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Originally confined to the initiation of parturition and milk ejection after birth, the hypothalamic nonapeptide oxytocin (OT) is now recognized as a critical determinant of social behavior and emotional processing. It accounts for the modulation of sensory processing and pain perception as OT displays a potent analgesic effect mediated by OT receptors (OTRs) expressed in the peripheral and central nervous systems. In our chapter, we will first systemically analyze known efferent and afferent OT neuron projections, which form the anatomical basis for OT modulation of somatosensory and pain processing. Next, we will focus on the synergy of distinct types of OT neurons (e.g., magno-and parvocellular OT neurons) which efficiently control acute inflammatory pain perception. Finally, we will describe how OT signaling mechanisms in the spinal cord control nociception, as well as how OT is able to modulate emotional pain processing within the central amygdala. In the conclusions at the end of the chapter, we will formulate perspectives in the study of OT effects on pain anticipation and pain memory,

Introduction

Since the synthesis of oxytocin (OT) by the groups of Vincent du Vigneaud (du Vigneaud 1954(du Vigneaud -1955) ) and Roger Acher [START_REF] Acher | Chemistry of posterior-pituitary hormones[END_REF], OT has been classically described as a neurohormone, synthesized exclusively in the hypothalamic nuclei. OT binds to a single type of OTR [START_REF] Kimura | Structure and expression of a human oxytocin receptor[END_REF], expressed by myometrial cells of the uterine and myoepithelial cells of the mammary gland. Muscle contraction is then ensured by an intracellular Ca 2+ increase, triggered by the local production of inositol trisphosphate thanks to a G q protein coupling to phospholipase C.

In addition to its neurohormonal action on peripheral targets, OT acts as a neuromodulator in the central nervous system (CNS) and modulates a large number of brain functions, including social behaviors, emotions, and pain [START_REF] Lee | Oxytocin: the great facilitator of life[END_REF]; see also [START_REF] Bosch | Oxytocin and social relationships: from attachment to bond disruption[END_REF]. Despite the diverse behavioral effects of OT, we only start to understand the complexity of OTR-mediated intra-neuronal signaling (see [START_REF] Busnelli | Molecular basis of oxytocin receptor signalling in the brain: what we know and what we need to know[END_REF]. OTR are G-protein-coupled receptors which are capable of either increasing [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF][START_REF] Stoop | Neuromodulation by oxytocin and vasopressin[END_REF] or inhibiting [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF] neuronal excitability due to different mechanisms. One of these mechanisms is the dual OTR coupling to G q or G o /G i proteins [START_REF] Gravati | Dual modulation of inward rectifier potassium currents in olfactory neuronal cells by promiscuous G protein coupling of the oxytocin receptor[END_REF][START_REF] Busnelli | Functional selective oxytocin-derived agonists discriminate between individual G protein family subtypes[END_REF].

However, little is known about the intracellular OTR effectors and signaling pathways downstream of G protein activation and, in particular, about the effectors known to be relevant to neuronal cells and brain functions. One of the most important intracellular signaling pathways activated by OTRs is the mitogen-activated protein kinase (MAPK) cascade. Inga Neumann's team has demonstrated that OTR/MEK/ ERK signaling mediates OT anxiolytic effects [START_REF] Blume | Oxytocin reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic paraventricular nucleus[END_REF][START_REF] Jurek | Differential contribution of hypothalamic MAPK activity to anxiety-like behaviour in virgin and lactating rats[END_REF][START_REF] Van Den Burg | Oxytocin stimulates extracellular Ca2+ influx through TRPV2 channels in hypothalamic neurons to exert its anxiolytic effects[END_REF], which requires the influx of extracellular calcium through transient receptor potential vanilloid (TRPV) channels. In particular, OTR activation in hypothalamic neurons induces the release of G bg and PI3K activation, thus promoting the incorporation of TRPV channels in the plasma membrane and consequent calcium influx and MEK 1/2 phosphorylation (van den [START_REF] Van Den Burg | Oxytocin stimulates extracellular Ca2+ influx through TRPV2 channels in hypothalamic neurons to exert its anxiolytic effects[END_REF]. It is likely that Ca 2+ -activated calmodulin-dependent activation of the EGFR is involved in this process, but the cascade of the molecular players involved is still unknown [START_REF] Blume | Oxytocin reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic paraventricular nucleus[END_REF]. It is interesting to note that OTR activation has also been associated with the stimulation of ERK 1/2 activity in the superficial layers of the spinal cord, as well as the local increased production of analgesic neurosteroids (Juif et al. 2013). It is expected that OTRs activate other signaling pathways in neuronal (and glial) cells and progress in this area will certainly contribute to further advances in OT studies.

In particular, it would not be surprising to observe particular signaling cascades as a function of the brain-region function, including those involved in pain processing. Indeed, OT axonal projection and OTR expression were shown in several structures known to process the different components of "pain messages," such as the superficial layers of spinal cord, the medial amygdala, the periaqueductal gray matter, or the ventral tegmental area (Fig. 1).

As illustrated in Fig. 1, pain processing involves a large number of CNS structures and gives rise to an unpleasant emotion which can be defined as "an adaptive aversive experience with sensory, emotional, cognitive, and social components" [START_REF] Williams | Updating the definition of pain[END_REF]. To become a conscious sensation, nociceptive messages reach the cortical areas using various ascending tracts (spinothalamic, spinoreticular, and spino-parabrachio-amygdaloid tracts). Meanwhile, collaterals are sent to intermediate structures in the brainstem (rostroventral medulla and periaqueductal gray), the limbic system (amygdala), and the diencephalon (hypothalamus and thalamus). Processing of nociceptive messages by these structures is accompanied by the parallel recruitment of descending pain controls located in some cortical areas, hypothalamus, amygdala, and the brainstem. OT neurons are involved in this active process at hierarchically different levels, described in the section below.

Physiological and Behavioral Evidence

The role of OT in pain modulation has long been controversial. Although the doses and administration methods used could have been different in the available literature, an anti-nociceptive effect of OT has been clearly demonstrated in healthy rats [START_REF] Arletti | Influence of oxytocin on nociception and morphine antinociception[END_REF][START_REF] Lundeberg | Anti-nociceptive effects of oxytocin in rats and mice[END_REF][START_REF] Agren | The oxytocin antagonist 1-deamino-2-D-Tyr-(Oet)-4-Thr-8-Orn-oxytocin reverses the increase in the withdrawal response latency to thermal, but not mechanical nociceptive stimuli following oxytocin administration or massagelike stroking in rats[END_REF][START_REF] Petersson | Oxytocin increases nociceptive thresholds in a long-term perspective in female and male rats[END_REF]Juif and Poisbeau 2013) and in rodent models of inflammatory [START_REF] Petersson | Oxytocin decreases carrageenan induced inflammation in rats[END_REF][START_REF] Yu | Involvement of oxytocin in spinal antinociception in rats with inflammation[END_REF]Juif et al. 2013) or neuropathic pain [START_REF] Condes-Lara | Oxytocin actions on afferent evoked spinal cord neuronal activities in neuropathic but not in normal rats[END_REF][START_REF] Miranda-Cardenas | Oxytocin and electrical stimulation of the paraventricular hypothalamic nucleus produce antinociceptive effects that are reversed by an oxytocin antagonist[END_REF].

In healthy rat, systemic (i.p. or s.c.) or central injections (i.c.v. or intracisternally) of OT increases the nociceptive thresholds to observe an aversive behavior when rodents were submitted to noxious thermal or mechanical stimulation. In some studies, these effects seemed to involve the endogenous opioid system as OT antinociception was completely or partially blocked by the administration of on the right describes the cortical amygdala and thalamic regions of rodents innervated by OT fibers and the corresponding expression of OT receptors, if available. Text in red indicates that OT receptor expression has been confirmed in human samples. LC locus coeruleus, PAG periaqueducal gray, PBN parabrachial nucleus, RVM rostroventral medulla, SRD subnuclear reticularis dorsalis, HDB horizontal limb of the diagonal band of Broca antagonists of opioid receptors [START_REF] Arletti | Influence of oxytocin on nociception and morphine antinociception[END_REF][START_REF] Petersson | Oxytocin increases nociceptive thresholds in a long-term perspective in female and male rats[END_REF][START_REF] Yu | Involvement of oxytocin in spinal antinociception in rats with inflammation[END_REF]. Recently, an antinociceptive effect of OT has been characterized after i.v. injection of OT in concentrations close to physiological (Juif and Poisbeau 2013).

The anti-nociceptive effect of OT was not only observed after application of exogenous OT. Several studies in rodents suggested that the OT system could be considered as a "homeostatic" inhibitory control limiting the transmission of nociceptive messages [START_REF] Agren | The oxytocin antagonist 1-deamino-2-D-Tyr-(Oet)-4-Thr-8-Orn-oxytocin reverses the increase in the withdrawal response latency to thermal, but not mechanical nociceptive stimuli following oxytocin administration or massagelike stroking in rats[END_REF][START_REF] Lund | Repeated massage-like stimulation induces long-term effects on nociception: contribution of oxytocinergic mechanisms[END_REF][START_REF] Robinson | Oxytocin mediates stress-induced analgesia in adult mice[END_REF]. For example, electrical stimulation of the PVN significantly reduced pain symptoms in neuropathic rats [START_REF] Miranda-Cardenas | Oxytocin and electrical stimulation of the paraventricular hypothalamic nucleus produce antinociceptive effects that are reversed by an oxytocin antagonist[END_REF]). Using optogenetic stimulation of spinal cord projecting parvOT neurons, a selective reduction in the nociceptive action potential discharge was also observed in deep dorsal horn neurons [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF]. Finally, OT analgesia may also be obtained after stress, when OT concentration increases in the blood [START_REF] Robinson | Oxytocin mediates stress-induced analgesia in adult mice[END_REF]Juif and Poisbeau 2013).

OT Neurons Involved in the Modulation of Pain

Magnocellular OT Neurons

The central OT system in humans consists of about 35,000 neurons [START_REF] Morton | A quantitative analysis of the normal neuron population of the hypothalamic magnocellular nuclei in man and of their projections to the neurohypophysis[END_REF][START_REF] Wierda | Oxytocin cell number in the human paraventricular nucleus remains constant with aging and in Alzheimer's disease[END_REF], corresponding to around 8,000 neurons in rats [START_REF] Rhodes | Immunohistochemical analysis of magnocellular elements in rat hypothalamus: distribution and numbers of cells containing neurophysin, oxytocin, and vasopressin[END_REF]. Most OT producing neurons are located in the paraventricular (PVN), supraoptic (SON), and accessory nuclei and are large cells (20-30 mm in diameter). They are referred to as "magnocellular neurons" (magnOT; Fig. 2) and project to the posterior pituitary through which they release OT into the systemic blood circulation [START_REF] Armstrong | Morphological and electrophysiological classification of hypothalamic supraoptic neurons[END_REF][START_REF] Burbach | Gene regulation in the magnocellular hypothalamo-neurohypophysial system[END_REF]. Over decades, the magnOT neurons were the main focus of researchers as the main source of plasma OT, which induces constriction of smooth muscle cells in uterus and myoepithelial cells in mammary glands to elicit labor and milk let-down, respectively [START_REF] Leng | 60 years of neuroendocrinology: the posterior pituitary, from Geoffrey Harris to our present understanding[END_REF]. However, very recently it was demonstrated that magnOT neurons, in addition to their projections to the posterior pituitary, also send the collaterals to vast majority forebrain regions to modulate brain-region specific behavior as fear expression [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]) and the processing of social olfactory signals [START_REF] Oettl | Oxytocin enhances social recognition by modulating cortical control of early olfactory processing[END_REF]. Furthermore, magnOT neurons project to various forebrain regions receiving somatosensory and pain signals.

Parvocellular OT Neurons

Although magnOT neurons remain the primary subject of studies, Sawchenko and Swanson in the early 1980s demonstrated the existence of another population of OT neurons in the PVN, smaller than magnOT neurons, with a different shape of cell body and -most importantly -with projections to the spinal cord and several brain stem nuclei instead of projections to the posterior pituitary [START_REF] Sawchenko | Immunohistochemical identification of neurons in the paraventricular nucleus of the hypothalamus that project to the medulla or to the spinal cord in the rat[END_REF]). These cells were named "parvocellular or pre-autonomic neurons" (parvOT; Fig. 2), but were only sporadically studied due to their small number (total number is not counted so far) and difficulties with their identification, as they do not occupy a clearly boarded position in the PVN, but intermingle with other cell types [START_REF] Swanson | Hypothalamic integration: organization of the paraventricular and supraoptic nuclei[END_REF]. However, studies on identified parvOT neurons have revealed that they are distinct not only in morphology and projection trajectories, but also in their electrophysiological characteristics: After injection of depolarizing currents in whole cell patch clamp configuration, parvOT neurons do not show the transient outward rectification that is typical for magnOT neurons [START_REF] Luther | Neurosecretory and non-neurosecretory parvocellular neurones of the hypothalamic paraventricular nucleus express distinct electrophysiological properties[END_REF][START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF].

Based on specific projections of parvOT neurons to the brainstem (rostro-ventral medulla, nucleus tractus solitarius, dorsal vagal complex, and nucleus phrenicus) and spinal cord (intermediolateral cell column), several reports have demonstrated their contribution to the regulation of autonomic functions that modulate cardiovascular responses, respiration, and gastric motility [START_REF] Geerling | Paraventricular hypothalamic nucleus: axonal projections to the brainstem[END_REF]). These different effects suggested an anatomical and functional diversity of OT neurons.

Most recently, we indeed demonstrated the existence of a specific subpopulation of about 30 parvOT neurons that project from the PVN to magnOT neurons in the ipsilateral and contralateral SON and, in addition, send axonal collaterals to sensory neurons of the spinal cord [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF]. The optogenetic stimulation of the axons of these parvOT within the SON elicited firing of magnOT neurons and caused a robust increase of OT release into the blood (van den [START_REF] Van Den Burg | Oxytocin stimulates extracellular Ca2+ influx through TRPV2 channels in hypothalamic neurons to exert its anxiolytic effects[END_REF]. This suggested a role of this particular group of parvOT neurons in the coordination of activity of magnOT neurons in various situations, including modulation of pain perception.

Circuits for Pain-Induced Activation of OT Neurons

Although it was reported that somatic and visceral pain activates OT neurons [START_REF] Ceccatelli | Expression of c-Fos immunoreactivity in transmitter-characterized neurons after stress[END_REF][START_REF] Wang | Proximal colon distension induces Fos expression in oxytocin-, vasopressin-, CRF-and catecholamines-containing neurons in rat brain[END_REF]; see also Fig. 3), there is very limited information on sensory projections onto OT neurons. Classical tracing studies with conventional anterograde tracer showed that neurons of the deep (II-X), but not superficial (I), layers of the spinal cord project to the caudo-dorsal part of the PVN [START_REF] Poisbeau | A comparative reappraisal of projections from the superficial laminae of the dorsal horn in the rat: the forebrain[END_REF], where parvOT neurons are located (Eliava et al. 3 OT neurons are activated by an acute pain. Left: merge; middle: c-fos (green); right: oxytocin (red). A repeated acute pain stimulation (tail immersion in 46 C for 30s, three times, under isoflurane anesthesia) activates a subset of OT neurons, suggesting that only a subpopulation of OT neurons may react to a nociceptive stimulus. This raise the question of the involvement of this particular nociceptive-sensible OT neurons in pain processing. Unpublished materials from Charlet and Grinevich 2016). In conjunction, two other anatomical studies have shown that the injection of wild-type rabies virus into the rat nipple resulted in the back-labeling of presumably parvOT neurons in the PVN [START_REF] Gerendai | Transneuronal labelling of nerve cells in the CNS of female rat from the mammary gland by viral tracing technique[END_REF][START_REF] Koves | Characterization of the autonomic innervation of mammary gland in lactating rats studied by retrograde transynaptic virus labeling and immunohistochemistry[END_REF]). However, the use of multi-synaptically spreading rabies virus has precluded assessing whether spinal cord neurons that receive sensory information from nipples indeed directly terminate on parvOT neurons or whether they project indirectly [e.g., via brainstem nuclei, such as the nucleus tractus solitarius [START_REF] Affleck | The projection and synaptic organisation of NTS afferent connections with presympathetic neurons, GABA and nNOS neurons in the paraventricular nucleus of the hypothalamus[END_REF]]. At the same time, no direct projections to OT neurons from amygdalar, thalamic, and cortical regions, associated with somatosensation/nociception, have been reported. As well, there is no information about OT cell types (i.e. ParvOT vs. MagnOT neurons) predominantly activated by pain.

Supraspinal Structures Involved in Oxytocinergic Modulation of Pain

Pain is a ubiquitous experience in animals, described by the International Association for the Study of Pain (IASP) as "an unpleasant sensory and emotional experience associated with actual or potential tissue damage or described in terms of such damage." The pain pathways consist of an ascending one, which convey the nociceptive signals from the periphery to the central nervous system, and a descending pathway, which projects onto different elements of the pathways to either increase or decrease in nociception. The ensembles of involved structures are called the "pain matrix," which is affected by OT by combined peripheral and central mechanisms [START_REF] Poisbeau | Oxytocin and the modulation of pain experience: implications for chronic pain management[END_REF].

A decade ago, it was shown that central (i.c.v.) injection of OT can alleviate pain [START_REF] Yang | Central oxytocin enhances antinociception in the rat[END_REF]. More recently, it was reported that OT axons innervate structures of the "pain matrix" (Fig. 1) and OT was shown to have a pain-related effect via PAG [START_REF] Ge | Blockade effect of mu and kappa opioid antagonists on the antinociception induced by intra-periaqueductal grey injection of oxytocin in rats[END_REF], nucleus raphe magnus [START_REF] Wang | Antinociceptive role of oxytocin in the nucleus raphe magnus of rats, an involvement of mu-opioid receptor[END_REF], nucleus accumbens [START_REF] Gu | Involvement of opioid receptors in oxytocin-induced antinociception in the nucleus accumbens of rats[END_REF], and central amygdala [START_REF] Han | Involvement of oxytocin and its receptor in nociceptive modulation in the central nucleus of amygdala of rats[END_REF], while few evidences obtained in humans show oxytocin pain-related effects in the cortical areas [START_REF] Blume | Oxytocin reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic paraventricular nucleus[END_REF].

Cortex

Functional neuroimaging approaches in humans show a robust activation in the cortical structures of the pain matrix, mainly insula and sensorimotor regions, when subjects were asked to observe pain in others. As this activation was strongly reduced after intranasal OT, the authors conclude that OT may decrease empathy for pain [START_REF] Blume | Oxytocin reduces anxiety via ERK1/2 activation: local effect within the rat hypothalamic paraventricular nucleus[END_REF]. However, while OT fibers are highly present in a number of pain-related cortical regions [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]; Fig. 1) their putative analgesic role is still to be deciphered.

Central Amygdala

The central amygdala is a key component in the pain matrix that assigns emotional to salient external stimuli [START_REF] Sah | The amygdaloid complex: anatomy and physiology[END_REF] and is thus a key structure in the regulation of pain and its associated mood alterations [START_REF] Neugebauer | Forebrain pain mechanisms[END_REF]. Viviani and colleagues showed that OT responsive CeL interneurons can selectively gate different responses (to fear in this case) by acting on a subpopulation of projection neurons of the CeM [START_REF] Viviani | Oxytocin selectively gates fear responses through distinct outputs from the central amygdala[END_REF]. The physiological relevance of such regulation of CeA by OT was further tested. Using optogenetics to allow specific activation of the axons of OT neurons, Knobloch and colleagues showed that activation of OT axons in the CeL elicited the same responses in CeA GABAergic neurons as did exogenous applications, but revealed a further glutamatergic component in this response [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]. In a contextual fear conditioning paradigm, they could reduce freezing by optogenetic activation of OT axons in the CeL, demonstrating that the sparse OT fibers innervating the CeL are sufficient to elicit a drastic change in behavior in the rat [START_REF] Knobloch | Evoked axonal oxytocin release in the central amygdala attenuates fear response[END_REF]. Because of the strong link between pain and anxiety, as well as the known involvement of CeA in pain modulation, one can speculate about the important and complex analgesic function of OT release in this structure. Accordingly, Han and Yu demonstrated an analgesic effect of intra-CeA infusion of oxytocin [START_REF] Han | Involvement of oxytocin and its receptor in nociceptive modulation in the central nucleus of amygdala of rats[END_REF]). In the same supportive line of evidence, Neugebauer's lab recently published interesting results suggesting that the CeA OTR mediates some analgesic tone in an arthrisis pain model [START_REF] Cragg | Differential contributions of vasopressin V1A and oxytocin receptors in the amygdala to pain-related behaviors in rats[END_REF].

PAG

The PAG and the rostral ventromedial medulla are highly connected and are key centers of descending pain pathways [START_REF] Heinricher | Descending control of nociception: specificity, recruitment and plasticity[END_REF]). It has been shown that painful stimulations are able to elevate the OT content in the PAG (Yang et al. 2011a). In addition, intra-PAG injection of OT can increase mechanical nociceptive threshold in naı ¨ve rats (Yang et al. 2011b). However, as oxytocin at the concentrations used can bind both OTR and V1A-R, further experiments have to be conducted to determine both the involvement of OTR itself as well as of endogenous oxytocin in pain control through modification of PAG activity. Finally, the precise circuitry involved in such an antinociceptive effect is currently unknown, as are the potential analgesic effects of oxytocin in a painful situation.

Raphe Nuclei

Raphe magnus has been reported as a potent target of the OT-mediated analgesic system, as direct infusion within the raphe magnus induces strong analgesia [START_REF] Wang | Antinociceptive role of oxytocin in the nucleus raphe magnus of rats, an involvement of mu-opioid receptor[END_REF]. Interestingly, the serotoninergic system is also involved in OT pain modulation and indeed the raphe nuclei shows increase in c-fos after PVN stimulation known to induce anti-nociception in SC [START_REF] Condes-Lara | Hypothalamic paraventricular nucleus stimulation enhances c-Fos expression in spinal and supraspinal structures related to pain modulation[END_REF]. Serotonin intrathecal injection mimics the OT effect and can potentiate its anti/nociceptive effect if administrated together. In addition, OT injection in the raphe magnus also reduces anxiety [START_REF] Yoshida | Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in serotonergic neurons in mice[END_REF]. This is of particular interest because pain is a complex feeling, involving both somatosensory and emotional components. In humans, intranasal OT administration resulted in a decrease of anxiety and improved trust [START_REF] Heinrichs | Social support and oxytocin interact to suppress cortisol and subjective responses to psychosocial stress[END_REF][START_REF] Kirsch | Oxytocin modulates neural circuitry for social cognition and fear in humans[END_REF]. As chronic pain is linked to the development of anxio-depressive symptoms [START_REF] Asmundson | Understanding the co-occurrence of anxiety disorders and chronic pain: state-of-the-art[END_REF] and knowing the various effects of central and peripheral OT on both, some crucial therapies might emerge through a better comprehension of the OT system in the CNS.

Nucleus Accumbens

A striking example of the dramatic role induced by a subtle change in OT signaling is well illustrated in the nucleus accumbens. Indeed, changes of OTR expression on reproductive/social behavior drives the variation in OTR expression in the nucleus accumbens of voles, making them either monogamous (prairie voles, more OT-binding) or polygamous (mountain voles, less OT-binding) [START_REF] Insel | Oxytocin receptor distribution reflects social organization in monogamous and polygamous voles[END_REF]. Interestingly, Gu and Yu suggested a dose-dependent antinociceptive action of OT when directly infused in the nucleus accumbens [START_REF] Gu | Involvement of opioid receptors in oxytocin-induced antinociception in the nucleus accumbens of rats[END_REF]. While this mechanism of action is still unclear regarding which receptor it activates or which pathways it recruits, this data is very interesting in the view of the physiological and rhythmic variability of OTR expression, as exemplified by Insel and Shapiro.

Spinal Structures Involved in Oxytocinergic Modulation of Nociception

Oxytocinergic Modulation of Spinal Network

The spinal cord is one of the CNS regions where there is a perfect overlap between the oxytocinergic axonal innervation and OT binding sites (Fig. 4). ParvOT project their axons in areas of the spinal cord known to process nociceptive and non-nociceptive somatic (layer I, II) and visceral informations (layer X, spinal lateral nucleus). Projection areas are also located in the intermediate spinal cord gray matter, i.e., specifically those processing sympathetic (intermedio-lateral columns (ilc) and intermedio-median autonomous area (ima) around the central canal) and parasympathetic autonomic formations (e.g., sacral parasympathetic nucleus). As illustrated in Fig. 4, these areas perfectly overlap with OT binding sites detected by histoautoradiography [START_REF] Reiter | Localization of oxytocin binding sites in the thoracic and upper lumbar spinal cord of the adult and postnatal rat: a histoautoradiographic study[END_REF][START_REF] Veronneau-Longueville | Oxytocinergic innervation of autonomic nuclei controlling penile erection in the rat[END_REF][START_REF] Uhl-Bronner | Sexually dimorphic expression of oxytocin binding sites in forebrain and spinal cord of the rat[END_REF].

OT innervation in rats is particularly abundant around the thoracic and lumbar segments. In agreement, radioimmunoassay revealed that OT spinal content was also significantly higher in these particular spinal segments (Juif et al. 2013). Finally, the density of OT binding in superficial layers I and II of the lumbar segments was significantly higher in L4 and L6 compared to the others, when quantified by autoradiography. Together, these data provide an anatomical support for a direct modulation of spinal cord neurons by parvOT neurons, possibly affecting nociceptive and autonomic processing. It is interesting to note that OTergic synapses in the superficial layers could be visualized in electron microscopy (Rousselot ), although no information was given on the neurochemical nature of the postsynaptic neurons. Electrophysiological experiments revealed that OT-sensitive neurons could be of glutamatergic nature. A presynaptic excitation of glutamatergic transmission was found after infusion of OT in primary cultures of layer I-III rat spinal cord neurons [START_REF] Jo | Oxytocin modulates glutamatergic synaptic transmission between cultured neonatal spinal cord dorsal horn neurons[END_REF]. OT-activated spinal cord neurons, revealed by c-fos expression, were always non-GABAergic neurons in acute rat slices [START_REF] Breton | Oxytocin-induced antinociception in the spinal cord is mediated by a subpopulation of glutamatergic neurons in lamina I-II which amplify GABAergic inhibition[END_REF]. It was further shown that in lamina II, OTR activation reduces the firing of neurons exhibiting a depolarization-induced bursting firing pattern and has no effect on the single spike firing pattern cells [START_REF] Breton | Antinociceptive action of oxytocin involves inhibition of potassium channel currents in lamina II neurons of the rat spinal cord[END_REF]. Of importance, it seems that the AVP system is not involved in those effects of OT at the spinal level [START_REF] Rojas-Piloni | Oxytocin, but not vassopressin, modulates nociceptive responses in dorsal horn neurons[END_REF]. Those effects of exogenous OT can also be observed by stimulation of the descending OT projections from the PVN: while recording the nociceptive Aδ and C evoked discharge, Conde `s-Lara and colleagues demonstrated a reduction of the duration of such discharge by raw electrical stimulation of the PVN [START_REF] Condes-Lara | Paraventricular hypothalamic influences on spinal nociceptive processing[END_REF]; see also Fig. 5). In vivo studies by DeLaTorre and colleagues further showed that exogenous OT or endogenous OT released through PVN stimulation could reduce or prevent the LTP in spinal wide dynamic range neurons [START_REF] Delatorre | Paraventricular oxytocinergic hypothalamic prevention or interruption of long-term potentiation in dorsal horn nociceptive neurons: electrophysiological and behavioral evidence[END_REF]). The analgesic role of endogenous release of OT in the spinal cord was further demonstrated and extended to lamina X, imc and ima: about 30 parvOT neurons can both control magnOT-mediated OT blood release and directly target deep layer WDR neurons to ensure a coordinated and complementary effect of peripheral and central release of OT on nociception [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF]. Finally, these findings can be translated into human clinics as intrathecal OT injections successfully reduce both low-back [START_REF] Yang | Intrathecal administration of oxytocin induces analgesia in low back pain involving the endogenous opiate peptide system[END_REF]) and visceral [START_REF] Engle | Intrathecal oxytocin inhibits visceromotor reflex and spinal neuronal responses to noxious distention of the rat urinary bladder[END_REF] pain.

Interestingly, here the OT system seems to be in strong interaction with several others. For example, the long-lasting analgesia induced by OT is mediated by a strong neurosteroidogenesis, which leads to increase GABA A mediated inhibition in lamina II neurons (Juif et al. 2013). This model explains the transition from acute to chronic pain by potentiation (LTP) of nociceptive neurons after repeated noxious stimuli (or other mechanisms), which strengthen further the nociceptive signals. In addition, μ-opioid receptor seems to be involved in the OT-mediated analgesic effect as their blockade do partially block the effect of either OT application or PVN stimulation [START_REF] Miranda-Cardenas | Oxytocin and electrical stimulation of the paraventricular hypothalamic nucleus produce antinociceptive effects that are reversed by an oxytocin antagonist[END_REF][START_REF] Condes-Lara | Paraventricular hypothalamic oxytocinergic cells responding to noxious stimulation and projecting to the spinal dorsal horn represent a homeostatic analgesic mechanism[END_REF]). Similarly, another study showed the participation of mu and kappa opioid receptors in the antinociceptive effect of OT in an inflammatory pain model [START_REF] Yu | Involvement of oxytocin in spinal antinociception in rats with inflammation[END_REF].

Mechanisms for Spinal Antinociception

Neurons in the superficial layers of the dorsal horn spinal cord play a fundamental role in nociceptive processing, since they are the first relay for "nociceptive messages" transmitted by sensory afferent fibers type Aδ and C [START_REF] Poisbeau | Spinal cord mechanisms in acute and chronic pain states[END_REF]. They are also the target for descending controls including parvOT axonal terminals Unpublished materials from Juif and Poisbeau secreting OT. Using patch-clamp electrophysiology in spinal cord slice combined to c-fos expression, OT has been shown to excite a subpopulation of glutamatergic interneurons [START_REF] Breton | Oxytocin-induced antinociception in the spinal cord is mediated by a subpopulation of glutamatergic neurons in lamina I-II which amplify GABAergic inhibition[END_REF]. Interestingly, these OT-sensitive excitatory interneurons were apparently responsible for the recruitment of all GABAergic interneurons, thus inducing a general increase in inhibition in the superficial layers. In addition to a possible presynaptic inhibition on nociceptive primary afferent fibers, this mode of action of OT could be sufficient to explain the selective blockade of Aδ and C-type nociceptive messages. So far, it has been impossible to observe any calcium concentration increase in spinal cord neurons and the detailed mechanism of action is still not fully understood. In the short term, it seems that OTR activation can rapidly inhibit transient potassium current (I A ) and reduce the firing ability of some spinal cord neurons expressing this channel [START_REF] Breton | Antinociceptive action of oxytocin involves inhibition of potassium channel currents in lamina II neurons of the rat spinal cord[END_REF]. This reduction of neuronal firing is interesting since it will (1) contribute to the general decrease in interneuronal network ongoing activity without affecting the amplified inhibitory synaptic activity and, (2) reduce (or prevent) the integration of nociceptive messages by projection neurons located in lamina I and V (deep layers). This hypothesis has been indeed verified while recording neurokinin 1 receptor (NK1R) positive wide dynamic range neurons in lamina V, exposed to OT [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF]). These NK1R neurons in lamina V could even express OTR, as shown in this study.

A remaining open question was related to a possible long-lasting analgesic effect of OT. In inflammatory pain states, OT content in the spinal cord remained elevated for several days (Juif et al. 2013). In this study, a novel mechanism has been proposed where OTR activation exerts a tonic activation of extracellular regulated kinases type and stimulates the production of the neuroactive neurosteroid allopregnanolone. Local increase in allopregnanolone concentration perfectly explained the persistence of an elevated inhibition mediated by prolonged GABAA receptor-mediated synaptic currents and reduction in membrane resistance due to tonic extrasynaptic GABAA receptor activation.

Conclusion

After more than two decades of work, there is nowadays a large number of studies supporting OT analgesic action in the central nervous system. For practical reasons, and also because the spinal cord contains second order neurons receiving peripheral "pain messages," spinal antinociception has been well characterized. Apart from its sensory component (i.e., nociception), pain is an emotion giving rise to robust aversive behaviors and long-lasting cognitive imprinting. Recent progress has been made by analyzing the role of OT in CNS structures processing emotion such as fear and anxiety. The benefits of OT in limiting fear expression and anxiety is undeniable and may contribute, for a large part, to the limitation of pain expression in physiological and pathological conditions. It is, however, unclear how, to what extent, and on which component OT can modulate pain expression at this stage. In particular, the role of OT on rewarding processes and memory reinforcement remains to be unraveled. This question is obviously a critical issue when considering labor pain and possibly other visceral pain conditions which are particularly difficult to treat.

The clinical interest of using OT as a painkiller in pathological pain states has then to be considered. Two studies are already available and have been highly discussed. The first one attempted to alleviate pain symptoms in fibromyalgic female patients and was inconclusive at a daily administration dose of 80 IU for 3 weeks [START_REF] Mameli | Oxytocin nasal spray in fibromyalgic patients[END_REF]). In the second study, two patients suffering from refractory cancer pain reported to have less pain symptoms after epidural injection of about 2 μg of OT [START_REF] Condes-Lara | Successful pain management with epidural oxytocin[END_REF]. Of course, these two studies are too preliminary to conclude. The future human studies with larger cohorts, pertinent administration procedures, and appropriate design will, for sure, be of significant interest to propose (or not) OT treatment to pain patients.

Among the remaining open questions, a subject is now appearing: a possible analgesic role of OT at the periphery. Indeed, it appears that some small diameter sensory neurons (i.e., C-type nociceptors) do express OT receptor [START_REF] Moreno-Lopez | Identification of oxytocin receptor in the dorsal horn and nociceptive dorsal root ganglion neurons[END_REF], explaining nicely antinociception observed after intravenous OT injection (Juif and Poisbeau 2013) or optogenetic-driven endogenous release from SON [START_REF] Eliava | A new population of parvocellular oxytocin neurons controlling magnocellular neuron activity and inflammatory pain processing[END_REF]. A similar conclusion was reached while studying the trigeminal ganglia in the context of migraine [START_REF] Tzabazis | Oxytocin receptor: expression in the trigeminal nociceptive system and potential role in the treatment of headache disorders[END_REF]. In addition to what has been already shown in the central nervous system, these recent results on peripheral OT receptor activation provide a great hope of therapeutic benefit for patients suffering from migraine and other primary headache disorders.

Fig. 1

 1 Fig. 1 Simplified diagram of major pain pathways and of key structures of the so-called "pain matrix." Ascending pathways are shown in red whereas descending pathways are shown in green. Structures highlighted have been shown to be innervated by OT fibers. Table on the right describes the cortical amygdala and thalamic regions of rodents innervated by OT fibers and the corresponding expression of OT receptors, if available. Text in red indicates that OT receptor expression has been confirmed in human samples. LC locus coeruleus, PAG periaqueducal gray, PBN parabrachial nucleus, RVM rostroventral medulla, SRD subnuclear reticularis dorsalis, HDB horizontal limb of the diagonal band of Broca

Fig. 2

 2 Fig. 2 Morphological and functional differences between magno-and parvocellular oxytocinergic neurons. (a) Parvocellular OT neuron. (b) Magnocellular neurons. Right traces: Current steps protocol starting from a hyperpolarizing current chosen to reach À100 mV (here 100 pA) followed by progressively more depolarizing current injections (upper trace). The representative changes in membrane potential for the parvOT and magnOT PVN neurons during the part of the current steps as indicated by the zoomed area are shown (lower traces). The ParvOT neurons (middle trace) do not display the transient outward rectification specific for the magnOT neurons (lower trace). From Eliava et al. (2016)

Fig.

  Fig.3OT neurons are activated by an acute pain. Left: merge; middle: c-fos (green); right: oxytocin (red). A repeated acute pain stimulation (tail immersion in 46 C for 30s, three times, under isoflurane anesthesia) activates a subset of OT neurons, suggesting that only a subpopulation of OT neurons may react to a nociceptive stimulus. This raise the question of the involvement of this particular nociceptive-sensible OT neurons in pain processing. Unpublished materials from Charlet and Grinevich

Fig. 4

 4 Fig. 4 Oxytocin in spinal cord. Immunohistochemistry of neurophysin I-(OT) immunoreactive axons in the spinal cord (left) and autoradiography of OT binding sites (right) using the radiolabeled selective antagonist dOVT-I 125 (right) illustrating the perfect overlap in the superficial layers (layer I-II), lateral corticospinal tractus (LCSp), intermedio-lateral (IML), and intermediomedial (IMM) nuclei and layer X. Adapted from Breton et al. (2008); unpublished materials from Charlet and Grinevich

Fig. 5

 5 Fig. 5 Representative example of a single unit extracellular recording of wide dynamic range spinal cord neurons in deep layers of the dorsal horn during repetitive electrical stimulation of hindpaw receptive field, before and after stimulation of paraventricular nuclei (PVN). In bottom insets are illustrated the cumulative number of action potentials recorded, originating from fast and slow conducting sensory afferent (A and C). Note that PVN stimulation specifically reduced Aδ and C discharges (and C-related postdischarges).
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