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Introduction

The most common seafood poisoning worldwide, ciguatera fish poisoning (CFP), is caused by the consumption of fish contaminated with ciguatoxins (CTXs) [START_REF] Isbister | Neurotoxic marine poisoning[END_REF].

CFP is endemic in Caribbean, Asia-Pacific and Indian Ocean regions. The global incidence of this underreported disease is estimated to be 50,000-500,000 cases per year. Both incidence and geographic distribution of CFP are increasing due to climate changes [START_REF] Friedman | An Updated Review of Ciguatera Fish Poisoning: Clinical, Epidemiological, Environmental, and Public Health Management[END_REF][START_REF] Gingold | Ciguatera fish poisoning and climate change: analysis of National Poison Center Data in the United States, 2001-2011[END_REF]. The most distressing symptoms are sensory disorders, including peri-oral and acral paresthesia, cold dysesthesia and an intense pruritus. No specific treatments exist. These disturbances, which can reoccur or persist for several months after the toxic meal [START_REF] Bagnis | Clinical features on 12,890 cases of ciguatera (fish poisoning) in French Polynesia[END_REF][START_REF] Calvert | Treatment of ciguatera fish poisoning with amitriptyline and nifedipine[END_REF][START_REF] Chateau-Degat | Neurologic signs of ciguatera disease: evidence of their persistence[END_REF], are strongly suggestive of a neuropathic disease [START_REF] Cameron | The basis of the paradoxical disturbance of temperature perception in ciguatera poisoning[END_REF][START_REF] Misery | Neuropathic pruritus[END_REF][START_REF] Pearn | Neurology of ciguatera[END_REF][START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF].

The main primary molecular targets of CTXs are voltage-gated sodium channels (Nav) [START_REF] Bidard | Ciguatoxin is a novel type of Na+ channel toxin[END_REF]. The CFP sensory manifestations are highly likely due to Nav activation on the skin and visceral afferent nerve fibers [START_REF] Baumbauer | Implication de la nociception cutanée dans l'intoxination de type ciguatera[END_REF][START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF], whose neuronal somas are localized in the dorsal root or trigeminal ganglia. By binding to Nav, CTXs induce sodium influx at resting membrane potential, spontaneous and repetitive firing in excitable cells, i.e., hyperexcitability [START_REF] Benoit | Effects of ciguatoxin on current and voltage clamped frog myelinated nerve fibre[END_REF][START_REF] Inserra | Multiple sodium channel isoforms mediate the pathological effects of Pacific ciguatoxin-1[END_REF][START_REF] Strachan | Differential actions of pacific ciguatoxin-1 on sodium channel subtypes in mammalian sensory neurons[END_REF]). However, knowledge regarding the molecular events downstream of Nav activation is limited. The identification of such events could lead to the development of targeted therapeutics. In vitro models are particularly suitable for such investigation, especially since pure CTXs are poorly available.

We previously showed in a co-culture model of rat dorsal root ganglion (DRG) neurons and human epidermal keratinocytes (Le [START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF]) that Pacific ciguatoxin-2 (P-CTX-2) induces the release of substance P (SP) and calcitonin gene-related peptide (CGRP), two neuropeptides involved in neurogenic inflammation, itch and pain [START_REF] Levine | Peptides and the primary afferent nociceptor[END_REF][START_REF] Mccoy | Peptidergic CGRPα primary sensory neurons encode heat and itch and tonically suppress sensitivity to cold[END_REF][START_REF] Rogoz | Multimodal use of calcitonin gene-related peptide and substance P in itch and acute pain uncovered by the elimination of vesicular glutamate transporter 2 from transient receptor potential cation channel subfamily V member 1 neurons[END_REF][START_REF] Zegarska | Clinical and experimental aspects of cutaneous neurogenic inflammation[END_REF]. This is consistent with the reported CGRP release from mouse and rat skin, and neurogenic inflammation signs in human volunteers evoked by Pacific ciguatoxin-1 (P-CTX-1) following intracutaneous injection [START_REF] Touska | Ciguatoxins Evoke Potent CGRP Release by Activation of Voltage-Gated Sodium Channel Subtypes NaV1.9, NaV1.7 and NaV1.1[END_REF][START_REF] Zimmermann | Analgesic treatment of ciguatoxin-induced cold allodynia[END_REF], which were similar to CFP neuro-cutaneous disorders [START_REF] Bagnis | Clinical observations on 3,009 cases of ciguatera (fish poisoning) in the South Pacific[END_REF]. In mice, P-CTX-1-induced cold allodynia was shown to involve Nav1.8 activation in peptidergic sensory neurons, and 82% of the DRG neurons responding to Pacific-ciguatoxin-1 (P-CTX-1) were CGRP-positive [START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF].

These findings indicate that peptidergic neurons are major targets of CTXs and position the neuropeptide release from our neuron-keratinocyte co-culture model as a relevant in vitro endpoint for exploring the molecular processes leading to CFP sensory disturbances.

Here, using an optimized co-culture model, we studied the molecular mechanisms involved in P-CTX-2-induced release of SP. SP is a neuropeptide participating in itch [START_REF] Andoh | Substance P induction of itchassociated response mediated by cutaneous NK1 tachykinin receptors in mice[END_REF][START_REF] Azimi | Substance P activates Mas-related G protein-coupled receptors to induce itch[END_REF][START_REF] Ständer | Targeting the neurokinin receptor 1 with aprepitant: a novel antipruritic strategy[END_REF]) and pain [START_REF] Gautam | Role of neurokinin type 1 receptor in nociception at the periphery and the spinal level in the rat[END_REF][START_REF] Nichols | Transmission of chronic nociception by spinal neurons expressing the substance P receptor[END_REF]. At the peripheral level, both intra-epidermal nerve fibers and keratinocytes reportedly release SP [START_REF] Bae | Autocrine induction of substance P mRNA and peptide in cultured normal human keratinocytes[END_REF][START_REF] Tang | Activation of the neurokinin-1 receptor by substance P triggers the release of substance P from cultured adult rat dorsal root ganglion neurons[END_REF]). In the dorsal horn, SP released from afferent terminals contributes to the spinal transmission of pain and non-histaminergic itch [START_REF] Akiyama | Roles for substance P and gastrin-releasing peptide as neurotransmitters released by primary afferent pruriceptors[END_REF][START_REF] Carstens | Dorsal horn neurons expressing NK-1 receptors mediate scratching in rats[END_REF][START_REF] Nichols | Transmission of chronic nociception by spinal neurons expressing the substance P receptor[END_REF] and is a key factor of central sensitization, while CGRP potentiates its effects [START_REF] Gautam | Role of neurokinin type 1 receptor in nociception at the periphery and the spinal level in the rat[END_REF][START_REF] Seybold | The role of peptides in central sensitization[END_REF].

Interestingly, a large proportion of DRG peptidergic neurons expresses the protease-activated receptor-2 (PAR2) [START_REF] Steinhoff | Agonists of proteinase-activated receptor 2 induce inflammation by a neurogenic mechanism[END_REF], a G protein-coupled receptor (GPCR). In peptidergic neurons, PAR2 activation induces an increase in the intracellular free calcium concentration ([Ca 2+ ]i) and subsequent SP and CGRP release, which initiates neurogenic inflammation, leading to itch and pain [START_REF] Steinhoff | Proteinaseactivated receptor-2 mediates itch: a novel pathway for pruritus in human skin[END_REF][START_REF] Steinhoff | Agonists of proteinase-activated receptor 2 induce inflammation by a neurogenic mechanism[END_REF][START_REF] Vergnolle | Proteinase-activated receptor-2 and hyperalgesia: A novel pain pathway[END_REF]. PAR2 is also expressed in keratinocytes [START_REF] Steinhoff | Proteinase-activated receptor-2 in human skin: tissue distribution and activation of keratinocytes by mast cell tryptase[END_REF]). Among the endogenous PAR2-activating proteases, cathepsin S (Cat-S) elicits itch in mice and humans [START_REF] Chung | Cathepsin S acts via protease-activated receptor 2 to activate sensory neurons and induce itch-like behaviour[END_REF]Reddy et al. 2010), is involved in neuropathic pain [START_REF] Barclay | Role of the cysteine protease cathepsin S in neuropathic hyperalgesia[END_REF][START_REF] Clark | Inhibition of spinal microglial cathepsin S for the reversal of neuropathic pain[END_REF]) and is expressed by keratinocytes [START_REF] Schwarz | Cathepsin S activity is detectable in human keratinocytes and is selectively upregulated upon stimulation with interferon-gamma[END_REF].

The aim of this study was to explore Nav, PAR2 and Cat-S involvement in SP exocytosis elicited by P-CTX-2 in the co-culture. In addition, given the increasing evidence suggesting that keratinocytes play a direct role as sensory transducers [START_REF] Baumbauer | Implication de la nociception cutanée dans l'intoxination de type ciguatera[END_REF][START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF][START_REF] Pang | Selective keratinocyte stimulation is sufficient to evoke nociception in mice[END_REF][START_REF] Talagas | What about physical contacts between epidermal keratinocytes and sensory neurons?[END_REF][START_REF] Wilson | The epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to induce itch[END_REF][START_REF] Zhao | Voltage-gated sodium channel expression in rat and human epidermal keratinocytes: evidence for a role in pain[END_REF], we explored their contribution to the P-CTX-2-induced SP release in the co-culture. Furthermore, since [Ca 2+ ]i increase is a key factor for SP release [START_REF] Huang | Ca(2+)-dependent exocytosis in the somata of dorsal root ganglion neurons[END_REF][START_REF] Zupanc | Peptidergic transmission: from morphological correlates to functional implications[END_REF], we conducted single-cell Ca 2+ imaging experiments in sensory neurons and keratinocytes separately.

Results

Using single-cell Ca 2+ imaging in sensory neurons, we show that P-CTX-2 induced heterogeneous calcium responses, probably involving different neuron subpopulations. The calcium responses were nevertheless typically biphasic and long-lasting (Fig. 1), and can be broken down into three consecutive phases: 1) a first immediate acute and transient [Ca 2+ ]i increase, called the "first transient", which was rapidly but partially regulated; 2) a second rapid and more sustained [Ca 2+ ]i increase called the "second transient"; and 3) a long-lasting calcium "plateau" that was almost never fully regulated at the end of the recording period.

To study the temporal sequence of molecular events involved in this complex calcium signal, the inhibitory effect of specific pharmacological antagonists on the following two parameters was assessed during each phase of the calcium signal: 1) percentage of neurons responding to P-CTX-2 and 2) amplitude value of the associated Ca 2+ signal in responding cells. Both parameters were expressed as a percentage of those obtained in P-CTX-2 alone. The antagonists included the potent specific PAR2 antagonist GB83 [START_REF] Barry | Novel agonists and antagonists for human protease activated receptor 2[END_REF] and TTX used at two concentrations: 100 µM, which antagonizes both TTX-resistant (TTX-r) and TTX-sensitive (TTX-s) Nav, and 300 nM, which inhibits only TTX-s Nav [START_REF] Dib-Hajj | NaN/Nav1.9: a sodium channel with unique properties[END_REF][START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF][START_REF] Roy | Differential properties of tetrodotoxin-sensitive and tetrodotoxin-resistant sodium channels in rat dorsal root ganglion neurons[END_REF]. The difference in the inhibitory effects between the µM and nM concentrations of TTX represents the contributory part of TTX-r Nav-dependent mechanisms.

TTX-s, TTX-r Nav and PAR2 critically drive the P-CTX-2-induced calcium response in

DRG neurons

The percentage of DRG neurons responding to 10 nM P-CTX-2 with the first transient (Fig. 2a) was significantly and equally reduced by 100 µM TTX (34.9 ± 13.4% of cells responding to P-CTX-2 alone) and 300 nM TTX (41.6 ± 12.5%). In the responding neurons, the average amplitude of the first transient (Fig. 2b) was significantly and equally decreased by micromolar (53.6 ± 8.0%) and nanomolar (47.8 ± 7.2%) concentrations of TTX. The inhibitory effects of the two concentrations did not significantly differ. GB83 was as efficient as TTX in decreasing both the percentage of responding cells (34.5 ± 10.5%; Fig. 2a) and the maximum amplitude (31.2 ± 4.2%; Fig. 2b) of the first calcium transient elicited.

The percentage of cells responding with a second transient was more greatly decreased by 100 µM TTX and GB83 (15.2 ± 8.8% and 16.7 ± 4.1%,respectively;Fig. 2c) than by 300 nM TTX (36.3 ± 14.8%). Similarly, 100 µM TTX and GB83 decreased more strikingly the maximum amplitude (reduced to 33.7 ± 3.5% and 27.2 ± 5.0%, respectively; Fig. 2d) than 300 nM TTX (reduced to 61.9 ± 16.1%). However, the difference in the inhibitory effects between the µM and nM concentrations of TTX was not statistically significant.

The long-lasting [Ca 2+ ]i increase (plateau) was abolished in virtually all analyzed cells pretreated with 100 µM TTX or GB83 (4.7 ± 3.1% and 7.9 ± 3.3% of responding neurons compared to P-CTX-2 alone, respectively; Fig. 2e). Three hundred nM TTX was again less effective (44.9 ± 18.7%), although the inhibitory effects of the µM and nM concentrations of TTX did not significantly differ. In the responding cells, the plateau amplitude (Fig. 2f) was significantly reduced to 50.1 ± 8.7% after GB83 pretreatment. The amplitude was equipotently, although non-significantly, reduced by 100 µM TTX (53.2 ± 1.3%) and poorly decreased by 300 nM TTX (84.8 ± 6.6%). Thus, our data show that both the early and subsequent phases of the calcium signal elicited by P-CTX-2 in DRG neurons are critically driven by TTX-s Nav-and PAR2-dependent mechanisms. TTX-r Nav-dependent mechanisms play an additional although non-significant role in the late stages of the calcium signal.

In human keratinocytes, P-CTX-2 evokes a marked calcium signal mediated by Nav and PAR2 activation

Keratinocytes are in contact with intra-epidermal free nerve endings. TTX-s, TTX-r Nav and PAR2 are expressed in keratinocytes and their activation in these cells can lead to sensory neuron activation to induce pain and itch [START_REF] D'andrea | Characterization of protease-activated receptor-2 immunoreactivity in normal human tissues[END_REF][START_REF] Steinhoff | Proteinase-activated receptor-2 in human skin: tissue distribution and activation of keratinocytes by mast cell tryptase[END_REF][START_REF] Wilson | The epithelial cell-derived atopic dermatitis cytokine TSLP activates neurons to induce itch[END_REF][START_REF] Zhao | Voltage-gated sodium channel expression in rat and human epidermal keratinocytes: evidence for a role in pain[END_REF]. PAR2 activation in keratinocytes induces [Ca 2+ ]i increase [START_REF] Maeda | Protease-activated receptor-2 induces proinflammatory cytokine and chemokine gene expression in canine keratinocytes[END_REF][START_REF] Steinhoff | Proteinase-activated receptor-2 in human skin: tissue distribution and activation of keratinocytes by mast cell tryptase[END_REF]. Thus, we also explored the direct effect of 10 nM P-CTX-2 in primary human epidermal keratinocytes using single-cell Ca 2+ imaging. The toxin induced a first low and slow [Ca 2+ ]i increase followed by a more marked and long-lasting [Ca 2+ ]i increase, which was not regulated and reached a plateau after approximately 45 min (Fig. 3a). The average amplitude of this plateau measured at 45 min (0.87 ± 0.1; Fig. 3b) was similar to the highest amplitude of calcium transients evoked in sensory neurons. In contrast to the DRG neurons, the whole population of keratinocytes from the same donnor displayed the same pattern of [Ca 2+ ]i changes in reponse to P-CTX-2. The calcium responses of primary keratinocytes provided from distinct donors, especially plateau amplitude levels (Fig. 3b), differed but were clearly biphasic in each case (Fig. 3a). The P-CTX-2 vehicle (methanol MeOH 0.05%) did not induce any changes in [Ca 2+ ]i. Keratinocyte treatment with the Nav opener veratridine (10 µM) induced an important [Ca 2+ ]i increase (data not shown), supporting the hypothesis that Nav opening can drive calcium signals in keratinocytes.

Pretreating the cells with Nav (100 µM TTX) or PAR2 (GB83) blockers largely prevented P-CTX-2-mediated calcium signal, decreasing the average amplitude by approximately 70% (to 0.34 ± 0.11 and 0.33 ± 0.08, respectively; Fig. 3b). These results indicate that P-CTX-2 can directly target human keratinocytes and that Nav and PAR2 play a key role in the calcium signal evoked in these cells.

In human keratinocytes and rat sensory neurons, P-CTX-2 and PbTx-1 induce a Navdependent PAR2 internalization

PAR2 activation by canonical agonists (e.g., trypsin) and activating peptides is followed by the cell internalization of the receptor via ß-arrestin-dependent endocytosis [START_REF] Defea | beta-arrestindependent endocytosis of proteinase-activated receptor 2 is required for intracellular targeting of activated ERK1/2[END_REF][START_REF] Déry | Trafficking of proteinaseactivated receptor-2 and beta-arrestin-1 tagged with green fluorescent protein. beta-Arrestin-dependent endocytosis of a proteinase receptor[END_REF][START_REF] Maeda | Protease-activated receptor-2 induces proinflammatory cytokine and chemokine gene expression in canine keratinocytes[END_REF]. To confirm the ability of P-CTX-2 to activate PAR2 in human keratinocytes, we performed confocal imaging experiments to localize PAR2 in cells after P-CTX-2 exposure. We show that P-CTX-2 (10 nM; Fig. 3c) and its functional analog brevetoxin-1 (PbTx-1, 1 µM; Fig. 3d) [START_REF] Dechraoui | Ciguatoxins and brevetoxins, neurotoxic polyether compounds active on sodium channels[END_REF][START_REF] Gawley | Binding of brevetoxins and ciguatoxin to the voltage-sensitive sodium channel and conformational analysis of brevetoxin B[END_REF] induced PAR2 internalization. Although keratinocytes are non-excitable cells and supposedly weakly express Nav, these results suggest that Nav activation by P-CTX-2 (10 nM) and PbTx-1 (1 µM) was sufficient to induce PAR2 activation in these cells.

As shown in Fig. 3i and Fig. 3j, both Nav-activating toxins were also able to significantly decrease membrane PAR2 expression in DRG neurons (to 42.3 ± 7.9 by P-CTX-2 and 73.5 ± 1.7 by PbTx-1, compared to their respective control values). Pretreatment with 100 µM TTX significantly and totally prevented the partial PAR2 internalization induced by P-CTX-2 and PbTx-1 (92.7 ± 1.3 and 95.3 ± 4.9 of the control values, respectively). Collectively, these data provide further evidence supporting that P-CTX-2 induces PAR2 activation and demonstrate that this occurs through mechanism(s) depending on Nav activation.

Keratinocytes are full-fledged actors in P-CTX-2-induced SP release in the co-culture

In this study, we refined our prototypical co-culture model of DRG neurons and primary keratinocytes (Le [START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF] as described in Supplementary Material to optimize the P-CTX-2-induced SP release. Our results show that the P-CTX-2-induced SP levels released in the optimized co-culture (561.7 ± 97.4 pg/mL) were 8-fold higher than those released in the prototypical model (67.9 ± 22.5 pg/mL; Fig. 4a).

Given our finding that P-CTX-2 induces calcium signal in keratinocytes, we investigated whether monocultured keratinocytes could release SP in response to P-CTX-2 and assessed the role of keratinocytes in the P-CTX-2-elicited SP release in the co-culture. Thus, we compared the sum of the SP levels released from independent DRG neuron and keratinocyte monocultures with the SP levels released in the co-culture. Keratinocyte monocultures released very low amounts of SP in response to 90-min exposure to 10 nM P-CTX-2 (Fig. 4b; not significant versus MeOH 0.05%, data not shown). However, the SP levels released in the co-culture were 6-fold higher (598.4 ± 223.3%) than those released in both monocultures, i.e., mainly in the sensory neuron monocultures, following P-CTX-2 exposure. These results suggest that, although keratinocytes in monoculture do not release significant amounts of SP in response to P-CTX-2, they exert a pronounced synergistic effect on the P-CTX-2-evoked SP release in the co-culture.

Nav, PAR2 and Cat-S are molecular effectors of P-CTX-2-elicited SP release in the coculture Co-culture pretreatment with 100 µM TTX exerted a significantly greater inhibitory effect than 300 nM TTX on the P-CTX-2-induced SP release (reduced to 29.3 ± 7.3% and 53.1 ± 11.3%, respectively; Fig. 4c). Blocking TTX-s Nav prevented about half of the release and the additional blockade of TTX-r Nav resulted in significant additional 23.8% inhibition. GB83 had a striking effect and reduced the release to 15.0 ± 7.9%. These findings indicate that both types of Nav and PAR2 play a major role in the P-CTX-2-induced SP release in the co-culture.

Because the non-protein P-CTX-2 is unlikely to have direct proteolytic activity, we hypothesized that its PAR2 activatory effect is indirect and involves the activity of endogenous PAR2-activating proteases, especially cysteine proteases. Several cysteine proteases are well-known pruritogenic compounds that are able to induce a [Ca 2+ ]i increase through PAR2 activation [START_REF] Reddy | Cowhage-evoked itch is mediated by a novel cysteine protease: a ligand of protease-activated receptors[END_REF]Reddy and Lerner 2010). We especially focused on Cat-S, which is the only member of the lysosomal cathepsin family that remains active at extracellular pH [START_REF] Gillet | Voltage-gated Sodium Channel Activity Promotes Cysteine Cathepsin-dependent Invasiveness and Colony Growth of Human Cancer Cells[END_REF]. We used the broad-spectrum cysteine protease inhibitor E64 and the Cat-S specific antagonist Z-FL-COCHO. E64 significantly reduced (to 45.1 ± 8.2%) and Z-FL-COCHO almost completely abolished the P-CTX-2-elicited SP release (reduced to 13.1 ± 6.1%; Fig. 4c), suggesting that the cysteine protease Cat-S is critically involved in P-CTX-2-evoked SP release.

We confirmed this signaling component by enzymatic activity measurements in which 90-min exposure to P-CTX-2 (10 nM) or PbTx-1 (2 µM) induced a significant increase in the catalytic activity of Cat-S in the co-culture supernatant (148.9 ± 21.9% and 191.2 ± 33.3%, respectively; Fig. 4d). It should be noted that P-CTX-2 vehicle (MeOH 0.05%) induced a nonsignificant decrease in Cat-S activity compared to PbTx-1 vehicle (DMEM:DMEM/F12 1:1; data not shown). The total cathepsin activity measured in supernatants from co-cultures exposed to PbTx-1 (2 µM) was not significantly modified (data not shown). As shown in Fig. 4e, 90-min exposure to 10 nM P-CTX-2 significantly increased Cat-S activity in supernatants of monocultured keratinocytes (124.7 ± 51.7%) and DRG neurons (137.1 ± 38.7%).

Compared to the sum of Cat-S activity increase levels in monocultures of DRG neurons and keratinocytes (Fig. 4f), Cat-S activity increased level in the co-culture did not significantly differ (70.3 ± 14.7% of the sum), suggesting that keratinocytes exert no synergistic effect on Cat-S activity in the co-culture. Levels of increased Cat-S activity were far larger in supernatants of neuron than keratinocyte monocultures (92.1 ± 29.3 and 7.9 ± 2.4% of the summed levels, respectively), which positions DRG neurons and/or associated Schwann cells as the most likely major contributors to the increase in Cat-S activity in the coculture.

Discussion

TTX-s and TTX-r Nav are involved in the P-CTX-2-evoked calcium response and SP release in sensory neurons

As primary targets of CTXs, Nav supposedly initiate CTX-induced effects in sensory neurons as in other excitable cells. In addition to TTX-s Nav, sensory neurons specifically express TTX-r Nav [START_REF] Cummins | The roles of sodium channels in nociception: Implications for mechanisms of pain[END_REF], which are also affected by CTXs [START_REF] Inserra | Multiple sodium channel isoforms mediate the pathological effects of Pacific ciguatoxin-1[END_REF][START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF][START_REF] Strachan | Differential actions of pacific ciguatoxin-1 on sodium channel subtypes in mammalian sensory neurons[END_REF][START_REF] Touska | Ciguatoxins Evoke Potent CGRP Release by Activation of Voltage-Gated Sodium Channel Subtypes NaV1.9, NaV1.7 and NaV1.1[END_REF][START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF]). Among the Nav isoforms mainly expressed in DRG neurons, TTX-s Nav1.6 and Nav1.7 as well as TTX-r Nav1.8 and Nav1.9 are expressed in most intra-epidermal free nerve terminals (Persson et al. 2010). In mice, Nav1.6 and Nav1.7 have been shown to mediate P-CTX-1-induced spontaneous dermal pain and action potential firing induced in A-fibers, while Nav1.8 is clearly involved in that elicited in C-fibers and P-CTX-1-induced cold allodynia [START_REF] Inserra | Multiple sodium channel isoforms mediate the pathological effects of Pacific ciguatoxin-1[END_REF][START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF]. The Nav isotypes that mediate itch induced by CTXs remain to be identified.

In the present study, refinement of our prototypical co-culture model led to a 8-fold increase in P-CTX-2-elicited SP release, allowing for a better exploration of the mechanisms involved.

The increased external calcium concentration during P-CTX-2 exposure likely increased SP release (Le [START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF]. The contribution of other potential factors (increase in neurite density and/or expression of critical molecular actors, including Nav and PAR2) requires further investigations. In this model, our results confirm the significant involvement of TTX-r Nav and reveal the important role of TTX-s Nav in the P-CTX-2-elicited SP release in the coculture. These findings are consistent with the involvement of Nav1.9 and the combined activation of Nav1.7 and Nav1.1 in the P-CTX-1-induced CGRP release in mouse skin-nerve preparations [START_REF] Touska | Ciguatoxins Evoke Potent CGRP Release by Activation of Voltage-Gated Sodium Channel Subtypes NaV1.9, NaV1.7 and NaV1.1[END_REF].

In rat sensory neurons, P-CTX-2 induced a typical biphasic and sustained calcium response, which can be divided into three phases. Our separate analysis of the effects of antagonist pretreatment on each phase enabled us to show for the first time that among Nav, only TTX-s Nav drive the initiation of the calcium response, while TTX-r Nav-dependent mechanisms play an additional role in the prolongation of the calcium signal that likely leads to neuropeptide release. TTX-r Nav1.8 and Nav1.9 are slowly or even ultraslowly inactivated and Nav1.8 has a depolarized activation threshold [START_REF] Akopian | The tetrodotoxin-resistant sodium channel SNS has a specialized function in pain pathways[END_REF][START_REF] Dib-Hajj | NaV1.9: a sodium channel linked to human pain[END_REF]. However, these properties alone are unlikely to explain the late involvement of TTX-r Nav in the calcium signal elicited by P-CTX-2. Nav activation does not directly lead to [Ca 2+ ]i increase but initiates mechanisms that, in turn, induce [Ca 2+ ]i increase. Our results imply that the [Ca 2+ ]i increase initiated by TTX-r Nav-dependent mechanisms is delayed compared to that induced by TTX-s Nav-dependent events. Studies are currently underway to better understand this finding.

In response to P-CTX-2, keratinocytes exhibit an unexpected marked calcium signal and synergistically contribute to SP release in the co-culture Since CTXs are potent Nav-activating toxins, they are traditionally thought to target only excitable cells. However, CTXs have been shown to activate non-excitable cells expressing lower levels of Nav [START_REF] Pierre | Immune effects of the neurotoxins ciguatoxins and brevetoxins[END_REF]. Since human keratinocytes from healthy and painful skin express TTX-s and TTX-r Nav isoforms [START_REF] Zhao | Voltage-gated sodium channel expression in rat and human epidermal keratinocytes: evidence for a role in pain[END_REF], we investigated whether P-CTX-2 could directly target keratinocytes using single-cell Ca 2+ imaging experiments and whether these cells participate in the co-culture SP release. Keratinocytes displayed a marked and sustained calcium response to P-CTX-2, which maximum amplitude was similar to those of the calcium transients evoked in sensory neurons. These data identify, for the first time, keratinocytes as cellular targets of CTXs. Furthermore, we demonstrate that Nav and PAR2 mediate the P-CTX-2-elicited calcium signal in keratinocytes.

In the absence of sensory neurons, keratinocytes did not significantly release SP in response to P-CTX-2 at the time of our measurement. However, they exerted an obvious synergistic role in the P-CTX-2-induced SP release in the co-culture. The molecular basis of this synergistic effect could stem from a paracrine SP-evoked positive feedback through cross-talk between DRG neurons and keratinocytes. Both keratinocytes and sensory neurons express the SP neurokinin-1 receptor (NK1R) and can release SP in an autocrine manner [START_REF] Bae | Autocrine induction of substance P mRNA and peptide in cultured normal human keratinocytes[END_REF][START_REF] Tang | Activation of the neurokinin-1 receptor by substance P triggers the release of substance P from cultured adult rat dorsal root ganglion neurons[END_REF]. SP released from neurons could elicit SP release from keratinocytes as previously shown in other contexts [START_REF] Butler | Neuroepithelial control of mucosal inflammation in acute cystitis[END_REF]. Vice versa, keratinocyte mediators other than SP, including pro-inflammatory cytokines and nerve growth factor (NGF), could potentiate P-CTX-2-induced SP release from sensory neurons [START_REF] Wei | Keratinocyte expression of inflammatory mediators plays a crucial role in substance P-induced acute and chronic pain[END_REF].

P-CTX-2 Nav-dependently activates the GPCR PAR2 in sensory neurons and keratinocytes

Downstream Nav activation, effectors of the calcium signal induced by CTXs in sensory neurons remain poorly defined. Our results reveal that PAR2 crucially contributes to P-CTX-2-mediated (i) calcium signal in DRG neurons and keratinocytes; and (ii) neuropeptide release from co-cultured cells, as evidenced by the GB83 inhibitory effect on these responses. A second line of evidence supporting P-CTX-2-mediated PAR2 activation was provided by its ability to internalize PAR2 in keratinocytes and sensory neurons. PbTx-1 also induced PAR2 internalization in these cells, and TTX pretreatment prevented PAR2 internalization in sensory neurons. This indicates that PAR2 activation induced by the toxins occurs subsequently to Nav activation. Taken together, our findings demonstrate that P-CTX-2 Navdependently induces PAR2 activation, which leads to [Ca 2+ ]i increase in both DRG neurons and keratinocytes, and SP release in sensory neurons and the co-culture. Therefore, our results unveil, for the first time, that a GPCR, namely, PAR2, is a key signaling molecule in the CTX sensory effects. This finding is of major therapeutic interest for relieving CFP sensory disturbances. In mice, P-CTX-1-induced cold allodynia involves TRPA1 (transient receptor potential channel A1) sensitization to cold following Nav1.8 activation in peptidergic sensory neurons [START_REF] Vetter | Ciguatoxins activate specific cold pain pathways to elicit burning pain from cooling[END_REF]. Since PAR2 activation sensitizes TRP channels, including TRPA1 [START_REF] Gouin | TRPV1 and TRPA1 in cutaneous neurogenic and chronic inflammation: proinflammatory response induced by their activation and their sensitization[END_REF], PAR2 is a plausible molecular link between Nav and TRPA1 involved in cold hypersensitivity during CFP.

Cat-S as a molecular link between Nav and PAR2 activation elicited by P-CTX-2

The broad-spectrum cysteine protease inhibitor E64 significantly reduced the P-CTX-2elicited SP release in the co-culture, and the Cat-S specific antagonist Z-FL-COCHO almost abolished it. Virtually complete antagonistic effects were obtained with specific blockers of PAR2 and Cat-S. These results indicate that P-CTX-2-evoked SP release in the co-culture is predominantly mediated by PAR2 activation, which is exerted at least by Cat-S. Given that both E64 and Z-FL-COCHO are poorly cell-permeant [START_REF] Gillet | Voltage-gated Sodium Channel Activity Promotes Cysteine Cathepsin-dependent Invasiveness and Colony Growth of Human Cancer Cells[END_REF], their efficacy in preventing P-CTX-2-evoked SP release suggests that Cat-S exerts this effect by acting extracellularly. A second line of evidence supporting extracellular Cat-S activity involvement was provided by measurements of Cat-S activity in the co-culture supernatant. Cat-S activity was significantly increased by P-CTX-2 and PbTx-1, suggesting that this effect is achieved via a Nav-dependent mechanism. Collectively, our results suggest that, following Nav activation, at least Cat-S drives the P-CTX-2-induced PAR2 activation in DRG neurons and keratinocytes.

The events linking Nav activation to Cat-S activity increase remain to be elucidated. In P-CTX-1-treated mice, cathepsins L and S expression was up-regulated in blood [START_REF] Ryan | Transcriptional profiling of whole blood and serum protein analysis of mice exposed to the neurotoxin Pacific Ciguatoxin-1[END_REF]), while several serpins, which inhibit proteases, were markedly dysregulated in blood and brain [START_REF] Ryan | Gene expression profiling in brain of mice exposed to the marine neurotoxin ciguatoxin reveals an acute anti-inflammatory, neuroprotective response[END_REF][START_REF] Ryan | Transcriptional profiling of whole blood and serum protein analysis of mice exposed to the neurotoxin Pacific Ciguatoxin-1[END_REF]). In our study, the P-CTX-2-induced [Ca 2+ ]i increase associated with PAR2 activation occurred within minutes and is thus unlikely to result from gene expression modulation. Nav activity in tumor epithelial cells was demonstrated to lead to pericellular acidification that promotes Cat-S extracellular activity [START_REF] Gillet | Voltage-gated Sodium Channel Activity Promotes Cysteine Cathepsin-dependent Invasiveness and Colony Growth of Human Cancer Cells[END_REF]. Similarly, in our study, the increased Cat-S activity in the co-culture supernatant could stem from pericellular acidification following Nav activation induced by P-CTX-2 or PbTx-1. Within the nervous system, Cat-S is expressed mainly in microglial cells and macrophages and in low levels in DRG neurons [START_REF] Barclay | Role of the cysteine protease cathepsin S in neuropathic hyperalgesia[END_REF]). However, Cat-S and other cathepsins are up-regulated in sensory neuron axons and Schwann cells following nerve ligation or neurotoxic exposure [START_REF] Kubo | Analysis of genes induced in peripheral nerve after axotomy using cDNA microarrays[END_REF]Sahenk et al. 1990;Whitaker et al. 1983). Similarly, human keratinocytes can display a striking Cat-S activity after stimulation [START_REF] Schwarz | Cathepsin S activity is detectable in human keratinocytes and is selectively upregulated upon stimulation with interferon-gamma[END_REF]. Following P-CTX-2 exposure, Cat-S activity is increased in our co-culture model, which contains keratinocytes, DRG neurons and Schwann cells (Le [START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF], as well as in keratinocyte and DRG neuron monocultures. Our data suggest that DRG neurons and/or associated Schwann cells are the most likely major contributors to the increased Cat-S activity in the coculture. In addition to SP, the Cat-S-PAR2 pathway could participate in the synergistic role of keratinocytes in the P-CTX-2-evoked SP release in the co-culture. Cat-S from keratinocytes could potentiate PAR2 activation in co-cultured sensory neurons. Vice versa, Cat-S from neurons and/or Schwann cells could activate PAR2 in keratinocytes, which in turn may release neuronally active compounds. Our data suggest that Cat-S, PAR2 and SP are potential molecular mediators involved in communication between keratinocytes and sensory neurons following CTX exposure.

Conclusions

Our results identify Cat-S and PAR2 as new molecular mediators of the [Ca 2+ ]i increase and subsequent SP release induced by a CTX from co-cultured keratinocytes and sensory neurons.

Given that peptidergic neurons recently appeared as major players in CFP sensory disturbances, these findings suggest that Cat-S and PAR2 may be promising pharmacological targets for specifically relieving CFP sensory disorders. While CTXs primarily target neurons, we show that they can also directly target keratinocytes via Nav. Finally, these non-excitable cells can potentiate CTX-induced neuronal activation, suggesting neuro-epithelial communication following CTX exposure.

Materials and Methods

Detailed material and methods are described in Supplementary Material.

Rat sensory neurons and dissociated human epidermal keratinocytes were obtained and cocultured as previously described [START_REF] Gall-Ianotto | Characterization of the first coculture between human primary keratinocytes and the dorsal root ganglionderived neuronal cell line F-11[END_REF][START_REF] Garrec | Release of neuropeptides from a neuro-cutaneous co-culture model: A novel in vitro model for studying sensory effects of ciguatoxins[END_REF]) with some modifications. The monocultured or co-cultured cells were treated for 90 min with 10 nM P-CTX-2, 1-2 µM PbTx-1 (Latoxan, Valence, France) or their vehicle control. Single-cell Ca 2+ imaging experiments were performed in DRG neurons or keratinocytes as previously described [START_REF] Gouin | Major Role for TRPV1 and InsP3R in PAR2-Elicited Inflammatory Mediator Production in Differentiated Human Keratinocytes[END_REF]. SP levels were quantified in the supernatants as previously described [START_REF] Chéret | Influence of sensory neuropeptides on human cutaneous wound healing process[END_REF]. PAR2 internalization was examined in keratinocytes or DRG neurons treated with 10 nM P-CTX-2, 1 µM PbTx-1, 500 nM trypsin from bovine pancreas (as a PAR2 agonist) or their vehicle controls. The Cat-S and total catalytic activities in the coculture supernatants were determined fluorometrically by the hydrolysis of the specific substrate for Cat-S Ac-Lys-Gln-Lys-Leu-Arg-AMC trifluoroacetate salt and the unspecific substrate Z-Phe-Arg-AMC (Bachem, Bubendorf, Switzerland), respectively. The statistical analyses were conducted with GraphPad Prism 6.0 (San Diego, CA). The details are provided in the figure legends. The differences were considered statistically significant if the P value was < 0.05. Representative patterns of calcium signal responses evoked by P-CTX-2 (10 nM) in DRG neurons. Calcium response was decomposed into the "first transient", the "second transient", and the "plateau". The ΔF/F0 amplitude values of each phase were reported using the maximum ΔF/F0 for the first and second transients, and the average ΔF/F0 obtained between 35 and 40 min following the P-CTX-2 application for the plateau. Vehicle (MeOH 0.05%) had no effect on [Ca 2+ ]i. The neurons were considered to respond to P-CTX-2 if they exhibited a ΔF/F0 increase of at least 0.15, and two parameters were reported: percentages of cells responding to P-CTX-2 and amplitude values ≥ 0.15. Antagonist inhibitory effects on both parameters were assessed for each phase using normalized data; the average data obtained from independent repeated experiments with the application of P-CTX-2 alone were considered 100%. None of the antagonist pretreatments induced change in the keratinocyte cytosolic Ca 2+ concentration (data not shown). Statistical analysis was conducted using an ordinary one-way ANOVA followed by Dunnett post hoc test for multiple comparisons. In human keratinocytes and rat sensory neurons, P-CTX-2 and PbTx-1 induce a Nav-dependent PAR2 internalization.

Figure legends

Confocal laser-scanning micrographs of primary human epidermal keratinocytes following exposure to 10 nM P-CTX-2 (c), 1 µM PbTx-1 (d), 500 nM trypsin (as a positive control, e) or their vehicle controls, i.e., MeOH 0.05%, MeOH 0.1% or HCl 1 mM 0.05%, respectively (f, g and h) for 45 min at 37°C. After the treatment, the cells were fixed and immunolabelled before confocal imaging to localize PAR2 (red) as described in Materials and Methods. A DAPI staining was used to localize the nuclei (blue). Scale bar = 5 µm (c, e, f, g, h) or 10 µm (d). Membrane PAR2 expression in rat sensory neurons pretreated or not for 10 min with 100 µM TTX, and treated for 20 min with 10 nM P-CTX-2 (i) or 1 µM PbTx-1 (j) or their respective controls. Neurons were then fixed and immunolabelled as described in Materials and Methods. Normalized PAR2 levels expressed as the mean ± SEM were statistically analyzed using one-way ANOVA with Holm-Sidak as post hoc test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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