts to Pax3-or Tlx3-positive cells, immunofluorescent 5-HT fiber and Tlx3 or Pax2 cell bodies were isolated. Each 5-HT fiber as close as half-diameter of each cell body was considered as a contact. The percentage of contact was evaluated as the ratio between cell bodies contacted by at least one 5-HT fiber, and the total amount of cell bodies was identified in one 3D image. Statistics were performed with three different 3D images of three different lumbar spinal slices from separate animals.

5-HT fiber volume measurement

The volume of 5-HT fibers in the DHSC in control and SNI mice was measured using epet::cre-Ai9::tdTomato that express tomato in 5-HT neurons. Three control and three SNI mice were used, and ipsilateral DHSC was used to compare between control and SNI. Using ImageJ plugging "3D object counters," the volume occupied by 5-HT fibers in the DHSC was measured as a ratio of the total volume of the selected area. Three sections in three animals were used to compare control and SNI mice.

KCC2 measurements

Transverse sections were cut at 25 m on a vibratome Leica VT 1200S (Leica Microsystems). Sections were permeabilized in PBS (pH 7.4) with 0.2% Triton X-100 (PBS + T) for 10 min, washed twice in PBS, and incubated for 24 hours at 4°C in a mixture of primary antibodies containing a rabbit polyclonal anti-KCC2 antibody (1:1000; MilliporeSigma, catalog no. 07-432) and a chicken polyclonal anti-NeuN (1:1000; MilliporeSigma, catalog no. ABN91) antibody diluted in PBS + T containing 10% normal goat serum. After washing with PBS, the tissue was incubated for 2 hours at room temperature in a solution containing a mixture of IB4 (Isolectin B4) lectin (Alexa Fluor 488-conjugated IB4, 1:200; Invitrogen, catalog no. I21411), goat Cy3 anti-rabbit purified secondary antibody (1:500;Jackson ImmunoResearch Laboratories Inc.,, and goat Alexa 647 anti-chicken antibody (1:500; Invitrogen, catalog no. A-21449), all diluted in PBS + T (pH 7.4). Sections were mounted on superfrost gelatin-subbed slides (Fisherbrand,, allowed to dry overnight at 4°C, and coverslipped using fluorescence mounting medium (Dako, catalog no. S3023). Confocal images were acquired using a Zeiss LSM 880 Confocal Laser Scanning Microscope. A plan-apochromat 20× M27 objective of numerical aperture 0.8 with a 0.7 zoom was used to localize the loss of IB4 staining due to SNI in dorsal horn sections. Low-magnification acquisitions were 12-bit images of 1560 × 1560 pixels with a pixel size of 0.389 m and a pixel dwell time of 1.34 s. Lines were averaged twice (fig. S8A). As KCC2 is absent from C-fiber afferents that contain IB4(+) terminals, the region of loss IB4 staining was used to quantify changes in KCC2 immunostainings at high magnification [START_REF] Lorenzo | Gephyrin clusters are absent from small diameter primary afferent terminals despite the presence of GABA(A) receptors[END_REF]. An oil-immersion 63× plan-apochromatic objective of numerical aperture 1.40 was used for high-magnification CLSM (confocal laser scanning microscopy) images that were processed for quantification. High-magnification acquisitions were 12-bit images of 1560 × 1560 pixels with a pixel size of 0.087 m and a pixel dwell time of 1.34 s. Lines were averaged twice. Laser powers were adequately chosen to avoid saturation and limit photobleaching. All the acquisitions were performed with the same laser settings [i.e., laser, power, photomultiplier tube (PMT) settings, image size, pixel size, and scanning time]. During the acquisitions, the experimenter was blind to the slice conditions (i.e., vehicle versus CLP290 conditions).

KCC2 measurements and analysis of subcellular distribution

The analysis method presented in this study is based on an already published algorithm used to quantify receptor membrane internalization [START_REF] Dedek | Loss of STEP61 couples disinhibition to N-methyl-d-aspartate receptor potentiation in rodent and human spinal pain processing[END_REF]. This technique was designed to reduce conscious or unconscious biases that can arise from user interventions. Before the analyses, the intensity of the immunostaining background noise was defined from white matter of the spinal dorsal horn, a region where KCC2 is known to be absent. For each image, the background average intensity was subtracted to the whole image to exclusively calculate the KCC2(+) immunostaining contribution. All neurons, identified by a NeuN(+) labeling, present in the immunocytochemistry confocal image were considered. The distance of each neuron from the gray/white matter border was first estimated. This provides for each neuron a measure of anatomical position in the dorsal horn and will be used for pooling KCC2 intensity profiles. To measure the subcellular KCC2 intensity profiles, the membrane regions of neuronal cells were delineated. For each pixel in the region of interest, the distance to the closest membrane segment was calculated. Using this distance map, the mean pixel intensity and SD of KCC2 fluorescence signal were quantified as a function of the distance to the neuronal membrane (defined as zero). Positive axis values correspond to neuronal intracellular space (Fig. 9, A andB). KCC2 subcellular intensity profiles were averaged as a function of the distance from gray/white matter border (Fig. 9C). The average pixel intensity profiles for each analyzed neuron were pooled together (distance bins from gray/white matter border of 20 m, from 20 to 120 m) to generate a graph of the KCC2 expression as a function of the anatomical position in the dorsal horn (Fig. 9G). A ratio paired t test was used to compare KCC2 membrane immunostaining intensities between vehicle and CLP290 at the different distance ranges from the gray matter surface. A total of 542 neurons (N = 6 mice) Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023 for the vehicle condition and 534 neurons (N = 8 mice) for the CLP290 condition were considered. The KCC2 membrane intensity profile for the 100-to 120-m bin (68 neurons from 6 vehicle mice and 68 neurons from 8 CLP290 mice) was shown to illustrate the KCC2 membrane intensity profile in Fig. 2G. A ratio paired t test was used to compare KCC2 membrane immunostaining intensities between vehicle and CLP290 at 0, 1, 2, and 3 m from the membrane.

Statistical analysis

Behavioral analysis

Mechanical and thermal thresholds were compared before and during optogenetic stimulations. A Wilcoxon matched-pair signed rank test was performed to compare before and during optogenetic stimulation (N = number of mice tested). For pharmacological approach and CPP (Fig. 9 and fig. S9), comparison before and after drug application was performed using RM (Repeated Measures) analysis of variance (ANOVA) followed by Dunnett's multiple comparison test. Comparisons between groups were performed using Mann-Whitney test. Electrophysiology NFPs were measured between 0.1 and 0.3 ms after stimulation, and the area under the curve was also measured. A mean curved area was evaluated as the average of curved areas after four successive stimulations. Mean NFPs during and after optogenetic stimulation was compared to the initial condition by measuring a percentage of change that was statistically assessed with one sample t test (N = number of NFPs tested). For single-unit recordings, we calculate the number of C-fiber-induced spikes of WDR neurons after each electrical stimulation, for four stimulations before and during optogenetic stimulation. A Wilcoxon matched-pair signed rank test was performed to compare before and during optogenetic stimulation (N = number of cells recorded).

Introduction

Displaying adaptive behavioral responses to threat-predicting stimuli is a fundamental process . Moreover, it has been documented that analgesia induced upon vlPAG stimulation is opioid-dependent and involves direct descending projections to the RVM and the DH. In addition, recent data indicated that vlPAG activation induces analgesia through the recruitment of local GABAergic neurons, which is consistent with our knowledge on the role of the GABAergic system in the descending control of pain . However, to date, the precise neuronal elements and circuits involved in FCA at the level of the vlPAG are still largely unknown.

Results

FCA depends on associative learning

To evaluate the contribution of specific vlPAG cells in the emotional modulation of pain behavior, we developed a novel fear conditioned analgesia (FCA) procedure during which mice were first submitted to a discriminative auditory fear conditioned paradigm followed by a pain sensitivity assay (Figure 1a). In this paradigm, an initially neutral stimulus (the conditioned stimulus, CS) is associated with a mild coincident aversive footshock (the unconditioned Interestingly, mice exposed to the CS in the HP test exhibited a significant delay in the nociceptive response compared to CS exposure, which reflected the development of a CSspecific analgesic response (Figure 1c and Supplementary Figure 1c).

To control that FCA was due to fear associative processes and not merely sensory processing of the CSs, several controls were performed. First, naïve mice were submitted to the HP test without CSs presentation (Supplementary Figure 2a). This test allowed us to measure the For the ChR2 group, the nociception response time during CS was equivalent to the CS (ns, P = 0.4028, ChR2, unpaired t-test). On the contrary, the nociception response time between the CSs was different for the GFP group (*, P = 0.0157, GFP, unpaired t-test). f. Light inhibition of SST neurons increased the analgesic effect for the ArchT group when compared to the GFP (**, P < 0.01, n = 12 GFP, n = 11 ArchT, opsin effect -two-way repeated measured ANOVA, F = 20.548, post hoc Bonferroni P = 0.0002). There was also a significant effect for the interaction between the opsins and the tones (**, P < 0.01, n = 12 GFP, n = 11 ArchT, opsin x CSs -twoway repeated measured ANOVA, F = 10.637). The nociception response time for the CS and CS was significantly different between the ArchT and GFP group (CS : **, P < 0.0001, unpaired t-test; CS+:*, P = 0.0145, unpaired t-test).For the GFP group, the time of nociception response was higher for the CS trials when compared to the CS-trials (**, P = 0.0015, GFP, unpaired t-test), yet this was not the case for the ArchT group (ns, P = 0.9561, ArchT, unpaired t-test). (Figure 4a). Our data indicate that whereas the optogenetic inhibition of vlPAG SST cells had no effect on fear expression relative to GFP controls, their optogenetic activation reduced fear expression (Figure 4b-c). Importantly, the optogenetic activation of vlPAG SST cells did not modify fear learning when delivered concomitantly to the US (Supplementary Figure 7). These data clearly indicated that the manipulation of vlPAG SST cells did not interfere with the acquisition of conditioned fear behavior but that the activation of vlPAG SST cells impaired fear expression. These results have significant consequences as they might represent a main confound for the reduction in FCA observed during the optogenetic activation of vlPAG SST cells in the HP test during CS presentations (Figure 3). Indeed, the reduction of the response latency and temperature observed in the HP test could have been due to a decrease in freezing behavior rather than a direct reduction of FCA induced by vlPAG SST cells activation. To control for this possibility, we reasoned that activation of vlPAG SST cells might reduce FCA 
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  disease (PD) is the second most common neurodegenerative disease affecting 2-3%

Figure 1 :

 1 Figure 1: Spreading of Lewy bodies in function of the different Braak stages (adapted from Poewe, et al. 2017)

Figure 2 :

 2 Figure 2: Clinical symptoms associated with Parkinson disease progression (from Poewe et al., 2017)

  b) From physiological signal to pathological pain Pain perception can fluctuate within an individual over their lifetime, influenced by both past experiences and the onset of pathological conditions such as Parkinson's disease.

Figure 3 :

 3 Figure 3 : Stimulus-response function illustrating allodynia and hyperalgesia following sensitization from Jensen et al., 2014

Figure 4 :

 4 Figure 4 : Classification proposed by Wasner and Deuschl, 2012

Figure 5 :

 5 Figure 5 : Pain circuits description modified from Webb & Steed, 2022

Figure 6 :

 6 Figure 6: Different categories of afferent fibers depending on anatomy and modal sensitivity.

(a) 3

 3 categories of fibers with their different characteristics (anatomy and modal sensitivity) (b) The fact that conduction velocity is directly related to fiber diameter is highlighted in the compound action potential recording from a peripheral nerve. Most nociceptors are either A or C fibres, and their different conduction velocities (6-25 and ~1.0 m s-1, respectively) account for the first (fast) and second (slow) pain responses to noxious stimulus (figure from[START_REF] Julius | Molecular mechanisms of nociception[END_REF] 

Figure 7 :

 7 Figure 7 : Structure and functional components of a nociceptor modified from[START_REF] Bennett | Painful and painless channelopathies[END_REF] (A) Peripheral nociceptor terminals (arrows) are seen as free nerve endings (immunollabelled with PGP9.5, red) crossing the basement membrane (collagen IV, green) into human epidermis. (B) Cell bodies of distinct populations of nociceptors reside within dorsal root ganglia and differ by histochemical characteristics, ion-channel expression, connectivity, and functional properties. Nociceptors can be divided into two roughly equal populations: those that express neuropeptides (immunolabelled with CGRP, red); and those that bind isolectin B4 (green) (C) Nociceptors project to superficial laminae of the dorsal horn (immunolabelled with CGRP, red), by contrast with low-threshold myelinated afferent fibres that project to deeper laminae (labelled with cholera toxin, green). (D) Stylised view of a nociceptor terminal, showing just some of the ligand-gated ion channels (blue), Gprotein-coupled receptors (light blue), and tyrosine kinase receptors (red) by which these neurons transduce extremes of temperature (Temp), low pH, and various chemical stimuli. The voltage-gated sodium channels (Nav; yellow) have a key role in responding to small depolarisations and actionpotential generation. Voltage-gated potassium channels (Kv; green) are important breaks on excitability.. (E) Central terminals are also important in nociceptive processing. Nav1.7 might also have a role in determining ingress of action potentials to central terminals and neurotransmitter release. Transient receptor potential (TRP) channels are also expressed centrally and can modulate presynaptic activity.7 The α2δ1 subunit is part of the voltage-gated calcium-channel complex (Cav; purple) and has an important role in trafficking of voltage-gated calcium channels to presynaptic terminals.

  b) Dorsal horn of the spinal cord (DHSC) : A very complex network Projection neuronsProjections neurons are concentrated in lamina I and more sparse in deeper laminae (III-VI). We can divide them into 3 categories depending on their responsiveness to tissue stimuli: Class 1 neurons are excited only by innocuous stimuli and are defined are low-threshold neurons or non-nociceptive (NON-N). In contrast, class 2 and 3 neurons responds to nociceptive stimuli. On one hand, they are nociceptive specific (NS) neurons that exclusively respond to noxious stimuli from Aδ and C fibers. These are mainly located in the lamina I. On the other hand, there are nociceptive non-specific neurons that encode both sensory and nociceptive information. They are present in lamina I but mostly located in deeper laminae III to VI and are qualified as wide dynamic range neurons (WDR) because they respond to a broad range of stimulus intensities(Wercberger & Basbaum, 2019) fig8.

Figure 8 :

 8 Figure 8 : Overall organization of somatosensory circuits (from Peirs & Seal, 2017)

  inhibitory interneuron activity is actually controlled by the primary afferent fibers activity: activation of light-touch Aα and Aβ fibers increases inhibitory interneurons activity, thereby closing the gate and blocking the transmission of nociceptive signals to supraspinal structures (leading to analgesia), whereas activation of nociceptive Aδ and C fibers, by inhibiting the activity of inhibitory interneurons, may open the gate, facilitating transmission of nociceptive signals to supraspinal structures (leading to pain) fig10.

Figure 10 :

 10 Figure 10 : Summary diagram of inhibitory and/or facilitatory modulations of nociception and chronic pain by serotonin through the activation of spinal receptors.

3 .

 3 Which spinal 5-HT receptor mediates the different effects of the 5-HT descending pathway?Material & Methods Animals Adult (20g-25g) female and male 5-HT-cre mice (B6.Cg-Tg (FeV-cre) 1Esd/J, Jackson Laboratory) were used. 5-HT-cre mice were crossbreed with Ai9tdtomato line mice (Gt(Rosa)26Sortm6(CAG-tdTomato)Hze, ) in order to obtain, 5-HTcre::Ai9tdtomato mice. Adult mice from the line HT1A-Cre*Ai14 and HT2a-Cre*Ai14 given by Beyeler lab were also used for anatomical studies.They were kept in the animal facility with free access to food and water, in constant temperature (21±2 °C) and humidity levels (60%), under a 12:12 light/dark cycle, in a small social group setting (2-5 mice). All procedures were validated by the ethical committee of Bordeaux (CE50; Animal Facility PIV-EXPE, APAFIS#25605, APAFIS#32137 and APAFIS#26108; Animal Facilities of Neurocentre Magendie, APAFIS#21068). All efforts have been made to minimize animal suffering and to reduce the number of animal used. Surgery Mice were anaesthetized under 4% isoflurane in an induction chamber then were placed into a stereotaxic frame (RWD, Shengzen, China) on a heating pad, head-fixed with ear bars and maintained at 1.5-2% isoflurane. The eyes were protected with ocular gel and the area of interest shaved and then cleansed with betadine. Mice received a subcutaneous injection of buprenorphine (100µL, 0.1 mg/kg) and local injection of lidocaine (100µL, 0.4mg/kg). Injections were made using a graduated glass capillary with an outer tip diameter of 40 µm attached to a plastic tube and a 5mL syringe. The speed of injection was controlled by hand. 6-OHDA model 6-hydroxydopamine (6-OHDA) or vehicle (NaCl 0.9%) were injected stereotaxically into the right medial forebrain bundle (MFB). 6-OHDA is dissolved in ice-cold ascorbate 1%/saline solution and used within 12h. 1µL of toxin was injected in the MFB at the following coordinates (relative to bregma): antero-posterior (AP) = -1.2; medio-lateral (ML) = -1.3 and dorso-ventral (DV)= from -4.85 to -4.65 (from the dura) with bolus of 200 nL every 0.05 µm DV. An intraperitoneal injection of desipramine at 25mg/kg was realized 30 min before the 6-OHDA injection in order to protect noradrenergic neurons.

  2 weeks after injection of 6-OHDA and/or virus. Optical cannulae (KFP2301LZXX LC Ceramic Ferule NO flange OD 1,25mm -ID 230 micron -conc < 20 micron from AMS Technologies, associated with Ø200 μm Core TECS-Clad Multimode Optical Fiber, 0.39 NA from Thorlabs) were implanted above the surface of the DH of the spinal cord to deliver light to 5-HT descending fibers expressing the selected opsins. Before implantation, optical fibres were prepared and cleaved to the appropriate length (0,5 mm) then polished and their light intensities were recorded using a Thorlabs power meter.

  For behavioural measurements, the laser intensity is set at 10 mW/mm². For the stimulation of the spinal cord in electrophysiology experiments, the laser is set at 8 mW/mm² Different protocols are used depending on the opsins and the intensity of the stimulation expected: for DREADDs activation is used in this study. They are prepared in NaCl0.9% solution and injected intra-peritoneally: clozapine-N-oxide (CNO, Biotechne (4936/50)) at 2mg/kg, Deschloroclozapine (DCZ, Hello bio) at 0.1mg/kg or 0.05mg/kg.

  (PWT) measured to force (g) with the following equation: PWTforce = 10(x*F+B) with PWT being the paw withdrawal threshold in grams used in the figures, F the filament number that was established with the SUDO method and x and B are constant value determined by the Bonin and colleagues as the following : for filament numbered 2-7, x=0.240 and B=-2.00, and for the filament numbered7-14, x=0.182 and B=- 1.47. 

C

  .I.L. Cluzeau, Sainte-Foy-La-Grande, France) equipped with a 20 µL loop into the HPLC column (Hypersyl C18, 150x4.6 mm, 5 µm, C.I.L. Cluzeau) preceded by a Brownlee-Newgard precolumn (RP-8, 15x32 mm, 7 µm, C.I.L. Cluzeau). The filtered (0.22 mm Millipore filter) mobile phase was composed of (in mM): 60 NaH2PO4, 0.1 Disodium EDTA, 2-Octane-Sulfonic acid in deionized water (18MW cm2) containing 7% methanol. The mobile phase was delivered by an HPLC pump (LC-20-AD, Shimadzu, France) at 1.2 mL/min. The pH was adjusted to 4 with orthophosphoric acid to obtain good conditions of eluent separation in the chromatogram. Monoamine detection was obtained with a coulometric cell (5011 coulometric cell, ESA, Paris, France) coupled to a programmable detector (Coulochem II, ESA). The potential of the electrodes was set to -270 and +350 mV. Signals were acquired using an Ulyss interface and stored on a computer using dedicated software (Azur, Toulouse, France). The time for a sample elution was approximately 32 min. Calibration curves were obtained using standard solutions at three distinct and known concentrations for each compound of interest. Moreover, a standard solution (1 ng/10µL) was administered before and after each daily series of sample analysis. Results are expressed in pg/mg of tissue. Electrophysiology Patch clamp Mice are anesthetized with isoflurane (induction 5% then maintenance 3%) then the brain is extracted and immerged in sucrose aCSF (artificial cerebrospinal fluid) solutions (2 mM KCl, 26 mM NaHCO3, 1.15 mM NaH2PO4, 6 mM MgCl2, 0.2 mM CaCl2, 10 mM glucose, 220 mM sucrose). The solution is cold and oxygenated with carbogen (5%CO2; 95%O2) to maintain the physiology of the tissue. The brainstem is then separated from the rest of the brain and placed in the vibratome (LeicaVT1100S) intercalated between two blocks of 4% agarose in order to stabilize it during the slicing. The NRM is around 1.8 mm long, 7 NRM slices of 250 µm think are thus obtained and transferred into an oxygenated aCSF solution (124 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM MgCl2, 2.5 mM CaCl2, 10mM 2.5 D-glucose, 25 mM NaHCO3; pH 7.3-7.4) at 37°C first for an hour then at room temperature in order to get back to physiological ionic concentrations and normal neuronal activity.Brain slices are placed in the recording chamber of the patch clamp apparatus and under an epifluorescent microscope in order to detect Tdtomato positive neurons. Pipettes used are borosilicate pipette filled with a solution mimicking intracellular content of the cells (135 mM Kgluconate ; 3.8 mM NaCl ; 1 mM MgCl2 ; HEPES 10 mM ; 0.1 mM EGTA, 0.4 mM Na2-GTP, 2 mM Mg 1.5-ATP + 1ml KOH 1M; pH7.21; 291mOsm). This solution contained also biocytine (1%) to detect a posteriori the neurons recorded. 5-HT neurons are detected via the excitation of the fluorophore with a green laser (532 nm).The recordings of the neurons have been done with a MultiClamp 700B amplifier, digitized via Digidata 1440 interface and acquired through pClamp software. In I=0, the holding potential of the neurons was evaluated. Then, in current clamp configuration, 20pA current steps of 1000ms from -100 to +120 pA with were applied. Finally, miniature synaptic current have been analysed in voltage-clamp configuration at -60mV in 1µM of tetrodotoxine (TTX). All the recordings were analysed via ClampFit(version 10.6).

  the spinal cord to allow light illumination of 5-HT descending fibers. After 1 hour of stable anesthesia, an optogenetic stimulation at 5Hz/5 ms for 3 min was performed. One hour and a half later, mice were quickly euthanized and perfused through the left ventricle with first NaCl 0.9% solution then 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS). Spinal cords were extracted, dissected out, post-fixed for 3 hours at 4°C in the same solution, then cryoprotected in a solution of 0.1 M PBS and 25% sucrose overnight, and stored at -80°C. c-Fos immunostaining with c-Fos antibodies (rabbit anti-c-Fos (1/500; 9F6, mAB Cell Signalling Technology 2250 S) was performed as described below.Immunohistochemistry Fluorescent immunohistochemistryMice were kept deeply anaesthetized and then transcardially perfused with 50 mL of NaCl 0.9% Heparine and 50 mL of 4% PFA. Both brain and spinal cord were dissected and fixed overnight in 4% PFA, and then cryopreserved in 12.5% PBS sucrose. After being frozen in Tissue-Tek O.C.T, brain and spinal cord sections were cut transversely at 20 µm on a cryostat (Leica CM3050S) and kept in PBS1X Azide 0.2%.

  Images of the NRM of 5-HTCre*Ai9tdtomato animals were realised with the confocal microscope (Leica TCS SP5). The size of the pixel is 688.71x688.71x629 nm. The image is saved as 8bit and has been taken with 20x oil immersion objective. A stack of 20µm is imaged for each zone. Images of the DHSC were realised with the same confocal microscope and the same parameters except the stacks have a depth of 12.5µm. TPH2, tdtomato or PhosphoERK positive cells of the NRM, CFos and Pax2 positive cells of the lamina I, II and III of the DHSC were counted with the Cell Counting plugin of ImageJ software. Same techniques are used for Pax2, TLX3, and 5-HT1A or 2A receptors expressing cells.
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 116 Figure 11 : 6-OHDA injected mice present motor impairment (A-C) TH immunostaining of Sham and 6-OHDA animals in the (A) Striatum, (B) SNc and (C) A11 nuclei. (D-F) Quantification of TH immunoreactivity in the ipsilateral and contralateral site of injection in male and female 6-OHDA animals; (D) in the striatum, (E) in the SNc and (F) in the A11 . (G-I) Behavioural impairments in males and females 6-OHDA animals. (G) Decrease of the total distance travelled in an openfield during 10 min forfemales and males 6-OHDA as compared to Sham. (H-I) Rotations, during 2 min of cylinder test, are unilateral (ipsilateral to the lesion) in 6-OHDA animals while remaining bilateral in Sham in both females (H) and males (I).
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 126 Figure 12 : 6-OHDA injected mice present sustained bilateral pain hypersensitivity (A-B) Mechanical sensitivity. (A) Decrease of mechanical withdrawal threshold of the ipsilateral paws of 6-OHDA mice compare to sham mice in females and in males. (B) Decrease of mechanical withdrawal threshold of the contralateral paws of 6-OHDA mice compare to sham mice in females and males. (C-D) Thermal sensitivity. (E) Ipsilateral hypersensitivity is present in ipsilateral side to the lesion but only significant in females. (D) Decrease of thermal withdrawal latency of the contralateral paws of 6-OHDA mice compare to sham mice in female in male animals. (E) Mechanical hypersensitivity of male & female mice lasted for weeks after lesion, partial recovery is achieved in ipsilateral paw beyond 12weeks after lesion. (F) Thermal hypersensitivity of male and female mice lasted for weeks after lesion

Figure 14 :

 14 Figure 14 : Increased WDR excitability is present in both males and females 6-OHDA. (A) No difference of WDR threshold between male and female (B & C) Intensity/response curve is increased in both males and females 6-OHDA mice.
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 136 Figure 13 : 6-OHDA injection induces spinal hyperexcitability of WDR neurons.

  15B Mann-Whitney test p=0.18). In contrast, 6-OHDA injection induces an increase of 5-HT and 5-HIAA levels without changing the ratio 5-HT/5-HIAA. This suggests an increase of 5-HT activity (Fig 15C-E Mann-Whitney tests 5-HT *p=0.0411; 5-HIAA *p=0.026 & ratio p=0.24).
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 156 Figure 15 : 6-OHDA injection increases the activity of 5-HT neurons of the nucleus raphe magnus. (A) HPLC dosage of noradrenaline (NA), serotonin (5-HT), 5-hydroxyindolacetic acid (5-HIAA) from fresh lumbar spinal cord of sham and 6-OHDA mice. (B) No difference of noradrenaline levels in pg/mg of tissue between sham and 6-OHDA sample (C) Increase of 5-HT level in pg/mg of tissue between sham and 6-OHDA samples (D) Increase of 5-HIAA level in pg/mg of tissue between sham and 6-OHDA. (E) No difference of ratio 5-HT/5-HIAA between 6-OHDA and sham lumbar spinal cords. (F) Identification of 5HT neurons using a 5-HT cre::Ai9tdtomato mouse line. (G-H) Confocal images the NRM in sham and 6-OHDA animals. Tdtomato fluorescence is in red. Scale bar = 50µM. (I) The number of Tomato (+) neurons is equivalent in sham and 6-OHDA mice. (J) Confocal images of Sham (up) and 6-OHDA (down) 5HT-cre::Ai9 mice after PhosphoERK immunostaining. Scale bar = 50µm. (K) Increased number of phosphoERK positive cells in the NRM of 6-OHDA mice compare to sham animal. (L) Increased number of 5-HT neurons positive to phosphoERK of 6-OHDA mice compare to sham animal. (M) The increase in phosphoERK positive neurons is mainly in the 5-HT population of the NRM of 6-OHDA mice compare to sham animal.
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 165 Figure 16: 5-HT neurons of the NRM are hyperexcitable in 6-OHDA mice (A) ex-vivo patch clamp recordings were performed in acute slices of the NRM of sham and 6-OHDA 5HTcre::Ai9 mice. Fluorescent neurons were visualized with a camera and patch-clamped. (Inset) Representative traces of 5-HT neurons recorded in current-clamp mode. (B) Epifluorescent images of the NRM with a patched neuron filled with biocytine (white) coupled with TPH2 immunostaining (green) and tomato fluorescence (purple). (C) Increased 5-HT neurons membrane resistance in 6-OHDA compared to sham (D) Increased 5-HT neurons capacitance as measured by the value of Tau in 6-OHDA compared to sham conditions. (E) Decreased action potential threshold. In contrast, no difference of 5-HT neuron (F) resting potential, (G) time to peak, (H) rheobase and (I) PA amplitude between 6-OHDA and sham conditions Recordings realized by Benjamin Sueur

  -C Twoways ANOVA Sham vs 6-OHDA ****p<0.0001 & Mann-Whitney test *p=0.025) as well as a significant decrease in interevent intervals (Fig. 17D-E Two-ways ANOVA Sham vs 6-OHDA ****p<0.0001 & Mann-Whitney test *p=0.012) as compared to sham conditions. These results show change in excitatory synapses of 5-HT neurons toward an increase excitatory barrage. Altogether, these results show an increase activity of 5-HT neurons in 6-OHDA animals.
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 175 Figure 17 : 5-HT neurons of the NRM are more excited in 6-OHDA mice (A) Representative traces of 5-HT neurons miniature EPSCs (mEPSCs) recorded in sham (blue) and 6-OHDA (red). Representative currents for each conditions have been extracted. (B-C) Increase of mEPSC amplitude in 6-OHDA compare to sham (D-E) Decrease of inter-events intervals of mEPSCs in 6-OHDA conditions compare to sham. Recording realized by Benjamin Sueur

Figure 18 :

 18 Figure 18 : Viral infection of the NRM (A) Virus injection in NRM of 6-OHDA mice and confocal image of virus infection in the NRM. In red, TPH2 immunostaining. In green, GFP expression corresponding to virus infection. Scale bar = 30 µm. ArchT is an opsin activated with green light allowing proton extrusion and neuronal hyperpolarisation. An optic fiber placed above the dorsal horn of the lumbar spinal cord allow specific inhibition of 5HT descending fibers. (B) Specificity and Sensibility of the virus infection in the NRM

Figure 20

 20 Figure 20 : 5-HTR2 and 3 antagonists reverse 6-OHDA-induced mechanical hypersensitivity (A) Intrathecal injection of the drugs in 6-OHDA mice (B) No difference of mechanical withdrawal threshold after intrathecal injection of Methysergide in 6-OHDA mice. (C) Increase of mechanical withdrawal threshold after intrathecal injection of ketanserin or MDL11239 in 6-OHDA(D) Increase of mechanical withdrawal threshold after intrathecal injection of granisetron in 6-OHDA animals. (E) Increase of mechanical withdrawal threshold after intrathecal injection of granisetron and ketanserin or granisetron and MDL11239 in 6-OHDA animals.

Figure 21 :

 21 Figure 21 : Summary of part 1

  physiological conditions: we injected AAV-CAG-flex-ArchT-GFP or AAV-CAG-Flex-GFP in the NRM of 5-HTcre mice and implanted optical fibers at the level of the spinal cord. When illuminating with a green light the spinal cord, ArchT opsin will be activated and trigger an inhibition of 5-HT neurons of the NRM projecting to the spinal cord. Here again, contrary to what was observed in DA-depleted mice, inhibition of the 5-HT descending pathway induced hyperalgesia in ArchT-expressing mice and had no effect in GFP-infected animals (fig 22C. Wilcoxon test, ArchT ****p<0.0001; GFP p=0.5).

Figure 22 :

 22 Figure 22 : Inhibition of 5-HT descending pathway induces mechanical hypersensibility and increases spinal nociceptive activity (A) Virus injection in NRM of 5-HTCretdtomato mice and confocal image of virus infection in the NRM. In red, 5-HT neurons immunostaining. In green, mCitrine expression corresponding to virus infection. Scale bar = 50 µm. (B) hM4D(Gi) is activated by DCZ injected intraperitoneally leading to inhibition of the neurons. DCZ concentration used is 0.1mg/kg; Bilateral transient decrease of mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg in mice expressing mM4D(Gi) in 5-HT NRM neurons; No change of mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg in mouse expressing GFP in 5-HT NRM neurons (C) Virus injection in NRM of 5-HTCre mice and confocal image of virus infection in the NRM. In red, TPH2 immunostaining. In green, GFP expression corresponding to virus infection. Scale bar = 25 µm. ArchT is an opsin activated with green light allowing proton extrusion and neuronal hyperpolarisation. (D) An optic fiber placed above the dorsal horn of the lumbar spinal cord allow specific inhibition of 5HT descending fibers. Decrease of mechanical withdrawal threshold during optogenetic inhibition of 5-HT descending pathway in ArchT expressing mice; No change of mechanical withdrawal threshold during optogenetic stimulation of 5-HT descending pathway in GFP expressing mice (E) Recordings of WDR response to electrical stimulation at 3 times the threshold intensity of the paws. Anesthetized mice are placed in a stereotaxic frame, a recording pipette is inserted between vertebrae in the dorsal horn of the L4-L5 lumbar segments of the spinal cord at 400 µm to 600µm depth from the surface. Electrical stimulation are performed through electrodes placed under the skin of the ipsilateral side of the recording pipette. A supraliminal stimulation induces a WDR biphasic response with fast and delayed response. Light is applied at the surface of the spinal cord. (F) Increase of WDR C-fibers response during optogenetic inhibition of 5-HT descending pathway in ArchT expressing mice; No change of WDR C-fibers response threshold during optogenetic stimulation of 5-HT descending pathway in GFP expressing mice
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 5 HT descending pathways stimulation effect depends on the level of stimulation a) Chemogenetic stimulation effect changes with DCZ concentration We then examined the effect of the activation of the 5-HT neurons via chemogenetic stimulation. This time we injected Cre-dependent viruses leading to the expression of hM3D(Gq), an engineered version of the M3 muscarinic receptor DCZ sensitive that leads to activation of the phospholipase C cascade altering intracellular calcium and leading to burst-like firing of neurons. To have different levels of stimulation, we used different concentrations of DCZ. First and foremost, we could see that DCZ alone has no impact as GFP expressing mice exhibit no alteration in their mechanical withdrawal response following DCZ i.p. injection, regardless of the concentration of DCZ (fig23B, Two-Way ANOVA DCZ0.1 p=0.3830; DCZ0.05 p=0.3830). Next, the remaining measurements were conducted in two sessions.During the initial session, it was observed that the activation of 5-HT NRM neurons induced hyperalgesia with a DCZ dose of 0.1 mg/kg, while with a DCZ dose of 0.05 mg/kg, the mechanical withdrawal threshold showed a tendency to increase (fig23C, Two-Way ANOVA DCZ0.1 Time effect : ***p=0.0008; Before vs 30min *p=0.0467; Before vs 1h **p=0.011; Before vs 2h *p=0.0146; DCZ0.05 Time effect p=0.5736).Subsequently, in the second session, the results were reversed: DCZ at 0.1 mg/kg led to analgesia, while DCZ at 0.05 mg/kg induced hyperalgesia (fig23D, Two-Way ANOVA DCZ0.1 Time effect : ****p>0.0001, Before vs 30min ****p>0.0001; Before vs 1h ****p<0.0001; DCZ0.05 Time effect : ****p>0.0001, Before vs 30min ****p>0.0001; Before vs 1h ****p<0.0001;). Given the inconsistency between the two sessions' results, drawing conclusions about the impact of different DCZ concentrations on the role of 5-HT becomes challenging. However, this reinforces the notion that the role of 5-HT in pain control depends on its activity.

Figure 23 :Figure 24 :

 2324 Figure 23: Concentration of DCZ injected influences the effect of chemogenetic activation of 5-HT descending pathways (A) Virus injection in NRM in mice and confocal image of virus infection in the NRM. In red, 5-HT neurons expressing td-tomato. In green, m-citrine expression corresponding to virus infection. Scale bar = 100 µm. hM4D(Gq) is activated by DCZ injected intraperitoneally leading to activation of the neurons. (B) Measures in mice expressing GFP in 5-HT NRM neurons : No change of mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg or DCZ 0.05mg/kg (C) Measures in mice expressing mM4D(Gq) in 5-HT NRM neurons (Session 1): Bilateral decrease of mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg but no change of mechanical withdrawal threshold after i.p. injection of DCZ 0.05 mg/kg. (D) Measures in mice expressing mM4D(Gq) in 5-HT NRM neurons (Session 2): Bilateral increase of mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg and bilateral decrease of mechanical withdrawal threshold after i.p. injection of DCZ 0.05 mg/kg

  Our next objective is to conduct a more detailed exploration of the circuitry and define the precise targets of 5-HT within the spinal cord. a) The 5-HT descending pathway projects to inhibitory interneurons To start, we showed that intrathecal injection of picrotoxin (GABAa receptor antagonist) decreased the mechanical threshold of mice (fig25B, TwoWay ANOVA Drug injection : ****p<0,0001 Picrotoxin vs Naive **p=0,0024; Picrotoxin vs Saline **p=0,0024) but also blocked the analgesic effect of the 5Hz/5ms stimulation of the 5-HT descending pathway (fig25B, TwoWay ANOVA Opto effect : ****p<0,0001 Control vs opto : Naive ****p<0,0001; Saline ****p<0,0001; Picrotoxin p>0,9999 ). This suggests that inhibitory synapses are required for the action of 5-HT in the spinal cord. We wanted to investigate whether the 5-HT descending pathways activate inhibitory neurons within the dorsal horn of the spinal cord (DHSC). To do this, we conducted an experiment in anesthetized mice where we optogenetically activated the 5-HT descending pathways. 1.5 hours after the stimulation, we examined the induced c-fos positive cells in the DHSC and we identified inhibitory interneurons by targeting via immunohistochemistry Pax2 marker (fig25C). We then have seen that after 5Hz/5ms optogenetic stimulation the number of CFos positive cells increased in the DHSC of mice expressing Chr2 compared to those expressing only GFP or no opsin (fig25D, Kruskal Wallis test ****p<0,001 Naive vs ChR2 ****p<0,0001; GFP vs ChR2 **p=0,0039). This increase is correlated with an increase of CFos/Pax2 positive cells (fig25D, Kruskal Wallis test ****p<0,0001 Naive vs ChR2 ***p<0,001; GFP vs ChR2 **p=0,0017 ). This results demonstrate that activation of 5-HT descending pathway mainly activate inhibitory interneurons of the DHSC.
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 255 Figure 25 : 5-HT descending pathway acts through inhibitory interneurons (A) Experimental model (B) Picrotoxin intrathecal injection induces decrease of mechanical withdrawal threshold and blocks the effect of the activation of 5-HT descending pathway by optogenetic stimulation at 5Hz/5ms but not saline injection. (C) Experimental protocol. 1hour after stable anaesthesia of mice expressing Chr2 or GFP in 5-HT NRM neurons, light is applied at the surface of the DHSC at 5Hz/5ms for 5 min. One hour and a half later, mice are sacrified and the CNS is extracted. Immunohistochemistry revealing Pax2 and CFos are then done. (D) Increase number of cFos positive cells in Chr2 expressing mice compared to naive and GFP ones (E) Increase number of cFos/pax2 positive cells in Chr2 expressing a mice compared to naive and GFP one (F) Representative confocal images of lamina I, II and III of the DHSC with in green cFos positive cells and in red Pax2 cells. Scale bar: 100 µm.

  Fig27B, Wilcoxon test ***p=0.0005) and saline injected mice (fig27C, Wilcoxon test ***p=0.0005) was abolished when mice were injected with methysergide a global 5-HT antagonist (Fig27D, Wilcoxon test p=0.5), ketanserin a 5-HT2a receptor antagonist (Fig27E, Wilcoxon test p>0.9999) or RS1002221 a 5-HT2c antagonist (Fig27F, Wilcoxon test p=0.125). In the case of RS1002221, we even observed a reduction in the mechanical threshold under control conditions (Mann Whitney test -Saline Control vs RS1002221 Control ****p<0.0001).
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 275 Figure 27 : 5-HT descending pathway analgesic effect passes through 5-HT2a and 2c receptors A) Experiment description : 5-HTCre mice are expressing ChR2 in 5-HT neurons of the NRM. Optical fiber is implanted at the level of the lumbar spinal cord. Saline or 5-HTR antagonists are injected intrathecally. Von Frey measures were realized before and during 5Hz/5ms for 3 min blue light protocol application.(B-G) Mechanical withdrawal thresholds (B) increases with optogenetic stimulation in naïve mice (C) increases with optogenetic stimulation in saline injected mice; (D) is not influenced by optogenetic stimulation in Methysergide(5-HT1&2 antagonist) injected mice (E) is not modified with optogenetic stimulation in Ketanserin injected mice;(F) decreases with RS1002221 injection but is not modified with optogentic stimulation;(G) increases with optogenetic stimulation in granisetron injected mice
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 285 Figure 28: 5-HT descending pathway hyperalgesic effect needs the recruitment of 5-HT3 receptors (A) Experiment description: 5-HTCre mice are expressing ChR2 in 5-HT neurons of the NRM. Optical fiber is implanted at the level of the lumbar spinal cord. Saline or 5-HTR antagonists are injected intrathecally. Von Frey measures were realized before and during 5Hz/5ms for 3 min blue light protocol application. (B-C) Mechanical withdrawal thresholds (B) decreases with optogenetic stimulation in naïve mice;(C) decreases with optogenetic stimulation in saline injected mice;(D) is not modified by opto stim in granisetron injected mice
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 29 Figure 29 : Summary of part 2
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 306 Figure 30 : 6-OHDA injection does not change the global dopamine levels in the spinal cord HPLC dosage of (A) Dopamine, (B) 3,4-Dihydroxyphenylacetic acid DOPAC from fresh lumbar spinal cord of sham and 6-OHDA mice (C) Ratio between DOPAC / DA

  = 3.789) and with hM4D(Gi) we replicated also the decrease threshold effect of hM4D(Gi) activation already observed previously (fig30Bii, Two-Way ANOVA Time *p=0.0212; F (1,800, 14,40) = 5,297). However, the mechanical withdrawal threshold was also decreased in GFP expressing animals which invalidate the study with the CNO (fig30Bi, Two-Way ANOVA Time *p=0.0036; F(2,668,[START_REF] Scott | A genetic approach to access serotonin neurons for in vivo and in vitro studies[END_REF][START_REF] Dedek | Loss of STEP61 couples disinhibition to N-methyl-d-aspartate receptor potentiation in rodent and human spinal pain processing[END_REF] = 6,083).

Figure 31 :

 31 Figure 31 : Concentration of DCZ injected influences the effect of chemogenetic activation of 5-HT descending pathways (A) Virus injection in NRM in mice and confocal image of virus infection in the NRM. In red, 5-HT neurons expressing td-tomato. In green, m-citrine expression corresponding to virus infection. Scale bar = 100 µm. hM4D(Gq) is activated by DCZ injected intraperitoneally leading to activation of the neurons. (B) Measures with CNO concentration of 2mg/kg (i) Bilateral decrease of the mechanical withdrawal threshold after i.p. injection of DCZ 0.1mg/kg in mouse expressing GFP in 5-HT NRM neurons (ii) Bilateral decrease of mechanical withdrawal threshold after i.p. injection of CNO 2mg/kg in mouse expressing mM4D(Gi) in 5-HT NRM neurons (ii) Bilateral decrease of mechanical withdrawal threshold after i.p. injection of CNO 2mg/kg in mouse expressing mM3D(Gq) in 5-HT NRM neurons

C

  .I.L. Cluzeau, Sainte-Foy-La-Grande, France) equipped with a 20 µL loop into the HPLC column (Hypersyl C18, 150x4.6 mm, 5 µm, C.I.L. Cluzeau) preceded by a Brownlee-Newgard precolumn (RP-8, 15x32 mm, 7 µm, C.I.L. Cluzeau). The filtered (0.22 mm Millipore filter) mobile phase was composed of (in mM): 60 NaH2PO4, 0.1 Disodium EDTA, 2-Octane-Sulfonic acid in deionized water (18MW cm2) containing 7% methanol. The mobile phase was delivered by an HPLC pump (LC-20-AD, Shimadzu, France) at 1.2 mL/min. The pH was adjusted to 4 with orthophosphoric acid to obtain good conditions of eluent separation in the chromatogram. Monoamine detection was obtained with a coulometric cell (5011 coulometric cell, ESA, Paris, France) coupled to a programmable detector (Coulochem II, ESA).The potential of the electrodes was set to -270 and +350 mV. Signals were acquired using an Ulyss interface and stored on a computer using dedicated software (Azur, Toulouse, France). The time for a sample elution was approximately 32 min. Calibration curves were obtained using standard solutions at three distinct and known concentrations for each compound of interest. Moreover, a standard solution (1 ng/10µL) was administered before and after each daily series of sample analysis. Results are expressed in pg/mg of tissue.Electrophysiology Patch clampMice are anesthetized with isoflurane (induction 5% then maintenance 3%) then the brain is extracted and immerged in sucrose aCSF (artificial cerebral spinal fluid) solutions (2 mM KCl, 26 mM NaHCO3, 1.15 mM NaH2PO4, 6 mM MgCl2, 0.2 mM CaCl2, 10 mM glucose, 220 mM sucrose). The solution is cold and oxygenated with carbogen (5%CO2; 95%O2) to maintain the physiology of the tissue. The brainstem is then separated from the rest of the brain and placed in the vibratome (LeicaVT1100S) intercalated between two blocks of 4% agarose in order to stabilize it during the slicing.The NRM is around 1.8 mm long, 7 NRM slices of 250 µm think are thus obtained and transferred into an oxygenated aCSF solution (124 mM NaCl, 2,5 mM KCl, 1,25 mM NaH2PO4, 2 mM MgCl2, 2,5 mM CaCl2, 10mM 2,5 D-glucose,25 mM NaHCO3; pH : 7,[3][4][5][6][7]4) at 37°C first for an hour then at room temperature in order to get back to physiological ionic concentrations and normal neuronal activity.Brain slices are placed in the recording chamber of the patch clamp apparatus and under an epifluorescent microscope in order to detect Tdtomato positive neurons. Pipette used are borosilicate pipette filled with a solution miming intracellular content of the cells (135 mM Kgluconate ; 3,8 mM NaCl ; 1 mM MgCl2 ; HEPES 10 mM ; 0,1 mM EGTA, 0,4 mM Na2-GTP, 2 mM Mg1. ATP + 1ml KOH 1M ; pH 7.21; 291mOsm). This solution contained also biocytine (1%) to detect a posteriori the neurons recorded. 5-HT neurons are detected via the excitation of the fluorophore with a green laser (532 nm).The recordings of the neurons have been done with a MultiClamp 700B amplifier, digitized via Digidata 1440 interface and acquired through pClamp software. In I=0, the holding potential of the neurons was evaluated. Then, in current clamp configuration, 20pA current steps of 1000ms from -100 to +120 pA with were applied. Finally, miniature synaptic current have been analysed in voltage-clamp configuration at -60mV in 1µM of tetrodotoxine (TTX). All the recordings were analysed via ClampFit(version 10.6).

Results 6 -

 6 OHDA injection induces a dopamine lesion associated with motor impairments and pain hypersensitivity. 6-OHDA injection in the right mid forebrain bundle (MFB, See Fig. 1A) induces a unilateral lesion of dopamine neurons in the SNc and dopamine projections in the striatum (Fig. 1Bii-Cii Wilcoxon tests *p=0.0156 & **p=0.0005; Bii-Cii Wilcoxon tests *p=0.016 & ***p=0.002). By contrast, no neuronal loss was observed in the ipsilateral A11 nucleus (Fig. 1Biii-Ciii Wilcoxon test p=0.26 & p=0.26). These results are similar in both males and females. We then assessed motor behaviors of 6-OHDA and Sham animals to confirm motor impairments of 6-OHDA mice. 6-OHDA injection decreases the total distance travelled by mice in an openfield (Fig 1Di-ii Wilcoxon tests ****p<0.0001 & ****p<0.0001). When placed in a cylinder for 2 min, 6-OHDA animals are exclusively rotating toward ipsilateral direction while sham animals are spontaneously rotating in both direction (Fig 1Ei-ii Wilcoxon tests Female p>0.99 & ***p=0.005; Male p>0.99 & ***p=0.0001). Again, motor impairments induced by 6-OHDA injection are observed in both male and female mice. We then evaluate mechanical and thermal sensitivity of the animals to determine pain alteration in 6-OHDA mice. By means of Von Frey filaments, we show that 6-OHDA injection induces a drastic decrease of mechanical withdrawal threshold of the ipsilateral and contralateral paws of the animals (Fig1F-G Mann-Whitney test Ipsi & Contra Male & Female ****p<0.0001). This hypersensitivity is not modality dependent as 6-OHDA animals are presenting also decreased thermal withdrawal latencies in the heargrave test (SupFig. 1 Mann-Whitney test Contra **p=0.0071 & ***p=0.0004; Ipsi *p=0.0145 & p=0.0593). Pain hypersensitivity is observed in 6-OHDA animals of both sexes. Moreover, mechanical hypersensitivity lasts for weeks after the lesion and only a partial recovery of the mechanical sensitivity of the ipsilateral paw is observed more than 12 weeks after the 6-OHDA injection (Fig. 1H Two-way ANOVA Interaction *p=0.046 Time effect *p0.0134). As the 6-ODHA injection has the same effect in males and females, for the rest of the study we pooled male and female results together. Male and female comparison can be seen in supplemental figures. Spinal hyperexcitability of 6-OHDA animals As 6-OHDA lesion alters pain behavior, we further characterized its effect on spinal circuits of the dorsal horn of the spinal cord (DHSC) that represent the first integrative nucleus of nociceptive information. We recorded the nociceptive activity of the spinal cord by conducting in vivo single-unit extracellular recordings on anesthetized mice. To begin, we assessed the global nociceptive activity of the spinal cord by quantifying the LFP size. It corresponds to the area under the curve between 0.1 and 0.3s following electrical stimulation of the mouse's hind paw (Fig 2A). We show that the intensity response is modified in 6-OHDA conditions compared to sham. The global nociceptive activity of the DHSC is increased in 6-OHDA animals (Fig. 2B Two-Ways ANOVA Sham vs 6-OHDA p<0.0001).. To further characterize the circuit, we also recorded wide dynamic range neurons (WDR) in the DHSC.WDR are deep neuron of the DHSC and represent a readout of the excitability of DHSC. WDR respond to both innocuous and noxious stimulations that can be segregated with short electrical stimulations due to their difference in fiber velocity. We focused here on the delayed nociceptive Cresponsefollowing electrical stimulations applied to the plantar surface of the paw in the receptive field of a WDR neurons (Fig2A). Wemeasured the threshold for triggering a C-response in WDR and we show that this threshold is significantly decreased in 6-OHDA condition compared to sham conditions (Fig.2CMann-Whitney test ***p=0.0009) and there is no difference between male and female thresholds (SupFig. 2A Two-ways ANOVA Interaction p=0.78 & Sex effect p=0.23). The intensityresponse for C-fibers (i.e., number of action potential according to stimulation intensity) is altered in 6-OHDA compare to sham animals, with for each stimulation a higher number of action potentials, especially for lower stimulation intensities (Fig.2DTwo-ways ANOVA Sham vs 6-OHDA **p=0.003). This increased responsiveness is observed both in males and females (SupFig. 2B-C Two-ways ANOVA Male Sham vs 6-OHDA ****p<0.0001 Female Sham vs 6-OHDA ***p=0.0002). These results indicate that 6-OHDA injection induces a hyperexcitability of the WDR neurons. To study if hyperexcitability in 6-OHDA mice is due to WDR properties, we studied the Windup a form a short-term central sensitization elicited by same high intensity, low frequency (1Hz) repetitive stimulations (Fig2. F). In 6-
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  Mann-Whitney test p=0.18). In contrast, 6-OHDA injection induces an increase of 5-HT and 5-HIAA levels without changing the ratio 5-HT/5-HIAA. This suggests an increase of 5-HT activity (Fig 3A Mann-Whitney tests 5-HT *p=0.0411; 5-HIAA *p=0.026 & ratio p=0.24).

  shape are not modified (SupFig. 4A Mann-Whitney test p=0.14; p=0.13 p=0.40 & p=0.40), 5-HT neurons in NRM from 6-OHDA mice have an significant increased membrane resistance, membrane time constant and a significant decreased action potential threshold as compared to sham (Fig.4B-D Mann-Whitney test *p=0.04; **p=0.006 & **p=0.006). These results suggest an increased excitability 5-HT neurons of the NRM in accordance with an increase activity in 6-OHDA mice. Finally, we measured the miniature excitatory synaptic currents (mEPSCs) onto 5-HT neurons (Fig.4F). In 6-OHDA conditions, we observed a significant increase in the amplitude of the mEPSCs (Fig.4G-H Two-ways ANOVA Sham vs 6-OHDA ****p<0.0001 & Mann-Whitney test *p=0.025) as well as a significant decrease in interevent intervals (Fig. 4I-J Two-ways ANOVA Sham vs 6-OHDA ****p<0.0001 & Mann-Whitney test *p=0.012) as compared to sham conditions. These results show change in excitatory synapses of 5-HT neurons toward an increase excitatory barrage. Altogether, these results show an increase activity of 5-HT neurons in 6-OHDA animals.

  (Aby et al., 2022)), to specifically inhibit 5-HT descending fibers coming from the NRM and projecting to the spinal cord. Optogenetic inhibition of the 5-HT descending pathways significantly increased mechanical withdrawal threshold of 6-OHDA mice expressing ArchT but not of 6-OHDA mice expressing GFP alone (Fig.5BWilcoxon test ***p=0.0001 & p=0.75). This result was similar in both male and female mice (SupFig. 5B Two-Ways ANOVA Sex effect p=0.389). We then investigate the effect of the optogenetic inhibition on spinal hyperexcitability. To that issue, we performed extracellular recordings of local nociceptive field potentials (LFP). LFP size is decreased during optogenetic stimulation (Fig.5CWilcoxon test **p=0.002 & p=0.48) showing that 5-HT descending pathway inhibition decreases the global nociceptive response of the spinal cord.

Finally, we addressed

  the question of the 5-HT receptors involved in such nociceptive hypersensitivity. We performed intrathecal injections of 5-HT receptor antagonists and evaluate mechanical sensitivity in 6-OHDA mice. Methysergid, a broad spectrum 5-HT receptor antagonist does not modify mechanical withdrawal threshold (Fig.6Bno test needed). By contrast, the specific 5-HTR2A antagonists, ketanserin and MDL11939, partially reversed mechanical withdrawal threshold (Fig.6CWilcoxon test **p=0.039 & *p=0.0156). Moreover, 5-HTR3 antagonist, granisetron also significantly increase the mechanical threshold (Fig.6DWilcoxon test **p=0.0078). Finally, we tested for a synergic effect of 5-HT2a and 5-HT3 blockade. Interestingly, although combined injection of ketanserin and granisetron has a significant effect comparable to each drug alone, the combined injection of Granisetron + MDL11239, significantly increased mechanical threshold, that raises back to sham animals, suggesting a synergic effect of both antagonists (Fig.6EWilcoxon test *p=0.0156 & **p=0.0078).
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Fig. 1 .

 1 Fig. 1. Optogenetic manipulation of 5-HT RMg neurons induces 5-HT release on DHSC. (A) Crossbreeding of ePet::Cre mice with an Ai9::tdtomato reporter mice allows the localization of cre-recombinase expression in 5-HT fibers. Dense tomato staining is observed in the superficial and deep lamina of the DHSC. Inset: arrows show clear immunopositive fibers with putative axonic buttons. (B) Stereotaxic injection of AAV-EF1a-DIOhChR2(H134R)-EYFP-WPRE-pA in RMg of ePet::Cre mice induces GFP expression in 5-HT neurons and 5-HT fibers in the deep lamina of the DHSC. (C) Patch-clamp recordings of ChR2(+)/GFP(+) neurons in RMg slices of infected ePet::Cre mice. Blue light flash at 5 Hz/5 ms induced depolarization and action potential firing of 5-HT neurons. The same stimulation in ChR2(-)/GFP(+) neurons has no effect. (D) HPLC measurement from DHSC after 5 Hz/5 ms optogenetic stimulation of 5-HT fibers induced a significant increase in 5-HT levels but not in other monoamines, i.e., dopamine and noradrenaline. HPLC, High-Performance Liquid Chromatography.

Fig. 2 .

 2 Fig. 2. Optogenetic stimulation of 5-HT neurons induces a sex-independent mechanical and thermal analgesia. (A)PWT is significantly increased (total: 3.3 ± 0.21 g before and 6.7 ± 0.68 g during opto, N = 18; males: 3.3 ± 0.23 before and 7.7 ± 0.93 g during opto, N = 11; females: 3.2 ± 0.44 g before and 5.3 ± 0.7 g, N = 7). (B) RS is significantly decreased (total: 95.6 ± 2% before and 18.9 ± 3.4% during opto, N = 18; males: 96.36 ± 2.44% before and 18.2 ± 4% during opto, N = 11; females: 94.3 ± 3.7% before and 20 ± 6.1%, N = 7). (C) TL is significantly decreased (total: 3.8 ± 0.2 s before and 4 ± 0.3 s during opto, N = 15; males: 4 ± 0.15 s before and 5.1 ± 0.26 s during opto, N = 7; females: 3.4 ± 0.389 s before and 4 ± 0.48 s, N = 8). (D) Optogenetic stimulation of 5-HT fibers induces a sex-independent mechanical and thermal analgesia. (E) PWT is significantly increased (total: 2.5 ± 0.16 g before and 5.3 ± 0.5 g during opto, N = 28; males: 2.7 ± 0.24 before and 6.3 ± 0.73 g during opto, N = 17; females: 2.2 ± 0.15 g before and 3.9 ± 0.33 g, N = 11). (F) RS is significantly decreased (total: 96.9 ± 1.4% g before and 17.7 ± 4% during opto, N = 26; males: 96 ± 1.8% before and 20 ± 5.5% during opto, N = 15; females: 98.2 ± 1.8% before and 14.6 ± 6%, N = 11). (D) TL is significantly decreased (total: 3.6 ± 0.21 g before and 5.2 ± 0.26 g during opto, N = 28; males: 4 ± 0.26 before and 5.8 ± 0.33 g during opto, N = 17; females: 3 ± 0.27 g before and 4.3 ± 0.26 g, N = 11). *P < 0.05, **P < 0.01, and ***P < 0.001, Wilcoxon matched-pair signed rank test.

  Fig. 2. Optogenetic stimulation of 5-HT neurons induces a sex-independent mechanical and thermal analgesia. (A)PWT is significantly increased (total: 3.3 ± 0.21 g before and 6.7 ± 0.68 g during opto, N = 18; males: 3.3 ± 0.23 before and 7.7 ± 0.93 g during opto, N = 11; females: 3.2 ± 0.44 g before and 5.3 ± 0.7 g, N = 7). (B) RS is significantly decreased (total: 95.6 ± 2% before and 18.9 ± 3.4% during opto, N = 18; males: 96.36 ± 2.44% before and 18.2 ± 4% during opto, N = 11; females: 94.3 ± 3.7% before and 20 ± 6.1%, N = 7). (C) TL is significantly decreased (total: 3.8 ± 0.2 s before and 4 ± 0.3 s during opto, N = 15; males: 4 ± 0.15 s before and 5.1 ± 0.26 s during opto, N = 7; females: 3.4 ± 0.389 s before and 4 ± 0.48 s, N = 8). (D) Optogenetic stimulation of 5-HT fibers induces a sex-independent mechanical and thermal analgesia. (E) PWT is significantly increased (total: 2.5 ± 0.16 g before and 5.3 ± 0.5 g during opto, N = 28; males: 2.7 ± 0.24 before and 6.3 ± 0.73 g during opto, N = 17; females: 2.2 ± 0.15 g before and 3.9 ± 0.33 g, N = 11). (F) RS is significantly decreased (total: 96.9 ± 1.4% g before and 17.7 ± 4% during opto, N = 26; males: 96 ± 1.8% before and 20 ± 5.5% during opto, N = 15; females: 98.2 ± 1.8% before and 14.6 ± 6%, N = 11). (D) TL is significantly decreased (total: 3.6 ± 0.21 g before and 5.2 ± 0.26 g during opto, N = 28; males: 4 ± 0.26 before and 5.8 ± 0.33 g during opto, N = 17; females: 3 ± 0.27 g before and 4.3 ± 0.26 g, N = 11). *P < 0.05, **P < 0.01, and ***P < 0.001, Wilcoxon matched-pair signed rank test.
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 345 Fig. 3. Optogenetic activation of 5-HT descending fibers alters dorsal horn neuron responses to peripheral stimulations. (A) Field potential recordings in mice. (B) NFPs are decreased during optogenetic stimulation of 5-HT neurons in Chr2(+) but not modified in ChR2(-) mice [ChR2(+): 70 ± 5% of control during opto, N = 12. ChR2(-): 101 ± 12% of control during opto, N = 10]. (C) Decrease in NFP is similar in males and females (males: 63.7 ± 8.2% of control during opto, N = 6; females: 76.5 ± 4% of control during opto, N = 7). *P < 0.05 and ***P < 0.001, one-sample t and Wilcoxon test. (D) Single-unit recordings in the DHSC. (E) Poststimulus histogram shows that optogenetic stimulation of 5-HT neurons in ChR2(+) mice induced a decrease in C-fiber component. (F) Time course of optogenetic stimulation showing a significant decrease in the number of C-spike induced by electric stimulation of the peripheral receptive field in ChR2(+) but not in ChR2(-) mice. RM ANOVA, P < 0.001 and F = 8.008, N = 25, ** and ***, HolmSidak post hoc compared to stimulation 1 and 2 before opto. ###, Two-way ANOVA: GFP [ChR2(-) compared to ChR2(+), P < 0.001]. (G) During optogenetic stimulation, C-fiber response is decreased in a similar manner in males and females (males: 5.9 ± 0.9 spikes before and 4.7 ± 0.74 spikes during opto, N = 15; females: 4.8 ± 2 spikes before and 3.5 ± 1.6 spikes during opto, N = 6). In ChR2(-) mice, optogenetic stimulation has no effect (8.3 ± 1.6 spikes before and 8 ± 1.5 spikes during opto, N = 15). *P < 0.05 and ***P < 0.001, Wilcoxon matched-pair signed rank test. Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023

Fig. 5 .

 5 Fig.5. Blocking GABA A receptors prevents the analgesic role of descending 5-HT fibers. Picrotoxin suppresses mechanical analgesia induced by optogenetic stimulation of 5-HT neurons. (A) PWT is not modified by optogenetic stimulation in both males and females (P > 0.05 for total, male, and female). (B) RS is not altered (P > 0.05 for total, male, and female). (C) Picrotoxin suppresses the thermal analgesia induced by optogenetic stimulation of the 5-HT neurons. TL remained unmodified in both males and females (P > 0.05 for total, male, and female, N = 11, 5, and 6, respectively). Wilcoxon matched-pair signed rank test. (D) Picrotoxin suppresses the decrease in WDR neuron response to C-fibers induced by optogenetic stimulation of 5-HT neurons (P > 0.05, RM ANOVA). (E) Mean number of spike C is not modified during optogenetic stimulation of 5-HT neurons under picrotoxin, although the same stimulation decreases C-fiber response with vehicle (picrotoxin; 9.1 ± 1.7 spikes before and 8.6 ± 1.7 spikes during opto, N = 14; vehicle; 5.8 ± 0.9 spikes before and 4.7 ± 0.74 spikes during opto, N = 15). ***P < 0.001, Wilcoxon matched-pair signed rank test.
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 6 Fig.6. Inhibition of chloride transporters switches 5-HT descending inhibition into facilitation. VU043271 switches the mechanical analgesia induced by optogenetic stimulation of 5-HT neurons into mechanical hyperalgesia and allodynia. (A) PWT is significantly decreased by optogenetic stimulation in both males and females [total (black): 1.9 ± 0.1 g before and 0.23 ± 0.03 during opto, N = 12; males (blue): 2 ± 0.19 g before and 0.25 ± 0.05 g during opto, N = 6; females (red): 1.8 before and 0.22 ± 0.05 g during opto, N = 6]. (B) RS is significantly increased [total (black): 0 ± 0 before and 90.9 ± 3.15% during opto, N = 11; males (blue): 0 ± 0% before and 93.3 ± 4.9% during opto, N = 6; females (red): 0 ± 0% before and 90 ± 4.5% during opto, N = 6]. (C) VU043271 switches the thermal analgesia induced by optogenetic stimulation of the 5-HT neurons into hyperalgesia. TL is significantly decreased in both males and females [total (black): 3.3 ± 0.12 s before opto, 2.2 ± 0.1 s during opto, N = 11; males (blue): 3.5 ± 0.2 s before and 2.27 ± 0.18 s, N = 5; females (red): 3.2 ± 0.13 s before and 2.2 ± 0.11 s, N = 6]. (D) VU043271 induces an increase in WDR neuron response to C-fibers induced by optogenetic stimulation of 5-HT neurons (P < 0.05, Friedman test; *P < 0.05, Dunn's multiple comparison test). (E) Mean number of spike C is increased during optogenetic stimulation of 5-HT neurons under VU043271, although the same stimulation decreases C-fiber response with vehicle (VU043271: 8 ± 0.8 spikes before, 9.3 ± 1 spikes during opto, N = 15; vehicle: 7.5 ± 1.9 spikes before, 5.8 ± 1.3 spikes during opto, N = 6). *P < 0.05, **P < 0.01, and ***P < 0.001, Wilcoxon matched-pair signed rank test.Downloaded from https://www.science.org at bibCNRS INSB onSeptember 25, 2023 

Fig. 7 .

 7 Fig. 7. SNI switches 5-HT descending fiber inhibition into facilitation.(A) Fourteen days after surgery, the SNI induces a robust mechanical allodynia in both males and females. PWT is significantly reduced in both males and females [total (black): 2.5 ± 0.11 g before and 0.28 ± 0.01 g after surgery; males (blue): 2.7 ± 0.2 g before surgery and 0.28 ± 0.02 g after surgery; females (red): 2.4 ± 0.13 g before surgery and 0.3 ± 0.02 g after surgery]. (B) Fourteen days after surgery, the SNI induces a robust thermal hyperalgesia in both males and females. TL is significantly reduced in both males and females [total (black): 9.9 ± 0.63 s before and 3.3 ± 0.14 s after surgery; males (blue): 10.7 ± 0.83 s before surgery and 3.3 ± 0.2 s after surgery; females (red): 9.2 ± 0.92 s before surgery and 3.2 ± 0.2 s after surgery]. (C) In SNI mice, optogenetic stimulation of 5-HT neurons induced a significant decrease in PWT [total (black): 0.28 ± 0.02 g before and 0.1 ± 0.02 g, N = 18; males (blue): 0.26 ± 0.03 before and 0.09 ± 0.02 g during opto, N = 11; females (red): 0.3 ± 0.03 g before and 0.11 ± 0.02 g during opto, N = 7]. (D) In SNI mice, optogenetic stimulation of 5-HT neurons induced a significant decrease in TL [total (black): 3.9 ± 0.22 s before and 2.9 ± 0.2 s during opto, N = 18; males (blue): 3.9 ± 0.24 s before and 2.9 ± 0.2 s during opto, N = 11; females (red): 3.9 ± 0.5 s before and 2.8 ± 0.33 s during opto, N = 7]. *P < 0.05 and ***P < 0.001, Wilcoxon matched-pair signed rank test. Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023

Fig. 8 .[Fig. 9 .

 89 Fig. 8. SNI alters dorsal horn neuron responses to 5-HT descending fiber activation. (A) In SNI mice, NFPs are increased upon optogenetic stimulation of 5-HT neurons. (B) On average, optogenetic stimulation increases NFP in both males and females [total (black): 176 ± 19.6% of control during opto, N = 14; males (blue): 206 ± 33% of control during opto, N = 7; females (red): 147 ± 17% of control during opto, N = 7]. *P < 0.05 and ***P < 0.001, one-sample t and Wilcoxon test. (C) In SNI mice, optogenetic stimulation of 5-HT neurons increases the response of WDR neurons to C-fibers. (D) Mean number of spike C is increased during optogenetic stimulation of 5-HT neurons in both males and females [total (black): 5.7 ± 1.5 spike C before and 7 ± 1.5 spike C during opto, N = 15; females (red): 4.4 ± 0.96 spike C before and 5.9 ± 1.5 spike C during opto, N = 9; males (blue): 7.7 ± 3.3 spike C before and 8.8 ± 3.1 spike C during opto, N = 6]. *P < 0.05 and ***P < 0.001, Wilcoxon matched-pair signed rank test. Downloaded from https://www.science.org at bibCNRS INSB on September 25, 2023
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 10 Fig. 10. Combining SSRIs and KCC2 enhancers promotes pain relief in SNI mice. (A) PWT after a single injection of vehicle (black dots), fluoxetine (red dots), CLP290 (yellow dots), or the combination of fluoxetine (intraperitoneally) and CLP290 (per os, green dots). The combination induced a prolonged (>24 hours) and significant increase of PWT (P < 0.001, RM ANOVA, Dunnett's multiple comparison test), while fluoxetine alone produces a prolonged hyperalgesia (P < 0.001, RM ANOVA, Dunnett's multiple comparison test), and CLP290 induced a short and significant increase in PWT. (B) Comparison of each individual group value to predrug value, 1 hour 30 min after drug injection. (C) Comparison of each individual group value to predrug value, 24 hours after drug injection. (D) TL after a single injection of vehicle (black dots), fluoxetine (red dots), CLP290 (yellow dots), or the combination of fluoxetine (intraperitoneally) and CLP290 (per os, green dots). The combination induced a prolonged (>24 hours) and significant increase of TL (1 hour 30 min and 24 hours, P < 0.001, RM ANOVA, Dunnett's multiple comparison test), while fluoxetine alone produces a prolonged decrease in TL (1 hour 30 min and 24 hours, P < 0.001, RM ANOVA, Dunnett's multiple comparison test), and CLP290 induced a short and significant increase in TL (1 hour 30 min, P < 0.001, RM ANOVA, Dunnett's multiple comparison test). (E) Comparison of each individual group value to predrug value, 1 hour 30 min after drug injection. (F) Comparison of each individual group value to predrug value, 24 hours after drug injection. The horizontal dotted line in graphs represents average control values for PWT and TL.

  survive. This process critically depends on the ability of mammals to associate specific cues with their harmful consequences and establish long-lasting predictions about future aversive outcomes. Freezing and avoidance are among the most studied behavioral responses in response to specific threat-predicting cues and are associated with a simultaneous regulation of pain responses allowing accurate behavioral responses . Indeed, it is now widely accepted that specific threats can modulate pain processing through either a reduction (analgesia) or an increase (hyperalgesia) of pain sensitivity in case of acute and chronic threat exposure, respectively . Moreover, recent reports in humans revealed a strong comorbidity between anxiety-related disorders and pain-related disorders , suggesting that the deregulation of the neuronal circuits controlling pain processing could lead to the development of anxiety-related pathology. In addition, there is also a strong overlap between the neuronal structures mediating aversive learning and pain processing, including the medial prefrontal cortex (mPFC) and the periaqueductal grey (PAG), two central structures in fear and pain modulation . An interesting model to study the emotional regulation of pain behavior is FCA , in which a fearful event can lead to a reduction in pain sensitivity. Because the PAG is a midbrain structure receiving many cortical and subcortical inputs from structures involved in fear processing and projecting to the spinal cord through a brainstem relay in the rostral ventromedial medulla (RVM), it is ideally located to allow the emotional regulation of pain behavior. The ventrolateral part of the PAG (vlPAG) is crucial for the descending control of pain in the dorsal horn of the spinal cord (DH), and several reports indicated that electrical stimulation of the vlPAG selectively inhibits responses to noxious stimuli in a variety of pain test conditions

Figure 1 .

 1 Figure 1d, Material and Methods). The CS and CS presentation order was counterbalanced across animals.

(

  during the increasing-temperature HP test. Another group of naïve mice were submitted to the HP test with CSs presentations where the CS-US association was never reinforced (Supplementary Figure2a). In both conditions, we failed to observe any analgesic responses (Supplementary Figure2c-d). Second, mice were fear conditioned and tested in the HP test without CS presentations, a condition in which we observed analgesia (Supplementary Figure2a-c). Next, a subset of conditioned mice was submitted to an extinction procedure consisting of 24 non-reinforced exposures to the CS , which lead to complete inhibition of conditioned fear responses (Figure1d, e). As expected, extinguished mice exposed to the HP test failed to exhibit FCA responses during CS presentations. (Figure1f, g, and Supplementary Figure2e). Together these data indicate that FCA depends on associative processes and does not rely on sensory processing of the CS. Furthermore, the FCA responses observed upon CS exposure in the HP test were stable upon multiple exposures to the HP test (Supplementary Figure3a-e) and not due to a competition with freezing responses evoked by the CS as mice did not freeze before the nociceptive response (Supplementary Figure1d, e).The use of thermal nociception test in FCA has been reported to lead to possible erroneous interpretations. Indeed, the fearful stimulus can lead to vasoconstriction which could result from a redirection of the blood flow to the skeletal musculature, thus decreasing the temperature in the extremities of the body. If so, this phenomenon by itself could explain the delay observed for the nociceptive response during CS . To further evaluate this possibility, we monitor changes in the back and tail temperature of mice submitted to the HP during CS and CS presentations without increasing the temperature of the HP device (Supplementary Figure3f-h). Our results did not reveal any difference in tail or back temperature between CS and CS presentations, thereby ruling out a potential vasoconstriction effect that could explain our results.Inhibition of vlPAG SST cells mediate FCAPrevious publications indicated that the ventrolateral PAG (vlPAG) is a critical region involved in analgesia . To identify the cell types in the vlPAG mediating our analgesic effect in the FCA task, we focused on GABAergic neurons, which activity are supposed to be inhibited during analgesia through a µ-opioid receptor-dependent (MOR) mechanism . Because somatostatin-expressing interneurons (SST) are the most abundant inhibitory cell class in the PAG , we focused on this cell population. We first evaluated the expression of Sst mRNAs in excitatory and inhibitory cell populations in the PAG of SST-Cre mice using single-molecule fluorescent in situ hybridization (smFISH, see Methods). Our results indicated that Sst mRNAs were expressed in both the dorsal PAG (dlPAG) and ventral PAG (vlPAG) with a high specificity percent of Sst cells among Cre cells: dlPAG: 94%; vlPAG: 88%) and sensitivity (percent of Cre cells among Sst cells: dlPAG: 84%; vlPAG: 99%). We also noticed that Sst cells were more abundant in the vlPAG compared to the dlPAG (Figure 2a-c). Moreover, when considering Sst mRNAs expression in inhibitory (Slc32a1 or Vgat cells) or excitatory (Slc17a6 or Vglut2 cells) neurons, we observed that the vast majority of dlPAG Sst mRNAs were expressed in excitatory neurons (91% of Slc17a6 cells were Sst cells). In contrast, the vast majority of vPAG Sst mRNAs were expressed in inhibitory neurons (95% of Slc32a1 cells were Sst cells; Figure 2dg).

Figure 2 .

 2 Figure 2. Two distinct neuronal populations in SST-Cre mice within the PAG. a. Representative picture of single-molecular fluorescent in situ hybridization for Sst mRNAs in the PAG. Scale bar, 400 µm. b, c. Single-molecular fluorescent in situ hybridization for Sst (green) and Cre (red) mRNAs in the vlPAG (left). Histograms showing the coexpression of Sst/Cre as percentage of Sst-expressing cells (green) and as percentage of Cre-expressing cells (red) in the dlPAG and vlPAG (right). Scale bar, 20 µm. d. Single-molecular fluorescent in situ hybridization for Sst (red) and Slc32a1 (green) within the dlPAG (upper panel) and vlPAG (bottom panel). Scale bar, 20 µm. e. Quantification of colocalization within the dlPAG (upper panel) and vlPAG (bottom panel) of Sst and Slc32a1 . In the dlPAG approximately 19% of Slc32a1 cells are Sst and 17% of Sst cells are Slc32a1 . On the contrary, in the vlPAG approximately 95% of Slc32a1 cells are Sst and 61% of Sst cells are Slc32a1 . f. Single-molecular fluorescent in situ hybridization for Sst (red) and Slc17a6 (green) within the dlPAG (upper panel) and vlPAG (bottom panel). Scale bar, 20 µm. g. Quantification of colocalization within the dlPAG (upper panel) and vlPAG (bottom panel) of Sst and Slc17a6 . In the dlPAG approximately 91% of Slc17a6 cells are Sst and 38% of Sst cells are Slc17a6 . On the contrary, in the vlPAG approximately 34% of Slc17a6 cells are Sst and 33% of Sst cells are Slc17a6 .White arrows indicate colocalization.
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 3 Figure6e-h). Together, these data demonstrate that the selective inhibition of vlPAG SST cells promoted analgesia, whereas its activation suppressed FCA during CS presentations.

  Box-whisker plots indicate median, interquartile range, and 5th -95th percentiles of the distribution. Crosses indicate means. Bullets indicate individual mice values.Activation of vlPAG SST cells reduced fear expression and promoted spinal cord-related pain signalsBecause our novel FCA paradigm is dependent on fear associative processes (Figure1e-g and Supplementary Figure2), it is possible that the optogenetic manipulation of vlPAG SST cells may have altered the expression of aversive memories (i.e., freezing) and thereby the expression of FCA. To control for this possibility, we optogenetically activated or inhibited vlPAG SST cells during a fear retrieval session 24 hrs following auditory fear conditioning

Figure 4 .

 4 Figure 4. Modulation of SST vlPAG neurons is sufficient but not necessary to modulate freezing. a. Protocol for optogenetic manipulation during fear retrieval. Day 1 and 2 were done as described previously for the FCA paradigm. During retrieval, there were 12 CS presentations divided by three blocks. The optogenetic manipulation was done during the 2nd block of the CS presentation. b. Light inhibition of SST neurons in the vlPAG did not modulate freezing levels (ns, P = 0.0984, n = 6, GFP 1st vs. 2nd CS -block, unpaired t-test; ns, P = 0.5979, n = 8, ArchT 1st vs. 2nd CS -block, unpaired t-test). c. Light activation of the SST neurons in the vlPAG had no effect on the GFP group (ns, P = 0.1768, n = 9, GFP 1st vs 2nd CS -block, unpaired t-test) but it transiently decreases the levels of freezing for the ChR2 group (***, P = 0.001, n = 8, ChR2 1st vs. 2nd CS -block, unpaired t-test). Box-whisker plots indicate median, interquartile range, and 5 -95th percentiles of the distribution. Crosses indicate means. Bullets indicate individual mice values. Yellow and blue shaded rectangles represent the period of optical inhibition and activation, respectively.

  test by promoting nociception directly at the level of the spinal cord DH. Therefore, we performed extracellular recording of the spinal cord network before, during, and after optogenetic stimulation of vlPAG SST cells in mice under anesthesia to determine if nociceptive-mediated field potentials were modified by the optogenetic activation or inhibition of vlPAG SST cells (Figure5a). Our results indicated that the optogenetic activation of vlPAG SST cells during suprathreshold electrical stimulation of the paw potentiated, whereas their optogenetic inhibition reduced, nociceptive field potentials (Figure5b, c). To determine if this effect was specific for the nociceptive network, we recorded wide dynamic range (WDR) neurons in the DH, known to receive both tactile and nociceptive information. Suprathreshold C-fiber stimulations induced a fast burst of spikes (0-80 ms), mediated by large-diameter myelinated non-nociceptive fibers, followed by a slow burst of spikes (80-150 ms) mediated by low diameter unmyelinated nociceptive C-fiber (Figure5abottom). Interestingly, the optogenetic activation of vlPAG SST cells increases both responses, with a larger effect on nociceptive C-fibers (Figure5d). Conversely, the optogenetic inhibition of vlPAG SST cells specifically inhibited nociceptive responses while non-nociceptive responses remained unaffected (Figure5e). To confirm that vlPAG SST cells manipulation acts predominantly on the nociceptive network, we performed two additional experiments. First, under conditions in which subthreshold electrical stimulations failed to elicit WDR neuronal responses, we observed that the optogenetic activation of vlPAG SST cells promoted WDR responses at a latency corresponding to nociceptive fibers (Figure5f). Second, we performed a windup protocol inducing WDR short-term sensitization specific of nociceptive networks (see Methods). Our results indicated that windup amplitude increased when vlPAG SST cells were activated and decreased when vlPAG SST cells were inhibited compared to GFP controls (Supplementary Figure8). Consistent with our observation in freely moving mice in the HP test, these data strongly suggest that activation and inhibition of vlPAG SST cells decreased and increased FCA by specifically promoting nociception and antinociceptive responses in the spinal cord DH, respectively.

Figure 5 .

 5 Figure 5. Activation of vlPAG SST cells promotes spinal cord-related pain signals. a. Optogenetic manipulation of vlPAG SST cells with concomitant noxious electrical stimulation of the paw in anesthetized mice while recording nociceptive field potentials in the lumbar spinal cord. b. Representative trace of nociceptive field potentials in the lumbar spinal cord before and during optogenetic activation of vlPAG SST cells (upper panel). The activation of vlPAG cells induces a significant increase in the nociceptive fields (bottom panel; OFF = 0.000095 ± 0.00001 µV/ms; ON = 0.00017 ± 0.00002 µV/ms, OFF = 0.000090 ± 0.00002 µV/ms; ***, P < 0.001, one-way repeated-measures ANOVA, F = 17.943) c. Representative trace of nociceptive field potentials in the lumbar spinal cord before and during optogenetic inhibition of vlPAG SST cells (upper panel). The inhibition of vlPAG cells induces a significant decrease in the nociceptive fields (bottom panel; OFF = 0.00017 ± 0.00009 µV/ms; ON = 0.00006 ± 0.00002 µV/ms, OFF = 0.00012 ± 0.00004 µV/ms; n = 6. *, P < 0.05, Wilcoxon signed-rank test). d. Representative trace single-unit recordings of WDR neurons before and during optogenetic activation of vlPAG SST neurons (upper panel). The activation of vlPAG SST cells induces a significant and global increase in WDR response to both C and A mediated peripheral fibers (bottom panel; *, P < 0.05, one-way repeated-measures ANOVA, F = 4.998; ***, P < 0.001, one-way repeated-measures ANOVA, F = 22.966). e. Representative trace single-unit recordings of WDR neurons before and during optogenetic inhibition of vlPAG SST neurons (upper panel). The inhibition of vlPAG SST cells induces a significantly and, specifically, inhibition of WDR response to C-mediated peripheral fibers (bottom panel; ***, P < 0.001, Wilcoxon signed-rank test). f. Representative traces of single-unit recordings of WDR neurons with subthreshold electrical stimulation accompanied by optogenetic activation of vlPAG SST neurons (upper panel). The optogenetic activation of vlPAG SST cells elicits WDR response to C-mediated peripheral fibers (ns, P =0.1215, A-fiber ON vs OFF; ***, P < 0.001, C-fibers OFF vs ON -Wilcoxon signed-rank test).

  indirect vlPAG SST cells inputs to the DH, we performed optogenetic activation of vlPAG SST inputs in the RVM (Figure6e) while recording from WDR neurons during electrical stimulation of the paw. Optogenetically activating vlPAG SST inputs in the RVM resumed the WDR painresponse potentiation observed by stimulating vlPAG SST compared to GFP controls (Figure6e-g and Supplementary Figure9). Importantly, to exclude the contribution of potential "en passant" fibers projecting directly to the spinal cord, we performed recordings of WDR neurons while directly optogenetically manipulating descending fibers above the dorsal column. In contrast to direct vlPAG SST cells manipulation that increased nociceptive response, the optogenetic manipulation of vlPAG SST inputs in the DH had no effect on nociceptive transmission (Figure6h). To further confirm in behaving animals that activation of vlPAG SST neurons projecting to the RVM mediate FCA without interfering with freezing behavior, SST cre mice were injected in the vlPAG with an AAV expressing ChR2 and optic fibers placed above the RVM (Figure7a). We first observed that activating vlPAG SST neurons projecting to the RVM had no effect on fear expression (Figure7 b) supporting the notion that freezing behavior and FCA are mediated by distinct pool of vlPAG SST neurons. Next, another cohort of AAV injected mice were fear conditioned and tested in the HP test. Following conditioning, mice displayed a significant increase in freezing behavior during CS compared to CS presentations or baseline activity (Figure7c). In the HP test following fear retrieval, the optogenetic activation of vlPAG SST terminals in the RVM during CS had no effect, whereas the same manipulation performed during CS blocked the analgesic effect compared to GFP controls (Figure7d). Altogether, these data clearly demonstrate that vlPAG SST mediates FCA by contacting RVM neurons projecting to the DH and suggest the existence of two populations of vlPAG SST neurons mediating respectively FCA and freezing behavior.

Figure 6 .

 6 Figure 6. vlPAG SST cells mediating the FCA project to RVM cells. a. Representative example of expression patterns of GFP within SST vlPAG neurons. b. A representative example of the same mouse as in (a), GFP labelled fibers are present in the RVM (left panel). Higher magnification reveals putative axonic buttons in the RVM (right panel; white arrows for putative axonic buttons). c. SST Cre mice were injected concomitantly with GFP in the vlPAG and fluorogold in the lumbar dorsal horn of the spinal cord. d. Fluorogold positive neurons (red) cross vlPAG SST fibers in the RVM (green). Higher magnification shows close contacts between the putative SST button and fluorogold neurons or fibers (white arrows). e. Single-unit recordings of WDR neurons in the lumbar spinal cord during optogenetic activation of vlPAG SST inputs to the RVM (left panel). The optogenetic activation of vlPAG SST inputs to the RVM induces a significant increase in WDR response to both C and A-mediated peripheral fibers stimulation (right panel; *, P < 0.05, A-fibers; **, P < 0.01, C-fibers -Wilcoxon signed-rank test). f. Activation of vlPAG SST inputs to the RVM switches a subliminal peripheral stimulation in a supraliminal response (OFF = 0.06 ± 0.04 spikes; ON = 4.2 ± 1.2 spikes, n=10, **, P < 0.01, OFF vs. ON -Wilcoxon signed-rank test). g. Windup coefficient of WDR cells is significantly increased by optogenetic activation of vlPAG SST inputs to the RVM (OFF = 28 ± 18; ON = 78 ± 22, n=6, **, P < 0.01, OFF vs. ON -Wilcoxon signed-rank test). h. Single-unit recordings of WDR neurons in the lumbar spinal cord during optogenetic activation of vlPAG SST cells with optic fibers placed either above the vlPAG or above the lumbar spinal cord (left panel). Light delivery above the vlPAG increased the WDR response to nociceptive C-fiber stimulation but not if the light was delivered above the lumbar spinal cord (right panel; ***, P < 0.001, vlPAG ON vs. OFF; ns, P = 0.2412, Spinal cord ON vs. OFF -Wilcoxon signed-rank test).

Figure 7 .

 7 Figure 7. Modulation of SST vlPAG projecting to the RVM promoted FCA. a, top. SST-IRES-Cre mice received bilateral injection of an AAV expressing ChR2 or GFP in the vlPAG, and optic fibers were implanted above the RVM. Bottom, Representative example of SST vlPAG neurons terminals in the RVM. b. Light activation of vlPAG SST neurons projecting to the RVM did not modulate freezing levels (ns, P = 0.0775, n = 7, GFP 1st vs. 2nd CS -block, unpaired t-test; ns, P = 0.0642, n = 6, ChR2 1st vs. 2nd CS -block, unpaired t-test). c. Average freezing values during retrieval for ChR2 and GFPinfected mice. The opsin and respective control groups were pulled together because no difference was found in the conditioning level. The average freezing values during CS was higher than CS or baseline (BL) periods (***, P < 0.001, one-way repeated-measures ANOVA, (c) F = 274.215, n = 14 mice). d. Light activation of SST neurons abolished the analgesic effect of the fear modulation (**, P < 0.05, n = 7 GFP, n = 6 ChR2, opsin x CSs -two-way repeated-measures ANOVA, F= 19.875). For the ChR2 group, the nociception response time during CS was equivalent to the CS (ns, ChR2, unpaired t-test P = 6458). On the contrary, the nociception response time between the CSs was different for the GFP group (**, P < 0.01, GFP, unpaired t-test).
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	Abbreviations
	5-HT	Serotonin or Serotonergic
	6-OHDA	6-hydroxydopamine
	ACC	Anterior Cingulate Cortex
	AP	Anterior-Posterior
	ArchT	Archaerhodospin
	BDNF	Brain-Derived Neurotrophic Factors
	ChR2	Channelrhodopsin
	CNO	Clozapine-N-Oxide
	CNS	Central Nervous System
	DA	Dopamine
	DCZ	Dechloroclozapine
	DHSC	Dorsal Horn of the Spinal Cord
	DR	Dorsal Raphe Nucleus
	DREADDs	Designer receptors exclusively activated by designer drugs
	DRG	Dorsal Root Ganglia
	DV	Dorso-Ventral
	EXINs	Excitatory Interneurons
	GFP	Green Fluorescent Protein
	GP	Globus Pallidus
	hM3D(Gq)	Human muscarinic receptor 3 with Gq signaling
	hM4D(Gi)	Human muscarinic receptor 4 with Gi signaling
	HPLC	High performance liquid chromatography
	IASP	International Association for the Study of Pain
	ICD	International Classification of Diseases
	IINs	Inhibitory Interneurons
	ILN	Intralaminar Nuclei (thalamus)
	MD	Medial Dorsal Nuclei (thalamus)
	MFB	Medial Forebrain Bundle
	ML	Medio-Lateral
	NA	Noradrenaline
	NAc	Nucleus Accumbens
	NRM	Nucleus Raphe Magnus
	PAG	Periaqueductal Grey nucleus
	PBN	Parabrachial Nuclei
	PD	Parkinson Disease
	PFA	Paraformaldehyde
	PFC	Prefrontal Cortex
	PNS	Peripheral Nervous System
	PO	Posteriori Nuclei (thalamus)
	PWT	Paw withdrawal threshold
	RAIC	Rostral Agranular Insular Cortex
	RVM	Rostral Ventromedial Medulla
	S1	Primary Somatosensory Cortex
	SC	Spinal Cord
	SDH	Superficial dorsal horn
	SNc	Substantia nigra pars compacta
	TLX3	T-cell leukemia homeobox protein 3
	TRP	Transient Receptor Potential
	VP	Ventral Posteriori Nuclei (thalamus)
	WDR	Wide Dynamic Range
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Classification of chronic pain in PD according to
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  fig7 .They are sensory neurons whose role is to detect high threshold stimuli causing (or possibly causing) injury : they are excited by noxious signals but not by innocuous stimuli like innocuous warming (below

	35	°C	and	over	10°C)	or	light	touch	(Burgess	&	Perl,

Table 4 :

 4 Viruses used in the study

	Expressed protein	Viruses	Ref
	Archaerhodospin (ArchT)		

Table 6 :

 6 Summary of pharmacological agent used in the study

				Time after
	Antagonist	Reference	Concentration	injection
	Picrotoxin	Tocris (1128)	20 µg in 10 µL	1h-2h
	methysergide	Tocris (1064)	20 µg in 10µL	1h
	Ketanserin	Tocris (0908)	20 µg in 10µL	1h
	MDL11939	Millipore (SML0115)	295ng in 10µL	30 min -1h
	RS1002221	Tocris(1050)	5µg in 10 µL	1h à 2h30
	Granisetron	Tocris (2903)	7 or 14µg in 10 µL	1h

Table 7 :

 7 After 3 bath wash of PBS 1X, sections were put free-floating in a solution of 0.1M PBS / BSA1% / triton 0.3% to permeabilize and saturate the slices. Slices were then bathed overnight at 4°C in solution Summary of fluorescent antibodies used in the studies

	Fluorescent Antibody	Origin Species	Dilution	Reference
		Primary antibody	
	Anti-PhosphoErk	Rabbit	1/1000	Biotechne NBP1-19924
	Anti-GFP	Chicken	1/1000	Aves GFP-1010
	Anti-GFP	Rabbit	1/5000	AB3080P
	Anti-TPH2	Rabbit	1/2000-1/5000	Biotechne NB300-109
	Anti-CFos	Rabbit	1/500	Cell signaling tech.
	Anti-Pax2	Goat	1/1000	R&D Systems
	Anti-RFP	Rabbit	1/5000	R10367
	Anti-TLX3	Guinea Pig	1/10000	Ø
		Secondary antibody	
	Anti-Rabbit Alexa 488	Goat	1/500	Thermo Fisher A11008
	Anti-chicken Alexa 488	Goat	1/500	Thermo Fisher A-11039
	Anti-Rabbit Alexa 647	Donkey	1/500	Thermo Fisher A21447
	Anti-Rabbit Alexa 568	Donkey	1/500	Invitrogen
	Streptavidin Alexa488 or Alexa568	Sheep	1/500	Invitrogen S11223 or S11226
	Anti-GuineaPig Alexa488	Donkey	1/500	Jackson immunoresearch 706-545-148

composed of primary antibody (see table below) / PBS1X / BSA 1%. After being washed in PBS 1X, the secondary antibody (see table below) was added in 0.1M PBS and BSA 0.1%.

Table 8 :

 8 RNAscope probes used in the study with GraphPad Prism software. Data are presented as Mean +/-SEM. Tests are considered as significant if p<0.05. *p<0.05; **p<0.01; ***p<0.001: ****p<0.0001. Statistical analysis and tests used are gathered in Supplemental tables placed in annexe at the end of the manuscript.

	Targeted gene	Tag neurons	References	Channels -TSA	Concentration
	Slc32a1	GABA/Gly	319191	C1 -568	1X
	Slc17a6	Glutamatergic	319171-C3	C3 -520	50X
	HTR2C	5-HTR2C expressing	401001-C2	C2 -647	50X
	HTR3a	5-HTR3 expressing	411141-C2	C2 -647	50X
	HTR3b	5-HTR3 expressing	497541-C2	C2 -647	50X
	Images were taken with automatized confocal microscope (Zeiss Cell Discoverer 7).

Statistics

When 2 groups are compared, we used Wilcoxon test if the data are paired and Mann-Whitney test otherwise. To look at the effect of 2 factors on data, we used Two-Ways ANOVA test. Graphs and tests are done 1. 6-OHDA injection induces a dopamine lesion associated with motor impairments and pain hypersensitivity.
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 9 Statistical description of figure11

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Right	Left	
	TH staining Striatum -Male 2,69 ± 0,64 65,18 ± 7,64	Wilcoxon test	* 0,0156
	TH staining Striatum -Female 1,64 ± 0,21 76,27 ± 6,76	Wilcoxon test	** 0,0005
	Number of cells SNc -Male 0,19 ± 0,05	3,80 ± 0,15	Wilcoxon test	* 0,016
	Number of cells SNc -Female 0,21 ± 0,04	4,50 ±0,29	Wilcoxon test	*** 0,002
	Number of cells A11 -Male 31,54 ± 6,01 32,23 ± 6,29	Wilcoxon test	0,26
	Number of cells A11 -Female 31,40 ± 6,46 33,50 ± 6,65	Wilcoxon test	0,26
	Nb of rotation -Female Sham 3,57 ± 0,87	3,42 ± 0,57	Wilcoxon test	>0,99
	Nb of rotation -Female 6-OHDA 10,75 ± 1,52 0,17 ± 0,11	Wilcoxon test	*** 0,0005
	Nb of rotation -Male Sham 4,18 ± 1,17	6,36 ± 0,15	Wilcoxon test	0,344
	Nb of rotation -Male 6-OHDA 12,43 ± 1,53 0,21 ± 0,16	Wilcoxon test	*** 0,0001
		Sham	6-OHDA	
	Distance travelled -Female 3689 ± 387,1 1858 ± 113,2	Mann-Whitney test	**** <0,0001
	Distance travelled -Male 4406 ± 741,7 2256 ± 275,7	Mann-Whitney test	**** <0,0001
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 10 Statistical description of figure12

				STATISTICAL
	PARAMETER	Values ± SEM	TEST	P-VALUE
		Sham	6-OHDA	
	Mechanical withdrawal threshold -			
	Female Ipsi 1,41 ± 0,13 0,25 ± 0,04 Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Male			
	Ipsi 1,53 ± 0,09 0,35 ± 0,01 Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -			
	Female Contra 1,36 ± 0,12 0,15 ± 0,02 Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Male			
	Contra 1,56 ± 0,13 0,28 ± 0,06 Mann-Whitney test	**** <0,0001
					Interaction : *
	Mechanical withdrawal threshold over time			Two-Ways Anova

p=0,046 ; F(3, 35) = 2,950 Effect of the time : *p=0,0134 ; F(3, 35) = 4,109 for ipsi only : >12 vs 3to4 *p=0,026

  

	Thermal latency withdrawal -Female Ipsi	3,872 ± 0,243	3,013 ± 0,158	Mann-Whitney test	** 0,0071
	Thermal latency withdrawal -Female	3,599 ±	3,105 ±		
	Contra	0,173	0,125	Mann-Whitney test	* 0,0145
	Thermal latency withdrawal -Male Ipsi	4,165 ± 0,387	3,115 ± 0,239	Mann-Whitney test	0,0593
	Thermal latency withdrawal -Male	4,608 ±	3,205 ±		
	Contra	0,327	0,175	Mann-Whitney test	*** 0,0004
					Interaction : p=0,2567 ; F(2, 23) = 1.443
	Thermal withdrawal threshold over time			Two-Ways Anova	Effect of the time : p=0,0134 ; F(3, 35) =
					0.3434
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 11 Statistical description of figure13

			STATISTICAL	
	PARAMETER	Values ± SEM	TEST	P-VALUE
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 12 Statistics description of figure14

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Female Male		
	C-response Threshold (in mA)		Two-Ways Anova	Interaction : p=0,78 ; F(1, 84)=0,08 Sex effect : p=0,23; F(1, 84)= 1,45
				Sham vs 6-OHDA : *p=0,0334 ; F(1, 84)=4,68
	Intensity/Response curve -Sham			Interaction : p=0,97 ; F (5, 258) = 0,1828
			Two-Ways Anova	Sham vs 6-OHDA : ****<0,0001; F (1, 258) = 18,24
	Intensity/Response curve -6-OHDA			Interaction : p=0,958 ; F(5, 168)=0,2104
			Two-Ways Anova	Sham vs 6

-OHDA : ***p=0,0002; F (1, 60) = 16,21

  

Table 13 :

 13 Statistics description of figure15

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	HPLC Dosage -NA 961,5 ± 48,57 1053 ± 74,78	Mann-Whitney test	0,18
	HPLC Dosage -5-HT	1222 ± 62	1528 ± 123	Mann-Whitney test	* 0,0411
	HPLC Dosage -5-HIAA 801,3 ± 82,05 1079 ± 105,5	Mann-Whitney test	* 0,026
	Ratio 5-HT/5-HIAA 0,65 ± 0,05	0,71 ± 0,03	Mann-Whitney test	0,24
	Nb of neurons/slices -5HT in NRM	33,6 ± 3,9	37,83 ± 3,3	Mann-Whitney test	0,5
	Nb of neurons/slices -pERK+ in NRM	17,1 ± 1,4	40,2 ± 3,1	Mann-Whitney test	**** <0,0001
	Nb of neurons/slices -pERK+/5HT+ in NRM 10,0 ± 1,45	18,9 ± 1,232	Mann-Whitney test	*** <0,0002
	Nb of neurons/slices -pERK+ in 5HT in NRM 0,30 ± 0,04	0,47 ± 0,04	Mann-Whitney test	** 0,0065

Table 14 :

 14 Statistics description of figure16

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	Membrane resistance (MOhm)	471,0 ± 37,3	478,9 ± 42,2	Mann-Whitney test	* 0,04
	Tau (ms)	31,0 ± 2,6	43,4 ± 3,0	Mann-Whitney test	** 0,006
	Action potential threshold (mV)	-25,9 ± 1,4	-31,7 ± 0,8	Mann-Whitney test	** 0,006
	Resting potential (mV) -57,33 ± 1,19	-61,14 ± 1,53	Mann-Whitney test	0,14
	Time to peak (ms)	1,12 ± 0,05	1,19 ± 0,07	Mann-Whitney test	0,40
	Rheobase (pA)	18,02 ± 4,84	10,35 ± 1,78	Mann-Whitney test	0,13

Table 15 :

 15 Statistics description of figure17

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
					Interaction : ****
					p<0,001, F(167,
	Cumulative probability -MEPSC amplitude (pA)			TwoWay-Anova	4535) = 3,117 Sham vs 6-OHDA :
					**** p<0,0001 ; F(1,
					4535) = 194,7
	mEPSC amplitude (pA) 35,45 ± 2,15	41,51 ± 1,90	Mann-Whitney test	* 0,025
					Interaction : ****
					p<0,001, F(163,
	Cumulative probability -Interevents (ms)			TwoWay-Anova	4428) = 3,619 Sham vs 6-OHDA :
					**** p<0,0001 ; F(1,
					4468) = 657,1
	Interevent intervalle	1051 ± 213	370 ± 56	Mann-Whitney test	* 0,012

Table 16 :

 16 Statistics description of figure19

	PARAMETER	Values ± SEM	STATISTICAL TEST P-VALUE
		Control	Opto		
	Mechanical withdrawal threshold (g) -ArchT	0,28 ± 0,06	0,95 ± 0,16	Wilcoxon test	*** 0,0001
	Mechanical withdrawal threshold (g) -GFP	0,26 ± 0,07	0,23 ± 0,05	Wilcoxon test	0,75
	C-fibers response (nb of spikes) -ArchT	5,1 ± 1,2	5,6 ± 1,3	Wilcoxon test	0,53
	C-fibers response (nb of spikes) -GFP	6,5 ± 1,1	6,7 ± 1,3	Wilcoxon test	0,43
	LFP size (mV/s²) -ArchT 5,6x10 -5 ± 7,8x10 -6	3,1x10 -5 ± 4,8x10 -6	Wilcoxon test	** 0,002
	LFP size (mV/s²) -GFP 4,21x10 -5 ± 7,8x10 -6 4,3x10 -5 ± 7,9x10 -6	Wilcoxon test	0,48

Table 17 :

 17 Statistics description of figure20

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
	Mechanical withdraswal threshold	Saline	Drug		
	Methysergid	0,21 ± 0,0	0,21 ± 0,0		
	Ketanserin	0,13 ± 0,01	0,39 ± 0,09	Wilcoxon test	** 0,039
	MDL11239	0,11 ± 0,01	0,24 ± 0,04	Wilcoxon test	* 0,0156
	Granisetron	0,11 ± 0,01	0,47 ± 0,09	Wilcoxon test	** 0,0078
	Granisetron + Ketanserin	0,11 ± 0,01	0,60 ± 0,05	Wilcoxon test	* 0,0156
	Granisetron + MDL11239	0,11 ± 0,01	1,01 ± 0,09	Wilcoxon test	** 0,0078

Table 21 :

 21 Statistics description of figure25

	Conditions	Values ± SEM	STATISTICAL TEST	P-VALUE
		Control		Stim		
			Naive			Interaction : ***p=0,0005; F (2, 24) =
		1,32 ± 0,13		2,57 ± 0,19		10,46 Drug injection : ****p<0,0001; F (2, 24) =
	Von Frey -Chr2 -Picrotoxin	1,316 ± 0,13	Saline	2,38 ± 0,23	Two-Ways Anova	68,66 Picrotoxin vs Naive **p=0,0024; Picrotoxin vs Saline **p=0,0024 Opto effect : ****p<0,0001; F (1, 24) =
		Picrotoxine 0,40 ± 0,08	0,40 ± 0,08		41,03; Control vs opto : Naive ****p<0,0001; Saline ****p<0,0001; Picrotoxin p>0,9999
		Naive	GFP	Saline		
	CFos positive cells 1,42 ± 0,42	2,28 ± 0,68	7,42 ± 0,91	Kruskal-Wallis test with Dunn's mutiple comparison test	****<0,0001 Naive vs ChR2 ****p<0,0001; GFP vs ChR2 **p=0,0039
	CFos/Pax2 positive cells	0,42 ± 0,20	0,75 ± 0,28	2,92 ± 0,36	Kruskal-Wallis test with Dunn's mutiple comparison test	****<0,0001 Naive vs ChR2 ***p<0,001; GFP vs ChR2 **p=0,0017

Table 22 :

 22 Statistics description of figure27

	Conditions	Values ± SEM	STATISTICAL TEST	P-VALUE
		Control	Stim	
	Opto -ChR2 -5Hz/5ms -Naive 1,25 ± 0,11 2,26 ± 0,19	Wilcoxon test	***0,0005
	Opto -ChR2 -5Hz/5ms -Saline 1,37 ± 0,10 2,24 ± 0,17	Wilcoxon test	***0,0005
	Opto -ChR2 -5Hz/5ms -Methysergid 0,88 ± 0,18 1.00 ± 0,24	Wilcoxon test	0.5
	Opto -ChR2 -5Hz/5ms -Ketanserin 1,237 ± 0,17 1.19 ± 0,12	Wilcoxon test	>0.9999
	Opto -ChR2 -5Hz/5ms -RS1002221 0.32 ± 0,08 0.23 ± 0,07	Wilcoxon test	0.125
	Opto -ChR2 -5Hz/5ms -Granisetron 1.18 ± 0,09 1.68 ± 0,17	Wilcoxon test	**0.0078
	Control Saline vs Control RS1002221			Mann-Whitney test	****<0,0001

Table 23 :

 23 Statistics description of figure28

	Conditions	Values ± SEM	STATISTICAL TEST	P-VALUE
		Control	Stim	
	Opto -ChR2 -5Hz/100ms -Naive 1,16 ± 0,19 0,60 ± 0,13	Wilcoxon test	*0,0156
	Opto -ChR2 -5Hz/100ms -Saline 1,29 ± 0,20 0,73 ± 0,09	Wilcoxon test	*0,0156
	Opto -ChR2 -5Hz/100ms -Granisetron 1,11 ± 0,11 1,17 ± 0,13	Wilcoxon test	>0.9999

table :

 : 

	Antagonist	Reference	Concentration	Time after injection
	Methysergid	Tocris (1064)	20 µg in 10µL	1h
	Ketanserin	Tocris (0908)	20 µg in 10µL	1h
	MDL11939	Millipore (SML0115)	100 µM	30 min
	Granisetron	Tocris (2903)	4mM	1h

  Mice were kept deeply anaesthetized and then transcardially perfused with 50 mL of NaCl 0.9% Heparine and 50 mL of 4% PFA. Both brain and spinal cord were dissected and fixed overnight in 4%

	PFA, and then cryopreserved in 12.5% PBS sucrose. After being frozen in Tissue-Tek O.C.T, brain and
	spinal cord sections were cut transversely at 20 µm on a cryostat (Leica CM3050S) and kept in PBS1X
	Azide 0.2%.			
	After 3 bath wash of PBS 1X, sections were put free-floating in a solution of 0.1M PBS / BSA1% /
	triton 0,3% to permeabilize and saturate the slices. Slices were then bathed overnight at 4°C in solution
	composed of primary antibody (see table below) / PBS1X / BSA 1%. After being washed in PBS 1X, the
	secondary antibody (see table below) was added in 0.1M PBS and BSA 0.1%.	
	Fluorescent Antibody	Origin Species	Dilution	Reference
		Primary antibody	
	Anti-PhosphoErk	Rabbit	1/1000	Biotechne NBP1-19924
	Anti-GFP	Chicken	1/1000	Aves GFP-1010
	Anti-TPH2	Rabbit	1/2000-1/5000	Biotechne NB300-109
		Secondary antibody	
	Anti-Rabbit Alexa 488	Goat	1/500	Thermo Fisher A11008
	Anti-chicken Alexa 488	Goat	1/500	Thermo Fisher A-11039
	Anti-Rabbit Alexa 647	Donkey	1/500	Thermo Fisher A21447
	Streptavidin Alexa488 or Alexa568	Sheep	1/500	Invitrogen S11223 or S11226

  When 2 groups are compared, we used Wilcoxon test if the data are paired and Mann-Whitney test otherwise. To look at the effect of 2 factors on data, we used Two-Ways ANOVA test. Graphs and tests are done with

	GraphPad Prism software. Data are presented as Mean +/-SEM. Tests are considered are significant if
	p<0.05. *p<0.05; **p<0.01; ***p<0.001: ****p<0.0001. Statistical analysis is gathered in Sup. Tables.
	1-11).

Table 1 :

 1 Statistical description of figure1

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Right	Left	
	TH staining Striatum -Male 2,69 ± 0,64 65,18 ± 7,64	Wilcoxon test	* 0,0156
	TH staining Striatum -Female 1,64 ± 0,21 76,27 ± 6,76	Wilcoxon test	** 0,0005
	Number of cells SNc -Male 0,19 ± 0,05	3,80 ± 0,15	Wilcoxon test	* 0,016
	Number of cells SNc -Female 0,21 ± 0,04	4,50 ±0,29	Wilcoxon test	*** 0,002
	Number of cells A11 -Male 31,54 ± 6,01 32,23 ± 6,29	Wilcoxon test	0,26
	Number of cells A11 -Female 31,40 ± 6,46 33,50 ± 6,65	Wilcoxon test	0,26
	Nb of rotation -Female Sham 3,57 ± 0,87	3,42 ± 0,57	Wilcoxon test	>0,99
	Nb of rotation -Female 6-OHDA 10,75 ± 1,52 0,17 ± 0,11	Wilcoxon test	*** 0,0005
	Nb of rotation -Male Sham 4,18 ± 1,17	6,36 ± 0,15	Wilcoxon test	0,344
	Nb of rotation -Male 6-OHDA 12,43 ± 1,53 0,21 ± 0,16	Wilcoxon test	*** 0,0001
					Interaction : *p=0,046 ;
					F(3, 35) = 2,950
					Effect of the time :
	Mechanical withdrawal threshold over time			Two-Ways Anova	*p=0,0134 ; F(3, 35) =
					4,109
					for ipsi only : >12 vs 3to4
					*p=0,026
		Sham	6-OHDA	
	Distance travelled -Female 3689 ± 387,1 1858 ± 113,2	Mann-Whitney test	**** <0,0001
	Distance travelled -Male 4406 ± 741,7 2256 ± 275,7	Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Female Ipsi 1,41 ± 0,13	0,25 ± 0,04	Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Male Ipsi 1,53 ± 0,09	0,35 ± 0,01	Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Female Contra 1,36 ± 0,12	0,15 ± 0,02	Mann-Whitney test	**** <0,0001
	Mechanical withdrawal threshold -Male Contra 1,56 ± 0,13	0,28 ± 0,06	Mann-Whitney test	**** <0,0001

Table 2 :

 2 Statistical description of figure2

Table 3 :

 3 Statistics description of figure3

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	HPLC Dosage -NA 961,5 ± 48,57 1053 ± 74,78	Mann-Whitney test	0,18
	HPLC Dosage -5-HT	1222 ± 62	1528 ± 123	Mann-Whitney test	* 0,0411
	HPLC Dosage -5-HIAA 801,3 ± 82,05 1079 ± 105,5	Mann-Whitney test	* 0,026
	Ratio 5-HT/5-HIAA 0,65 ± 0,05	0,71 ± 0,03	Mann-Whitney test	0,24
	Nb of neurons/slices -5HT in NRM	33,6 ± 3,9	37,83 ± 3,3	Mann-Whitney test	0,5
	Nb of neurons/slices -pERK+ in NRM	17,1 ± 1,4	40,2 ± 3,1	Mann-Whitney test	**** <0,0001
	Nb of neurons/slices -pERK+/5HT+ in NRM 10,0 ± 1,45	18,9 ± 1,232	Mann-Whitney test	*** <0,0002
	Nb of neurons/slices -pERK+ in 5HT in NRM 0,30 ± 0,04	0,47 ± 0,04	Mann-Whitney test	** 0,0065

Table 4 :

 4 Statistical description of figure4

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	Membrane resistance (MOhm) 471,0 ± 37,3	478,9 ± 42,2	Mann-Whitney test	* 0,04
	Tau (ms)	31,0 ± 2,6	43,4 ± 3,0	Mann-Whitney test	** 0,006
	Action potential threshold (mV)	-25,9 ± 1,4	-31,7 ± 0,8	Mann-Whitney test	** 0,006
					Interaction : ****
					p<0,001, F(167,
	Cumulative probability -MEPSC amplitude (pA)			TwoWay-Anova	4535) = 3,117 Sham vs 6-OHDA :
					**** p<0,0001 ; F(1,
					4535) = 194,7
	mEPSC amplitude (pA) 35,45 ± 2,15	41,51 ± 1,90	Mann-Whitney test	* 0,025
					Interaction : ****
					p<0,001, F(163,
	Cumulative probability -Interevents (ms)			TwoWay-Anova	4428) = 3,619 Sham vs 6-OHDA :
					**** p<0,0001 ; F(1,
					4468) = 657,1
	Interevent intervalle	1051 ± 213	370 ± 56	Mann-Whitney test	* 0,012

Table 5 :

 5 Statistical description of figure5

	PARAMETER	Values ± SEM	STATISTICAL TEST P-VALUE
		Control	Opto		
	Mechanical withdrawal threshold (g) -ArchT	0,28 ± 0,06	0,95 ± 0,16	Wilcoxon test	*** 0,0001
	Mechanical withdrawal threshold (g) -GFP	0,26 ± 0,07	0,23 ± 0,05	Wilcoxon test	0,75
	C-fibers response (nb of spikes) -ArchT	5,1 ± 1,2	5,6 ± 1,3	Wilcoxon test	0,53
	C-fibers response (nb of spikes) -GFP	6,5 ± 1,1	6,7 ± 1,3	Wilcoxon test	0,43

Table 6 :

 6 Statisticals description of figure6

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
	Mechanical withdraswal threshold	Saline	Drug		
	Methysergid	0,21 ± 0,0	0,21 ± 0,0		
	Ketanserin	0,13 ± 0,01	0,39 ± 0,09	Wilcoxon test	** 0,039
	MDL11239	0,11 ± 0,01	0,24 ± 0,04	Wilcoxon test	* 0,0156
	Granisetron	0,11 ± 0,01	0,47 ± 0,09	Wilcoxon test	** 0,0078
	Granisetron + Ketanserin	0,11 ± 0,01	0,60 ± 0,05	Wilcoxon test	* 0,0156
	Granisetron + MDL11239	0,11 ± 0,01	1,01 ± 0,09	Wilcoxon test	** 0,0078

Table 7 :

 7 Statistical description of figure supplemental 1

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA	
	Thermal latency withdrawal -Female Ipsi 3,872 ± 0,243 3,013 ± 0,158	Mann-Whitney test	** 0,0071
	Thermal latency withdrawal -Female Contra 3,599 ± 0,173 3,105 ± 0,125	Mann-Whitney test	* 0,0145
	Thermal latency withdrawal -Male Ipsi 4,165 ± 0,387 3,115 ± 0,239	Mann-Whitney test	0,0593
	Thermal latency withdrawal -Male Contra 4,608 ± 0,327 3,205 ± 0,175	Mann-Whitney test	*** 0,0004

Table 8 :

 8 Statistics description of figure Supplemental 2

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Female Male		

Table 9 :

 9 Statistical description of figure supplemental 3

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	HPLC Dosage -Dopamine	22,82 ± 5,40	38,33 ± 5,79	Mann-Whitney test	0,132
	HPLC Dosage -Dopac	12,90 ± 1,35	22,93 ± 2,49	Mann-Whitney test	*p=0,0152
	Ratio DO/DA	1,18 ± 0,33	0,77 ± 0,17	Mann-Whitney test	0,31

Table 10 :

 10 Statistics description of figure supplemental 4

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Sham	6-OHDA		
	Resting potential (mV) -57,33 ± 1,19	-61,14 ± 1,53	Mann-Whitney test	0,14
	Time to peak (ms)	1,12 ± 0,05	1,19 ± 0,07	Mann-Whitney test	0,40
	Rheobase (pA)	18,02 ± 4,84	10,35 ± 1,78	Mann-Whitney test	0,13
	pA amplitude	53,71 ± 2,06	56,23 ± 1,75	Mann-Whitney test	0,40

Table 11 :

 11 Statistics description of figure supplemental 5

	PARAMETER	Values ± SEM	STATISTICAL TEST	P-VALUE
		Female Male		
				Interaction : p=0,335 ; F(1, 26) =
	Mechanical withdrawal threshold (g) -ArchT		TwoWays-Anova	0,965 Female vs Male : p=0,389 ;
				F(1,26) = 0,767
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Investigating the influence of 5-HT descending pathway stimulation level on nociceptive response and dorsal horn neurons excitability 
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Brainstem somatostatin-expressing cells control the emotional regulation of pain behavior

Abstract

In mammals, threat-related behavior is typically induced by a noxious physical stressor and is associated with a broad range of behavioral responses such as freezing and avoidance. These Together these results identify a brainstem circuit composed of vlPAG SST cells specifically projecting to the RVM and mediating fear conditioned analgesia (FCA) to regulate pain responses during threatful situations.

vlPAG, which could explain why the optogenetic manipulation in the vlPAG decreases both freezing expression and FCA. An alternative explanation could be that other vlPAG interneuronal types are involved in freezing expression and FCA. However, our optogenetic manipulation of another major class of vlPAG inhibitory cells expressing VIP did not impact FCA (Supplementary Figure 6e-h). Additional vlPAG microcircuits studies will be necessary to disentangle these issues.

Our data also indicate that the optogenetic activation of vlPAG SST cells reduced FCA during CS presentations, whereas their inhibition was less specific and promoted FCA to both the CS and CS (Figure 3). Although we do not know whether vlPAG SST cells change their firing activity during FCA, these data suggest that vlPAG SST cells activity is reduced during FCA and that normalizing their activity using optogenetic activation is sufficient to prevent FCA.

However, the fact that optogenetically activating vlPAG SST cells during CS presentations has no effect on the pain threshold indicates that vlPAG SST cells do not play a direct role in nociception mechanisms when emotional systems are not engaged (i.e., during CS presentations) or alternatively is indicative of a floor effect. Our data also suggest that inhibiting vlPAG SST cells activity promoted analgesia even under conditions in which FCA is not induced (i.e., during CS presentations), further supporting the idea that antinociception in the context of FCA is specifically mediated by a reduction in the firing activity of vlPAG SST.

Our data also complement the classical lateral inhibition model of antinociception within the PAG, relying on the activation of PAG excitatory neurons projecting to the RVM. More precisely, in this model, analgesia is thought to occur through an opioid-dependent inhibition of GABAergic neurons, ultimately disinhibiting excitatory neurons projecting to the RVM .

This hypothesis was recently confirmed by optogenetic experiments in which the optogenetic activation of PAG glutamatergic neurons induced analgesia . Our data indicate that in addition to this disinhibitory mechanism, analgesia is also mediated by the inhibition of a direct longrange inhibitory projection onto RVM neurons projecting to the DH (Figure 6). Thus, thermal analgesia relies on both excitatory and inhibitory pathways projecting to the RVM. Further studies will be required to identify which cells types are involved at the level of the RVM and whether other forms of analgesia also rely on these excitatory and inhibitory inputs to the RVM. Finally, understanding the circuits and mechanisms mediating FCA will extend our knowledge on the interplay between emotional and pain systems.

METHODS

Subject details

We used either male C57BL6/J mice (Janvier), heterozygous or homozygous SST-IRES-Cre mice 

Behavioral apparatus

Fear conditioned analgesia task was performed in three different contexts (Figure 4a). Open field task was performed in a square plexiglass arena (36 x 36 x 25cm). A LED mounted on the top-right side of the arena signaled the start and end of different epochs for offline analyses. A video camera recorded from above the arena at 30 fps for offline video-tracking purposes.

Context

Real-Time Place Preference (RTPP) task was performed in a shuttlebox consisting of a plexiglass box (40 x 10 x 30 cm) with a floor grid, where a small plastic hurdle (1 cm height)

divided the arena into two equal compartments while infrared beams detection automatically monitored the mice shuttling between compartments (Imetronic). A video camera recorded from above the arena at 30 fps for offline video-tracking purposes. For both the open field and RTPP task, a free user video-tracking software (idTracker: Tracking individuals in a group by automatic identification of unmarked animals) together with in-house codes in Matlab (The MathWorks, Inc., Natick, MA, USA) were used to analyze each condition.

Behavioral paradigm

Fear conditioned analgesia WT Mice (n = 12) were habituated to the context and tones (Day 1). Four white-noise (CS ) and four 7.5 kHz (CS ) tones were presented sequentially and without US reinforcement. In Conditioning (Day 2), five CS and five CS were presented in an intermingled fashion. The CS presentations were paired with a mild foot-shock (US) at tone offset, whereas the CS was never reinforced. The retrieval session (Day 3) was done 24h after Conditioning and in the same context as the Habituation session. As in Habituation, four CS and four CS were presented sequentially and without US reinforcement (Figure 4a).

Since the focus of this study was the emotional modulation of pain sensitivity, it was compulsory to evaluate the associative fear levels before measuring its impact on pain sensitivity. Two indices were computed: the discrimination index (DI), to assess the level of discrimination between CS and CS , and the conditioning index (CI), which indicated the level of freezing to the tone predicting the US. These indexes were calculated as follows: and CI = DI × (Freezing to CS ). Based on preliminary data, mice were only submitted to the HP test if DI ≥ 0.4 & CI ≥ 0.3. Mice that did not fit the criteria were conditioned a second time. There was a minimum time interval of 2 h between the retrieval and the HP test.

The HP test consisted of two trials, one trial where the CS was presented (HP_CS ) and another where the CS was presented (HP_CS ). The two trials were counterbalanced within group. The testing surface was set at 30 °C (Supplementary Figure 1d), and after a 60 s acclimatization period, its temperature gradually increased at a rate of 6 °C per minute (HP There was a minimum of 30 min interval between the two trials for each mouse, during which mice returned to their home cage.

-

Freezing levels during the HP test were manually scored offline. Three periods for the HP freezing were defined: i. baseline period, 30 s before the CS onset; ii. early period, first 30 s of CS presentation; iii. late period, 30 before CS offset (Supplementary Figure 1d). Freezing scoring was calculated using the videos from the infrared digital thermographic camera. The nature of the trial was blinded to the researcher.

Extinction training

On Day 3 and4, mice (n =10 

Stability training

The first three days consisted of the classical FCA paradigm. On Day 4, mice (n = 10) repeated the protocol applied on Day 3 (Supplementary Figure 3a). All mice that passed the fear conditioning criteria (DI ≥ 0.4 & CI ≥ 0.3) on Day 3 were kept for the following day, independent of their level of Conditioning on Day 4.

Vasoconstriction assay

To determine if vasoconstriction was a confound of the HP test outcomes, we used a modified version of the FCA paradigm (Supplementary Figure 3f). During the HP test (n = 13), the temperature was not gradually increased but maintained at 30 °C while CSs were presented.

The tones (CS or CS ) were presented for 120 s, and mice were kept for an additional 50 s before the HP trial terminated. Offline, with the infrared videos, mice back and tail were measured at 30 s intervals. For each measuring point, the temperature of three spots of the two body part was averaged to create the body temperature for the back and tail for a given time point and mouse.

Basal nociception assay

Naïve mice (n = 10) were submitted to the HP test (Supplementary Figure 2a, left panel). Each mouse underwent two identical trials. The HP test was identical to the one described in the FCA paradigm, except no tones were presented. There was a minimum of 30 min interval between the two trials, during which mice returned to a restful state on their home cage.

Tone-specific nociception assay

Naïve mice (n = 12) were submitted to the HP test without auditory fear conditioning

(Supplementary Figure 2a, middle panel). Each animal underwent two trials, one trial with a 7.5 kHz tone presentation and another with a WN tone presentation. The tone presentation was counterbalanced. The HP test parameters were identical to the one described for the FCA except that both tones were unconditioned.

Conditioning-specific nociception assay

Mice (n = 7) were submitted to the classical FCA paradigm with one exception: on Day 3 during the HP test, no CSs were presented (Supplementary Figure 2a, right panel). Mice were submitted to two identical HP trials.

Open Field assay

This test was used to determine the effect of optogenetic stimulation on locomotion.

Therefore, only mice from optogenetic experiments were submitted to this assay. Mice could freely move during the entire test. The locomotion assay had a total duration of 9 min and was divided into 3 min epochs. The first and third epochs were OFF periods in which no optical stimulation occurred. During the second epoch, mice received optical stimulation (ON period).

The optogenetic stimulation effect was analyzed by comparing the overall distance traveled between the OFF and ON epochs (Supplementary Figure 5c,d). Mice injected with GFP were used to test the effect of heat and light of the stimulation itself.

Real-time Place Preference assay

During the entire duration of the assay, mice could freely shuttle between the two compartments. Under a closed-loop stimulation, mice received photo-stimulation upon entry in one of the two compartments. The stimulated compartment was counterbalanced within the group. The optical stimulation effect was assessed by comparing the time spent in the stimulated compartment between the ChR2 and GFP groups (Supplementary Figure 5f).

Virus injections and optogenetics

For optogenetic manipulation of SST-Cre neurons in the vlPAG, 0.15-0.2 µL of either ChR2 For stimulation during the fear conditioning, two sets of experiments were performed in a sequential manner. First, the foot-shock US was replaced by the optical stimulation. Then, the US became the optical stimulation combined with the foot-shock (Supplementary Figure 7a).

For both conditions, the optogenetic stimulation started 5 s before and lasted until 5 s after CS offset. The same mice were used for both experiments. For the manipulations during the fear retrieval, there were 12 CS presentations divided into blocks of 4 CS . The optogenetic stimulation was paired with the second block of CS .

Fluorogold injection

An incision between one to two cm was made slightly caudal to the peak of the dorsal hump to expose the lumbar spinal region. The vertebra of interest was identified, and then a small incision was made between the tendons and the vertebral column on either side. The vertebra was then secured using spinal adaptor clamps, and all tissue was removed from the surface of the bone. Pulled borosilicate glass capillaries (Ringcaps, disposable capillary pipettes with ring mark, DURAN, Hirschmann Laborgeräte, Germany) was inserted in the space between 2 vertebrae and allow to microinject 50 nL of fluorogold 2% in the dorsal horn of the spinal cord on both sides.

In vivo electrophysiology

Mice were anesthetized with isoflurane 4% for induction then 1.5% maintenance. The experiment was started as soon as there was no longer any reflex. The colorectal temperature was kept at 37 °C with a heating blanket. Two metal clamps were used to set the animal spine in a stereotactic frame (M2E, France) for stability during electrophysiological recordings. Then, a laminectomy was performed at T13-L1 to expose the lumbar part of the spinal cord. The dura mater was carefully removed. A vaseline pool was formed around the exposed spinal segments to ensure that no drug was administered beyond the area of interest. Custom-made optical fibers were placed 1mm above the dorsal spinal cord for optogenetic manipulations.

C-fiber-evoked field potentials were recorded in the deep lamina of the DH (at a depth range of 250 and 500 µm) with borosilicate glass capillaries (2 MΩ, filled with NaCl 684 mM; Harvard Apparatus, Cambridge, MA, USA). Field potentials were recorded with an ISODAM-amplifier (low filter: 0.1Hz to high filter: 0.1 kHz; World Precision Instruments, USA) in response to electrical stimulation of the ipsilateral paw. Single unit recordings of WDR DH neurons were made with the same borosilicate glass capillaries mentioned above and placed in the dorsal part of the spinal cord. The criterion for selecting a neuron was the presence of an A-fiberevoked response (0-80 ms) followed by a C-fiber-evoked response (80-150 ms) to electrical stimulation of the ipsilateral sciatic nerve.

Trains (every 30 s) of electrical stimulation at two times the threshold for C-fibers were performed before, during, and after optogenetic stimulations with an optic fiber place above the recording site. Subthreshold stimulations were performed below the threshold for C-fiber and A-fiber, respectively. Windup was recorded by ten repetitive electrical stimulations at 1 Hz at two times the C-fibers threshold.

Histology analyses

Mice were administered a lethal dose of Exagon and underwent transcardial perfusions via the left ventricle with 4% w/v paraformaldehyde (PFA) in 0.1 M PB. Following dissection, brains were post-fixed for 24 h at 4°C in 4% PFA. Brain sections of 80 µm-thick were cut on a vibratome, mounted on gelatin-coated microscope slides, and dried. For verification of correct viral injections and optic fiber location, serial 80 µm-thick slices containing the regions of interest were mounted in VectaShield (Vector Laboratories) and were imaged using an 
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