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In brief: Royal et al. demonstrate that migraine-associated frameshift mutations of TRESK, a twopore-domain K+ channel, lead to the production of a second protein fragment, which carries the pathophysiological function by inhibiting TREK1 and 2, due to a mechanism called frameshift mutation-induced Alternative Translation Initiation (fsATI).

LA DIVERSITÉ COMBINATOIRE DES CANAUX POTASSIQUES À DEUX DOMAINES PORE ET SON IMPLICATION DANS LA MIGRAINE

Résumé

Le maintien d'un potentiel de membrane de repos négatif est à la base de l'excitabilité neuronale. Ce potentiel négatif est généré par un courant de fuite de potassium induit par les canaux potassiques à deux domaines pore (K2P). Ils se sont révélés impliqués dans de nombreux mécanismes physiologiques et physiopathologiques tels que la dépression, la neuroprotection contre les ischémies, l'anesthésie, la migraine et la perception de la douleur. L'hétéromultimérisation est un mécanisme couramment utilisé dans la nature pour augmenter la diversité fonctionnelle des complexes protéiques. Par exemple, avec 15 gènes classés en 6 sous-familles, les canaux K2P pourraient générer 120 combinaisons et, en théorie, chacune d'elles possèderait des caractéristiques bien distinctes. Ici, nous avons d'abord étudié la capacité des membres de la même sous-famille K2P (sous-famille TREK) à s'assembler pour former des hétéromères fonctionnels dotés de nouvelles propriétés. En alliant l'optopharmacologie, une technique de précipitation de molécules uniques (SiMPull) et une technique de co-localisation à l'échelle de la molécule unique à la membrane plasmique, nous avons déterminé l'existence ainsi que la stoechiométrie des complexes créés entre TREK1, TREK2 et TRAAK. Nous avons caractérisé fonctionnellement les hétérodimères et avons constaté qu'ils formaient tous des canaux sélectifs au potassium rectifiant vers l'extérieur avec une sensibilité à la tension et aux pH variables. Ayant constaté que l'hétéromérisation est possible dans la même sous-famille, nous nous demandons si cela peut être fait entre membres de familles différentes et quelles pourraient en être les conséquences pathophysiologiques. Nous avons trouvé que TREK1 et TREK2 sont capable d'hétéromériser avec le canal plus distant TRESK, un canal K2P impliqué dans la migraine. Chez l'homme, la mutation TRESK-MT, une délétion de 2 paires de base (F139WfsX24) qui induit la formation de TRESK-MT1, un dominant négatif de TRESK, a été corrélé à la migraine. De manière surprenante, nous avons découvert que cette délétion induit un site alternatif de traduction (fsATI), menant à la formation d'un second fragment de TRESK, TRESK-MT2 qui s'assemble spécifiquement avec TREK1 et TREK2. Cet assemblage induit l'extinction des courants TREK, ce qui va augmenter l'excitabilité des neurones trijumeaux, une composante clé dans l'induction de la migraine, à l'origine du phénotype migraineux observé. Ensemble, ces résultats démontrent que l'hétéromérisation des canaux K2P n'est pas rare et doit être considérée pour comprendre leurs fonctions pathophysiologiques. Enfin, les analyses génétiques des mutations liées à des pathologies devraient désormais prendre en compte les fsATI.

Mots-clefs : canaux potassiques, hétéromérisation, SiMPull, migraine, fsATI

COMBINATORIAL DIVERSITY OF TWO-PORE-DOMAIN K+ CHANNELS AND ITS INVOLVEMENT IN MIGRAINE

Abstract

Maintenance of a negative resting membrane potential underlies the basis of neuronal excitability. This negative potential is generated by a potassium leak current mediated by two-pore-domain potassium channels (K2P). Over the years, they have been shown to be involved in many physiological and pathophysiological mechanisms such as depression, neuroprotection, anesthesia, migraine and pain perception.

Heteromultimerization is a mechanism commonly used to increase the functional diversity of protein complexes. For example, with 15 genes classified in 6 subfamilies, the K2P channel family can potentially generates 120 combinations and, in theory, each of them would show different functional properties. Here, we first investigated the ability of the members from the same K2P subfamily (TREK subfamily) to assemble and form functional heteromeric channels with novel properties. Using single molecule pulldown (SiMPull) from HEK cell lysates, subunit counting in the plasma membrane of living cells and opto-pharmacology, we show that the TREK channel members TREK1, TREK2, and TRAAK readily co-assemble. We functionally characterized the heterodimers and found that all combinations form outwardly rectifying potassiumselective channels but with variable voltage sensitivity and pH regulation. Having found that heteromerization is possible within the same subfamily we wonder if it can happen between members from different subfamilies with lower sequence homology and what could be the pathophysiological consequences. We found that TREK1 and TREK2 are able to heterodimerize with the distantly-related TRESK, a two-poredomain K + channel implicated in migraine. Notably, in humans, TRESK-MT, a 2 bp frameshift mutation (F139WfsX24), which induced the formation of TRESK-MT1 a dominant negative for TRESK, was found to perfectly segregate with typical migraine in a large pedigree. Strikingly, we found that the 2 bp frameshift mutation induced an alternative translation initiation (fsATI) which leads to the translation of a second TRESK fragment, termed TRESK-MT2. We show that by co-assembling with and inhibiting TREK1 and TREK2, TRESK-MT2 increases trigeminal sensory neuron excitability, a key component of migraine induction, leading to a migraine-like phenotype. Together these findings demonstrate that K2P heteromerization is not rare and needs to be considered to understand their pathophysiological functions and that genetic analysis of disease-related mutations should consider fsATI as a distinct class of mutations.
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Nevertheless, at this point, the molecular entities responsible for K + current through the membrane were not known. Ion channels are fundamental elements for the signalization in the nervous system. They generate electric signals in neurons, regulate neurotransmitters secretion and switch electric signals toward sensorial stimuli as nociceptive stimuli, to which neurons are submitted. Ion channels properties also are linked with long term modifications in signalization, at the origin of the nervous system plasticity.

During the last 40 years, new techniques such as electrophysiology, biochemistry and molecular biology made up a revolution in the study of these channels. In 1970, only few voltage sensitive ion channels were known, along with some neurotransmitters receptors. Nowadays the number of classified ion channels has been largely increased (more than 300). To understand the role of each of these channels in the body and more specifically in the nervous system, the study of their structure, their subcellular localization along with their electrophysiological and pharmacological properties is fundamental.

Nevertheless, among this diversity, principles have emerged. Thus, many channels are built on a same model, where they delimitate a central pore in which ions can get through the plasma membrane. Furthermore, we can sort these channels in families, in which we have a well describe model for the molecular structure and function.

The resting membrane potential

All prokaryote and eukaryote cells have plasma membranes. The plasma membrane (also known as the cell membrane) is the outermost cell surface, which separates the cell from the external environment. The plasma membrane is composed primarily of lipids, especially phospholipids, and proteins. The lipids occur in a bilayer.

We observe, for each eukaryotic cell at rest in our body, a resting membrane potential (RMP) which is negative. This RMP can be explained by the difference of the unequal distribution of ions across the membrane and the relative permeability for the different ions. K + concentration being more important inside the cell, the situation for Na + , Ca 2+ is opposite. These gradients of concentration, are due to a differential membrane permeability for the different ions and their passive transport by diffusion. Their movement is motivated by the concentration and also, as ion is a charged particle, by the existence of a transmembrane electric field. Thus, for each ion specie, the equilibrium condition will not be obtained by equalization of concentrations as it is the case in the simple diffusion of a neutral solute, but is obtained by an electrochemical gradient across the membrane. The membrane potential for the equilibrium of an ion is given by the Nernst equation. At rest the membrane is principally permeable to K + and therefore the RMP is close to Ek. This K + permeability at rest is due to K2P channels along with some other K + channels. Two-pore-domain potassium channels are leaky meaning they are opened at resting membrane potential and let the potassium to reach out of a cell. This leak current of potassium is maintained until the equilibrium state is reached (Ek).

This state is mandatory for the cellular health. In mammal, more than 80 genes have been found to encode for potassium channels. They are involved in a wide diversity of physiological functions and their dysfunction lead to many pathologies [START_REF] Shieh | Potassium Channels: Molecular Defects, Diseases, and Therapeutic Opportunities[END_REF]. These dysfunctions can either be genetically or acquired due to autoimmune diseases. The pathologies involving the ion channels are called channelopathies.

Potassium channels: structure and function

Potassium channels are ubiquitously expressed by nearly all kingdoms of life and provide a wide range of functions. The x-ray crystallographic structure of KcsA was the first prokaryotic potassium channel structure characterized [START_REF] Doyle | The structure of the potassium channel: molecular basis of K+ conduction and selectivity[END_REF].

Since, the mechanism of gating and functionality of potassium channels has been well studied. K + channels are made of transmembrane helices, anchoring the lipid bilayer, and pore domains. According to their structure (see Figure 1) and function, they are sorted in four major classes:

-The voltage-gated (Kv), and calcium-sensitive (KCa), made of either six or seven transmembrane domains,

the inwardly rectifying (Kir), with two transmembrane domains,

the two-pore-domain (K2P), made of four transmembrane domains. To be functional, potassium channels have to be associated in a complex of 2 or 4 subunits called alpha (α), forming the pore. This complex can be made of the same subunits, forming homomers, or of different subunits, called heteromers. Ancillary subunits, named beta (β), sometimes combine with the channel ( subunit) to change its biophysical properties.

These α-subunits possess a sequence called P loop, highly conserved among species and mandatory to form the selectivity filter of potassium channel. Four pore-forming domains comprise a pore through which the potassium moves. Intra and extracellular domains possess several regulation sites, which can play a role on the gating or the conductivity of the channel.

In this part I will first describe the general architecture of the pore, describe the different potassium channel families and give some explanation about their general gating and more precisely about K2P gating.

The pore

The ions move into a pore formed by four pore-forming domains which is conserved among the K + channels. Doyle et al. described in 1998 the structure of the poreforming domain of a K + channel from Streptomyces Lividans [START_REF] Doyle | The structure of the potassium channel: molecular basis of K+ conduction and selectivity[END_REF]. The pore forming domain consists of the outer helix, loop regions, pore helix, selectivity filter and inner helix. The inner and outer helixes represent the intern cavity. The pore helix (P) plays a structural role in the filter stabilization. The active site of K + channels is made of the selectivity filter (SF). This last is made of a conserved signature sequence TxGY/FG [START_REF] Heginbotham | Mutations in the K+ channel signature sequence[END_REF]. K + ions are conducted very efficiently in this selectivity filter, at near diffusion-limited rates (10 7 ions channel -1 .s -1 ) [START_REF] Kuang | Structure of potassium channels[END_REF]. K + channels are highly selective and more permeant for K + than sodium ions (1000 K + for 1 Na + ).

Selectivity and conductivity

The potassium enters into the central water-filled cavity (Sc) through the intracellular side via the helical bundle of KcsA channel (see Figure 2). Then passes the selectivity filter (SF) (from S4 to S1) to reach the extracellular entryway (S0 and Sext), following the electrochemical gradient. Hydration state of the potassium ions changes during these steps, going from hydrated in the Sc, dehydrated in the SF, to end-up hydrated in the Sext [START_REF] Doyle | The structure of the potassium channel: molecular basis of K+ conduction and selectivity[END_REF]. The filter has two states of occupation of its four potassium binding sites. The K + binding sites are formed by the carbonyl oxygens of the SF signature sequence TVGYG and the side chain of threonine. These four site are not all occupied at the same time by ions, indeed there would be alternation between a molecule of water and a K + ion. There are two conformations: 2,4 (S1/H2O, S2/K + , S3/H2O, S4/K + ) and the 1, 3 (S1/K + , S2/H2O, S3/K + , S4/H2O) (Figure 2b and 2c respectively). The conduction mechanism consists of a concerted exchange between the two configurations until the arrival of a third ion on one side of the filter, causing the output of a K + ions on the other side. This structure of the SF minimizes the transfer energy, thus maximizes ionic conduction velocity [START_REF] Bernèche | Energetics of ion conduction through the K + channel[END_REF]. This mechanism called knock-on, may not be the only one. In 2104, Kopfer et al proposed another conduction mode, the direct coulomb knock-on, where the ions would preferentially occupy S2 and S3, going out to the extracellular site when another ion arrives at S1 [START_REF] Köpfer | Ion permeation in K+ channels occurs by direct Coulomb knock-on[END_REF].

Selectivity could be explain by the tridimensional structure of this region. Hydrated ions or smaller ones cannot be well addressed into the channel. However, under physiological conditions, two K + ions residing in the SF prevent Na + ions conduction [START_REF] Valiyaveetil | Ion selectivity in a semisynthetic K+ channel locked in the conductive conformation[END_REF].

Voltage-gated potassium channels

The action potential generated by neurons involves several types of voltage-gated ion channels. Whereas voltage-gated sodium channels are opened for a short period followed by a quick inactivation, the voltage-gated potassium channels (Kv) are activated and remain open for a longer period [START_REF] Hodgkin | A quantitative description of membrane current and its application to conduction and excitation in nerve[END_REF].

The majority of Kv channels opens when the membrane is depolarized and closes when the membrane is hyperpolarized and inactivates for maintained depolarization.

They are made of 6 transmembrane domains and one P loop. To be functional, they need to form tetramers. All subunits possess a voltage sensitive domain (VSD, S1 to S4, S4 being the sensor). S5 and S6 delimitate the pore domain. S4 is composed by positively charged residues such as lysine or arginine every 3 amino acids, allowing a conversion of electric energy toward a mechanic one, rearranging S5 and S6 domains leading to the channel opening [START_REF] Mannuzzu | Direct physical measure of conformational rearrangement underlying potassium channel gating[END_REF].

Inactive at resting membrane potential, they will open when the activation threshold is reached during a depolarization. K + massive efflux will result in the repolarization of the membrane to the resting membrane potential.

The 40 mammalian members of this family are sorted in 12 subfamilies depending on their sequence homology.

2.a) Shaker TYPE

The first channel to have been cloned in Drosophila melanogaster by the Jan's lab [START_REF] Papazian | Cloning of genomic and complementary DNA from Shaker, a putative potassium channel gene from Drosophila[END_REF]. Its name is given by the loss of function of the gene KCNA1 coding for this protein, leading to a shaking phenotype in the fly's paw. In human they are encoded by 8 genes KCNA1-8 coding for the protein Kv1.1-8.

These channels have been found in the brain, the heart, the skeletal muscle, the lung, the retina and pancreas. They are sensitive to 4-aminopyridine (4-AP) and some toxins [START_REF] Browne | Episodic ataxia/myokymia syndrome is associated with point mutations in the human potassium channel gene[END_REF][START_REF] Gutman | International Union of Pharmacology. LIII. Nomenclature and molecular relationships of voltagegated potassium channels[END_REF][START_REF] Scheffer | Three novel KCNA1 mutations in episodic ataxia type I families[END_REF].

In sensory neurons of the trigeminal somatosensory system, Kv1.1 and Kv1.2 underlie the excitability brake current of cold thermoreceptor neurons. The slow-inactivating outward K + current produced by Kv1 is involved during the action potential phase of repolarization. It prevents the unspecific activation by cold. Mutations in the channel Kv1.1 [START_REF] Maylie | Episodic ataxia type 1 mutations in the human Kv1.1 potassium channel alter hKvbeta 1induced N-type inactivation[END_REF] give rise to truncated forms of the protein witch destabilize the open state and thus are associated to disease [START_REF] González | IKD Current in Cold Transduction and Damage-Triggered Cold Hypersensitivity[END_REF]. 

2.c) KCNQs

These five channels named Kv7.1-5 (or KCNQ1 to KCNQ5) are expressed in the brain, the heart, inner ear, skull muscle and pancreas. In neurons, they show a slow activation when associated with β-subunits and thus are involved in the fast after hyperpolarization phase, right after the action potential.

KCNQ channels are involved in pathologies affecting heart and brain. Mutations in the Kv7.1 channel, expressed in the heart results in a modification of the potassium current leading to long QT syndrome which is characterized by a prolonged QT interval, resulting in a heart beating abnormally and an increased risk of arrhythmias and sudden death.

2.d) Ether-a-gogo

As the Shaker family, this family was first discovered in drosophila mutants that showed a shaking phenotype in the paw, under ether anesthesia. They are three subfamilies, called eag (or Kv10.1-2), erg (for eag related gene or Kv11.1-3) and elk (for eag-like K + channels or Kv12.1-3). They produce a current with a slow activation.

In the heart and the brain, they are involved in the action potential repolarization. As KCNQ1, mutations in human erg channel Kv11.1 are involved in long QT syndrome, via its involvement in ventricular repolarization.

2.e) "Modifier" subunits

Four of the Kv families (Kv5, 6, 8, and 9) encode subunits that act as modifiers.

Although these do not produce functional channels on their own, they are able to assemble with Kv2 family subunits forming heterotetrameric channels with unique properties increasing the functional diversity within Kv2 channel family. They modulate the activation and/or inactivation phase of the channels.

2.f) Ancillary subunits and partners of Kv channels

A variety of other peptides has also been shown to associate with Kv tetramers and modify their properties, including several β subunits (which associate with Kv1 and Kv2 channels), KCHIP1 (Kv4), calmodulin (Kv10), and minK (Kv11).

2.g) Kca channels, activated by calcium

These tetrameric channels are activated by an intracellular increase of calcium concentration and voltage for some. This family can be divided in two distinct subfamilies. The first is made of BK channels, for big K + conductance [START_REF] Wei | Calcium sensitivity of BK-type KCa channels determined by a separable domain[END_REF] and the channels possess 7 TM. As Kv channels, the BK channels are voltagedependent. The second is made of 6 TM channels and is divided in SK channels (slow conductance) and IK channel for intermediate conductance, both insensitive to potential.

(1) BK channels

These channels are both calcium and voltage dependent. Each of the subunit is composed of 7 TM, with a S4 domain sensitive to potential, and another transmembrane domain called S0, making the N-terminus to be on the extracellular side. The calcium sensor is localized in the C-terminus and rely on hydrophobic negatively charged residues that bound the calcium [START_REF] Schreiber | A novel calcium-sensing domain in the BK channel[END_REF].

The calcium binding shifts the IV curve toward more hyperpolarized potential favoring BK activation [START_REF] Sun | Single-channel properties of BKtype calcium-activated potassium channels at a cholinergic presynaptic nerve terminal[END_REF].

BK channels are ubiquitous in the SNC and are involved in the rapid/medium phase of the hyperpolarization after an action potential. Their sensitivity to calcium involves them in many physiological functions notably in the nervous system, BK channels have been involved in neurotransmitter release [START_REF] Faber | Calcium-activated potassium channels: multiple contributions to neuronal function[END_REF].

Ancillary subunits

Most of the BK channels are associated with a β or γ subunits. β subunits are made of 2 transmembrane domains. Four different β subunits (β1-β4) have been cloned and identified in mammals. They act on the calcium and voltage sensitivity of the BK channels, as well as the activation and their pharmacology (see Figure 3 below).

In the nervous system, BK channels have been involved in neurotransmitter release.

In the cells where they are expressed, depending on the α and β subunit assembling, the resulting currents and functions will not be the same. In trigeminal ganglia, the combination of BK channel with β4 subunit modulates glutamate release, and CGRP release is inhibited by activation of this combined channels [START_REF] Samengo | Large conductance calcium-activated potassium channels: their expression and modulation of glutamate release from nerve terminals isolated from rat trigeminal caudal nucleus and cerebral cortex[END_REF].

The four γ subunits are encoded by LRRC genes and also play on biophysical and pharmacological properties of BK channels [START_REF] Yan | LRRC26 auxiliary protein allows BK channel activation at resting voltage without calcium[END_REF]. In testes, γ2 (LRRC52) increases BK current and is linked to fertility deficit [START_REF] Zeng | SLO3 auxiliary subunit LRRC52 controls gating of sperm KSPER currents and is critical for normal fertility[END_REF].

(2) SK channels SK channels or KCa2.1-3 possess a small conductance to potassium from where they have been named. They are made of 6 TM and one pore domain. Unlike BK channel, they are not voltage sensitive and do not directly interact with the calcium but are modulated by calmodulin that directly acts on the C-terminus domain [START_REF] Maylie | Small conductance Ca2+-activated K+ channels and calmodulin[END_REF].

They are expressed throughout the central nervous system. Their activation limit the firing frequency of action potential [START_REF] Faber | Functions of SK channels in central neurons[END_REF], playing a role in medium afterhyperpolarization following an action potential and in synaptic plasticity [START_REF] Stackman | Small Conductance Ca2+-Activated K+Channels Modulate Synaptic Plasticity and Memory Encoding[END_REF].

(3) IK channels IK or KCa3.1 channel (or SK4) for intermediate conductance is not sensitive to membrane potential. They share the same sensitivity to intracellular calcium concentration as SK channels via calmodulin biding in the C-terminus. In cancer types, this channel has been found to be important in cell proliferation [START_REF] Thurber | IK channel activation increases tumor growth and induces differential behavioral responses in two breast epithelial cell lines[END_REF].

Inwardly rectifying potassium channels

Kir channels have diverse physiological functions in the cell, depending on their type and location, and are modulated by various mediators, such as ions, phospholipids, and proteins binding (for revue see [START_REF] Hibino | Inwardly rectifying potassium channels: their structure, function, and physiological roles[END_REF]. The fifteen members can be divided into seven subfamilies based on their mediators and the properties of ion conduction. They have the ability to form in vivo homo or hetero tetramers. These seven subfamilies can be classified into four main groups:

-Classical Kir channels (Kir2.1-4) are constitutively activated, are involved for instance in cardiac myocytes where Kir2.1 and Kir2.2 heteromer stabilizes membrane potential close to Ek [START_REF] Zobel | Molecular dissection of the inward rectifier potassium current (IK1) in rabbit cardiomyocytes: evidence for heteromeric co-assembly of Kir2.1 and Kir2.2[END_REF].

-G protein-gated Kir (Kir3.1-4) are regulated by G-protein coupled receptors (GPCR). In the brain, GIRK channels expressed in hippocampal neurons will generate post-synaptic inhibitory potentials induced by GABAB receptor activation [START_REF] Lüscher | G proteincoupled inwardly rectifying K+ channels (GIRKs) mediate postsynaptic but not presynaptic transmitter actions in hippocampal neurons[END_REF] in concert with TREK channels (Sandoz et al., 2012).

-ATP-sensitive K + channels (Kir6.1-2), linked to cellular metabolism. KATP are inhibited by ATP, but in complex with sulfonylurea receptor in presence of ADP, they will be activated. They regulate the membrane potential of pancreatic β cells thus modulating insulin secretion [START_REF] Ashcroft | Electrophysiology of the pancreatic beta-cell[END_REF].

-K + transport channels (Kir1.1, Kir4.1-2, Kir5, and Kir7). Mostly expressed in the apical membrane of epitheliums where they are involved in Na + and K + homeostasis.

One characteristic of these channels is the inward rectification resulting from the pore block by the magnesium ion (Mg 2+ ) on the intracellular side for depolarized membrane potential (Figure 4). The same allosteric block is observed with polyamines. The rectification will be weaker or stronger depending on the expressed α subunit.

Another characteristic of these channels is their structure. Each subunit being made of two TM, they need to form tetramers to be functional. They can either homo-or heteromerize. My thesis project focused exclusively on K2P channels, especially TREK and TRESK subfamilies. I will develop extensively the properties and characteristics of these channels in the chapters following the chapter 5 "Gating".

Gating

Voltage dependent K + channels usually have three states: resting, activated, and inactivated. The channels are usually closed in the resting state, and opened after a stimulus activation, followed by turning to the nonconductive state.

There are three types of mechanisms in K + channels to describe the gating one for the activation and two for the inactivation.

Activation will rely on the intracellular helixes -the bundle crossing gating-, inactivation involves the selectivity filter -SF gating. The two gates will be coupled differentially in Kv channels and two-pore-domain potassium channels. A third mode of gating, N-type or ball-and-chain inactivation, reflects block of the open pore by a portion of the amino terminal of the same protein [START_REF] Loots | Protein Rearrangements Underlying Slow Inactivation of the Shaker K+ Channel[END_REF]. In fact, the blockage is caused by a "ball" of a N-terminal sequence which binds to the inner vestibule within the channel. This blockage causes inactivation of the channel by stopping the flow of ion.

This mechanism is responsible of the fast inactivation of KV channels and has not been reported in K2P channels.

(1) Bundle crossing gating

The voltage sensing for activation relies mainly on the membrane potential and is called the bundle-crossing gating. The voltage dependence of voltage-gated channels is mediated by the mobile charge-containing fourth transmembrane segment, S4, in the voltage sensor domain (VSD, S1 to S4 see the structure below Figure 5). When the channel is closed, there is a physical block by the inner helixes, prohibiting the ion to get through from the intracellular side [START_REF] Loots | Molecular coupling of S4 to a K(+) channel's slow inactivation gate[END_REF].

Following a depolarization, the positively-charged residues on the S4 domains move toward the exoplasmic surface of the membrane, thank of a hinge glycine residue, inducing a conformational change of the activation gate allowing opening of the channel (Figure 6 and [START_REF] Blunck | Detection of the opening of the bundle crossing in KcsA with fluorescence lifetime spectroscopy reveals the existence of two gates for ion conduction[END_REF]. In K2P, it remains poorly understood how stimuli such as phospholipids, G-protein receptor stimulation or pressure can regulate the channel activation. However, the questioning about a bundle crossing mechanism is opened in K2P (2) SF gating

The SF gating is involved in the inactivation and occurs near the selectivity filter region.

This mechanism is also called C-type inactivation. It has been highlighted using the pore inhibitor tetrahethylammonium (TEA) along with its dependence on extracellular K + and its sensitivity to mutation of residues on the SF vicinity. Structural work on KcsA channel shows that when removing the K + , the channel undergoes a conformational change (from conductive to nonconductive state), leading to a reduction in the number of bound ions at the SF. This mechanism has been observed on prolonged depolarization-promoted opening Kv channel and has been linked to the slow inactivation process.

This mechanism has been found in K2P channels, there is a gating control in the selectivity filter via changes of conformation in helical transmembrane domains.

Several subfamilies of K2P channels possess a pH sensitivity, given by residues such as histidine, in the vicinity of the selectivity filter (see the cartoon model in Figure 6, [START_REF] Bagriantsev | Multiple modalities converge on a common gate to control K2P channel function[END_REF][START_REF] Cohen | A novel mechanism for human K2P2.1 channel gating. Facilitation of C-type gating by protonation of extracellular histidine residues[END_REF][START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF]. Another argument that pH sensing is similar to C-type inactivation of Kv channels supporting this view is that a high external K + concentration known to slow C-type inactivation alters pH inhibition of human [START_REF] Cohen | A novel mechanism for human K2P2.1 channel gating. Facilitation of C-type gating by protonation of extracellular histidine residues[END_REF] and mouse TREK1 [START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF], and pH activation of TREK2 [START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF]. Furthermore, Tucker and Baukrowitz have shown in 2011 using quaternary ammonium (QA) derivatesknown to be allosteric blockers of potassium channels selectivity filterthat the selectivity filter regulation in K2P does not rely on the physical closure observed in the bundle crossing mechanism, since QA are still able to accede the selectivity filter, no matter the protonation state of the channel [START_REF] Piechotta | The pore structure and gating mechanism of K2P channels[END_REF].

Since 2012, Dan Minor's team is deeply trying to understand the mechanism by which, the Carboxy-terminal tail (C-tail) and the selectivity filter can be coupled [START_REF] Bagriantsev | Multiple modalities converge on a common gate to control K2P channel function[END_REF], 2012[START_REF] Lolicato | Transmembrane helix straightening and buckling underlies activation of mechanosensitive and thermosensitive K(2P) channels[END_REF][START_REF] Borgdorff | Arguments against the role of cortical spreading depression in migraine[END_REF][START_REF] Pope | Protein and Chemical Determinants of BL-1249 Action and Selectivity for K2P Channels[END_REF]. Mutations in the selectivity filter abolish intracellular regulation by the C-tail and vice versa.

Furthermore, mutation in the TM4 helix or between TM4 and C-tail induce a loss of the coupling. The main conclusion is that the gating of TREK1 involves C-type like gate, but also involves TM4 flexibility. Zhuo and collaborators provide a role of a glycine hindge G312 in M4 involved in the allosteric regulation of the C-tail [START_REF] Zhuo | Allosteric coupling between proximal C-terminus and selectivity filter is facilitated by the movement of transmembrane segment 4 in TREK-2 channel[END_REF].

In 2017, Minor group identified a druggable K2P site that stabilizes the C-type gate 'leak mode' [START_REF] Lolicato | K2P2.1 (TREK-1)-Activator Complexes Reveal a Cryptic Selectivity Filter Binding Site[END_REF].

(3) Hydrophobic gating in K2P

In line with these experiments, playing with hydrophobic residues, Lesage's team has shown in TWIK1 that mutation of leucine located in the M2 domain (possessing a hydrophobic side chain) L146 to aspartic acid (a negatively charged residue) would increase the usually low current [START_REF] Chatelain | TWIK1, a unique background channel with variable ion selectivity[END_REF].

More recently, an explanation has been provided by Tucker's team. They presented a new mechanism in TWIK1 channel termed hydrophobic gating [START_REF] Aryal | A hydrophobic barrier deep within the inner pore of the TWIK-1 K2P potassium channel[END_REF].

Molecular dynamic studies revealed that the region represents a hydrophobic barrier, leading to a dehydration of the pore region, thus decreasing the ionic conduction, to finally downregulate TWIK activity. Replacing these hydrophobic residues to positively charged residues such as arginine will increase the observed current. In conclusion, amino acids composition of the intern cavity will play a role on ion efflux.

K2P channels family

Mammalian K2P channels all share the same topology and a main role which is to establish and maintain the resting membrane potential. The 15 members have been cloned in mammalian and are classified (see Figure 7) depending on their sequence homology and their functional characteristics in 6 subfamilies. Surprisingly, even though they share the same function, apart from the pore domain, the sequence is poorly conserved between members, leading to particular characteristics. 

Generalities

This family of potassium channels is the last one to have been uncovered and cloned.

The first mammalian one, TWIK1, was cloned in 1996 in Nice [START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF].

TWIK is the acronym for Tandem of pore domains in a Weak Inwardly rectifying potassium (K+) channel. The channel was at the origin of the leak current described by Hodgkin and Huxley in 1952 in squid giant axon.

Leak potassium channels have been described as being constitutively open at rest.

However, these channels are polymodal and respond to a wide range of stimuli, such as pH, temperature, membrane stretch, fatty acids and anesthetics (Lesage and Lazdunski, 2000).

They are ubiquitous, and thus play a role in the brain, the cardiovascular system, immune system and the somatosensory system. They exhibit the functional properties expected for K + leaky channels: opening near the physiological voltage range to pass K + selective currents, showing few or no voltage/time dependency.

Electrophysiological properties

In the 50', Hodgkin and Katz have postulated that the cell membrane at rest is permeable to potassium [START_REF] Hodgkin | The effect of sodium ions on the electrical activity of the giant axon of the squid[END_REF]. General assumptions were made to establish the Goldman-Hodgkin-Katz (GHK) flux equation:

-The membrane is a homogeneous substance -The electrical field is constant so that the transmembrane potential varies linearly across the membrane -The ions access the membrane instantaneously from the intra-and extracellular solutions -The permeant ions do not interact -The movement of ions is affected by both concentration and voltage differences Allowing one to predict the current/voltage plot of potassium shown in Figure 8. Most K2P channels lack voltage sensitivity, and any kind of activation or inactivation kinetic.

The rectification can thus be approximated by GHK equation in asymmetric K + conditions, which rely on the electrochemical gradient of K + ion, for most of K2P channels [START_REF] Duprat | TASK, a human background K+ channel to sense external pH variations near physiological pH[END_REF]. If membrane potential is over the potassium potential equilibrium, the electrochemical gradient is in favor of a potassium output. Otherwise, there will be a potassium entry.

The IV curve will thus be characterized by an outward rectification in physiological conditions. This outward rectification has important implications in the role of K2P in the central and peripheral nervous system by i) stabilizing the resting membrane potential, and ii) enabling action potential (AP) generation in absence of Kv channels by repolarization of the membrane after AP thank of their conductance (MacKenzie et al., 2015). However, some K2P channels such as TREK1 or TASK3 do not respect this equation [START_REF] Fink | Cloning, functional expression and brain localization of a novel unconventional outward rectifier K+ channel[END_REF]. TREK1 for instance possesses a voltage-and time-dependant activation due to an increased open probability for depolarized potential (Schewe et al., 2016). Structure K2P channels are characterized by the presence of two pore forming regions and four trans-membrane (TM) regions named TM1 to TM4 (or M1 to M4) in each channel subunit and, unlike other classes of K + channels, are functional as dimers (not tetramers, see Figure 9) [START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF]Levitz et al., 2016). TM1 and TM2 are linked together via an extracellular loop containing two alpha helixes termed C1 and C2 and a pore domain named P1. The second extracellular loop joins together TM3 and TM4 and contains the second pore domain P2. TWIK1 and TRAAK crystallographic structures have been released in 2012 and gave clues about the understanding of structure-function relationships in K2P channels [START_REF] Brohawn | Crystal structure of the human K2P TRAAK, a lipid-and mechano-sensitive K+ ion channel[END_REF][START_REF] Miller | Crystal structure of the human two-pore domain potassium channel K2P1[END_REF]. C1 and C2 form an extracellular cap, of about 35 Å that could be involved in dimerization. In TWIK1 channel and other K2P (TREK1, TREK2…) two subunits are connected via a covalent disulfide bound that may help in the structure stabilization [START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF]. TM2 and TM4 helixes flanking the channel pore pass through the membrane obliquely. The more external helixes, cross the membrane vertically [START_REF] Renigunta | Much more than a leak: structure and function of K₂p-channels[END_REF].

Crystallographic model of TRAAK revealed in 2012 by Brohawn et al. gave new clues about the path taken by the ions in the selectivity filter [START_REF] Brohawn | Crystal structure of the human K2P TRAAK, a lipid-and mechano-sensitive K+ ion channel[END_REF]. There is a lateral window made of helix M2 of one subunit and helix M4 of another subunit that gives a direct access to the intern cavity in the intracellular side. These helixes also act on the conductivity and ion selectivity. More recently, TREK2 structure has been characterized [START_REF] Dong | K2P channel gating mechanisms revealed by structures of TREK-2 and a complex with Prozac[END_REF], allowing one to better understand the gating mechanism of K2P channels.

Up and down state and opening mechanism Two states, termed "up" and "down," are known from x-ray structural crystallographic studies and have been suggested to differ in conductance. However, the structural details of the gating behavior are largely unknown. According to MacKinnon group, in the up configuration, TRAAK channel offers to potassium a passage open and direct between the cytoplasm and the extracellular environment [START_REF] Brohawn | Crystal structure of the human K2P TRAAK, a lipid-and mechano-sensitive K+ ion channel[END_REF][START_REF] Brohawn | Physical mechanism for gating and mechanosensitivity of the human TRAAK K+ channel[END_REF]. In the down state, the passage of ions is blocked by the phospholipid chain of the plasma membrane. The down state suggested to be the closed one, has been conflictual. Indeed, Minor's group determined the down state using a constitutively activated TRAAK channel as the opened and activated state [START_REF] Lolicato | Transmembrane helix straightening and buckling underlies activation of mechanosensitive and thermosensitive K(2P) channels[END_REF]. Subsequent structure of TREK2 channel, provided an insight into the relevance of up and down states [START_REF] Dong | K2P channel gating mechanisms revealed by structures of TREK-2 and a complex with Prozac[END_REF][START_REF] Mcclenaghan | Polymodal activation of the TREK-2 K2P channel produces structurally distinct open states[END_REF] and its involvement in mechanosensitivy. Membrane tension can provide the channel energy to switch from one configuration to another [START_REF] Brohawn | How ion channels sense mechanical force: insights from mechanosensitive K2P channels TRAAK[END_REF]. TWIK family TWIK1 was the first K2P channel to be cloned in mammalian in 1996 in Nice [START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF]. TWIK is the acronym for Tandem of pore domains in a Weak Inwardly rectifying potassium (K + ) channel. TWIK channel family is made up of 3 members, TWIK1, TWIK2 and KCNK7. In heterologous expression system, they produce very small or no currents. This is partially due to their subcellular localization. Indeed, KCNK7 is especially found in the endoplasmic reticulum [START_REF] Salinas | Cloning of a new mouse two-P domain channel subunit and a human homologue with a unique pore structure[END_REF], while TWIK1 is located in recycling vesicle [START_REF] Feliciangeli | Potassium channel silencing by constitutive endocytosis and intracellular sequestration[END_REF].

TWIK1 is expressed in the central nervous system (hippocampus, thalamus, and cerebellum) and in periphery in the heart, lungs, and kidneys [START_REF] Arrighi | Structure, chromosome localization, and tissue distribution of the mouse twik K+ channel gene[END_REF].

TWIK1 channels are selectively expressed in DRG neurons and show a reduction of expression after neuropathic injury. The maintenance of this reduction weeks after the injury suggest a major role for TWIK1 in the maintenance of chronic neuropathic pain [START_REF] Mao | Role of dorsal root ganglion K2P1.1 in peripheral nerve injury-induced neuropathic pain[END_REF][START_REF] Pollema-Mays | Expression of background potassium channels in rat DRG is cell-specific and down-regulated in a neuropathic pain model[END_REF]. However, TWIK1 only provides a small background current when expressed in heterologous expression systems, and seems to be in majority retained in intracellular compartment [START_REF] Feliciangeli | Potassium channel silencing by constitutive endocytosis and intracellular sequestration[END_REF][START_REF] Lesage | TWIK-1, a ubiquitous human weakly inward rectifying K+ channel with a novel structure[END_REF].

Human TWIK2 also generate currents with very small amplitude in heterologous system [START_REF] Patel | TWIK-2, an Inactivating 2P Domain K+ Channel[END_REF]. However, the rat homologous TWIK2 channel creates 15 times more current. Beside this difference, they possess the same particular electrophysiological properties. Its role is not well known and its tissue distribution could be linked to its silent activity.

As TWIK2, KCNK7 does not generate any current when expressed in heterologous system, in which it is retained in the endoplasmic reticulum [START_REF] Salinas | Cloning of a new mouse two-P domain channel subunit and a human homologue with a unique pore structure[END_REF].

Nothing is known about the function and the pathophysiological implication of this channel in human, where it is expressed in dorsal root ganglia and cerebellum [START_REF] Medhurst | Distribution analysis of human two pore domain potassium channels in tissues of the central nervous system and periphery[END_REF]. Would TWIK1 role in pain rely on the formation of heteromers in the brain with other K2P channels? Astrocytes express TWIK1. These cells show a passive conductance resulting in a low membrane resistance. This resistance seems to implicate leak potassium current, but the responsible are not yet identified. Indeed, it was hypothesized by Zhou et al that TREK1 and TWIK1 independently participate in this passive conductance [START_REF] Zhou | TWIK-1 and TREK-1 are potassium channels contributing significantly to astrocyte passive conductance in rat hippocampal slices[END_REF], however, the same group suggested that mice KO for TWIK1 did not show significant differences in astrocytic membrane passive conductance. Independently, Park group showed that passive conductance membrane in astrocytes that expressed TWIK1 specific shRNA was completely reduced (Hwang et al., 2014). Furthermore, they have shown that TWIK1/TREK1 heteromeric channels were formed, and these last carry the passive conductance in astrocytes along with a fast glutamate release upon Gβγ binding (Hwang et al., 2014). This last characteristic of the pore leading to the transport of glutamate upon activation however remains unknown. We have tested the ability of TWIK1 and TREK to heteromerize and did not observed this association in our assay.

TASK family TASK1 and TASK3 are two pore domains K + channels that are pH sensitive. The current they generate show little time-dependence and weak rectification while TASK5 is found to be inactive in heterologous expression system. TASK1 and TASK3 are both inhibited by extracellular acidification [START_REF] Duprat | TASK, a human background K+ channel to sense external pH variations near physiological pH[END_REF] and local anesthetics [START_REF] Maingret | The endocannabinoid anandamide is a direct and selective blocker of the background K(+) channel TASK-1[END_REF]. They also are inhibited by hormones and transmitters that act via Gq/11-coupled receptors, such as muscarinic M3 receptors. They are activated by volatile anesthetics (halothane and isoflurane). These channels are non-sensitive to TEA and 4-AP as well as Barium and Cesium that usually block K + channel. These two channels are highly expressed in the central nervous system. TASK5 is also found in the brain, in the central auditory system nervous system, but is thought to be non-functional, however it may works in association with an ancillary subunit [START_REF] Karschin | Expression Pattern in Brain of TASK-1, TASK-3, and a Tandem Pore Domain K+ Channel Subunit, TASK-5, Associated with the Central Auditory Nervous System[END_REF]. TASK currents can be inhibited in two ways by protein G coupled receptors. Notably, after Gq activation, the activation of phospholipase C (PLC) induces depletion in PIP2 in plasma membrane reducing channel activity [START_REF] Chemin | Mechanisms underlying excitatory effects of group I metabotropic glutamate receptors via inhibition of 2P domain K+ channels[END_REF][START_REF] Czirják | Formation of functional heterodimers between the TASK-1 and TASK-3 two-pore domain potassium channel subunits[END_REF]. It was also postulated that the direct interaction between the achannel and Gαq can inhibit the channel [START_REF] Chen | Inhibition of a background potassium channel by Gq protein alpha-subunits[END_REF]. Alternatively, the expression level of these channel can be regulated via the membrane trafficking, see Figure 14. TASK1 and 3 have interaction sites (C and N terminal) with the βCOP protein. This subunit of the COP-1 complex is responsible for the retention of proteins in the endoplasmic reticulum. When addressing channels to the membrane, this interaction is displaced by competitive binding with 14-3-3 protein in the C-terminal region [START_REF] Rajan | Interaction with 14-3-3 proteins promotes functional expression of the potassium channels TASK-1 and TASK-3[END_REF].

A subunit of the annexin II complex, P11, also appears to be involved in the transport of the channel to the plasma membrane in the presence of 14-3-3 [START_REF] Girard | p11, an annexin II subunit, an auxiliary protein associated with the background K+ channel, TASK-1[END_REF]. In 1999 Watkins and Mathie identified in CG neurons a novel K + conductance termed IK(SO) which is involved in apoptosis during development. This K + current is outwardly rectifying. This non-inactivating current, IK(S0) can be inhibited by cholinergic agonists, acting through pertussis toxin-resistant muscarinic receptors, but it does not resemble previously characterized muscarine-sensitive K + currents [START_REF] Watkins | A non-inactivating K+ current sensitive to muscarinic receptor activation in rat cultured cerebellar granule neurons[END_REF].

Inhibition of this current depolarized the neuron, suggesting its role in excitability of CG neurons. Later on, the laboratory of Professor Michel Lazdunski provided an explanation: the current properties are identical to TASK1 and TASK3. Results suggested that homomultimeric TASK1, TASK3, and possibly the heteromultimeric TASK1/TASK3 channels, are contributing to IK(so) and thus may directly influence GN K+-dependent cell death in culture [START_REF] Lauritzen | K+-dependent cerebellar granule neuron apoptosis. Role of task leak K+ channels[END_REF]. and pain perception) [START_REF] Linden | The in Vivo Contributions of TASK-1-Containing Channels to the Actions of Inhalation Anesthetics, the α2 Adrenergic Sedative Dexmedetomidine, and Cannabinoid Agonists[END_REF].

THIK family THIK1 and THIK2 were both found to be expressed in the rat brain. While THIK2 was expressed in most brain region, with the highest expression level in the cerebellar granule cell layer and the olfactory bulb, as well as in the cortex and the hypothalamus, THIK1 expression is rather weak and restricted to some nuclei and brain regions. This differential expression is poorly overlapping [START_REF] Rajan | THIK-1 and THIK-2, a novel subfamily of tandem pore domain K+ channels[END_REF]. In heterologous expression system, THIK2, in contrast to THIK1, did not produce any measurable currents. However, by using a trafficking mutant (three arginines in the Nterminus of human THIK2 channel, replaced by three alanines), Renigunta et al determined the functional characteristics of hTHIK2 in heterologous system [START_REF] Renigunta | Breaking the silence: functional expression of the two-pore-domain potassium channel THIK-2[END_REF]. Blin et al have shown in 2014 that THIK1, by co-assembling with THIK2, form heteromeric channels, with new functional properties [START_REF] Blin | Tandem pore domain halothane-inhibited K+ channel subunits THIK1 and THIK2 assemble and form active channels[END_REF].

TALK family TASK2, TALK1 and TALK2 are members of this subfamily. These channels are activated by an alkalization of the extracellular pH [START_REF] Decher | Characterization of TASK-4, a novel member of the pHsensitive, two-pore domain potassium channel family[END_REF][START_REF] Girard | Genomic and functional characteristics of novel human pancreatic 2P domain K(+) channels[END_REF]. This regulation could be linked to basic residues in the extracellular P loop, interacting with the selectivity filter; substitution of these sensors by a non-charged amino acid such as an alanine led TALK channels to be constitutively opened in a wide range of pH.

Due to their expression in the pancreas, TALK1 channel plays a potential role in type 2 diabete [START_REF] Duprat | Pancreatic two P domain K+ channels TALK-1 and TALK-2 are activated by nitric oxide and reactive oxygen species[END_REF][START_REF] Vierra | TALK-1 channels control β cell endoplasmic reticulum Ca2+ homeostasis[END_REF].

TREK family TREK (TWIK-related K + ) potassium channels are mechano-sensitive ion channels which are members of the two pore domain (K2P) potassium channel family (Fink et al., 1996;Lesage et al., 2000). They contribute to background potassium conductances in many neurons and other cell types. Their activity can be regulated by a number of different physical and chemical stimuli which include membrane stretch, membrane depolarization, heat, arachidonic acid and other polyunsaturated fatty acids (see Figure 15 below [START_REF] Honoré | The neuronal background K2P channels: focus on TREK1[END_REF][START_REF] Mathie | Ion channels as novel therapeutic targets in the treatment of pain[END_REF][START_REF] Noël | Molecular regulations governing TREK and TRAAK channel functions[END_REF]. There are three members of the TREK subfamily, TREK1 (K2P2.1; KCNK2), TREK2 (K2P10.1; KCNK10) and TRAAK (K2P4.1, KCNK4) which share many structural and functional properties. However, it does not mean that tweens all the time act alike, indeed, they do not share the same pH sensitivity [START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF] see below, chapter 9.c Regulations). Recent evidences showed that all three channels subunits can co-assemble to each other to form functional heterodimeric channels (Blin et al., 2016;Lengyel et al., 2016;Levitz et al., 2016). This co-assembly has been addressed during my thesis (Chapter G. K2P heteromerization, page 94) 

9.a) TREK family expression

TREK1 is the second K2P channel to have been cloned [START_REF] Fink | Cloning, functional expression and brain localization of a novel unconventional outward rectifier K+ channel[END_REF], followed by TRAAK [START_REF] Fink | A neuronal two P domain K+ channel stimulated by arachidonic acid and polyunsaturated fatty acids[END_REF] and TREK2 [START_REF] Bang | TREK-2, a new member of the mechanosensitive tandem-pore K+ channel family[END_REF] in the Lazdunski's lab. They share more than 70% of homology within the family. TREK1, TREK2 and TRAAK are highly expressed in the central nervous system. Human TREK1 (hTREK1) expression is abundant in tissues such as the brain, the spinal cord, the heart, the kidneys, the ovaries and the small intestine [START_REF] Fink | Cloning, functional expression and brain localization of a novel unconventional outward rectifier K+ channel[END_REF]. More specifically, TREK1 is strongly expressed in the amygdala, basal ganglia, cortex and hippocampus. TREK1 is also found in peripheral tissues such as the gastrointestinal tract, and in mechanosensitive neurons innervating the bladder and colon where it is involved in detection and transduction of skin and organ deformation [START_REF] La | Colitis decreases mechanosensitive K2P channel expression and function in mouse colon sensory neurons[END_REF].

In the peripheral nervous system, TREK channels have a strong expression in somatosensory neurons such as large and small diameter neurons of the dorsal root ganglia. I will discuss in another chapter about the involvement of these channels in the perception of mechanical, thermal and chemical stimuli (Alloui et al., 2006;[START_REF] Kang | Thermosensitivity of the two-pore domain K+ channels TREK-2 and TRAAK[END_REF][START_REF] Medhurst | Distribution analysis of human two pore domain potassium channels in tissues of the central nervous system and periphery[END_REF]Noël et al., 2009;[START_REF] Pereira | Role of the TREK2 potassium channel in cold and warm thermosensation and in pain perception[END_REF].

9.b) Pathologies involving TREK (1) Cancers

Due to the important changes of pH homeostasis in cancer, the role of pH-sensitive two-pore-domains potassium channels must be investigated. If TRAAK is not involved in cancers, TREK1 and TREK2 have been identified in 2013 in several cancer types [START_REF] Williams | Altered Expression of Two-Pore Domain Potassium (K2P) Channels in Cancer[END_REF] either overexpressed or with an attenuated expression. TREK1 blockers or RNAi can inhibit cellular proliferation and tumor progression [START_REF] Voloshyna | TREK-1 is a novel molecular target in prostate cancer[END_REF]. Furthermore, TREK1 could serve as a biomarker in prostate cancer [START_REF] Zhang | Prognostic significance of the TREK-1 K2P potassium channels in prostate cancer[END_REF].

However, it has also been shown that an overexpression of TREK1 in another cell type in pancreatic cancer can inhibit the proliferation. Using a pharmaceutical activator of TREK1, BL-1249, the authors have been able to inhibit cancer cell migration [START_REF] Sauter | pH-sensitive K(+) channel TREK-1 is a novel target in pancreatic cancer[END_REF].

(2) Arrhythmias and heart diseases

In atrial and ventricular cardiomyocytes, leak potassium currents play a critical role in maintaining the membrane potential and in regulating the action potential duration.

Some K2P as TREK are also expressed in these cells and play a role in this current.

TREK1 is thought to be the actor of SAK current observed in cardiac cells. SAK current is involved in the repolarization and possesses the same characteristic properties as TREK1 current (pH-, mechano-and arachidonic acid sensitivity, for review see Decher et al., 2017a). In human ventricular arrhythmia, TREK1 mutant I267T with an increased stretch sensitivity was found to play a pro-arrhythmic role (Decher et al., 2017b).

(3) Depression

Depression is a very complex and polygenic psychiatric disorder. It's a heterogeneous disease and not all patients respond in the same way to treatments. In 2006, using TREK1 KO mice, the Lazdunski lab has demonstrated the direct involvement of TREK1 in this pathology [START_REF] Heurteaux | Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype[END_REF]).

It appears that TREK1 KO mice have the same resistant depression phenotype (in the several performed tests: Porsolt forced swim test, the tail suspension test, the conditioned suppression of motility test and the learned helplessness test) than the mice treated with antidepressants such as fluoxetine or paroxetine [START_REF] Heurteaux | Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype[END_REF]. In KO mice, serotoninergic (5-hydroxytryptaminergic neurons) neurons of the dorsal raphe nucleus (DRN), that do not express TREK1 anymore, have a greater activity inducing a wider release of serotonin to the targeted structures such as hippocampus. These mice appear to be insensitive to selective serotonin reuptake inhibitors (SSRIs) (e.g. Fluoxetine) and prove the potential therapeutic effect of TREK1 inhibition in depression [START_REF] Heurteaux | Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype[END_REF]. TREK2 has also been found to be inhibited by SSRIs [START_REF] Park | Effects of analgesics and antidepressants on TREK-2 and TRESK currents[END_REF], TRAAK remains insensitive [START_REF] Thümmler | Antipsychotics inhibit TREK but not TRAAK channels[END_REF]. Dong and collaborators shown in 2015 how fluoxetine was acting on TREK2 via lateral window between TM2 and TM4 (see chapter I.C.4. Up and down state p.40).

Serotonin release in 5-hydoroxytryptaminergic neurons activates the 5-HT1A receptors, inducing an inhibition of the production of adenosine cyclic monophosphate (cAMP), which increases the activity of TREK1. To increase the activity of the channel will reduce the excitability of the neuron and decrease the release of 5-HT. Using antidepressants (SSRIs, fluoxetine ...), or in KO mice, the channel is no longer capable of decreasing the activity of 5-hydoroxytryptaminergic neurons; thus resultong in an overall increase in 5-HT release by the DRN neurons because negative feedback is no longer present [START_REF] Heurteaux | Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype[END_REF].

In 2010, Mazella et al. demonstrated that a peptide, the spadin that results from the post-translational modification of the Sortilin/NTSR-3 (NeuroTenSinReceptor-3) receptor [START_REF] Mazella | Spadin, a Sortilin-Derived Peptide, Targeting Rodent TREK-1 Channels: A New Concept in the Antidepressant Drug Design[END_REF], could be a specific blocker of TREK1 channel. This block was postulated to provide the same antidepressant like phenotype [START_REF] Mazella | Spadin, a Sortilin-Derived Peptide, Targeting Rodent TREK-1 Channels: A New Concept in the Antidepressant Drug Design[END_REF] as fluoxetine and TREK1 invalidation (KO). More recently, spadin analogs were found to be more efficient at TREK1 inhibition [START_REF] Djillani | Shortened Spadin Analogs Display Better TREK-1 Inhibition, In Vivo Stability and Antidepressant Activity[END_REF] and for review see [START_REF] Djillani | Fighting against depression with TREK-1 blockers: Past and future. A focus on spadin[END_REF]. It is worth to note that recently an activator of TREK1, ostruthin, has been found to be involved in anti-depressive and anxiolytic effect in mice [START_REF] Joseph | Antidepressive and anxiolytic effects of ostruthin, a TREK-1 channel activator[END_REF]. This botanical compound increases whole-cell TREK1 channel current in heterologous system and the author propose a possible mechanism for the anxiolytic activity through the TREK1 activation in the lateral septum, since this last is known to be involved in the anxiety and depression-like behaviors.

(4) Cerebral ischemia and neuroprotection

In the brain, ischemia elicits hypoxia and hypoglycemia that induce neuronal excitotoxicity due to glutamate and damaging brain and resulting in disability and death. Many studies have suggested that K2P channels contribute to the ability of astrocytes to protect neurons against ischemia. Heurteaux and collaborator demonstrated in 2004 that mice lacking TREK1 channel were more vulnerable to ischemia. Via injection of lysophospholipids, they even increased the survival rate of WT mice [START_REF] Heurteaux | TREK-1, a K+ channel involved in neuroprotection and general anesthesia[END_REF]. The concomitant effect of the lysophospholipids release and the intracellular pH acidosis could have a synergistic effect on TREK1 and TRAAK currents in neurons. This hyperpolarization will finally lead to a decreased in excitability and will ultimately protect from glutamate release [START_REF] Heurteaux | PUFA-induced neuroprotection against cerebral or spinal cord ischemia via the TREK-1 channel[END_REF].

Interestingly, ischemia is one of the symptoms resulting from circulating nitrogen bubbles in decompression sickness. Bubbles in this pathology alter the vascular endothelium while circulating and result in neurological damage. In mice, it has been shown that the presence of TREK1 potassium was neuroprotective in decompression sickness [START_REF] Vallee | Neuroprotective role of the TREK-1 channel in decompression sickness[END_REF]. Conversely, it has also been shown that acute fluoxetine treatment increases the survival rate. This is a paradox because fluoxetine is a blocker of TREK1 channels. More recently Vallee used spadin to block TREK1. This last where more sensitive to pathogenic decompression. Nevertheless, mice which had both blocked TREK1 channels and fluoxetine treatment were better protected. They concluded that the preventive effect of such an acute dose of fluoxetine is enhanced when TREK1 is inhibited, and furthermore, increased the survival rate [START_REF] Vallée | Fluoxetine Protection in Decompression Sickness in Mice is Enhanced by Blocking TREK-1 Potassium Channel with the "spadin" Antidepressant[END_REF].

9.c) Regulations

(1) Mechanosensitivity TREK channels are activated by shear stress, membrane stress and negative membrane pressure [START_REF] Bang | TREK-2, a new member of the mechanosensitive tandem-pore K+ channel family[END_REF][START_REF] Honoré | The neuronal background K2P channels: focus on TREK1[END_REF][START_REF] Patel | A mammalian two pore domain mechano-gated S-like K+ channel[END_REF]. This sensitivity is conserved in excised membrane patch, suggesting an intrinsic regulation in the channel [START_REF] Berrier | The Purified Mechanosensitive Channel TREK-1 Is Directly Sensitive to Membrane Tension[END_REF]. The C-terminus is involved in this regulation [START_REF] Maingret | Mechanoor Acid Stimulation, Two Interactive Modes of Activation of the TREK-1 Potassium Channel[END_REF] since mutation in it modify its sensitivity. The curvature of the membrane was found to play a role on TREK channels activation [START_REF] Patel | A mammalian two pore domain mechano-gated S-like K+ channel[END_REF].

This mechano-sensitivity has been studied in triple KO mice for TREK1, TREK2 and TRAAK. These mice, as expected, shown an increased mechanical allodynia at very low threshold in von Frey assessment (Alloui et al., 2006).

(2) Thermosensitivity

Increase in the temperature can activate TREK and TRAAK channels [START_REF] Kang | Thermosensitivity of the two-pore domain K+ channels TREK-2 and TRAAK[END_REF][START_REF] Maingret | Mechanoor Acid Stimulation, Two Interactive Modes of Activation of the TREK-1 Potassium Channel[END_REF] and this regulation may involve the C-terminus [START_REF] Maingret | Mechanoor Acid Stimulation, Two Interactive Modes of Activation of the TREK-1 Potassium Channel[END_REF] or more specifically a coupling between the C-type gate and the selectivity filter [START_REF] Bagriantsev | Multiple modalities converge on a common gate to control K2P channel function[END_REF][START_REF] Bagriantsev | Metabolic and thermal stimuli control K2P2.1 (TREK-1) through modular sensory and gating domains[END_REF].

This thermosensitivity has been studied in mice lacking TREK1 and TRAAK channels.

These last are more sensitive to temperatures under 17°C or over 46°C (Alloui et al., 2006;Noël et al., 2009). TREK2 would be more involved in the sensitivity of less harming temperature [START_REF] Pereira | Role of the TREK2 potassium channel in cold and warm thermosensation and in pain perception[END_REF]. This role in thermosensitivity is even more important when we consider the expression of TREK channels in neurons that also express TRPV1 and TRPM8 (Yamamoto et al., 2009). These last are involved in the depolarization of the sensor neurons after a hot or cold stimulus. By their action, TREK channels could counterbalance the effect and abolish the signal transduction by a hyperpolarization of the membrane (Alloui et al., 2006;Noël et al., 2009).

(3) Sensitivity to pH TREK1, TREK2 and TRAAK are regulated by intra-and extracellular pH. TREK2, unlike TREK1 and TRAAK, is activated by extracellular acidification [START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF]. Beside to be oppositely regulated, TREK1 and TREK2 share the same pH sensor i.e. a conserved histidine localized in the first extracellular domain (H126 for TREK1 and H151 pour TREK2). TREK1 protonation of this histidine induces an electrostatic attraction with two negatively charged residues in the P2 (D263 and E265), while the protonation of the histidine 151 in TREK2 induces an electrostatic repulsion with a positively charged arginine (R293) in the P2 loop [START_REF] Sandoz | Extracellular acidification exerts opposite actions on TREK1 and TREK2 potassium channels via a single conserved histidine residue[END_REF]. TREK are also regulated by internal pH. TRAAK is activated at intracellular alkaline pH unlike TREK1 and TREK2 which are both activated by intracellular acid pH via the glutamate residue 306 [START_REF] Honoré | An intracellular proton sensor commands lipid-and mechano-gating of the K+ channel TREK-1[END_REF]. This regulation could have a role during ischemia [START_REF] Lesage | Molecular physiology of pH-sensitive background K(2P) channels[END_REF].

( 4) Sensitivity to lipids Polyunsaturated fatty acids (PUFA) such as arachidonic acid (AA) are activators of TREK channels [START_REF] Patel | A mammalian two pore domain mechano-gated S-like K+ channel[END_REF]. They increase TREK currents up to 20 times [START_REF] Maingret | Lysophospholipids open the two-pore domain mechano-gated K(+) channels TREK-1 and TRAAK[END_REF] and this sensitivity is involved in the neuroprotection in ischemic condition [START_REF] Heurteaux | TREK-1, a K+ channel involved in neuroprotection and general anesthesia[END_REF] Lysophosphatidic acid (LPA) is present in the membrane of cells and participate in pathophysiological conditions through its involvement in signaling pathways after coupling with G protein-coupled receptors. This lysophospholipid would have an indirect effect, through its insertion in the plasma membrane, and would thus rely on the mechanosensitivity of TREK channels (Lesage et al., 2000;[START_REF] Maingret | Lysophospholipids open the two-pore domain mechano-gated K(+) channels TREK-1 and TRAAK[END_REF].

PIP2 (phosphatidylinositol-4,5-biphosphate), phosphatidic acid (PA) and phosphatidylserine (PS) are able to activate TREK1 channel [START_REF] Chemin | Lysophosphatidic acid-operated K+ channels[END_REF][START_REF] Lopes | PIP2 hydrolysis underlies agonist-induced inhibition and regulates voltage gating of two-pore domain K+ channels[END_REF]. TREK1 bares in its C-terminus a positively charged motif (R297, K301, K302, K304 and R311). It will create electrostatic bounds with the negatively charged phospholipid PIP2 in the bilayer [START_REF] Sandoz | Optical probing of a dynamic membrane interaction that regulates the TREK1 channel[END_REF], stabilizing the channel in an active form.

A depletion in PIP2 after Gq protein coupled receptor activation will inhibit TREK1 current [START_REF] Chemin | Mechanisms underlying excitatory effects of group I metabotropic glutamate receptors via inhibition of 2P domain K+ channels[END_REF][START_REF] Sandoz | Optical probing of a dynamic membrane interaction that regulates the TREK1 channel[END_REF]. Also, in 2007, it was reported that PIP2 could have an antagonism effect on TREK1 [START_REF] Chemin | Up-and down-regulation of the mechano-gated K(2P) channel TREK-1 by PIP (2) and other membrane phospholipids[END_REF]. This dual regulation has recently been addressed using Bioluminescence Resonance Energy

Transfert assay (BRET). They proposed a controversial model where PIP2 directly compete with anionic lipids agonism such as PA [START_REF] Cabanos | A Soluble Fluorescent Binding Assay Reveals PIP2 Antagonism of TREK-1 Channels[END_REF].

Specificity of action

All members of TREK subfamily are able to be activated by phosphatidic acid (PA).

PA is extremely short-lived and will quickly be degraded by conversion into DAG. Our group has shown that phosphatidic acid (PA), produced by phospholipase D 2 (PLD2) from phosphatidylcholine, is able to activate TREK1 and TREK2 channels. This specificity of mechanism is linked to the direct coupling between PLD2 and TREK channels, in their C-terminus. This interaction allows the existence of a PA rich microdomain in which the channel is included inducing its activation [START_REF] Comoglio | Phospholipase D2 specifically regulates TREK potassium channels via direct interaction and local production of phosphatidic acid[END_REF].

( 5) Regulation by protein G coupled receptors (GPCR)

The complex gating of TREK1 is regulated by various receptors and second messenger pathways. TREK1 and TREK2 currents both are down-regulated by the stimulation of both Gs-and Gq-coupled membrane receptors (Kang et al., 2006;Lesage et al., 2000;[START_REF] Patel | A mammalian two pore domain mechano-gated S-like K+ channel[END_REF]. Several GPCR are able to regulate TREK channels. Notably Gi, Gs and Gq types.

Activation of Gs leads to an increase of cAMP production via activation of adenylyl cyclase (AC). Activated protein kinase A (PKA) will then phosphorylate the serine 333 on TREK1 [START_REF] Maingret | Lysophospholipids open the two-pore domain mechano-gated K(+) channels TREK-1 and TRAAK[END_REF], and serine 359 of TREK2 (Lesage et al., 2000). This pathway is involved in regulation by serotonin through 5HT4 receptor.

Activation of Gi, instead leads to a decrease of cAMP, followed by a downregulation of the activity of protein kinase A. This will dephosphorylate the serine 333 and leads to increase TREK current (Lesage et al., 2000). This regulation is observed by Sandoz after GABAB receptor activation by baclofen, a GABAB receptor agonist (Sandoz et al., 2012). Using a photoswitched tethered ligand approach, he shown that this activation led to activation of the endogenous TREK1 current in CA1 neurons (Sandoz et al., 2012).

GABAB receptor activation as also been suggested to be involved in hippocampal astrocytes via direct interaction of TREK1 and Gβγ. This direct interaction through Nterminus of TREK1 would make TREK1 channel glutamate-permeable [START_REF] Woo | TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon GPCR activation[END_REF]. TREK2 is also activated by Gi pathway [START_REF] Deng | GABAB Receptor Activation Inhibits Neuronal Excitability and Spatial Learning in the Entorhinal Cortex by Activating TREK-2 K+ Channels[END_REF].

Activation of Gq is linked to TREK1 inhibition by three different manners. First, activation of phospholipase C (PLC) hydrolyses PIP2 and as seen earlier, would induce a C-tail uncoupling from the membrane [START_REF] Sandoz | Optical probing of a dynamic membrane interaction that regulates the TREK1 channel[END_REF]. This is observed in mGluR1 and 5 regulation. Also PKC induces this uncoupling via the phosphorylation of serine 300, after serine 333 phosphorylation [START_REF] Murbartián | Sequential phosphorylation mediates receptor-and kinase-induced inhibition of TREK-1 background potassium channels[END_REF]. Finally, TREK1 could directly been linked to DAG [START_REF] Chemin | Mechanisms underlying excitatory effects of group I metabotropic glutamate receptors via inhibition of 2P domain K+ channels[END_REF].

TRAAK also possesses in the C-terminus residues that can be phosphorylated by PKA and PKC [START_REF] Chemin | Mechanisms underlying excitatory effects of group I metabotropic glutamate receptors via inhibition of 2P domain K+ channels[END_REF][START_REF] Fink | A neuronal two P domain K+ channel stimulated by arachidonic acid and polyunsaturated fatty acids[END_REF], but is unaffected by such stimuli.

(6) Protein partners  A-kinase-anchoring protein AKAP150 AKAP150 (A kinase anchoring protein) is a scaffold protein that interacts with the proximal C-terminal (pCT) domain of TREK1 (R297 to R311), which is also one involved in the stimulation by PIP2. Its binding to a key regulatory domain of TREK1 transforms low-activity TREK1 channels at rest into robust leak conductance insensitive to AA, stretch and acidification (Sandoz and Lesage, 2008;[START_REF] Sandoz | AKAP150, a switch to convert mechano-, pH-and arachidonic acid-sensitive TREK K+ channels into open leak channels[END_REF].

 Microtubule-associated protein 2 MAP2
MAP2 is a partner of TREK1 and TREK-2 (Sandoz et al., 2008). MAP2 is a scaffold protein located in dendritic spines. The interaction of MAP2 with TREK1 occurs at the C-terminal domain at a site between positions 335 and 360. This site contains 4 positively charged amino acids (K342, K347, R348, K349), essential for the association between the two proteins. MAP2 increases the channel density at the membrane involving tubulin in this effect (Sandoz et al., 2008). AKAP150 and MAP2

can bind TREK1 at the same time, thus placing the channel in a microdomain comprising elements of the cytoskeleton, regulatory proteins, kinases, ion channels and GPCR.

 Coatomerprotein complex 1 COP1

The β subunit of this protein (β -COP1) can directly interact with TREK1 N-terminus.

β -COP1 is involved in the transport from Golgi apparatus to plasma membrane.

Expression of this β -COP1 increases TREK1 expression at the plasma membrane and thus its current density [START_REF] Kim | Enhancement of TREK1 channel surface expression by protein-protein interaction with beta-COP[END_REF].

 Neurotensine 3 receptor (NTSR3)

This receptor is involved in intracellular trafficking in Golgi apparatus. It directly interacts with TREK1, increasing its expression at the plasma membrane. However, another regulation has been mentioned earlier. Due to a post translational maturation, an N-terminus peptide is cleaved from NTSR3, the spadin. This peptide linked to the TREK1/NTSR3 will lead to its endocytosis, decreasing TREK1 current [START_REF] Mazella | Spadin, a Sortilin-Derived Peptide, Targeting Rodent TREK-1 Channels: A New Concept in the Antidepressant Drug Design[END_REF].

TRESK CHANNEL

TRESK channel (K2P18.1) is the last K2P channel to be discovered (Sano et al., 2003).

This channel is distant in sequence homology from the other subunits. It is particularly different in its structure because it has a very long intracellular loop greater than 120 amino acids and a small C-terminal part. Originally cloned in the spinal cord from which it derives its name, TRESK is mainly expressed in the trigeminal ganglia (TG) and dorsal root ganglia (DRG) (Kang and Kim, 2006;Sano et al., 2003;[START_REF] Yoo | Regional expression of the anesthetic-activated potassium channel TRESK in the rat nervous system[END_REF].

It represents the most abundantly expressed K2P channel in those structures in which it is a major component of the background potassium conductance (Dobler et al., 2007).

10.a) TRESK channel structure, pharmacology, and electrophysiological properties

The TWIK-related spinal cord potassium (TRESK) channel is encoded by the KCNK18 gene [START_REF] Enyedi | Properties, regulation, pharmacology, and functions of the K₂p channel, TRESK[END_REF]Sano et al., 2003). The general properties and structure of TRESK are similar to those of other K2P channels; however, the protein shares only a 19% homology in amino acid sequence amongst its K2P relatives, indicative of sub-family status [START_REF] Enyedi | Properties, regulation, pharmacology, and functions of the K₂p channel, TRESK[END_REF][START_REF] Enyedi | TRESK: The lone ranger of two-pore domain potassium channels[END_REF]. The main differences with other K2P channel is its huge intracellular loop between TM2 and TM3 and a small C-terminus.

The leak current induced by its expression shows an outwardly rectification, that is, unlike TREK currents, not dependent to voltage. This channel possesses the same general properties as K2P channels: poor sensitivity to extracellular tetraethylammonium (TEA, external application) and 4-aminopyridine and is inhibited by barium and quinidine (Kang et al., 2004a;Sano et al., 2003).

TRESK channel is also activated by clinical concentrations of volatile anesthetics such as halothane and isoflurane [START_REF] Liu | Potent activation of the human tandem pore domain K channel TRESK with clinical concentrations of volatile anesthetics[END_REF]. However, the sensitivity of TRESK-KO mice to these anesthetics is unaffected, minimizing its involvement in anesthesia [START_REF] Chae | Discrete change in volatile anesthetic sensitivity in mice with inactivated tandem pore potassium ion channel TRESK[END_REF].

10.b) Tissue expression

TRESK is expressed in human brain. In the central nervous system, such as dorsal root ganglia, trigeminal ganglia, cerebellum, the cortex and sympatic and parasympatic ganglia [START_REF] Yoo | Regional expression of the anesthetic-activated potassium channel TRESK in the rat nervous system[END_REF]. Peripherally, it is found mainly in the testis and the thymus and spleen of rat and mouse (Kang et al., 2004a).

10.c) Regulation

(1) Mechanosensitivity

It has been shown in 2013, by Gasull's team, that like TREK channels, TRESK current was able to be modulated by membrane stretch and shear stress. This mechanism would not been linked to C-terminus interaction with the membrane, but more by conformational change of the structure in the membrane [START_REF] Callejo | Modulation of TRESK background K+ channel by membrane stretch[END_REF].

(2) Sensitivity to pH

The murine TRESK channel is activated by acid pH (pH 6) and inhibited by basic pH (pH 9). The same histidine responsible for the pH sensitivity of TASK channels is conserved in murine TRESK channels and a substitution of this histidine for asparagine abolishes this sensitivity (Dobler et al., 2007;Kang and Kim, 2006). In contrast, human homolog does not have this histidine and is therefore not sensitive to pH.

(3) Sensitivity to lipids Another indication of its involvement in nociception is its activation by lysophosphatidic acid (LPA), a lysophospholipide released in case of tissue damage. In DRGs, LPA activates the TRESK channel via lysophoasphatidic acid receptors (LPAR) coupled to the Gq protein. While LPA activates TRPV1 channels leading to depolarization, the hyperpolarization caused by activation of the TRESK channel would counteract the nociceptor signal. With this inhibitory effect in sensory neurons, the TRESK channel appears to be a good candidate for the development of new analgesics [START_REF] Kollert | Activation of TRESK channels by the inflammatory mediator lysophosphatidic acid balances nociceptive signalling[END_REF].

An application of arachidonic acid as well as other PUFAs was found to inhibit TRESK (Sano et al., 2003).

Furthermore, it has recently been shown that hTRESK was activated by a direct interaction of PIP2 with the intracellular loop. PIP2 concentration is directly linked to GPCRs activity, and so can be Ca 2+ intracellular concentration. Therefore the inhibitory effect of PIP2 depletion could be counterbalanced depending on the GPCR receptor activation, it seems to be very investigated in a cell specificity manner [START_REF] Giblin | Anionic Phospholipids Bind to and Modulate the Activity of Human TRESK Background K+ Channel[END_REF].

I will discuss this lipid regulation in the chapter dedicated to K2P and pain perception. [START_REF] Enyedi | Properties, regulation, pharmacology, and functions of the K₂p channel, TRESK[END_REF]. The constitutively inhibited state of rest is favored by the attachment of the 14-3-3 protein.

This protein recognizes the phosphorylated serine 252 and increases the inhibition.

Nevertheless, 14-3-3 also has an antagonistic effect. Its binding inhibits MARK kinases, promotes the activated state of TRESK and slows down its return to the basal state (Figure 19 C) [START_REF] Enyedi | Properties, regulation, pharmacology, and functions of the K₂p channel, TRESK[END_REF]. [START_REF] Waxman | Regulating excitability of peripheral afferents: emerging ion channel targets[END_REF]. The presence of K2P in DRG neurons and TG [START_REF] Medhurst | Distribution analysis of human two pore domain potassium channels in tissues of the central nervous system and periphery[END_REF], via their role in hyperpolarization, tunes the amount of nociception transmitted to CNS, therefore a pivotal contribution of two-pore-domain potassium (K2P) channels in chronic pain processing is believed.

TASK1 and TASK3. KO animal has been very useful tool to understand the involvement of these channels in pain perception. TASK1 KO mice showed increased sensitivity to thermal nociception in a hot-plate test but not in a tail-flick test [START_REF] Linden | The in Vivo Contributions of TASK-1-Containing Channels to the Actions of Inhalation Anesthetics, the α2 Adrenergic Sedative Dexmedetomidine, and Cannabinoid Agonists[END_REF] and a lesser sensitivity to analgesic and sedative effect of a cannabinoid agonist [START_REF] Linden | The in Vivo Contributions of TASK-1-Containing Channels to the Actions of Inhalation Anesthetics, the α2 Adrenergic Sedative Dexmedetomidine, and Cannabinoid Agonists[END_REF]. These findings suggest that TASK1 channels expressed in supraspinal pathway are involved in the nociceptive behavior.

TRESK. In DRGs, TRESK channel is expressed in nociceptive neurons of small and medium diameter. In models of neuropathic pain induced by nerve damage, the expression of TRESK is significantly reduced, leading to hyperexcitability of the neurons and an increase in the discharge frequency of the action potentials. Mice treated with anti-TRESK RNA (RiboNucleic Acid) become hypersensitive to mechanical stimuli but not to thermal stimuli [START_REF] Tulleuda | TRESK channel contribution to nociceptive sensory neurons excitability: modulation by nerve injury[END_REF].

TREK. As seen in the description of the different K2P subunit made previously, TREK1

has a major role due to its finely tuned regulations. KO animals for TREK1 have been useful to understand the role of TREK1 in sensitivity and mechanical stimulation in neurons expressing TRPV1 (Alloui et al., 2006, Yamamoto et al., 2009). Double KO animals for TREK1 and TRAAK (Noël et al., 2009) and even for TREK2 show defects in mechanical and cold pain responses [START_REF] Pereira | Role of the TREK2 potassium channel in cold and warm thermosensation and in pain perception[END_REF].

TREK channels are involved in several pain stimuli perception, as seen in Figure 20. They are primary sensors of a nervous signal that will be sent to the cortex where it will be integrated as a painful signal.

DRG for dorsal root ganglion.

Morphine, an opioid extract from poppy used in pain medication, has been shown to increase TREK1 current, via direct interaction with G-protein-coupled µ opioid receptor µOR. This action on TREK1 current leads to analgesic effects without side effect observed with morphine [START_REF] Devilliers | Activation of TREK-1 by morphine results in analgesia without adverse side effects[END_REF].

Other molecules have been shown to be able to stimulate TREK current in dorsal root ganglion neurons [START_REF] Dadi | Selective Small Molecule Activators of TREK-2 Channels Stimulate Dorsal Root Ganglion c-Fiber Nociceptor Two-Pore-Domain Potassium Channel Currents and Limit Calcium Influx[END_REF][START_REF] Loucif | GI-530159, a novel, selective, mechanosensitive two-pore-domain potassium (K2P ) channel opener, reduces rat dorsal root ganglion neuron excitability[END_REF].

TRESK and TREK1. In the pain pathway, the TREKs and TRESK channels located at C-fibers terminals can counteract the activation of inward-conducting ion channels by pressure, heat or cold, whereas steady Kv currents stabilize resting membrane potential and regulates action potential threshold. As TREKs and TRESK are targets of modulation by receptor agonists, they are likely to play an active role in the regulation of excitability in DRG neurons (Kang and Kim, 2006).

LPA signaling in the nervous system has been linked to neuropathic pain through LPA protein-G coupled receptor (see below, Figure 21). LPA is mainly released from the membrane during tissue injury. Direct inhibition of TRPV1 by LPA leads to a depolarization and action potential firing in DRG neurons (Nieto-Posadas et al., 2011) [START_REF] Kollert | Activation of TRESK channels by the inflammatory mediator lysophosphatidic acid balances nociceptive signalling[END_REF]. TRESK, by its activation via calcium increase following Gq protein activation would counterbalance the depolarizing effect of TRPV1. But the TREK1 inhibition linked to PIP2 depletion after PLC activation would also leads to an excitatory effect on DRG neurons. Therefore the level of expression of each of these channel seems to be the key mechanism in pain signaling after inflammatory process. To sum up, see the Table 1 below that regroups the studies investing the K2P subunits involved in several pain phenotypes. 

Pathophysiology of migraine

The word migraine derives from the greek word "hemicrania" (imikrania; ημικρανία) which means half the skull [START_REF] Rose | The history of migraine from Mesopotamian to Medieval times[END_REF] [START_REF] Kelman | The triggers or precipitants of the acute migraine attack[END_REF]. The neural vascular mechanisms underlying the development of this primary condition remain to be elucidated. In ∼20% of cases, attacks are preceded by visual disturbances known as auras that may take the form of scintillating shapes, hallucinations, or black spots. The aura is thought to be associated with the phenomenon of cortical spreading depression (CSD), a wave of neuronal depolarization that slowly propagates over the cortical regions of the brain but this connection has been recently questioned [START_REF] Borgdorff | Arguments against the role of cortical spreading depression in migraine[END_REF][START_REF] Vgontzas | Episodic Migraine With and Without Aura: Key Differences and Implications for Pathophysiology, Management, and Assessing Risks[END_REF].

1.a) Prevalence

Migraine is the most common neurological disorder, the third common disease in the world affecting ∼15% of the population (that's around 1 in 7 people), and occurs three times more often in women than men [START_REF] Steiner | Migraine: the seventh disabler[END_REF]. Chronic migraine affects approximately 2 % of the population [START_REF] Natoli | Global prevalence of chronic migraine: a systematic review[END_REF]. Migraine often starts at puberty and most affects people between 35 and 45 years. However, younger can also be affected, about 4 % of pre pubertal children suffer from migraine. Finally, the estimated proportion of time spent with migraine during an average person's life is 5.3%.

Patients suffering from migraine are more susceptible to depression; in France, about 10 % of the patient suffering from migraine suffer from severe depression. The annual cost for a patient is about 3000 €. The financial burden of migraine on France economy is estimated at 242 M€ annually [START_REF] Aly | Fardeau et coût de la migraine en France : une analyse de la base de l'échantillon généraliste des bénéficiaires (EGB)[END_REF].

1.b) Sensitivity alteration as path to migraine?

The symptoms that accompany migraine from the prodromal stage through the headache phase suggest that multiple neuronal systems function abnormally. The migraine brain is altered structurally and functionally, hypersensitive to fluctuations in homeostasis, less able to adapt and subject to recurrence of headache. Furthermore, data supporting the activation and sensitization of the trigeminovascular system include the progressive development of cephalic and whole-body cutaneous allodynia during a migraine attack [START_REF] Louter | Cutaneous allodynia as a predictor of migraine chronification[END_REF]. Here, I will mainly focus on the role of the trigeminovascular pathway.

Disrupted and dysregulated systems of peripheral nerve excitation are at the origin of most pathological states of head pain. This excitation is tightly controlled by coordinated plasmalemmal 1 ion channels whose main function is to control the degree of neuronal action potential depending on the strength of the external trigger [START_REF] Du | Potassium Channels in Peripheral Pain Pathways: Expression, Function and Therapeutic Potential[END_REF].

Anatomy of the trigeminovascular pain path way

The trigeminal is the primary nerve that carries pain impulses from the mouth, teeth, head, face, ears, and neck to the central nervous system via the fifth cranial nerve.

The trigeminal system consists of afferent nerve fibers innervating the pial and dural meningeal vessels surrounding the brain, arising from trigeminal ganglion, and efferent 1 Plasmalemma or cell membrane projections synapsing with second order neurons in the trigeminal nucleus caudalis (TNC) [START_REF] Liu | Central projections of the sensory innervation of the rat middle meningeal artery[END_REF]. in visual cortical areas to slowly (from 2 to 6 mm/min) move forward the cortex [START_REF] Lauritzen | Pathophysiology of the migraine aura. The spreading depression theory[END_REF]. After this event, a long-lasting depression (hyperpolarization) is observed in the neuronal and glial neurophysiological activity, suggesting the CSD seems to propagate via non synaptic mechanisms [START_REF] Leao | Spreading depression of activity in the cerebral cortex[END_REF]. The initial wave of CSD represents a massive depolarization of glial cells and neurons, accompanied by a large increase in extracellular K + , a reduction in extracellular Na + , and significant fluxes of other ions including protons, Cl -, Mg 2+ and Zn 2+ .

Kramer and collaborators in 2016 [START_REF] Kramer | Cortical spreading depolarization: Pathophysiology, implications, and future directions[END_REF] have demonstrated that glutamate-induced toxicity is at the origin of this CSD after the alteration of the neuronal environment by noxious stimuli. Glutamate activates cation currents, through NMDA receptors, leading to disruption of ion gradients. The depolarization, which is usually counterbalanced by Na + /K + pumps, is not quickly enough recovered, thus is followed by a long-lasting inhibition of spontaneous neuronal activity. Studies in animals indicate that CSD can activate pain pathways, but the role of CSD as a potential trigger for migraine headache remains uncertain. Moskowitz team proved in rodent that the CSD provokes a trigeminovascular activation [START_REF] Bolay | Intrinsic brain activity triggers trigeminal meningeal afferents in a migraine model[END_REF].

To trigger CSD, experimentations on animal models were made. It rely on local mechanical and electrical stimulations, as well as KCl, CaCl2 injections, along with glutamate receptor agonists. Most often, an extracellular K + increase is a critical step to initiate cortical spreading depression. This CSD can be inhibited by glutamate receptor antagonists, suggesting a role for glutamate receptors within the brain in this paradigm.

3.b) Peripheral and central sensitization

Sensitization occurs after neurogenic inflammation when neurons become more responsive to both nociceptive and non-nociceptive stimuli, namely decrease in thresholds of response, increase in magnitude of response, expansion of receptive field, and apparition of spontaneous activity.

Sensitive neurons involved in pain react differently as they are activated. Thus a same stimulation, will create an amplified reaction, or neurons would be activated by a usually indifferent stimulation.

Perivascular peripheral nociceptor sensitization (terminations close to meningeal vessels) could explain the pulsatile nature of the headache, reflecting an abnormal sensitivity to cephalic pulsations normally non-algogenic.

Sensitization of central nociceptors in the caudal TNC could be responsible for cutaneous allodynia (that is, the occurrence of pain triggered by a normally painless stimulus) observed by some patients in the periorbital area. Contralateral and/or localized periorbital allodynia in the limbs could be a reflection of neural sensitization at the thalamic stage (see Figure 23 below). (1) Primary afferent neurons (peripheral)

In migraine, the peripheral sensitization correspond to primary afferent nociceptive neurons exhibiting an increased responsiveness to mechanical or thermal stimuli at the original site of inflammation. A decreased activation threshold makes the neurons responsive to previously ineffective stimulus intensities. Furthermore, this sensitization can be manifested by a spontaneous activity, in the absence of any external stimulus.

This sensitization is translated by the throbbing characteristic of the migraine. Indeed, sensitization of the nociceptive neurons innervating the meninges creates an intracranial hypersensitivity [START_REF] Olesen | Origin of pain in migraine: evidence for peripheral sensitisation[END_REF].

One presumed factor that cause local release of sensitizing chemicals (i.e CGRP, substance P, and serotonin) from the peripheral terminals of meningeal nociceptors is the CSD. This last leads to a release of K + and glutamate, two excitatory agents. The resulting component is a vasodilatation and plasma extravasation [START_REF] Charles | Cortical spreading depression-new insights and persistent questions[END_REF]. See the Figure 24 below for more details on the pathways.

(2) TNC and higher-order neurons (central)

The 

Aura

As seen earlier, CSD is a slowly propagating wave of neuronal and glial depolarization.

This last provides the explanation for aura during migraine attacks even though the direct evidence from patient still lacks. Blood flow imaging provides the most reliable evidence for a dysregulation in cerebral blood vessel involved in the aura. Thus, any incidence on the blood viscosity, release of vasoactive substances, or platelet dysregulation will have an impact in blood circulation in dural blood vessel [START_REF] Dalkara | Migraine aura pathophysiology: the role of blood vessels and microembolisation[END_REF]. The correlation between CSD and aura has been recently questioned and reviewed by Piet Borgdorff [START_REF] Borgdorff | Arguments against the role of cortical spreading depression in migraine[END_REF]. explaining the increased susceptibility of the migraine brain. In fact, neurons carrying one of the mutant will be more sensitive to smaller depolarizations than wild type channels, leading to an increased calcium uptake resulting in an excess release of glutamate [START_REF] Wessman | Migraine: a complex genetic disorder[END_REF]. More recently, using the same mouse model of hemiplegic migraine, the role and expression of CGRP receptor were studied. Trigeminal neurons of this KI mouse were shown to release more CGRP, creating a neuronal sensitization. However, they have shown that there is no change in CGRP receptor expression in KI mice, making the huge release of CGRP as the main contributor to trigeminal pain sensitization in this animal model [START_REF] Vilotti | Expression and function of calcitonin gene-related peptide (CGRP) receptors in trigeminal ganglia of R192Q Cacna1a knock-in mice[END_REF].

The FMH type II (FMH2) relies on more than 50 different mutations in the gene ATP1A2 encoding for the Na + /K + -ATPase α2 subunit (which is a pump and not a channel). In primarily astrocytes where it is expressed, this protein is known to maintain the sodium and potassium gradients across cellular membranes via ATP hydrolysis. By adjusting ion concentrations across the membrane, the gradient provides the basis for electrical excitation in neurons. An increase in sodium concentration, increases the calcium concentration resulting in the release of glutamate (such as in FMH1). The result of these combined mechanisms is a prolonged recovery time after excitation, making the brain more susceptible to CSD [START_REF] Gritz | Genetic effects of ATP1A2 in familial hemiplegic migraine type II and animal models[END_REF].

The final known mutated gene coding for a channel involved in FMH is SCN1A, coding for a voltage-gated sodium channel Nav1.1 [START_REF] Dichgans | Mutation in the neuronal voltage-gated sodium channel SCN1A in familial hemiplegic migraine[END_REF]. This last is also relevant in epilepsy, with a hundred of mutations linked to several kinds of epilepsy.

Six mutations have been found in causing pure FMH type III (three other mutations are also linked to epilepsy). These last lead to an overall gain of function such as increased non-inactivated depolarization-induce persistent sodium currents; resulting in enhanced sodium influx. In the brain, this channel causes an increased firing of inhibitory GABAergic neurons where it is expressed. The subsequent extracellular increase of potassium could, as in FMH type II, trigger cortical spreading depression [START_REF] Dichgans | Mutation in the neuronal voltage-gated sodium channel SCN1A in familial hemiplegic migraine[END_REF].

5.c) TRESK and migraine

Given the functional role of TRESK in neuronal electrochemical excitability and its local expression in both DRG and TG, it is conceivable that the TRESK channel interacts with the nociceptive pathways during migraine pathogenesis. Some evidence exists for this in rat model, which have demonstrated that down-regulation of TRESK expression increases sensitivity to painful stimuli, whereas TRESK overexpression in DRG neurons was shown to attenuate injury-induced pain sensitization [START_REF] Tulleuda | TRESK channel contribution to nociceptive sensory neurons excitability: modulation by nerve injury[END_REF], Zhou et al., 2017).

(1) Frameshift mutation F139Wfsx24

A study conducted by Lafrenière et al. identified a rare dominant-negative frameshift mutation (F139Wfsx24, ExAC: allele frequency 0.0006, meaning 0,06% of the population) in the KCNK18 gene, using a large, multigenerational pedigree genomewide linkage approach (Lafrenière et al., 2010). The 2-bp deletion in KCNK18 was found to segregate wholly amongst migraineurs with typical migraine with or without aura. The mutant allele leads to a truncated non-functional TRESK subunit that suppresses conduction of the wild-type dimer through a dominant-negative interaction.

This inhibition was supposed to increase trigeminal ganglion neuron excitability leading to migraine (see the Figure 26 for the involvement of TRESK in migraine and Lafrenière et al., 2010;Liu et al., 2013).

This observation supports a role for KCNK18 in migraine, as a genetic switch for neurogenic dysfunction linked to migraine and defined a possible relationship between TRESK dysfunction and its contribution migraine with aura. Consistently, TRESK overexpression could inhibit nociceptor hyperexcitability and neuropeptides release. Thus reversing the pain syndrome (Guo and Cao, 2014;[START_REF] Zhou | Intrathecal TRESK gene recombinant adenovirus attenuates spared nerve injury-induced neuropathic pain in rats[END_REF][START_REF] Zhou | Reversal of TRESK Downregulation Alleviates Neuropathic Pain by Inhibiting Activation of Gliocytes in the Spinal Cord[END_REF].

(2) TRESK polymorphism and migraine phenotype Gene mutations have been investigated in a large cohort of migraine patients and controls. Several missense variants (R10G, A34V, C110R, S231P and A233V, see

Figure 26) in addition to the 2 pb deletion, were found: some had no functional effect, some were able to induce the formation of a non-functional channel and some lead to non-functional channel that inhibit the wild-type channel activity (Andres-Enguix et al.,

2012

). The C110R variant, which leads to a dominant negative of TRESK, was found in migraineurs and healthy subjects. The authors admitted that the presence of one non-functional variant with a dominant negative function is not sufficient to develop a migraine phenotype.

Another study, led in an Australian population, revealed that single-nucleotide polymorphisms in the KCNK18 gene have no association with migraine, suggesting the rare occurrences of migraine pain phenotypes linked to genetic polymorphism [START_REF] Maher | Analysis of 3 common polymorphisms in the KCNK18 gene in an Australian Migraine case-control cohort[END_REF].

More recently, a group has been interested in the prevalence of KCNK18 gene mutations in an Italian population. They assessed the functionality of these mutations in silico, to determine the mechanism of the damaging effect [START_REF] Rainero | KCNK18 (TRESK) genetic variants in Italian patients with migraine[END_REF].

Once again, while some mutations were dramatic for the wild type channel function, others were barely damaging. Their conclusion was that the precise role of this gene in migraine predisposition deserves further study.

The involvement of TRESK channel variants in migraine then became controversial:

one mutant TRESK-MT, with a dominant negative effect on wild-type (WT) TRESK leads to an increase of trigeminal (TG) neuron excitability (Liu et al., 2013), the other one, TRESK-C110R with the same dominant negative effect on WT-TRESK current does not increase TG neuron excitability and is not selectively expressed in migraineurs.

In our study, we found out the major difference between these two mutants. TRESK-MT is able to co-assemble and inhibit TREK channels, while TRESK-C110R is not. By inhibiting TRESK, TREK1 and 2, TRESK-MT will induce an increase of TG excitability whereas TRESK-C110R and its dominant regulation of WT-TRESK is not sufficient to induce an increase in excitability. This solved the controversial lack of effect of TRESK-C110R on TG neurons excitability and migraine phenotype. depression. Yet, it seems like the glutamate release, as well as CGRP release is mediated by P/Q calcium channels and the activation of 5-HT receptors. Calcium channels mediate a fraction of depolarization-associated glutamate release from cultured trigeminal neurons. Furthermore, it is suggested that activation of 5-HT1

receptor is at the origin of an inhibition of glutamate release [START_REF] Xiao | Release of glutamate and CGRP from trigeminal ganglion neurons: Role of calcium channels and 5-HT1 receptor signaling[END_REF].

6.b) Serotonin

Earlier it was suggested that probably the fluctuating serotonin levels lead to pH variations in the brain causing migraine, since serotonin also called as 5hydroxytryptamine (5-HT), is a basic amine. In the brain, normal levels of endogenous serotonin (5-HT) prevents migraine headache. It has been found that most of the neurons present in the dorsal raphe (site of emergence of trigeminal nerve) and trigeminal ganglia are serotonergic.

Serotonin receptors have been found on the trigeminal nerve and cranial vessels. By its role on cerebral vasculature and its action in central pain control, serotonin is a good candidate for the pathogenesis of migraine. The use of tricyclic antidepressants, which block serotonin reuptake, for prophylactic treatment of migraine also supports its role. However, its role is still inconclusive as selective serotonin reuptake inhibitors do not have the same prophylactic effect as tricyclic antidepressants [START_REF] Ruthirago | Chapter 7.2 -Translational Correlation: Migraine[END_REF].

The 5-HT1 receptors are coupled to Gi/Go and mediate cellular effects through decreasing cellular levels of cAMP. Targeting the peripheral 5HT1B receptors with triptans (serotoninergic agonist, see below) plays on vasodilatation and plasma extravasation by a vasoconstrictive effect. While targeting the 5HT1D receptors will inhibit the release of vasoactive neuropeptides within trigeminal endings [START_REF] Kilinc | Serotonergic mechanisms of trigeminal meningeal nociception: Implications for migraine pain[END_REF].

6.c) Neuropeptides: Substance P and CGRP Substance P and CGRP are produced from a subset of trigeminal afferents.

Substance P (neurokinin1) is also released by pepdidergic C fibers. This neuropeptide is made of 11 amino acids, and also provides a vasodilator effect. Calcitonin generelated peptide (CGRP) is a 37-amino-acid neuropeptide, first identified in 1982. It belongs to a family of peptides which includes calcitonin, adrenomedullin and amylin.

Localization studies have shown a wide distribution of CGRP immunoreactive structures in the peripheral nervous system and in the CNS. The concomitant effect of these two peptides will favor the neurogenic inflammation.

(1) Role of calcium channel in CGRP release

Voltage-dependent calcium channels, Cav2.1 a P/Q-type calcium channels, are localized in trigeminal presynaptic nerve terminals in the dura and the TNC where they have a prominent role in trigeminovascular nociception. As said earlier, release of glutamate in the cortex, which may trigger cortical spreading depression (sometimes manifest as aura symptoms) and/or migraine pain by activating the trigeminovascular system, is controlled predominantly by P/Q-type channels (for review, see [START_REF] Moskowitz | Deciphering migraine mechanisms: clues from familial hemiplegic migraine genotypes[END_REF].

(2) CGRP receptor

The calcitonin receptor-like receptor (CGRP-R in the cartoon) is a heterotrimer, each subunit possesses 7 transmembrane domains, is supplemented by a small single transmembrane peptide, named receptor activity-modifying protein (RAMP1) that forms the CGRP-specific ligand binding site. In addition, a small intracellular protein component, called receptor component protein (RCP), is necessary for linking the receptor to the intracellular signal-transduction machinery, which operates mainly through G protein Gs and adenylate cyclase, resulting in elevated cAMP levels.

RAMPs proteins enable expression of CLR on the cell surface, determine the glycosylation state of the receptor, and determine the relative affinity of this receptor for CGRP.

(3) Role of CGRP and substance P in migraine CGRP is a neuropeptide that exists in trigeminal ganglia nerves and a potent vasodilator of cerebral blood vessels. CGRP is believed to mediate vasodilatory mechanism of neurogenic inflammation and the transmission of trigeminovascular nociceptive signal from intracranial vessels to central nervous system. Stimulation of trigeminal ganglion causes the release of CGRP. Infusion of CGRP caused migraine attacks in patients in one study. However, other studies involving intracranial and extracranial arteries yielded conflicting results. The fact that sumatriptan, the serotonin 1B/1D receptor agonist, normalizes the elevated level of CGRP in migraine patients supports its effect in the treatment of migraine by inhibiting CGRP release.

Substance P will have a role in periphery, on the neurogenic inflammation of the dura mater and another role in transmitting the pain signaling via its receptor NK1, expressed in post-synaptic neurons.

6.d) Nitric oxide

Nitric oxide (NO) donors such as glyceryl trinitrate (GTN) or sodium nitroprusside cause headaches as a side effect. This was first observed in workers at explosive factories who experienced headaches frequently. The latter finding initiated extensive research on the role of NO in migraine [START_REF] Trainor | Headaches in explosive magazine workers[END_REF]. NO is a potent vasodilator produced by NO synthase in endothelial vascular cells, inflammatory cells or neurons. NO is able by itself to pass through membranes. Via two mechanisms, NO will increase nociceptor excitability:

-NO is able to directly interact with guanylate cyclase, leading to the production of cyclic guanosine monophosphate [START_REF] Koesling | Nitric oxide-sensitive guanylyl cyclase: structure and regulation[END_REF]. This would have an inhibitory effect on excitability [START_REF] Levy | Modulation of dural nociceptor mechanosensitivity by the nitric oxide-cyclic GMP signaling cascade[END_REF].

-In another hand, NO acts as an activator of TRPV1 and TRPA1, leading to a depolarization of the neurons, thus an increase of excitability [START_REF] Miyamoto | TRPV1 and TRPA1 Mediate Peripheral Nitric Oxide-Induced Nociception in Mice[END_REF].

In our study, we used a NO donor, isosorbide dinitrate (ISDN), to trigger migraine like phenotype in mice and rats [START_REF] Dallel | Recurrent administration of the nitric oxide donor, isosorbide dinitrate, induces a persistent cephalic cutaneous hypersensitivity: A model for migraine progression[END_REF]Pradhan et al., 2014;[START_REF] Thomsen | Effect of a nitric oxide donor (glyceryl trinitrate) on nociceptive thresholds in man[END_REF]Verkest et al., 2018).

Treatments Medications used in migraine are not really specific and mainly target glutamatergic transmission (for an inhibition) and blockage of cationic ion channels -Na + and Ca 2+

voltage dependent channels such as lamotrigine, gabapentin respectively, or topiramate that block both. They can also play a role in the potentialisation of GABAergic inhibitive action. Topiramate and valproate for instance by blocking Na + channels. Topiramate also blocks kainate receptors (not shown here), receptors for glutamate.

Another glutamate receptor can be targeted to inhibit the transmission of the signal, via NMDA receptor, thank of the inhibitory action of magnesium, will reduce glutamatergic transmission. Also, they can be blocked by the memantine, a NMDA glutamate receptor inhibitor.

Other molecules target other system such as triptans by activating 5-HT receptors will play an inhibitory effect of the signal transduction and in the periphery will lead to a vasoconstriction; or non-steroidal anti-inflammatory drugs (NSAIDs) which are the most commonly used therapies for migraine attacks. They will act on the prostaglandin receptors (PGE2) shown here as a GPCR (red receptor on primary nociceptor). These drugs are taken in acute treatment of migraine. They will also block the cyclooxygenase not shown here and thus, synthesis of prostaglandin. The idea is to target the action of CGRP, by CGRP-R blockage using antagonists like olcegepant.

Also, targeting the substance P receptor NKR1 on the post synaptic neurons with antagonist molecules called x-pitans will inhibit the transduction of the signal.

Hypothalamus should be taken as a target for treatment. Bold characters refer to the molecules added on the Figure 28 (the different ideas for treatments were taken on the Mayo Clinic Institute's website "Mayo Clinic-Diagnosis and Treatments").

Our idea would be to activate K2P channels, thus leading to a hyperpolarization of the membrane of nociceptors, but also limiting the transmission of the signal in the soma located in trigeminal ganglion neurons.

Alternative translation initiation

It is now clear that the number of genes in eukaryotic genomes does not reflect the biological complexity of the organisms. Alternative splicing is known to greatly increase the number of produced proteins. To this diversity, we can also add the different proteins made of alternative translation initiation (ATI). This last occurs when another AUG codon is in phase with the open reading frame and is embedded in a good consensus sequence.

Protein synthesis in eukaryotes is made on a ribosome-scanning model. The translation involves the recruitment of a 40S ribosomal subunit at the 5'-end cap structure of the mRNA, followed by a movement down the RNA using ATP (Kozak, 1999). The translation should start at the AUG codon nearest the 5' end of the mRNA.

For most of the eukaryotic mRNA, it is the case: the initiation site is embedded in a sequence context favorable for the ribosome. The favorable Kozak consensus sequence is made of [A/G]-XX-ATGG, the nucleotides at position -3 and +4 (here underlined) are the one that defined the strength of the site. However, sometimes, the ribosome reads through this consensus site, and the first ATG will not be used for translation. This "leaky scanning" can occur because of the weak sequence context of the first ATG. It will result in the translation of a downstream ATG (Kozak, 1999).

Therefore, the same messenger is able to synthesize several proteins with different N-terminal sequences which would allow specific subcellular localization in relation with the presence or not of a nuclear localization signal (NLS) or a signal peptide in the amino-terminal part of the larger protein.

TREK1 mRNA was found to have an alternative translation initiation (ATI) site i.e an AUG codon in frame which is embedded by a strong Kozak sequence. This ATI leads in vivo to the formation of a shorter TREK1 channel, with new properties. Indeed, this TREK1, depleted from its N-terminus, is now selective to sodium in addition to its potassium selectivity (Thomas et al., 2008). Alternative translation initiation starts can lead to different protein products with modification one N-terminus either extended, either truncated of unrelated proteins (Kochetov, 2008). Recently, it has been shown that an IRES sequence upstream of the cofilin mRNA in neurons is mandatory for the translation of this last. Furthermore, this IRES-mediated translation support the growth and the extension of axon in hippocampal cultures [START_REF] Choi | IRESmediated translation of cofilin regulates axonal growth cone extension and turning[END_REF].

This mechanism can also lead to diseases. Voltage-gated calcium channel CACNA1A

(also involved in familial hemiplegic migraine) is associated with spinocerebellar ataxia type 6. By using RNA folding stimulation, the authors shown that in mRNA sequence of Cav2.1 C-terminus, there was an IRES sequence, that mediates the expression of this segment, toxic for the cells and involved in neuronal atrophy in animal models (Du et al., 2013).

Heteromerization and subunits assembly

Heteromerization is a common mechanism used by nature to increase functional diversity. Potassium channels do not make exception and their huge diversity can further be enhanced by their ability to make heteromeric channels. Heteromers will eventually possess different properties from the homomers, it is thus a way to increase functional diversity without an increased number of genes.

For instance, Kv channels are known to form heteromers among the same subfamlily, as seen in the chapter A.1 about voltage-gated potassium channel. Furthermore, some subunits are found functional only in heteromerization state with other subfamilies (for instance Kv2 with Kv5,6 and Kv8). The diverse expression patterns will determine their ability to form heteromers.

How heteromerization occurs

Most cellular processes are carried out by proteins, which, when made of more than two subunits, generally assemble into homomeric, or heteromeric complexes. It was thought for many years that complexes were made in the cytoplasm through random collisions. Recently, Shiber et al provided in vivo some evidences that seem to indicate that most protein complexes are assembled co-translationally, while one of the subunit at least is being synthesized by the cell's ribosome machinery [START_REF] Shiber | Cotranslational assembly of protein complexes in eukaryotes revealed by ribosome profiling[END_REF].

This mode of assembly requires less energy and is more efficient. However it remains unclear how the subunits get together into proximity.

To be functional, potassium channel subunits need to be assembled in a protein complex and the interaction between the subunits needs to be stron. The quaternary structure of the protein is defined by the way the subunits will behave together, it involves folding and translocation of the polypeptide. It can be either homomeric (repeated copies of one subunit) or heteromeric (multiple protein subunits, encoded by different genes). They can also be heteromers forms by single chain cleavage.

Co-translational assembly can be explained by two distinct mechanisms. After transcription, several ribosomes can bind to the same mRNA, forming a polysome, allowing the simultaneous translation of several identical proteins. During the translation, two assembly mechanisms can be envisaged. In the first case, a newly synthesized subunit may associate with another copy being translated. It is also possible that the two peptides being synthesized on the same polysome interact even before the end of their translation [START_REF] Wells | Co-translational assembly of protein complexes[END_REF]. The mechanism for heteromerization formation seems to be the same, involving the co-translation [START_REF] Liu | Cotranslational association of mRNA encoding subunits of heteromeric ion channels[END_REF]. Their conclusion is the following: physical association of transcripts encoding different subunits provides the spatial proximity required for nascent proteins to interact during biogenesis, and may represent a general mechanism facilitating assembly of heteromeric protein complexes involved in a range of biological processes.

K2P heteromerization

Heteromerization has been observed in K2P channel family, it is found to happen within the same subfamilies, such as TASK1-TASK3 [START_REF] Kang | Functional expression of TASK-1/TASK-3 heteromers in cerebellar granule cells[END_REF], TREK1-TREK2, TREK1-TRAAK and TREK2-TRAAK (Blin et al., 2016;Lengyel et al., 2016;Levitz et al., 2016), and THIK1-THIK2 [START_REF] Blin | Tandem pore domain halothane-inhibited K+ channel subunits THIK1 and THIK2 assemble and form active channels[END_REF]. Heterodimerization between different subfamilies has also been reported for TWIK1 ( Hwang et al., 2014;[START_REF] Plant | Sumoylation Silences Heterodimeric TASK Potassium Channels Containing K2P1 Subunits in Cerebellar Granule Neurons[END_REF] and more recently between TASK1-TALK2. Heterodimerization appears to have a major physiological impact in expanding the functional diversity of K2P channels.

K2P heteromerization remains an open question. For more than fifteen years, this problematic has been explored and only a few number of heteromers were found.

Some K2P have an overlapping expression, and despite a poor sequence identity, they are able to heteromerize. Not much is known about the rules that determine rather a subunit will assemble with another and how this mechanism occurs. If the disulfide bridge is very important for assembly and conservation of the cap structure, it is not conserved among K2P family and thus the new structures present in heterodimeric configurations could affect the gating mechanism and, at least in part, explain the new properties.

4.a) Intrafamily heteromerization

The first heteromeric K2P to be characterized is the TASK-1/TASK-3 heteromer [START_REF] Czirják | Formation of functional heterodimers between the TASK-1 and TASK-3 two-pore domain potassium channel subunits[END_REF]. This was possible thanks to the difference in sensitivity that it possesses for ruthenium red. As expected, the complex formed by these two subunits has new biophysical characteristics. TASK-1 is sensitive to extracellular acidification whereas TASK-3 is sensitive to extracellular alkalinization. The heteromer has an intermediate pH sensitivity [START_REF] Kang | Functional expression of TASK-1/TASK-3 heteromers in cerebellar granule cells[END_REF][START_REF] Kim | Heteromeric TASK-1/TASK-3 is the major oxygen-sensitive background K+ channel in rat carotid body glomus cells[END_REF][START_REF] Papreck | Modulation of K2P3.1 (TASK-1), K2P9.1 (TASK-3), and TASK-1/3 heteromer by reactive oxygen species[END_REF].

There are several K2Ps that do not produce current in heterologous expression systems. One of the main reasons is their retention in the endoplasmic reticulum [START_REF] Bichet | Silent but not dumb: how cellular trafficking and pore gating modulate expression of TWIK1 and THIK2[END_REF]. One might think that these silent channels can have the same role as silent Kvs. That is, forming heteromers with others K2P to modulate their function. This is the case of THIK-2. Indeed this subunit, normally retained in the endoplasmic reticulum, may associate with a subunit THIK-1. The newly formed channel can join the plasma membrane and have a current measurable. The heteromer has an intermediate conductance compare to homomers [START_REF] Blin | Tandem pore domain halothane-inhibited K+ channel subunits THIK1 and THIK2 assemble and form active channels[END_REF].

5.a) Interfamily heteromerization

In 2012, by using Fluorescence Resonance Energy Transfert (FRET), it has been demonstrated that TWIK1 is able to interact with TASK1 and TASK3, co-localized in granular cells of the cerebellum. These heteromers associate with the small protein SUMO, involved in the trafficking [START_REF] Plant | Sumoylation Silences Heterodimeric TASK Potassium Channels Containing K2P1 Subunits in Cerebellar Granule Neurons[END_REF]. It would have a huge impact in these cells, since SUMOylation would inhibit 50% of the outward potassium conductance. In this study, they used TWIK1-TREK1 interaction as a negative control,

showing the absence of interaction between the two subunits. Nevertheless, the SUMOylation model is really controversial [START_REF] Feliciangeli | Does sumoylation control K2P1/TWIK1 background K+ channels?[END_REF] and has never been observed by other labs.

However, two years after, the formation of heteromers between TREK1-TWIK1 has been shown to be involved in astrocyte passive conductance. In 2009, TWIK1 and TREK1 were shown to support the passive conductance of mature hippocampal astrocytes, using their electrophysiological properties. Hwang et al demonstrated a direct interaction between TREK1 and TWIK1, relying on a disulfide bridge carried by the cysteine on the extracellular cap of the subunits. This heteromer would also be involved in glutamate release in astrocytes after activation of CB1 receptors through G protein. Contradictory, we found using Single Molecule Pull down that these two channels are unable to heteromerize in heterologous expression system. Similarly to our lab, the Lesage's team failed to observe an association between TREK1 and TWIK1 (Blin et al., 2016). Along with these results, genetic deletion of TREK1 with or without TWIK1 did not change the basic electrophysiological properties of hippocampal astrocytes.

Further researches are needed to understand role of TREK1 and TWIK1 in astrocyte physiology.

Recently, heteromerization of two-pore-domain channel TASK1 and TALK2 in living heterologous expression systems has been studied using different fluorescent techniques coupled with TIRF microscopy [START_REF] Suzuki | Heterodimerization of two pore domain K+ channel TASK1 and TALK2 in living heterologous expression systems[END_REF]. They have found out that the new heterodimers were found endogenously in a pancreatic cell line. They further characterized the current formed by this heteromer and revealed that pH and halothane sensitivities were modified compared to the homomeric version of these channels.

The different heteromers found up to now are listed in the Table 2 below.

K2P Dimer Validation Disulfide Bond

Physiological Function

Ref.

In vitro In vivo

TASK-1/TASK-3

Co-IP N.D. The heterodimeric channels mediate the pH and isofluranesensitive K + currents in hypoglossal motoneurons. [START_REF] Berg | Motoneurons express heteromeric TWIK-related acid-sensitive K+ (TASK) channels containing TASK-1 (KCNK3) and TASK-3 (KCNK9) subunits[END_REF] TWIK-1/TASK-1 (or TASK-3) 

II. Problematics

Given the role of two-pore-domain potassium channels in modulating sensory neuron excitability and firing, both in physiological and pathological conditions, we examined the ability of the different K2P subunits expressed in these neuron to form heterodimers and what would be the consequences. These widely conserved phenomenon among plants and humans allows to increase the functional diversity without increasing the number of genes. As said earlier for Kv or Kir channels, this phenomenon occurs among potassium channels, and can even more give a role to non-functional subunits.

However, the study of this mechanism is complex due to the lack of a specific pharmacology and some intrinsic problem of these channels with the classical biochemical experiments. In this context, we needed to use some very precise and new tools to highlight interaction among K2P subunits. We have developed in the lab a technique called single molecule pull-down or SiMPull to study protein complexes at single molecular level. We applied this method to identify a direct interaction between full length K2P channels and mutants.

III. Material and methods

Molecular Biology

Channels fused to the green fluorescent protein for expression in HEK 293T were cloned in the vector pcDNA3.1-GFP made in the lab. This mammalian expression vector possesses a multiple cloning site and the CMV promoter to provide a high expression level. For xenopus oocytes single molecule imaging, experiments were done using pGEM-HE vector, allowing a low level of expression on the surface, needed for counting. The channels were fused to green or red fluorescent protein and inserted in the vector. All the HA-tagged channels for SiMPull and Western-Blot were cloned in a commercial pCMV-HA vector.

For electrophysiology channels and mutants were used in a pIRES2-EGFP and/or pIRES2-mCherry vector.

Immunocytochemistry

Transfected cells on coverslips were fixed with PBS containing 4% paraformaldehyde for 15 minutes at room temperature (RT), then permeabilized with PBS and 0,1% 

Surface passivation and construction of flow chambers

To construct the flow chambers, the slides and coverslips are thawed in the dark at room temperature for 10 minutes. A piece of double-sided tape is sandwiched between the slide and the coverslip, excluding a 5 mm channel where the inlet/outled holes are located. The tape has to stick to both surfaces. The edges are sealed with epoxy glue and allowed to dry for 10 minutes. The volume of the flow channel is about 20 µL.

Sample preparation

The SiMPull is performed on cell lysates as those used for conventional pull-down analysis. The cells are harvested from the coverslip using 500 µL of PBS without Ca2 + during 35 minutes. The samples are centrifuged for 2 minutes at 11 000 rpm at 4°C.

Cells were lysed in buffer containing (in mM): 10 Tris pH 7.5, 150 NaCl, 1 EDTA, protease inhibitor cocktail (Thermo Scientific) and 1.5% IGEPAL (Sigma). After 30-60 minute incubation at 4°, lysate was centrifuged for 20 minutes at 16,000 g and the supernatant was collected and kept at 4°C.

Antibody immobilization

Coverslips passivated with PEG (~99%)/ biotin-PEG(~1%) and treated with neutravidin were prepared as described above. 15 nM biotinylated anti-HA antibody (abcam, #ab26228) was applied for 20 minutes and then washed out. Antibody dilutions and washes were done in T50 + BSA buffer containing (in mM): 50 NaCl, 10

Tris, pH 7.5.

Single molecule imaging and spot counting

Lysate, diluted in T50 + 0.1 mg/mL BSA was then applied to the chamber and washed away following brief incubation (~2 minutes). Single molecules were imaged using a 488 nm Argon laser on a total internal reflection fluorescence microscope with a 100x objective (Olympus). We recorded the emission light after an additional 3x magnification and passage through a double dichroic mirror and an emission filter

(525/50 for GFP) with a back-illuminated EMCCD camera (Andor iXon DV-897 BV).

Movies of 250 frames were acquired at frame rates of 10-30 Hz. The imaged area was 13 x 13 µm 2 . At least 5 movies were recorded for each condition and data was Moncada et al., 1991).

This protocol is made to measure the mechanical sensitivity thresholds in mice using an electronic von Frey aesthesiometer (Ugo Basile dynamic plantar aesthesiometer).

The von Frey filament is applied against the central edge of the animal hind paw. Paw withdrawal caused by the stimulation is registered as a response. The corresponding force applied is recorded by the system and displayed on the screen of the von Frey unit.

At each paw withdrawal, the Dynamic Plantar Aesthesiometer (DPA) automatically detects and records latency time, and actual force at the time of paw withdrawal reflex. A movable force actuator is positioned below the plantar surface of the animal and the desired force and force speed (ramp) is applied, as preset by the operator. A Von Frey-type 0.5mm filament exerts increasing force, until the animal twitches its paw.

Drug administration

Isosorbide dinitrate (ISDN) was used to a dose of 10 mg/kg. The vehicle control used in these experiments was 0.9% saline. All injections were administered as a 10 ml/kg volume. Animals were tested for baseline responses immediately prior to intraperitoneal (ip) injection with ISND. Animals were tested for mechanical sensitivity every 30 minutes after the first injection and for 3 hours. For chronic experiments, testing occurred every day during 5 days, each was followed by an ip injection of ISDN except for the last one. For the topiramate experiment, mice were injected with topiramate once at a dose of 30 mg/kg, and mechanical nociception thresholds were assessed every 30 minutes during two hours after the injection.

Sensory Sensitivity Testing

To assess mice hind paw mechanical threshold, mice were acclimatized to the plastic box with a metal wire mesh table for 20 min. The mechanical stimulus was delivered to the plantar surface of the hind paw from below the floor of the test chamber by an automated testing device (dynamic plantar aesthesiometer; Ugo Basile Cat. No. 37450). A steel rod of diameter 0.5 mm was pushed against the hind paw with ascending force of 0 to 7.5 g over a period of 10 s. When the animal withdrew its hind paw, mechanical stimulus automatically stopped, and the force at which the animal withdrew its paw was recorded to the nearest 0.1 g. Animals were subjected to three consecutive trials with at least 3-5 min between the trials and averaged to select animals.

Needed :

-Electronic von Frey aesthesiometer (protocol for the test is 7.5 grams in 10 seconds)

-10 control mice (7 to 12 weeks, male)

-10 KO mice Solutions:

-A NO donor = Isosorbide dinitrate (ISDN) or Risordan® injectable solution (10 mg/10 mL). You can aliquot a vial and inject 10 mg/kg (about 250 µL) IP.

Requirement:

Before any experimentation, it is mandatory to submit your mice to habituation, to "train" them. To do so, you have to put your mice on the grid, and make them be used to the apparatus. Let them stand for 20 minutes on the grid, in the Plexiglas boxes.

And then, try to measure each mice, one by one, on the two hind paw (at least 3 measures/mice for the habituation). Let from 30 seconds to 1 minute between each Be careful to target the center of the hind paw, between the walking pods stimulation. Record the values of the threshold on a printed excel table for each mouse.

Assessment of rat face mechanical allodynia after virus injection

The procedures of virus trigeminal injections are described by Long et al. (Long et al., 2017).

Briefly, following general anesthesia with a cocktail of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively in i.p), rats were shaved and place on a warmed surgical plate. The site of injection was determined using a notch between the condylar process and the ipsilateral angular process. The depth of injection was 9 mm. when they were co-expressed. Thus, the formation of heteromers within this subfamily explains how a mutation in one subunit i) was involved in the inhibition of others subunits and ii) leads to the phenotype complexity of a disease [START_REF] Preisig-Müller | Heteromerization of Kir2.x potassium channels contributes to the phenotype of Andersen's syndrome[END_REF].

Given the different regulations governing TREK subfamily, their overlapping expression and the role of this subfamily in the generation and control of the resting membrane potential in neurons involved in several paradigms, TREK heteromers could have a potential role in physiopathology.

Tools

To first characterized the complexes formed between two subunits, we used to optic techniques. The SiMPull allows one to immuno-precipitate specifically the complexes of interest, in a single molecule manner, and to distinguish the stoichiometry of each complex. Total internal fluorescence microscopy creates an evanescent field of only 200 nm above the sample, to get rid of the background. One subunit is caught on the slide via an antibody that will recognize the HA-tag. The other subunit is fused to a green fluorescent protein and will be illuminated and bleached by the laser (see Chapter SiMPull in Materiel and Method p. 97). Here, using this technique, we proved that TREK1 works as a dimer and is able to interact with TREK2 with no preference, and to a lesser extend with TRAAK.

To prove that these heteromeric channels were formed with a low level of expression as it would be the case in vivo, we performed subunit counting in Xenopus laevis oocytes (Ulbrich and Isacoff, 2007). It allows to directly visualize on the plasma membrane of oocytes the complexes formed using fluorescent tagged subunits.

Complexes made with only one kind of subunit will be observed in one color, the colocalization of two different subunits will be observed in both channels, and the overlapping image will reveal existence of the complexes. 

Introduction

Given the central place of TREK channels in several paradigms previously described, and having found that K2P channels were able to heteromerize, as it was observed in other potassium channel families, we wonder if their heteromerization could play a role in their mode of regulation involved in pathophysiology.

TREK-TRESK association, how the story started

Merely showing that 2 subunits are able to interact is not sufficient to validate the functionality of a dimer. Up to now, tandems based on using genetic fusion between subunits to force the heteromerization was the only way to isolate and study the functionality of heteromeric channels. Nevertheless, the possibility to have multimerization between tandems cannot be excluded. Therefore the lab wanted to develop a new approach allowing to functionally validate the heteromer. To test the functionality of the TREK heterodimer, the lab developed a heterodimerization assay based on an engineered "Photoswitchable Conditional Subunit" (TREK1-PCS) of TREK1. The TREK1-PCS is a TREK1 subunit where the C-terminus has been deleted

to produce endoplasmic reticulum retention, which can be rescued through coassembly with a full-length subunit (Sandoz et al., 2012). Following co-assembly and surface targeting, TREK1-PCS can then optically control the channel via a tethered photoswitchable blocker ("MAQ") which attaches to a genetically engineered cysteine.

Therefore, gain of photosensitivity of an identified co-expressed TREK interacting subunit allows for the verification of a functional heteromer with TREK1. As expected, expression of TREK1-PCS alone did not generate a photoswitchable current (Figure 38 A) but co-expression with either TREK1 or TREK2 and TRAAK induced a robust photoswitchable current, indicating that the TREK2 and TRAAK subunit are able to coassemble with TREK1-PCS. Consistent with SiMPull data, no photocurrent was observed when TASK1 or TASK3 were co-expressed with TREK1-PCS. But at the time, they have also tested the channel which share the smaller identity with TREK1, TRESK. Surprisingly, this "negative" control was found to be positive (see Figure 
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Introduction

Migraine is a common, disabling neurological disorder with a genetic, environmental and hormonal component with an annual prevalence estimated at ~15%. It is characterized by attacks of severe, usually unilateral and throbbing headache, and can be accompanied by nausea, vomiting and photophobia. Migraine is clinically divided into two main subtypes, migraine with aura (MA) when a migraine is preceded by transient neurological disturbances which are usually visual and migraine without aura (MO). Cortical spreading depression (CSD) underlies the aura, although its precise relationship to headache is unclear. Activation and sensitization of trigeminal neurons (TG) leading to the release of pro-inflammatory peptides is likely a key component in pain initiation and transmission in migraine [START_REF] Noseda | Migraine pathophysiology: anatomy of the trigeminovascular pathway and associated neurological symptoms, CSD, sensitization and modulation of pain[END_REF]) [START_REF] Yan | Ion channels and migraine[END_REF].

Recent evidence points to a pivotal contribution of a variety of two-pore domain potassium (K2P) channels in chronic pain processing. The diverse K2P channel family is made of 15 subtypes which form 6 subfamilies. The activity of these channels drives the membrane potential toward the K + equilibrium potential and therefore reduces cellular excitability. Expression of several K2P channel subunits has been detected in nociceptive dorsal root ganglion and trigeminal neurons (Alloui et al., 2006;[START_REF] Bautista | Pungent agents from Szechuan peppers excite sensory neurons by inhibiting two-pore potassium channels[END_REF]Blin et al., 2016;Morenilla-Palao et al., 2014;Noël et al., 2009;Yamamoto et al., 2009). One subtype of K2P channels that is highly expressed in sensory neurons, TRESK, has been directly linked to MA via a causally linked 2 bp frameshift mutation (F139WfsX24) identified in the KCNK18 gene which causes premature truncation of TRESK ("TRESK-MT") (Lafrenière et al., 2010;[START_REF] Wood | Migraine: Familial migraine with aura is associated with a mutation in the TRESK potassium channel[END_REF]. This mutation segregated perfectly with the MA phenotype in a large pedigree and was shown to produce a non-functional protein that can serve as a dominant-negative that functionally downregulates the wild type (WT) TRESK channel (Lafrenière et al., 2010;[START_REF] Wood | Migraine: Familial migraine with aura is associated with a mutation in the TRESK potassium channel[END_REF]. TRESK-MT has been shown to induce hyper-excitability of TG neurons (Guo et al., 2014;Liu et al., 2013), which likely underscores its role in migraine. However, in subsequent genetic screening studies, another missense TRESK variant, C110R, was identified (Andres-Enguix et al., 2012).

TRESK-C110R, similar to TRESK-MT, exerts a dominant negative effect on WT-TRESK in heterologous cells, but expression of this mutant was found to have no effect on TG excitability (Guo et al., 2014). This absence of effect explains why this mutant was found in both migraine patients and control subjects (Guo et al., 2014). Therefore, despite the fact that both mutations lead to the same apparent effect on TRESK function, only TRESK-MT is able to increase TG excitability and is linked to migraine pathophysiology.

Classically a eukaryotic mRNA is thought to contain one translation start codon which allows the production of a single protein species. However, in some cases, eukaryotic ribosomes can recognize several alternative translation start sites to induce the formation of several different proteins from the same mRNA (Kochetov, 2008). This alternative translation initiation is a means of expanding the proteome (Kochetov, 2008) and has been shown to increase the functional diversity of K2P channels (Thomas et al., 2008), raising the possibility that it plays a role in TRESK-mediated migraine pathophysiology.

In this study, we addressed why TRESK-MT (F139WfsX24), but not TRESK-C110R, is able to increase TG excitability and, potentially, play a role in migraines. Using single molecule fluorescence and chemical optogenetic methods, we found that TRESK is able to heterodimerize with 2 distantlyrelated K2P channels from another subfamily, TREK1 and TREK2 and that TRESK-MT strongly inhibits TRESK, TREK1, and TREK2 currents. In stark contrast, we show that TRESK-C110R is only able to inhibit TRESK, but not TREK1 or TREK2. Furthermore, we show, using double KO mice for TREK1 and TREK2, that TRESK-MT increases TG neuronal excitability by inhibiting TREK1 and TREK2. Consistent with a role for TREK1 and TREK2 in migraine induction, we found that double KO mice for TREK1 and TREK2 present, at rest, a migraine-like allodynia phenotype. These results resolve the contradictory lack of effect of TRESK-C110R which targets only TRESK and not TREK1 or TREK2. Strikingly, we next find that the 2 bp frameshift mutation of TRESK-MT puts an alternative start codon in frame which leads to the translation of a second TRESK fragment, termed MT2, which specifically co-assembles with TREK1 and TREK2 to downregulate their function leading to the TG excitability increase. Consistent with a role for MT2 in migraine induction, we found that MT2 expression within the trigeminal ganglia induced a migraine-like allodynia phenotype in rat. Finally, we find that other previously uncharacterized migraine-associated TRESK mutations also produce multiple fragments via alternative translation initiation (ATI) that can have distinct effects on TRESK and TREK channels. Together these findings identify frameshift induced-alternative translation initiation (fsATI) as a mechanism initiated by TRESK mutations which leads to two protein fragments with dominant negative effects on distinct channel targets to, ultimately, increase sensory neuron excitability which may contribute to migraine induction.

Results

TRESK heteromerizes with TREK1 and TREK2

Despite the fact that K2P channels share a similar architecture and global function, they share a low level of sequence identity, even between members of the same subfamily. Surprisingly, this low level of identity does not preclude heteromerization, as we and others recently showed within the TREK subfamily (Blin et al., 2016;Hwang et al., 2014;Lengyel et al., 2016;Levitz et al., 2016). Based on this and the fact that TG neurons express many K2P channels (TREK1, TREK2, TRAAK, TASK1 and TASK3) [START_REF] Bautista | Pungent agents from Szechuan peppers excite sensory neurons by inhibiting two-pore potassium channels[END_REF]Yamamoto et al., 2009), we hypothesized that the difference between TRESK mutants is due to their differential ability to modify the function of other K2P channels through heteromerization. To assess the ability of TRESK to heteromerize with other K2P channels which are expressed in TG neurons, we used the single-molecule pull-down ("SiMPull") assay (Jain et al., 2012) to visualize individual antibody-immobilized protein complexes on polyethylene glycol-passivated glass coverslips (Figure 1A). We co-expressed GFP-TRESK with either HA-TRESK, HA-TREK1, HA-TREK2, HA-TRAAK, HA-TASK1, or HA-TASK3 and assessed their ability to co-immunoprecipitate (Co-IP) GFP-TRESK via an anti-HA antibody. HA-TRESK, HA-TREK1, and HA-TREK2, were able to co-IP many fluorescent GFP-TRESK spots (Figure 1B, C), whereas no GFP-TRESK spots were observed for HA-TRAAK, HA-TASK1 or HA-TASK3 (Figure 1C), indicating that TRESK coassembly with other K2P channels is specific for TREK1 and TREK2. Importantly, controls showed that identical results were observed in two different non-ionic detergents (Figure 1C), that similar expression levels were seen for GFP-TRESK when co-expressed with HA-TREK1 or HA-TRESK (Figure S1A), that all HA-tagged K2P constructs were able to pull down themselves (Figure S1B, C), that pulldown was dependent on the presence of the anti-HA antibody (Figure S1D) and confirm that TREK1, TREK2

and TRESK are coexpressed in the same cultured trigeminal (TG) neurons using immunofluochemistry and single cell RT-PCR (Figure S1F) .

We next used photobleaching step analysis (Ulbrich and Isacoff, 2007) to determine the stoichiometry of TREK1 and TRESK complexes to test the hypothesis that they form heterodimers.

First we confirmed that HA-GFP-TREK1 form homodimers in our assay by observing ~70% 2-step bleaching for each when expressed and immunoprecipitated alone with anti-HA antibodies (Figure S2A), consistent with the formation of strict dimers with a GFP maturation rate of ~80%. Then, we counted the number of GFP-TRESK subunits within a HA-TREK1/GFP-TRESK complex by observing bleaching steps of GFP-TRESK co-immunoprecipitated with immobilized HA-TREK1 (Figure S2C).

The majority of fluorescence intensity trajectories showed one bleaching step (~70%) (Figure S2C).

This distribution is similar to the one observed for HA-TREK1/GFP-TREK1 complexes (Figure S2B)

and agrees well with a 1:1 stoichiometry showing that TREK1-TRESK is primarily a heterodimer.

To test the functionality of the TREK1-TRESK heterodimer, we developed a heterodimerization assay based on an engineered "Photoswitchable Conditional Subunit" (TREK1-PCS) of TREK1. The TREK1-PCS is a TREK1 subunit where the C-terminus has been deleted to produce endoplasmic reticulum retention, which can be rescued through co-assembly with a full-length subunit (Sandoz et al., 2012). Following co-assembly and surface targeting, TREK1-PCS can then optically control the channel via a tethered photoswitchable blocker ("MAQ") which attaches to a genetically engineered cysteine. Therefore, gain of photosensitivity of an identified co-expressed TREK interacting subunit allows for the verification of a functional heteromer with TREK1. As expected, expression of TREK1-PCS alone did not generate a photoswitchable current (Figure 1D) but coexpression with either TREK1 or TRESK induced a robust photoswitchable current (Figure 1E, F), indicating that the TRESK subunit is able to co-assemble with TREK1-PCS. Consistent with SiMPull data, no photocurrent was observed when TASK1 (Figure 1G) or TASK3 (Figure S1E) were coexpressed with TREK1-PCS. Furthermore, the bleaching step distribution of GFP-TREK1-PCS spots co-immunoprecipitated with immobilized HA-TREK1 is similar to HA-TREK1/GFP-TREK1, the majority of fluorescence spots showed one bleaching step (~70%) (Figure S2D), supporting the conclusion that the light-gated TREK1-PCS/TRESK current is carried by a TREK1-PCS/TRESK heterodimer with a common pore.

Next, to test the functional properties of the TREK1-TRESK heteromer, we constructed a linked, tandem dimer to have a uniform representation at the surface of the cell of the TREK1-TRESK heteromer (Figure S3). This heteromeric channel displayed properties which are a mix of those from TREK1 and TRESK homodimers. Notably, TRESK is insensitive to arachidonic acid while TREK1 is sensitive (Figure S3A, B, C) and TRESK-TREK1 tandems show an intermediate sensitivity to arachidonic acid (Figure S3C). Furthermore, similar to TRESK, but not TREK1, TRESK-TREK1 tandems showed sensitivity to intracellular calcium, as tested with ionomycin application (Figure S3D, F). Consistent with this, the light-gated TREK1-PCS/TRESK current is also calcium sensitive (Figure S3E, F), confirming that the light-gated TREK1-PCS/TRESK current is carried by a TRESK1-TRESK heteromer with a common pore.

Having found that TREK can physically and functionally heteromerize with TRESK and that all three channel subtypes are co-expressed in sensory neurons, we next investigated the ability of TRESK mutants to modify TREK1 and TREK2 currents.

TRESK-MT, but not TRESK-C110R, acts as a dominant negative on TREK1 and TREK2 channels

As previously shown (Andres-Enguix et al., 2012), both TRESK-MT and TRESK-C110R exert a dominant-negative effect on whole cell TRESK currents (Figure 2A-C). Since TREK1 can coassemble with TRESK (Figure 1), we addressed the impact of the MT and C110R variants on TREK1 current. We found that TRESK-C110R co-expression did not modify TREK1 current whereas TRESK-MT co-expression induced a near-complete inhibition of TREK1 current (Figure 2D-F). Similar to TREK1, TRESK-MT, but not TRESK-C110R strongly inhibited, TREK2 current (Figure 2G-I). This dominant negative effect is specific and likely dependent on co-assembly since TASK1, TASK3 and TRAAK, which do not co-IP with TRESK (Figure 1), were not sensitive to TRESK-MT co-expression (Figure S4). To address why TRESK-C110R does not modify TREK1 or TREK2 current, we used the SiMPull assay to test the ability of TRESK-C110R to physically interact with TREK1. We co-expressed HA-TREK1 with either GFP-TRESK or GFP-TRESK-C110R and tested their ability to be coimmunoprecipitated (Co-IP) with HA-TREK1 via an anti-HA antibody. Whereas GFP-TRESK was able to be co-immunoprecipitated with HA-TREK1 leading to many fluorescent spots, very few spots were observed for GFP-TRESK-C110R (Figure S5A). This indicates that TREK1 can co-assemble with TRESK and that the C110R mutation leads to a drastic reduction of this association explaining why TRESK-C110R have no effect on TREK1 current. Together these data show that TRESK-MT can inhibit TRESK, TREK1 and TREK2 whereas TRESK-C110R is only able to inhibit TRESK. Based on the fact that TRESK-MT but not TRESK-C110R is able to induce TG neuron hyperexcitability (Guo et al., 2014;Liu et al., 2013), we hypothesized that TRESK-MT induces sensory neuron hyper-excitability primarily by acting on TREK1 and TREK2, not TRESK.

TRESK-MT increases neuronal excitability through the inhibition of TREK1 and TREK2

To investigate the role of TREK1 and TREK2 in the induction of TG hyperexcitability by TRESK-MT, we tested if overexpression of GFP-TRESK-MT alters the passive and active electrophysiological properties of small-diameter (<25 µm) TG neurons from wild-type or TREK1/TREK2 double knockout (TREK1 -/-/TREK2 -/-) mice. As previously shown, TRESK-MT expression in WT TG neurons led to a decrease of the lamotrigine current (Figure S6) leading to an increase in excitability (Figure 3C) which included a decrease in the rheobase (74 ± 11 pA vs 47 ± 5 pA, P<0.05 for TG neurons expressing GFP or TRESK-MT, respectively) and an increase in the number of action potentials (APs) evoked by suprathreshold current injections compared to control (Figure 3A, C). As shown in Figure 3B, neurons from TREK1 -/-/TREK2 -/-mice were more excitable than WT TG neurons. These neurons have a smaller lamotrigine current (Figure S6), smaller rheobase (55 ± 6 pA, P<0.05) and a significant increase in the number of APs evoked by suprathreshold current injections compare to WT TG neurons. Consistent with a role for TREK1 and 2 in mediating the effects of TRESK-MT, TRESK-MT overexpression did not alter the excitability of TREK1 -/-/TREK2 -/-mice (Figure 3D). TREK1 -/-/TREK2 -/-TG neurons showed no increase in the number of evoked APs number nor a reduction in rheobase (55 ± 6 pA vs 53 ± 5 pA, for TG neuron expressing GFP or TRESK-MT respectively, P>0.5). Together these data strongly support a major role for TREK1 and TREK2 in the control of TG neuron excitability and support the idea that TRESK-MT differs functionally from TRESK-C110R in its ability to target TREK1 and TREK2 to increase the excitability of TG neurons which is likely a crucial step in the induction of migraines.

TREK1 -/-/TREK2 -/-mice show a mechanical allodynia which is not increased by NO donors

Having found that expression of the TRESK-MT mutant increases TG excitability through TREK1-TREK2 inhibition, we hypothesized that TREK1 -/-/TREK2 -/-mice would show an increased susceptibility to a migraine-related phenotype. Migraine is associated with an increase of the sensitivity to all sensory modalities and cutaneous allodynia can be used as a quantifiable marker of migraine disorder [START_REF] Bates | Sumatriptan alleviates nitroglycerin-induced mechanical and thermal allodynia in mice[END_REF]Pradhan et al., 2014;Verkest et al., 2018). One approach to model acute and chronic migraine is the quantification of this increase in response to known migraine triggers such as nitric oxide (NO) donors [START_REF] Bates | Sumatriptan alleviates nitroglycerin-induced mechanical and thermal allodynia in mice[END_REF], including isosorbide dinitrate (ISDN) (Verkest et al., 2018). We quantified ISDN-evoked mechanical hyperalgesia in TREK1 -/-/TREK2 -/-and wild-type controls in acute and chronic conditions. In a first experiment, paw mechanical nociception thresholds were determined with a dynamic von Frey aesthesiometer before and during a 3-hour period after intraperitoneal injection of ISDN (10 mg/kg) (Figure 3E) [START_REF] Bates | Sumatriptan alleviates nitroglycerin-induced mechanical and thermal allodynia in mice[END_REF]Verkest et al., 2018). In a second experiment, we assessed mechanical nociception thresholds in both TREK1 -/-/TREK2 -/-and wild-type controls, by intraperitoneally injecting ISDN every day for four days as a model of chronic migraine-associated pain (Figure 3E). We found that, at rest, TREK1 -/-/TREK2 -/-mice showed a decreased mechanical threshold compared to WT mice (2.6 ± 0.1g vs 3.9 ± 0.1g; P<0.001). Notably, the basal mechanical threshold of TREK1 -/-/TREK2 -/-mice is similar to the threshold observed 1.5 hours after acute ISDN injection in WT mice (Figure 3F, P=0.831). In the acute model experiment, during the first 1.5 hours following ISDN injection, the mechanical thresholds remained significantly lower in TREK1 -/-/TREK2 -/-mice than in wild-type controls (Figure 3F, P<0.001 after 30 minutes and P<0.01

after 1 hour with a linear mixed-effects model). In the chronic migraine-associated pain assay, the mechanical thresholds remained significantly lower for TREK1 -/-/TREK2 -/-mice compared to wild-type controls but the difference was strongly reduced (mechanical threshold 0.33 ± 0.2g vs 1.12 ± 0.1g) (Figure 3G).

Having found that ISDN did not change the mechanical threshold in both acute and chronic migraine-associated pain models in TREK1 -/-/TREK2 -/-mice, we wondered if a treatment used in prophylaxis in migraine patient, topiramate, could reverse this observed migraine-like phenotype as was observed for both models of NO donor-induced migraine (Pradhan et al., 2014). We assessed the mechanical nociception threshold in TREK1 -/-/TREK2 -/-mice before and 2 hours following the intraperitoneal injection of 30 mg/kg of topiramate. Treatment with topiramate reversed the chronic basal hyperalgesia seen in TREK1 -/-/TREK2 -/-mice (1.2 ± 0.2g; Figure 3H), as was previously observed for a nitroglycerin-evoked form of hyperalgesia (Pradhan et al., 2014). As a control, we tested nontreated ISDN WT mice and did not observe any significant shift of the mechanical threshold following topiramate treatment (Figure 3H).

These data demonstrate that at rest the TREK1 -/-/TREK2 -/-mice present a hyperalgesia phenotype which is similar to the phenotype observed in ISDN-treated animals. This is consistent with a role of TREK1/TREK2 in sensory neuron hypersensitivity that is relevant to migraine and this phenotype is partially reversed by topiramate, a drug used in the clinic to treat chronic migraine.

TRESK-MT mutation induces the translation of a second protein, MT2

We next explored how TRESK-MT exerts its effects on TREK channels at the molecular level.

The F139WfsX24 frameshift mutation of TRESK-MT results in the premature truncation of the human TRESK protein from 384 amino acids (aa) to 162 aa. The truncated TRESK includes the first 138 aa of wild-type TRESK followed by a 24 aa aberrant sequence. The corresponding mutation has very similar effects on the mouse TRESK gene, generating a truncated protein with the first 149 aa of wild-type TRESK and followed by a 50 aa aberrant sequence at the C terminus (Figure 4B). We fused a GFP tag to the N-terminus of the mouse TRESK-MT and tested its ability to be immobilized by HA-TRESK, HA-TREK1 or HA-TREK2 in the SiMPull assay. Surprisingly, only HA-TRESK was able to co-IP GFP-TRESK-MT via an anti-HA antibody (Figure 4A). This result confirms that TRESK-MT associates with TRESK to induce its dominant negative effect but raises the question of how TRESK-MT is able to inhibit TREK1 and TREK2 without direct association.

It has been hypothesized that alternative translation initiation (ATI) of eukaryotic mRNAs, including those that encode K2P channels (Thomas et al., 2008), may provide a method to expand the proteome (Kochetov, 2008). A close examination of the nucleotide sequence of TRESK-MT revealed that the F139WfsX24 frameshift mutation places two new ATG codons in frame with the reference open reading frame of TRESK (ATGs at position +356 and +407 for the human TRESK cDNA and +389 and +490 for the mouse cDNA). We hypothesized that one of these codons may serve as an ATI site that can lead to the formation of a second truncated TRESK protein, termed "MT2", that would include a short (either 2 or 19 aa) N-terminal aberrant sequence followed by the C-terminal part of TM2, including the 2-3 intracellular loop, TM3, P2 loop, TM4 and the C terminal domains (Figure 4B). To test whether MT2 is co-translated with MT1, we introduced an N-terminal mCherry-tag in frame with MT1 and a C-terminal GFP in frame with MT2 within the mouse TRESK-MT cDNA ("mCherry-TRESK-MT-GFP"). Expression of this construct led to HEK 293T cells with both mCherry and GFP fluorescence, showing the co-translation of mCherry-MT1 and MT2-GFP (Figure 4C). This cotranslation was observed in other cell lines including MDCK cells (Figure 4C), as well as in primary TG neurons (Figure 4C). Next, we introduced an N-terminal hemagglutinin (HA) tag in frame with MT1 and another one in frame with MT2 within the mouse TRESK-MT cDNA ("HA-TRESK-MT-HA"). Lysate from cells transfected with HA-TRESK-MT-HA was probed in a western blot with anti-HA antibodies and 2 bands, with a similar intensity, corresponding to the expected molecular weights for MT1 (~23 kDa) and MT2 (~29 kDa) were detected (Figure 4D). Together these data clearly show that TRESK-MT leads to the production of two distinct fragments of TRESK.

To probe the function of MT2, we introduced a stop codon into the MT2 ORF of TRESK-MT at the beginning of the 2-3 loop (Figure 4B) inducing the loss of expression of MT2 (Figure S7A). As shown in Figure 5, whereas the introduction of the stop codon in the MT2 ORF did not change the ability of TRESK-MT to inhibit TRESK current (Figure 5B), this stop codon abolished the ability of TRESK-MT to produce a dominant negative functional effect on TREK1 (Figure 5A). We next confirmed the importance of this second ORF by mutating, in TRESK-MT, the putative ATI start codons one by one. Mutation of the first ATG abolished the ability of TRESK-MT to inhibit TREK1 (Figure 5C), but not TRESK (Figure 5D) whereas mutation of the second ATG did not alter the ability of TRESK-MT to inhibit TREK1 current (Figure 5C and Figure S7B). This data indicates that the ATI site is the first internal ATG. As a control, we mutated a third ATG, which is also present in the WT-TRESK sequence, and found that it did not change the ability of TRESK-MT to inhibit both TRESK and TREK1 currents (Figure 5C and Figure S7C). Similar to TREK1, introduction of a stop codon into the MT2 ORF or mutation of the first ATG also abolished the inhibition of TREK2 by TRESK-MT (Figure 5E, F). To further demonstrate that the first ATG serves as a start codon, we mutated the potential Kozak sequence GCTATGG to CCTATGC and found that alteration of the Kozak sequence strongly reduced the inhibitory effect of TRESK-MT on TREK1 current (Figure 5C and Figure S7D)

without affecting the effect on TRESK (Figure 5D and Figure S7E). (Figure 6E, Figure S8). Consistent with the functional data, we found that GFP-MT2 is coimmunoprecipitated with HA-TREK1 or HA-TREK2 in the SiMPull assay (Figure 6F).

To validate the physiological role of interaction between TREK1, TREK2 and MT2, we tested the functional effect of MT2 in TG neurons. Whereas MT1 expression did not alter the excitability of WT TG neurons (Figure 7A,B), MT2 increased it significantly (Figure 7A,C). In fact, MT1 did not modify the rheobase (74 ± 11 pA vs 79 ± 5 pA, P>0.5 for TG neurons expressing GFP or MT1, respectively) and did not modify the number of action potentials (APs) evoked by suprathreshold current injections compared to control. Conversely, MT2 expression in WT TG neurons led to an increase in excitability (Figure 7) which included a decrease in the rheobase (74 ± 11 pA vs 55 ± 5 pA, P<0.05 for TG neurons expressing GFP or MT2, respectively, P<0.05) and an increase in the number of action potentials (APs) evoked by suprathreshold current injections compared to control (Figure 7A, C). We confirmed that this effect is linked to TREK1 and TREK2 since MT2 overexpression failed to increase the excitability of TREK1 -/-/TREK2 -/-TG neurons (Figure 7D).

Having found that MT2, by inhibiting TREK1 and TREK2, is sufficient to increase TG excitability we asked if MT2 expression in TG ganglia would induce a migraine-related phenotype. We conducted behavioral experiments in rats in which MT2 was virally overexpressed within the trigeminal ganglia. Rats allow to test the mechanical pain threshold on the face which is directly linked to TG excitability, constituting a relatively direct, reliable and quantifiable marker of migraine disorder in clinical contexts as well as in NO-induced migraine (Pradhan et al., 2014;[START_REF] Kopruszinski | Prevention of stress-or nitric oxide donor-induced medication overuse headache by a calcitonin gene-related peptide antibody in rodents[END_REF][START_REF] Harris | The effects of repeated nitroglycerin administrations in rats; modeling migraine-related endpoints and chronification[END_REF]. As shown in Figure 7F, MT2 expression in TG ganglia (Figure S9) significantly increased the facial mechanical threshold (3.3 ± 0.4 g vs 7.7 ± 0.4 g, P<0.001). Furthermore, as was seen for the TREK1 -/-/TREK2 -/-mice, the basal mechanical facial threshold of MT2-expressing rats is similar to the threshold observed 1.5, 2 and 3 hours after acute ISDN injection in WT rats. Having found that MT2 overexpression induced allodynia, we quantified ISDN-evoked mechanical hyperalgesia and found that MT2 overexpression prevents the effect of ISDN, similarly to what was observed for TREK1 - /-/TREK2 -/-mice.

Together these data demonstrate that at rest MT2 leads to an increase in TG excitability and a chronical cutaneous allodynia similar to the one observed following NO-donor injection and in TREK1 - /-/TREK2 -/-double KO mice.

MT2-producing alternative translation initiation is found in other migraine-associated TRESK mutants

Having found that MT2 is responsible for the migraine-associated increase in TG excitability and induction of a migraine-like phenotype through the inhibition of TREK1 and TREK2, we anticipated that other frameshift mutations may exist which place the ATG at position +356 in-frame

with the reference open reading frame of TRESK. Such mutations would lead to the formation of MT2.

This mutation could be either a 2 bp deletion or 1 bp insertion in the region between the ATG at position +356 and the TGA at position +427 (Figure S10). We used the Exome Aggregation Consortium (ExAC)

database [START_REF] Lek | Analysis of protein-coding genetic variation in 60,706 humans[END_REF] and found one variant (Y121LfsX44) with a T duplication (+1 pb, c.361dupT) that places the ATI site in frame with the TRESK ORF (Figure S9). We introduced this insertion into the mCherry-TRESK-GFP (mCherry-TRESK-c.361dubT-GFP) sequence and found, similar to mCherry-TRESK-MT-GFP (Figure 4C), that this construct led to HEK 293T cells with both mCherry and GFP fluorescence (Figure 8A) due to the co-translation of both MT1 and MT2 proteins.

Similar to TRESK-MT, this mutant is able to inhibit both TRESK, TREK1 and TREK2 (Figure 8). As was seen for TRESK-MT (Figure 5), introduction of a stop codon into the MT2 ORF (TRESK c.361dupTSTOP) of this mutant abolished its ability to inhibit TREK1 and TREK2 (Figure 8), but not TRESK. Since this Y121LfsX44 mutation leads to the same molecular effects as TRESK-MT on TREK function, we hypothesized that it may be associated with a migraine phenotype. To address this, we looked in the ClinVar database [START_REF] Landrum | ClinVar: public archive of interpretations of clinically relevant variants[END_REF] and found that this mutant has been correlated with a migraine phenotype (RCV000490385.1).

Discussion

While initial findings of migraine-associated mutations of TRESK represented a major breakthrough (Lafrenière et al., 2010), a direct relationship between TRESK channel disruption and migraine has been challenged based on the discovery of a TRESK mutation (C110R) which produces a dominant negative form of TRESK but is found in a control cohort population (Andres-Enguix et al., 2012) . The presence of this mutation in control individuals indicates that a single non-functional TRESK variant alone may not be sufficient to cause migraines, consistent with the genetic complexity of this disorder. In this study, we have addressed this controversy and found that the migraine-associated mutation of TRESK exerts its effects on sensory neurons by associating and serving as a dominant negative not only for TRESK, but also for TREK1 and TREK2 channels. In stark contrast, TRESK-C110R is not able to regulate TREK channels. Consistent with a function of TREK1 and TREK2 in TRESK-MT-induced migraine, the TREK1 -/-/ /TREK2 -/-mice show a migraine-like hypersensitivity to mechanical stimuli. Surprisingly, we find that migraine-associated frameshift mutations of TRESK induce alternative translation initiation which allows the formation of a second product, MT2, which mediates the dominant negative action on TREK1 and TREK2. This dominant negative action on TREK1 and TREK2, ultimately, leads to an increase in TG neuron excitability and a migraine-like hypersensitivity to facial mechanical stimuli. Supporting this phenomenon as a general mechanism, we found another migraine-associated frameshift mutation in TRESK that produces a similar ORF shift which also leads to the formation of MT2. Together these findings support a role of frameshift induced alternative translation intiation (fsATI) and for TREK potassium channels as a key part of sensory neuron excitability and the underlying cellular mechanism of migraine.

We and others (Blin et al., 2016;Hwang et al., 2014;Lengyel et al., 2016;Levitz et al., 2016) have recently shown that K2P channels are able to form both homodimeric and heterodimeric potassium channels. In this study, we show that TREK and TRESK readily assemble as heteromers. We show that this TRESK-TREK heteromer is a functional dimer since one TRESK is able to co-assemble with one TREK subunit to form a heterodimeric channel with a common pore using a photoswitchable conditional TREK1 (Sandoz et al., 2012). This is quite surprising given that TREK1/2 and TRESK are in different K2P channel subfamilies and only show low sequence identity of ~19.7% (Sano et al., 2003).

We previously found that all members of the TREK channel subfamily (TREK1, TREK2, and TRAAK) can co-assemble but that TREK was unable to interact with TASK channels. Similar to the other reported heteromers, TREK1-TRESK heterodimers show unique biophysical behavior that blends the properties of the parent subunits. Notably, TREK1-TRESK is both arachidonic acid-and calciumsensitive. In this study, we also show that TRESK does not heteromerize with three other K2P channels, one from the TREK subfamily, TRAAK, and two from the TASK subfamily TASK1 and TASK3.

Together this indicates that not all pairs of K2P channel subunits are able to interact and that there are indeed rules of interaction that remain to be deciphered. Future work will be needed to determine the molecular mechanisms and structural interfaces that mediate specific K2P heteromer assembly and the associated functional consequences of heteromerization.

TRESK channels are expressed in the dorsal root ganglion (DRG) and show their highest expression levels in trigeminal ganglion (TG). In DRG and TG, TRESK is most abundant in the small and medium-size sensory neurons (Dobler et al., 2007) (Lafrenière et al., 2010). In TG neurons, introduction of TRESK-MT has been shown to reduce the lamotrigine-sensitive K + current leading to an increase in excitability (Guo et al., 2014;Liu et al., 2013). This increase of TG excitability cannot be explained by TRESK inhibition since TRESK-C110R, which also strongly inhibits wild-type TRESK, does not inhibit the lamotrigine-sensitive K + current and does not increase TG excitability, explaining its lack of involvement in migraine (Guo et al., 2014). TREK1 and TREK2 are also expressed in DRG and show high expression levels in TG (Blin et al., 2016;Yamamoto et al., 2009). Furthermore, TREK1 and TREK2 have recently been shown to also be lamotrigine-sensitive (Walsh et al., 2016 and Figure S6A, B). We found that TRESK-MT inhibits TREK1 and TREK2 to increase TG excitability,

showing that TREK1 and TREK2 control TG neuron excitability. To address the impact of this sensory neuron excitability increase, linked to TREK1 and TREK2 inhibition, we tested TREK1 -/-/TREK2 -/- mice for their susceptibility to a migraine-like phenotype. Migraine is associated with increased sensitivity to all sensory modalities and it appears that cutaneous allodynia can be used as a quantifiable marker of migraine disorder [START_REF] Bates | Sumatriptan alleviates nitroglycerin-induced mechanical and thermal allodynia in mice[END_REF]. Increase of basal mechanical hyperalgesia induced by TREK1 and TREK2 invalidation, to a similar level compared to WT animals after ISDN injection, is in agreement with a KO-induced increase of sensory neuron excitability that is relevant to migraine [START_REF] Brennan | Casein kinase iδ mutations in familial migraine and advanced sleep phase[END_REF]. Furthermore, trigeminal expression of MT2 in rats also induced a chronic facial allodynia which is directly linked to TG excitability and therefore relevant to migraine (Pradhan et al., 2014) [START_REF] Kopruszinski | Prevention of stress-or nitric oxide donor-induced medication overuse headache by a calcitonin gene-related peptide antibody in rodents[END_REF] [START_REF] Harris | The effects of repeated nitroglycerin administrations in rats; modeling migraine-related endpoints and chronification[END_REF]. Topiramate was previously shown to inhibit NO donor-induced acute or basal chronic hyperalgesia (Pradhan et al., 2014). We found that topiramate was able to partially reverse TREK1-TREK2 invalidation-induced hyperalgesia which is consistent with its action as a prophylactic migraine therapy (Pradhan et al., 2014). Therefore, the dysfunction of TREK1 and TREK2, and not TRESK alone, contributes to the increase of TG excitability which may lead to the altered pain processing associated with migraines. Together these results suggest that TREK1, TREK2 and TREK-TRESK heterodimers should be considered as new targets for migraine treatment.

An important remaining question is: how does TREK1 and TREK2 dysfunction lead to migraine phenotypes? Importantly, the TRESK-MT mutant has been found in migraine with aura phenotype (Lafrenière et al., 2010). Aura has been linked to cortical spreading depression (CSD) which precedes the activation of TG neurons [START_REF] Noseda | Migraine pathophysiology: anatomy of the trigeminovascular pathway and associated neurological symptoms, CSD, sensitization and modulation of pain[END_REF]. TREK1 and TREK2 channel activity, by reducing TG excitability, may serve as a brake to prevent the pathological activation of TG neurons during the early stages of CSD. In patients expressing TRESK-MT this mechanism may be reduced or eliminated, enhancing the activation of TG neurons, thus leading to migraines. Fitting the model in which an increase in TG excitability is the primary underlying cause of headaches, the TRESK-MT proband described in the original Lafrenière paper (Lafrenière et al., 2010; OMIM #613656) also showed migraine headaches in isolation without a preceding aura.

Most importantly, this study led us to uncover an undescribed mechanism involving alternative translation initiation. We provide evidence that the 2 bp deletion observed for TRESK-MT introduces an in-frame start codon with the reference open reading frame of TRESK, allowing the formation of MT2, the TRESK fragment responsible for the increase in TG excitability. Translation initiation of most eukaryotic mRNAs follows a linear scanning mechanism where the 40S ribosome is recruited to the 5′ cap structure of the mRNA followed by downstream movement until an initiation codon is encountered (Kozak, 1999). In these cases, the translation initiation site is the first cap-proximal start codon for methionine (AUG). In most eukaryotic mRNA this first AUG is embedded into the Kozak consensus sequence [A/G]-XX-ATGG (Kozak, 1984a, b) [START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF]. However, if the first AUG is used inefficiently, some ribosomes read through the site without recognition; this leaky scanning can result in translation initiation at a downstream position (Thomas et al., 2008). This has been observed for TREK1, where the second strong ATI site allows the physiological formation of a TREK1 channel with a shorter N-terminus which leads to altered TREK1 ion selectivity (Thomas et al., 2008). Similar to what was seen with TREK1, the TRESK ATG at position +356 is embedded into the Kozak consensus sequence (GCTATGG), which may explain why this ATG can serve as an ATI. To further determine why the ATG at position +356 is able to serve as an ATI, we submitted the TRESK-MT sequence to TIS Miner and the ATGpr algorithms [START_REF] Nishikawa | Prediction whether a human cDNA sequence contains initiation codon by combining statistical information and similarity with protein sequences[END_REF] and both algorithms predicted that the ATG at position +356 is a strong start codon and it is the second possible start codon after ATG at position +1. Furthermore, we found that Kozak sequence mutation significantly reduced the TRESK-MT effect on TREK1 current. This indicates that leaky scanning may explain the generation of TRESK-MT2.

At the physiological level, ATI is thought to increase protein functional diversity as is also the case with RNA splicing. For example, it was recently shown in Osteogenesis Imperfecta (OI) disease, that a causative missense mutation of c.-14C>T of the cDNA encoding IFITM5 creates an upstream ATG (ACG at position -15 was mutated to give ATG) in the 5' UTR in frame with IFITM5 which can serve as an ATI site, resulting in addition of an N-terminal 15 AA sequence [START_REF] Lazarus | The IFITM5 mutation c.-14C > T results in an elongated transcript expressed in human bone; and causes varying phenotypic severity of osteogenesis imperfecta type V[END_REF]. Here, we find that an ATG embedded by a strong Kozak sequence, downstream of the ATG at position +1, can be put in frame by a frameshift mutation to induce the translation of a second truncated protein. In the present work, this second product was found to target TREK1 and TREK2 to increase TG neuron excitability and to produce mechanical allodynia, linking this mutant to migraine. This represents the first example where a frameshift mutation downstream of an ATG start codon at position +1 creates a new ORF allowing the production of a second product which is at the origin of a physiological disturbance. To see if this "frameshift mutation-induced Alternative Translation Initiation" (fsATI) is a general phenomenon in TRESK, we predicted that any mutations before the stop codon TGA at position +427 that put the ATG at position +356 in frame would induce the formation of an MT2 that would lead to disease. Indeed, we demonstrate that another frameshift mutation, c.361dupT (Y121LfsX44), also leads to the formation of MT2 and is correlated to migraine (Clinvar, RCV000490385.1). It's not

Materials and Methods

Molecular Biology, Cell Culture and Gene Expression

Channel DNA was used in the pIRES2eGFP, pcDNA3.1 and pCMV-HA vectors. HEK293T cells were maintained in DMEM with 5% FBS on poly-L-lysine-coated glass coverslips in 12 well plates. Cells were transiently co-transfected using Lipofectamine 2000 (Invitrogen) with a total of 1-1.6 μg of DNA total per 35 mm dish. When two genes were co expressed, a ratio of 1:1 DNA was used.

Primary cultures of mouse TG neurons

All mouse experiments were conducted according to national and international guidelines and have been approved by the local ethical committee (CIEPAL NCE). The C57BL/6J breeders were maintained on a 12 h light/dark cycle with constant temperature (23-24°C), humidity (45-50%), and food and water ad libitum at the animal facility of Valrose. TG tissues were collected from postnatal day 8 mice of either sex and treated with 2 mg/ml collagenase type II (Worthington) for ~2 hours, followed by 2. 

Knock-out mice

Mice lacking TREK1 and TREK2 were generated as described [START_REF] Guyon | Glucose inhibition persists in hypothalamic neurons lacking tandem-pore K+ channels[END_REF]. Null mutations were backcrossed against the C57BL/6J inbred strain for 10+ generations prior to establishing the breeding cages to generate subjects for this study. Age-and sex-matched C57BL/J6 WT mice, aged 9-12 weeks, were obtained from Charles River Laboratories (Wilmington, MA).

Vector preparation

Adenovirus vector (DJ) encoding an IRES2EGFP or MT2-IRES2EGFP were used. Following linearization, this vector was recombined with the mouse version of the MT2 protein. The recombinant was amplified with PCR, and DNA sequencing was performed to verify the DNA sequence. Viral vectors were packaged and harvested by transfection of HEK 293T cells, followed by quantification of the viral titer through quantitative PCR. In addition, as a control, an adenovirus vector containing only the IRES2EGFP sequence was used.

Behavioral experiments

Animals

Experiments were performed on male Sprague Dawley rats (Janvier Labs) weighing 250 to 400 g (mean weight: 337 ± 16 g, 6 to 9 weeks old), and on male knock-out mice for TREK1 and TREK2 (weighting Animals were sacrificed at experimental end points by CO2 euthanasia.

Drug administration and virus injection

For the topiramate experiment, mice were injected intraperitonealy with topiramate once at a dose of 30 mg/kg and mechanical nociception thresholds were assessed every 30 minutes for two hours after the injection.

The procedures of virus trigeminal injections are described by Long et al. (Long et al., 2017). Briefly, following general anesthesia with a cocktail of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively in i.p), rats were shaved on the right side, which is the injected side, and placed on a warmed surgical plate. The site of injection was determined using a notch between the condylar process and the ipsilateral angular process. The depth of injection was 9 mm. Antibiotics were used 5 days following injections. Viral vector suspension (10 µL, 10 11 transduction unit) containing 6 µg/mL of Polybrene was injected slowly over 1 min. Rats in the experimental group (n=14) received 10 µL of viral vector containing the MT2 protein sequence, while those in the control group (n=14) received the same amount of EGFP viral vector. Epifluorescence imaging and qPCR were performed to verify successful transduction of trigeminal ganglia by viral vector.

Mechanical sensitivity measurements

The face mechanical sensitivity was measured using calibrated von Frey filaments (Bioseb, France).

Unrestrained rats placed in individual plastic boxes on top of a wire surface were trained over one week to stimulation on the periorbital area, following a progressive protocol, starting with non-noxious filaments during the first 3 days of training. The face withdrawal force threshold (g) was determined by the filament evoking at least three responses over five trials, starting with lower force filaments. Basal values were determined 2 days before experiments.

The hindpaw mechanical sensitivity was evaluated with a dynamic plantar aesthesiometer (Ugo Basile, Italy). Unrestrained mice were placed in 10 individual plastic boxes on top of a wire surface. The mouse hindpaw was submitted to a force ramp up to 7.5 g during 10 s, the paw withdrawal force threshold (g) was assessed in three consecutive trials with at least 3-5 min between the trials and averaged to select animals. Basal values were determined 2 days before experiments.

Migraine rodent models

The rodent model of NO-induced migraine was induced by intraperitoneal (i.p.) injection of ISDN (Risordan®, Sanofi) at 10mg/kg, a long-lasting NO donor. The vehicle control used in these experiments was 0.9% saline. The acute mechanical allodynia induced by a single ISDN injection was followed on the hindpaw for mice and on the face for rats before (basal value) and for 3 hours after injection, every 30 minutes. Chronic mechanical allodynia was induced by a single daily injection of ISDN during 4 days. The hindpaw extra-cephalic mechanical sensitivity was measured each day before the ISDN i.p. injection for mice. Topiramate was tested on chronic mechanical allodynia on the 5th day and effects were followed every 30 min during 2 hours after injection in mice.

Trigeminal neurons RNA extraction and reverse transcription

Total RNA was isolated from trigeminal neurons in suspension using a Nucleospin RNA Plus XS kit (from MACHEREY-NAGEL GmbH & Co. KG) according to the manufacturer's protocols and 1 µg of RNA was reverse transcribed (with 10 nM random hexamers for 5 min at 65°C, then with 10 mM DTT, 0.5 mM each dNTP, 100 U SuperScript II (Invitrogen) 42°C for 50 min). Subsequently, the cDNA was quantified by qPCR with PowerUp SYBR Green Master Mix (Thermo Fisher).

Single cell reverse transcription

The procedures of single cell RT-PCR are adapted from Johansen et al. [START_REF] Johansen | Single cell RT-PCR proceeds without the risk of genomic DNA amplification[END_REF]. The content of each cell was aspirated into the patch pipette by applying negative pressure. The flow of the cytosol in the pipette as well as the aspiration of the nucleus was controlled under the microscope. Only cell samples which included the nucleus were investigated in the present study.

The pipette was then released from the holder and mounted on a syringe to expel its content into a test tube. To the ~6.5 µL of the pipette-content expelled into the test tube was added 3.5 µL of a solution containing random hexamers (Invitrogen, 5 µM final concentration), dithiothreitol (DTT, final concentration 10 mM), the four deoxyribonucleotide triphosphates (dNTP, Thermo Fisher, final 0,5 mM each), 20 U ribonuclease inhibitor (Promega), and 100 U Moloney murine leukemia virus reverse transcriptase (Invitrogen).

The total 10 µL reaction was incubated for 1h at 35°C for synthesis of single stranded cDNA, and then kept on ice until PCR.

PCR amplification and quantification

Semi-quantitative PCR were performed to determine the relative levels of TREK1, TREK2, and TRESK after RNA extraction and reverse transcription using primers described below. qPCR (10 µL) was performed using the aforementioned reverse-transcribed cDNA (4 µL) and the primers for TREK1

(forward: catcttcatcctgtttggctg, reverse : atcatgctcagaacagctgc, 240 pb), TREK2 (forward : aacagtggttgccatcttcg, reverse: ccagcaaagaagaaggcact, 276 pb), TRESK (forward : ctgcttcctttgctgcctg, reverse : aagaagagagcgctcaggaa, 256 pb) and GAPDH (forward : cctggagaaacctgccaagtatga, reverse : tgctgttgaagtcgcaggaga) as a reference. After initial denaturation at 95°C for 15 seconds, 40 cycles of amplification (95°C for 15 seconds and 60°C for 1 minute) were performed.

Quantitative PCR were performed to determine the levels of GFP after inoculation of adenovirus vectors containing GFP MT2 sequences into trigeminal ganglia using the same protocol with specific primers for the GFP (forward : aagctgaccctgaagttcatctgc, reverse : cttgtagttgccgtcgtccttgaa).

Analysis were made using the GAPDH as the housekeeping gene along with the 2-∆∆Ct Calculation Method.

Western blot analysis

24 to 48 hours after transfection using 1µg DNA with Lipofectamine 2000, HEK 293T cells were homogenized in PBS containing saponin (0.5% w/v), Triton X-100 (0.5% w/v) and protease inhibitors (Roche Diagnostics, Basel, Switzerland). Lysates were clarified by centrifugation at 20 000 g for 30 min. Proteins were separated on 10% SDS polyacrylamide gel and blotted onto nitrocellulose membrane (Hybond-C extra, Amersham Biosciences, Freiburg, Germany). Detection was carried out using mouse monoclonal antibody clone HA-7 against the HA epitope (Sigma).

Immunocytochemistry

Transfected neurons on coverslips were fixed with PBS containing 4% paraformaldehyde for 15 minutes at room temperature (RT), then permeabilized with PBS and 0,1% Triton X-100 (PBST) and blocked for 1h with 5% horse serum (HS) in PBST. Primary and secondary antibodies were diluted in PBST and 5% HS and incubated for 1h at RT. Three 5-min washes with PBST were carried out between each incubation step and at the end of the procedure. Coverslips were mounted in Dako Fluorescent

Mounting medium (Dako Corporation, Carpinteria, CA, USA). The following antibodies were used: rabbit anti-TREK1 and TREK2 (Blin et al., 2016), anti-TRESK (ab96868, abcam) conjugated with Cy3 (ab146452, abcam), Cy5 (ab146454, abcam) and Atto 488 (Sigma) respectively. Microscopy analysis and data acquisition were carried out with an Axioplan 2 Imaging Microscope (Zeiss®). and TREK2 current, and this phenomenon was at the origin of the hyperexcitability of TG neuron, leading to migraine phenotype.

VI. Discussion

Pathologies linked to K2P heteromerization About the formation of heteromers Heteromerization is a process used in nature to increase the functional diversity of protein complexes, without changing the number of genes. This diversity is even more increased by alternative splicing, and alternative translation initiation. In this manuscript, we show how heteromerization mechanism that first increases K2P diversity, is involved in the apparition of a migraine like phenotype via a newly translated mutant protein.

Heteromerization and trafficking. The localization of the assembly process, thought to be endoplasmic reticulum and Golgi apparatus, has never been shown. We now know that K2P channels possess a C-terminus signal that facilitates the targeting of the channel to the plasma membrane. The channel being maintained in the endoplasmic reticulum in absence of this peptide. It has been shown that only one subunit carrying this peptide is sufficient for membrane localization [START_REF] Blin | Tandem pore domain halothane-inhibited K+ channel subunits THIK1 and THIK2 assemble and form active channels[END_REF]Sandoz et al., 2012). Heteromerization is thus a way for silent channels retained in the ER to be expressed at the plasma membrane.

Heteromerization and dominant negative effect. Nevertheless, this heteromerization process can also be a damaging mechanism. For instance in TREK1, it has been shown that an alternative splice variant of TREK1 reduces TREK1 current in a dominant negative fashion [START_REF] Veale | Dominant negative effects of a non-conducting TREK1 splice variant expressed in brain[END_REF]. It seems that TREK1 is able to interact with the variant, this last is not able to traffic to the plasma membrane by itself.

Unfortunately in that case, TREK1 remains maintained in an intracellular compartment instead of acting as a chaperone.

If the creation of a new heteromer gives the cell a way to finely tune the resting membrane potential and the numerous functions in which the channels are involved, it can also lead to non-functional channel, by exerting a dominant negative effect on other subunits (as seen in Andersen's disease).

Domains involved in heteromerization. We have shown that TREK1 is able to interact with MT2, the second moiety of TRESK channel, but not with MT1, the N-terminus moiety. TM1 and P1 may be involved in the heteromerization with TRESK, whereas TM3, P2 and TM4 may be involved in the recognition between TREK1/2 and TRESK.

The mutation of the cysteine to arginine in the TRESK-C110R mutant may induce a change of conformation that would avoid the recognition between the mutant and TREK1/2.

Isoforms of TREK1 lacking the C-terminus are still able to heteromerize with wild-type TREK1, meaning that C-terminus may not be mandatory for the heteromerization process [START_REF] Veale | Dominant negative effects of a non-conducting TREK1 splice variant expressed in brain[END_REF]. Blin and collaborators have shown that heteromerization does not depend on the isoforms. Thus, the ability of the different isoforms of TREK2 to form heteromers with isoforms of TREK1 increases complexity but also diversity of properties between the different TREK1/TREK2 heteromers (Blin et al., 2016).

Gain of function linked to heteromerization. TREK1 and TRESK have a comparable role in maintaining the resting potential. However, many differences in their regulations appear. The formation of heteromers therefore presents itself an alternative regulatory, from two subunits, three types of different channels are formed. In addition, at the level of the regulation of global currents, the heteromers, activated or inhibited more subtly than the monomer TREK1, could play a "buffer" role by avoiding too abrupt regulations by these stimuli. This would bring more control in the regulation of background currents, and the physiological functions associated with them. Finally, with the characteristics that are their own, these heteromers could also intervene preferentially in certain physiological processes for which they would have a more suitable profile;

as has been postulated for TWIK1/TREK1 in passive conductance in the astrocyte (Hwang et al., 2014, and see chapter Heteromerization p.92).

TWIK/TREK interaction found by Hwang and collaborators, in our hands, using the single molecule pull down, together with the TREK1-PCS subunit experiments, have never been demonstrated. This phenomenon could be due to the lack of affinity between these two subunits, under the limit of the detection range by SiMPull. Indeed, the lysis process could break the interaction between these subunits. Furthermore, maybe that the engineered cysteine in the light gated TREK1 could avoid the formation of a disulfide bound between TWIK1 and TREK1. Finally this interaction could simply just not be existing. Further characterizations need to be made to understand these different results.

Pathophysiological involvement of the heteromers

The existence of TREK1/TREK2 heterodimers has been recently revealed in DRG neurons using the differential sensitivity of TREK1 and TREK2 to spadine and ruthenium red (Lengyel et al., 2016). In these neurons, they are at the origin of a conductance that differs from the homomers. We can imagine that it can play a role in the transmission of the action potential from nociceptors to second order neurons.

Blin and collaborators assessed the regulation by PKA and PKC of the heterodimer TREK1/TRAAK and demonstrated a differential regulation compare to the homomeric version of these two channels. We also assessed the sensitivity of TREK1/TRAAK heterodimer to PLD2. This difference in regulation is a dynamic adaptive response to stimuli. For instance, if there is a co-expression of TREK1 and TRAAK, TREK1 being mostly associated with TRAAK, it will allow a potentiation of the current by PLD2, a response that would not exist if only TRAAK was expressed. We can describe the same adaptive mechanism with PKA and PKC. In a neuron expressing both TREK1 and TRAAK a regulation by Gq protein will have a lesser effect than in a neuron only expressing TREK1, leading to an absence of depolarization, and any further response.

The ratio of homo versus heterodimers present on the cell surface is a way to tune its response to stimuli.

The presence of the heteromer TREK1/TREK2 would have an effect during ischemia or other pathophysiological processes. For instance, ischemia exerts on the environment an extracellular acidification [START_REF] Lesage | Molecular physiology of pH-sensitive background K(2P) channels[END_REF]. This last would exert an activation of the TREK1/TREK2 heteromer and TREK2, leading to an increase of potassium current and thus a decrease of excitability, protecting the neuron against death.

It is interesting to note that the regulation of TREK1-TRESK by the acidification of the intracellular pH leads to a higher current increase than the one found in TREK1. This increase in TREK1 current by intracellular acidification has been demonstrated to be involved in cerebral neuroprotection during ischemia [START_REF] Heurteaux | TREK-1, a K+ channel involved in neuroprotection and general anesthesia[END_REF]. The heteromer being more sensitive than TREK1, we can imagine a primordial role of this one in this neuroprotective process.

Physiological implications of TRESK and TREKs as background K + channels Functional expression of TRESK and TREK1/TREK2 in TG neurons

We validated in three ways the expression of these channels in TG neurons. First we did qPCR on whole trigeminal ganglia, then single cell RT-PCR, from patched neurons, to know the differential expression in each tested cell. And finally using antibodies. This last experiment can be controversial, due to the lack of specificity of the antibodies targeting TREK1 and TREK2. In the single-cell PCR study we obtained reproducible results for three K2P channels: TREK1, TREK2, and TRESK. The singlecell PCR study did not reveal significant differences in distribution for TREK or TRESK channels. Therefore we can definitely imagine a possibility for these channels to interact and form heteromers in these cells.

TREKs and TRESK involvement in pain sensation

Concerning the temperature sensitivity, it has been well characterized that TREK1, TRAAK and TREK2 are the ones involved in noxious and non-noxious detection of temperature (Alloui et al., 2006;Noël et al., 2009;[START_REF] Pereira | Role of the TREK2 potassium channel in cold and warm thermosensation and in pain perception[END_REF]. Recently, using combined techniques of immunoreactivity and electrophysiology, TREK1, TREK2 and TRAAK expression have been verified in rat DRG neurons [START_REF] Viatchenko-Karpinski | Characterization of temperature-sensitive leak K+ currents and expression of TRAAK, TREK-1, and TREK2 channels in dorsal root ganglion neurons of rats[END_REF], suggesting their role in the temperature sensitivity of these fibers. There, TRP channels are considered to be major cellular sensors of such stimuli since they are sensitive to temperature as well as cell volume. TRP channels activated by these stimuli lead to an influx of cations, leading to depolarization and thus increase excitability of the cell. TREKs channel could counterbalance these excitability by tuning the potassium efflux.

The presence of TRESK in the capsaicin-sensitive small trigeminal neurons reduced the spike frequency, decreasing the resting membrane potential, thus excitability in contrast of the effect of the capsaicin-sensitive TRPV1 channel, a non-selective cation channel.

This indicates a major role for TREKs and TRESK channels in DRG and TG neurons to regulate cell excitability in response to different stimuli. By their presence in these fibers, and their several modes of activation, TREKs and TRESK could also have a major role in the transmission of sensory information: we have shown here that, by dominant negative effect of TRESK mutant, a disease can occur, the migraine.

Inhibition of these channels, by neurotransmitters, or genetic defection, leads to an increase of excitability.

To have shown that TREK1/2 and TRESK are able to interact and form functional heterodimers which properties that differ from homomers, we can wonder how heteromers would behave in vivo. TREK1 being inhibited by neurotransmitters that act on Gq protein pathway, and TRESK being activated by the intracellular increased An idea to treat the alternative translation: hide the Kozac consensus site with a microRNA (miRNA), so ribosome would not fix the second Kozac sequence. This methodology has been used recently in the disease discussed earlier in the manuscript, the spinocerebellar ataxia type 6 (SCA6). To completely remove the CACNA1A gene expression being lethal, they used a miRNA embedded in a virus approach to downregulated the translation of the poison peptides by targeting the IRES sequence at the origin of its translation [START_REF] Pastor | Targeting the CACNA1A IRES as a Treatment for Spinocerebellar Ataxia Type 6[END_REF]. We helped these bioinformatics to create filters, indicating what they had to investigate in the database, and then compute the data together in a table. Our criteria were the following:

-Mutation of the gene must have not been a multiple of 3 nucleotides, either insertion or deletion, otherwise the frameshift would never have occurred -Potential new ATGs had to be before the mutation, 5' upstream -ATGs need to be embedded by a kozak sequence and need to be predicted to be a strong START initiation site -Calculate the proportion of the size of the truncated protein compare to the wild type form of the protein -The similarity between the new protein and the wild type is expected to be the same, excepted for the N-terminus. The new protein needs to be able to interact with the wild-type form, thus we need a protein sequence with a sufficient size -Found the Clinvar association disease to know if the disease has been reported

-The expected product is expected to have a dominant negative effect on the wild-type version of the complexed subunit.

Starting from this database, the idea was then to characterize the functional effect of this mutation by generating the mutant using molecular biology techniques (see example KCNQ1 below p.182). Using electrophysiological properties for instance or Single Molecule Pull down, we would investigate their ability to interact. Cell imaging will help us determine rather there was a co-synthesis of a peptide tagged in Nterminus and C-terminus with two different colors.

KCNQ1

Via analysis of databases, we have been able to select one potassium channel of interest, involved in a disease. This channel was selected because it reunited all the criteria depicted above.

As observed for TRESK, a mutation in KCNQ1 sequence led to a dominant negative form of KCNQ1, that completely inhibit the WT current formed by association between KCNQ1 and KCNE1. This mutation termed KCNQ1del572-576 was found to lead, as it was the case in TRESK-MT, to a second translated protein, using an alternative translation initiation, that has been put in phase with the ORF of the wild type subunit thank to the 4 base pair deletion leading theoretically to an N-terminus truncated channel. In fact, expression of this mutant, in which mCherry was in frame with the first ORF and GFP with the second ORF, leads to cells expressing both mCherry and GFP. In order to see if this second translated protein could be involved in the inhibition of this channel, we inserted a stop using molecular biology, just after the mutation (KCNQ1del572-576STOP). The existing alternative start codon, if used as so, would no longer lead to expression of the mutant (see Figure 40). As shown in Figure 41, this stop-codon did not abolish the ability of the mutant to inhibit KCNQ current. Therefore, in this case, the second transcript is not involved in the inhibition.

SiMPull: toward an automatization

Single molecule pull down is more efficient than conventional immunoprecipitation assays. It allows to:

test the ability of two different partners to interact, reveal the stoichiometry of protein complexes,

decipher different treatments affecting the complexes, directly visualize cellular protein complexes in a fast and efficient way.

All the above in SiMPull assay is furthermore easy to asses, due to the shortness preparation conditions, and improved use of total internal reflection fluorescence microscopy (TIRFM).

Nowadays, the use of high-throughput techniques to assess an increased number of Also, the objective possesses a high numerical aperture that can produce high contrast images even with weak fluorescent signal. The evanescent wave resulting from this objective is just on the edge of the sample, with a very small penetration depth.

To observe a membrane trafficking or an internalization of protein from the plasma membrane, we could use TIRF microscopy in living cells, and mark them with SNAPtags. We could observe across the time, the de novo formation of protein at the plasma membrane, or the disapparition of protein pool from the membrane.

Transition from coverslips to bead s Beads can be well adapted for high-throughput when using microfluidic. During my The constraints for the beads are the following :

Passivation: Beads must resist several treatments, such as sonication, aminosilation using acetic acid, and very concentrated KOH solutions to then be frozen. Silicate beads have been found to perfectly fit.

Drying:

The second problem was to dry the beads. Indeed, these very small beads of 1 mm diameter fly away when the air is approached to dry them, but they must not been touched, otherwise the passivation and coating is spoiled. Cell strainers were used to dry them in an enclosed space.

Having be able to prepare these beads, we have now to work on an automatic microfluidic system that would allow to present beads in high-throughput manner to a TIRFM system.

VIII. Conclusions

In the present study, we gave new examples of heteromers formed among K2P family,

and suggested some of their potential roles in vivo, due to their regulations.

We provided the first evidence that an alternative translation initiation induced by a frameshift mutation is at the origin of a migraine phenotype, linked to trigeminal neuron excitability. This way, we shed light on a controversial statement, in which two mutations of TRESK, both leading to a complete loss of function of TRESK and a dominant negative effect on WT-TRESK, were not both associated to a migraine phenotype.

The composition of K2P channels might be controlled by the level of affinity between the different subunits. However, this composition can also be randomized and relies on the level of transcription of each subunit. The mechanisms of assembly, composition and identification of the regions involved in the assembly of the K2P channels still remain to be identified. Our collaborator Susy Kohout and its team previously published that the Ci-VSP functions as monomer [START_REF] Kohout | Subunit organization and functional transitions in Ci-VSP[END_REF]. Recent studies showing that the wellknown tumor suppressor and homologue of VSP, PTEN, dimerizes made them reconsider their model. Interestingly, an inactivating mutation in one subunit of the dimer has a dominant-negative effect on function [START_REF] Heinrich | The PTEN Tumor Suppressor Forms Homodimers in Solution[END_REF][START_REF] Papa | Cancer-associated PTEN mutants act in a dominant-negative manner to suppress PTEN protein function[END_REF].

Using voltage clamp fluorometry assay, FRET experiments and SiMPull, we have been able to show that, Ci-VSP form dimers in a concentration dependent manner.

This fact has already been reported for the formation of up to a 4:4 ratio depending on the concentration of KCNE1/KCNQ1 [START_REF] Nakajo | Stoichiometry of the KCNQ1 -KCNE1 ion channel complex[END_REF]. We also have been able to show that the formation of dimers is driven by the voltage sensing domain (VSD) subunit, not the phosphatase domain (PD). The Ci-VSP monomer is a 5-phosphatase, whereas the dimer is both a 5-and a 3-phosphatase. This functional impact of dimerization on enzymatic activity could indicate that Ci-VSP signaling is regulated by expression and may ultimately play a role in its physiological function [START_REF] Rayaprolu | Dimerization of the voltage-sensing phosphatase controls its voltage-sensing and catalytic activity[END_REF].

C. Technical annex

Screening of protein-protein interaction's modulators A lot of interest has been given to discover new drugs that will modulate protein-protein interaction. Here, using SiMPull, we provide a very good tool to distinguish the effect of small compounds on the protein interaction.

By acting as stabilizer of the interaction, or as inhibitor or "disruptor", these new molecules could have an impact on the stability of the complex in vitro. This modulation of the interaction between two proteins or two subunits could be directly observed using SiMPull.

Here I provide a cartoon explaining the eventual experiments to set to assess the effect of a molecule on the assembly of a protein complex.

Associated with the FRET technique, we could for instance distinguish within a complex, if a drug could have an impact on the rearrangement of protein subunits. It would further help to understand gating mechanism upon modulator activation. Using SNAP-or CLIP-tags, we could specifically target domains thought to be involved in the gating mechanism. Of course, we have to keep in mind that the tag by itself can play a role in the function of the channel, this would need to be checked. 
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  in which R is the universal gas constant: R = 8.314472(15) J K-1 mol-1, T is the temperature in kelvin, F is the Faraday constant, the number of coulombs per mole of electrons: F = 96 485 C.mol -1 , z is the number of electrons transferred in the cell reaction.

Figure 1 :

 1 Figure 1: Potassium channel structures. Voltage-gated channels (red) possess 6 transmembrane domains and one pore domain (P). Some of them present a 7 th transmembrane segment. The inward rectifier channels possess 2 transmembrane domains and one pore domain (P). The two-pore-domain potassium channels possess 4 transmembrane domains and 2 pore domains (P1 and P2).

Figure 2 :

 2 Figure 2: The transmembrane part of KcsA. a. The atomic structure of KcsA in the conductive state (PDB: 1K4C) viewed along the membrane plane. The pore-forming domain consists of the outer helix (magenta), loop regions (green), pore helix (blue), SF (yellow), and inner helix (orange). The conducted K + ions are represented by purple balls with surrounding water molecules in red. EC is extracellular and IC is intracellular. b, c. The enlarged view of the boxed area in (a) containing the SF and the extracellular entryway. The different states of occupation are depicted. For clarity, only two monomers opposite to each other are shown (from Kuang et al., 2015).

2

  .b) Shab, Shaw, Shal Shab or KV2.1-2, Shaw or Kv3.1-4 and Shal or Kv4.1-3 are expressed in the brain, smooth muscle, lung, heart, testis and pancreas. They have been found by sequence homology in the drosophila. As Shaker channels, they are inhibited by tetraethylammonium (TEA) and 4-minopyridine (4-AP) (Gutman et al., 2005).

Figure 3 :

 3 Figure 3: BK channels and its anciliary subunits are pivotal in neuronal excitability. A: diagram chart of BK neuronal channels, pharmacology of scorpion toxins, and general gating features. B: illustration of single-channel recordings and current densities for fast and slow activated neuronal BK from (Latorre et al., 2016).

Figure 4 :

 4 Figure 4: IV curves and structure of Kir channels.a. Outward rectification is characterized by a current intensity that increases with the values of depolarized potentials (red). Inward rectification is characterized by a decrease in the outgoing current with the values of depolarized potentials (blue). b, c. Representation of the blocking of the KIR channels by the magnesium ion. When the membrane potential is lower than potassium reversion potential, K + ions (pink) can get through (b). When the membrane potential exceeds the potential potassium equilibrium Mg + ion (yellow) blocks the pore of the channel, thus preventing the outward current (c). Modified from Hsieh et al., 2015.

Figure 5 :

 5 Figure 5 : Structure and conformational change of the potassium channel. (a) Crystal structure of Kv1.2 potassium channel (PDB accession number: 2A79). Each subunit is in a different colour. The pore domain is surrounded by four sensor domains. (b) Structure of a single subunit showing the position of S4 (red), selectivity filter (P), and gate-forming S6 (magenta). (c) Schematic representation of the conformational change that occurs on gating. Blue and red represent the position in the resting and activated state, respectively (from Yoshimura and Sokabe, 2010).

Figure 6 :

 6 Figure 6: Cartoon model of K2P2.1 (TREK-1) C-type-like gating by extracellular acidosis, heat, and pressure. Low-activity (inhibited) state and a high-activity (activated) state that involves a C-type-like gate. As suggested earlier (Sandoz et al,

Figure 7 :

 7 Figure 7: Dendrogram of the K2P potassium channel family and their characteristic functional features. The effects of different stimuli on the currents of the channels within each K2P subfamily are indicated. PUFA, polyunsaturated fatty acids; PKC, protein kinase C; AA, arachidonic acid. TWIK ("Tandem of P domains in a Weak Inwardly rectifying

Figure 8 :

 8 Figure 8: Background potassium currents described by the GHK equation. In physiological condition the currentpotential curve (IIV curve) in blue crosses the x-axis at potential value close to the equilibrium potential of the K + ion (EK =-80mV). In symmetrical K + solution, IV curve (red) crosses the x-axis at 0mV.

Figure 9 :

 9 Figure 9: Cartoon showing the topology of a two-pore-domain potassium channel K2P and its assembly in dimer.

Figure 10 :

 10 Figure 10: The structure of K2P-channels. a. Topology of K2P-channels. b. Sketch of the structure of the N-terminal part of the two subunits (including the M1, C1, C2, P1 and M2 domains). c. Sketch of the structure of the C-terminal part of the two subunits (including the M3, P2 and M4 domains). The helices are not drawn to scale. For clarity, the pore helices are relatively small (from Renigunta et al., 2015).

Figure 11 :

 11 Figure 11: Cartoon model of TRAAK gating and mechanosensitivity. The down conformation (red) is a closed channel state and the up conformation (blue) is an open channel state. In the down conformation, a lipid acyl chain accesses the central cavity through intra membrane openings to block ion (green) conduction. In the up conformation, lipid is sealed from the cavity to permit ion conduction. Shape changes upon opening can explain the mechanosensitivity of TRAAK and TREK channels. Area expansion and reduced mid plane bending create an energy difference between channel states that promotes force activation, from (Brohawn et al., 2014).

Figure 12 :

 12 Figure 12: The down state, lower conductivity conformations are shown in orange, with the fenestrations indicated in yellow. The up state conformations are shown in blue. Inhibitors such as norfluoxetine are represented by a red triangle. (A) Overall scheme for K2P channel gating. Higher and lower conductivity states are shown for both conformations as the filter may gate independently of these larger changes, though with a different probability. Conformations for which we have crystal structures are indicated with an asterisk. (B) Schematic of activation of TREK channels by mechanical stretch. The direct interaction of TREK-2 with lipids in the membrane may allow lateral forces to facilitate conversion from the down to the up state which is fluoxetine insensitive. (C) Association of the C-terminal domain (CTD) with the membrane. The diverse cytoplasmic C-terminal extensions of K2P channels provide an additional site for modulation of channel activity. This regulation could operate in part though association of the CTD with the membrane after posttranslational or pH changes that would favor the more active up state (from Dong et al., 2015).

  The transition between the two open conformations, "open-down" stabilized by pH and "open-up" stabilized by the pressure, would be more energetically favorable than the transition from a closed conformation to an open conformation (McClenaghan et al., 2016).

Figure 13 :

 13 Figure 13 : Differential distribution of mRNA coding for TASK-1 and TASK-3 in the rat CNS. Sagittal (top) and horizontal (bottom) sections from rat brain were hybridized with radioactive probes specific for TASK-1 and TASK-3 (Talley and others 2001). On the left are grayscale images of the resulting film autoradiograms. To generate the colorized panels shown on the right, the grayscale images were converted to a single color (TASK-1: green, TASK-3: red) and the respective images were merged. Only regions with moderate-to-high signal intensity were included. Areas of overlapping expression are shown in yellow. Particularly evident in this regard are granule cells in the cerebellum and olfactory bulb, and brainstem motoneurons (Talley et al., 2003)

  6.a) Role of TASK1 and TASK3 in cerebellar granule (CG) neurons culture and apoptosis

  6.b) Role of TASK1 and TASK3 in nociception KO mice for TASK1 and TASK3 highlighted their role in nociception (see chapter K2P

Figure 15 :

 15 Figure 15: Polymodal activation of TREK1 by physical and chemical stimuli from Dedman et al., 2009.

Figure 16 :

 16 Figure 16: TREK1 is involved in the therapeutic effect of 5-HT reuptake inhibitors via a negative feedback induced on the serotoninergic neurons from Honoré, 2007.

Figure 17 :

 17 Figure 17: Top view of the extracellular side of homodimeric TREK1 (A) and TREK2 (B) channels. Cytoplasmic Nter and Cter domains are not shown. Studied residues are colored in only one monomer. pH-sensing histidines are indicated. Positively charged residues are in blue and negatively charged residues in red. Neutral residues are depicted in green and aromatics F282 and Y272 are in yellow along with the oxygen atom in red in Y272.

Figure 18 :

 18 Figure 18: Partners, regulatory domains and alternative variants of TREK1 channel, from Noël et al., 2011.

( 4 )

 4 Partner proteins and calcium dependenceThe intracellular loop connecting domains M2 and M3 is the place of important regulation of the channel. The human TRESK channel is constitutively inhibited by phosphorylations at serine 252 by PKA and at a serine cluster (S262, S264 and S267) by Microtubule-Affinity Regulating Kinase (MARK) kinase. S252 phosphorylation promotes the binding of calcineurin, a serine/threonine phosphatase, at the PQIIIS site present in the N-terminal intracellular loop (Figure19 A). An increase in intracellular calcium concentration activates calcineurin which can then bind to the LQLP motif, another interaction site present in the C-terminal part of the loop. The phosphatase activity of calcineurin dephosphorylates the serines, which increases the activity of the TRESK channel (Figure19 B). The channel then returns to its basal state by rephosphorylation by the PKA and MARK kinases

Figure 19 :

 19 Figure 19: Regulation of the TRESK channel by calcineurin and phosphorylations (from Enyedi and Czirják, 2015).

Figure 20 :

 20 Figure 20: TREK1 is involved in several polymodal pain perception. Thermal and mechanical stimuli are detected by several TREK channels expresses in nociceptors (along with other ASIC, TRP and piezo channels, not shown here).

Figure 21 :

 21 Figure 21: Lysophosphatidic acid (LPA) and two-pore-domain K (K2P) channels. Representation of K2P channels in the membrane. TWIK-related K (TREK)-1, TREK-2 are activated by extracellular LPA through an unknown mechanism that might include effects in membrane physical properties. LPA binding to specific LPA receptor results in the phosphorylation and inactivation of TREK1 and TREK-2 or the dephosphorylation and activation of TWIK-related spinal cord K (TRESK) channels (Chemin et al., 2005; Kollert et al., 2015) from Hernández-Araiza et al., 2018).

  . Hippocrates described in 400 BC the occurrence of migraine attacks (including the different phenomena accompanying the migraine). In 1988, for the first time, migraine and other headache disorders were comprehensively classified by the International Headache Society in the International Classification of Headache Disorders, nowadays the 3 rd edition. Since, the Word Health Organization, researchers and clinicians refer to its diagnostic criteria. Hopefully, migraine is no longer treated as in middle age times, with trepanning, a surgical procedure that involves drilling a hole into the skull with one aim being to release evil spirits (Collado-Vázquez and Carrillo). Generalities Migraine consists of recurrent and disabling headaches, usually accompanied by nausea, vomiting, phonophobia or photophobia, or other autonomic symptoms (International Headache Society, 2004). Although the initiation of a migraine attack is frequently associated with a wide variety of internal and external triggers such as hormonal fluctuations, skipping meals or sensory overload, often the attacks are precipitated by external triggers such as alcohol, lack of sleep, or stress

Figure 22 :

 22 Figure 22: Migraine step by step. Migraine is triggered when a wave of electricity which starts in the trigeminal nerve on the side of the face stimulates the release of peptides such as CGRP and other substances that cause inflammation and makes other nerves more sensitive to pain. In the inset on the right, the depolarizing wave enters the brain and ripples across the surface of the brainand together with CGRP causes blood vessels to dilate. Sensitization of the nerves progresses from peripheral nerve cells on the skin to central neurons in the brain.

Figure 23 :

 23 Figure 23: Pathways and brain regions involved in the transmission of migraine. Primary afferent neurons, with their cell bodies in the trigeminal ganglion (orange) (innervate mouth and face), couple over to secondary neurons in the trigeminal nucleus caudalis (spinal nucleus of the trigeminal complex) (green). The axons of the second order neurons project to the thalamus (blue). Third order neurons, with their bodies in the thalamus, project to the somatosensory cortex (red), responsible for the sensory aspect of pain.

  trigeminal nerve is connected to the brain stem and can actually affect many pathways of the entire nervous system. It acts like a gatekeeper, allowing or blocking nerve flow in the spinal column. The central sensitization is this state when, nociceptive neurons located in the dorsal horn and the spinal cord show an increased excitability, accompanied by a reinforced synaptic strength. Thus, the sensitized nociceptors become more responsive to innocuous sensory signals arriving from outside the inflammatory site. The resulting symptom of this central sensitization is a phenomenon of allodynia (See Figure 24 below). This central sensitization is linked to two distinct mechanisms. The initiation of the sensitization is provided by the release of excitatory amino acid glutamate and neuropeptides from the C-fiber nociceptors. When the periphery is activated, leading to discharge of action potentials, calcium input into the central terminals of C-fibers nociceptors causes them to release the neuropeptides in the dorsal horn. Activation of these C-fibers leads to depolarization of the dorsal horn neurons.The second mechanism that leads to the maintenance of the sensitization in the spinal cord neurons is due to the release of neurotransmitters. It induces a cascade of signaling pathway leading to activation of numerous receptors. This high activity of nociceptors is at the origin of a long term alterations of gene regulation, which in turn leads to an increased number of receptors, to ultimately enhance transmission (for review see de Tommaso and Sciruicchio, 2016).

Figure 24 :

 24 Figure 24: Pathway of trigeminal pain signal transmission in migraine with emphasis on mechanisms of sensitization. Extracellular inflammatory agents sensitize and activate afferent nociceptive neurons, inducing a depolarization and thus increases neuron excitability. The signal will be transmitted centrally with the release of glutamate and substance P, activation the transduction signaling pathways through several receptors. AMPAR=α-amino-3-hydroxy-5-methyl4isoxazolepropionic acid receptor, ASIC=acid sensing ion channel, TRP=transient receptor potential channel, NMDAR=Nmethyl-D-aspartate receptor.

Figure 25 :

 25 Figure 25 : Functional roles of the proteins coded by known FHM genes within a glutamatergic synapse. When an action potential reaches the presynaptic terminal, the voltage-gated calcium channels open and let Ca2 + ions enter the excitatory neuron, leading to the release of glutamate into the synaptic cleft. The CACNA1A (FHM1) gene encodes the α1 subunit of Cav2.1 channels, and FHM mutations within this gene cause a gain-of-function phenotype and thus increase release of glutamate. ATP1A2 encodes an α2 subunit of a Na + /K + -ATPase expressed on astrocytes, which clears extracellular potassium and produces a Na + gradient that is used in the uptake of glutamate from the synaptic cleft by glutamate transporters. Mutations slow the clearance of glutamate and K + ions. Mutations in SCN1A, encoding the α1 subunit of the neuronal voltage-gated sodium channel Nav1.1, fit well with this pathophysiological model of FHM. Nav1.1 channels are essential in the generation and propagation of action potentials, and the FHM mutation seems to cause accelerated recovery of the channel from fast inactivation. Thus, the neurons can fire at a higher frequency than they do normally (in inhibitory interneurons).

Figure 26 :

 26 Figure 26: A schematic representation outlining some of the predicted mechanisms contributing to migraine pathogenesis. 1. Various endogenous and exogenous triggers may simultaneously disturb the subcortical aminergic sensory modulatory systems within the brain to ultimately activate the first division of the trigeminal nervous system (V1/2/3). 2 Stimulation of these fibres ignites the transmission of nociceptive information and initiates a CSD wavecausing Cortical Hyperexcitability. 3. As a response, Cortical Hyperexcitability enhances somatotopic activity-which results in an increase in the release of endogenous bio-regulators, i.e. glutamate, neuropeptides. These factors induce a regional sterile neurogenic inflammation, leading to an increase in pain trafficking. 3. Mutations in the KCNK18 gene and consequent K2Ps dysfunction further exacerbate cortical hyperexcitability and pain transmission. Up: under normal circumstances, the fully functioning TRESK protein effectively controls potassium conductance and stabilises the negative resting membrane potential (excitability adjustment and depolarisation counteraction) through the transport of potassium, which subsequently regulates both Na + and Ca 2+ ions (potassium equilibrium potential). Dysfunction in the TRESK protein (bottom) disrupts this potassium equilibrium potential through prohibiting potassium efflux, ultimately lowering the action potential threshold of the neuron, enhancing the transmission of nociceptive information and the release of various neurotransmitters, adapted from Albury et al., 2017).

Figure 27 :

 27 Figure 27: Schematic topology of the human TRESK subunits showing the position variants.

Furthermore

  we demonstrated how a new mechanism by which a frameshift mutation will induce the translation of a new peptide, involved in a pathology. Roles for signal molecules and receptors in trigeminal ganglia 6.a) Glutamate Has seen before, glutamate is thought to play a specific role in the cortical spreading

Figure 28 :

 28 Figure 28 : Main potential targets of currently utilized drugs for migraine. The mechanisms mediating CSD inhibition by several migraine preventive drugs are not completely understood. The inhibitory action is mainly exerted by influencing ion channels and neurotransmission.

Figure 29 :

 29 Figure 29 : K2P2.1 Channel May Be Inhibitory or Excitatory, Depending at which Start Codon Translation Is Initiated. The first start codon (AUG) at K2P2.1 mRNA is flanked by a weak translation initiation sequence (CUC). Ribosome may initiate translation at this site and yield a full-length K2P2.1 channel. Alternatively, a ribosome may skim over the first start codon until it comes across the second (AUG) flanked by a stronger translation initiation sequence (GUU) and generates an Nterminal truncated K2P2.1Δ1-56 channel. The full-length K2P2.1 channel is highly selective for K+ and hyperpolarizes the neurons. In contrast, the K2P2.1Δ1-56 channel permeates both K+ and Na+ and thus excites the neurons. The blue and orange spheres depict the first (M1) and second (M57) methionine residues in the N terminus of the K2P2.1 channels, from Yang and Jan, 2008.

Figure 30 :

 30 Figure 30: Alternative translation start sites and variants of alternative open reading frames within eukaryotic mRNA. uORFs start from AUG codons located within 50 -untranslated region and can be either 50 -UTR-restricted (uORF1, white box), partially overlap with CDS (uORF2, light grey box) or fuse with CDS (i.e. if the uAUG lies in the CDS frame and no

Figure 31 :

 31 Figure 31: Co-translational assembly of protein complexes. In all panels, moving from left (5′) to right (3′) on the polysome (i.e. the mRNA bound to multiple ribosomes), we can see increasingly long nascent chains being translated. Homomer assembly can occur in two ways. In (A), a full-length subunit is released and binds to a nascent chain, forming a co-translationally assembled homodimer. In (B), two nascent chains from the same polysome interact with each other. For heteromer assembly (C), a different subunit (red) encoded by a different gene binds to a nascent chain, forming a co-translationally assembled heterodimer. These are hypothetical examples of co-translational assembly based upon PDB ID: 2I99 (homodimer) and PDB ID: 2DCU (heterodimer) (Wells et al., 2015).

Figure 32 :

 32 Figure 32: Schematic diagrams for passive conductance (left panel) and Gβγ-dependent glutamate release (right panel). TWIK1 and TREK1 channels are supposed to form a functional heterodimer in astrocytes using a disulfide bridge at cysteine 69 (C69) for TWIK1 and 93 (C93) for TREK1. This heterodimer would be responsible for passive potassium conductance in astrocytes. B. The activation of the CB1 cannabinoid receptor causes these cells to release the Gβγ complex which binds to the TWIK1 and TREK1 channels at their N-terminal portion. This association causes conformational changes in the heterodimer and a dilation of its pore, allowing the passage of glutamate. The heterodimer would therefore be involved in neuronal excitability by being responsible for the rapid release of glutamate by astrocytes after activation of the CB1 receptor (from Hwang et al., 2014).
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  [START_REF] Suzuki | Heterodimerization of two pore domain K+ channel TASK1 and TALK2 in living heterologous expression systems[END_REF] 

Figure 33 :

 33 Figure 33: Schematic diagram of the SiMPull principle of HA-K2Px with another K2P subunit. GFP-K2Py (1) A K2Px subunit labeled HA is co-expressed with a K2Py subunit labeled GFP in HEK293T cells. (2) After lysis of the cells, the complexes are put in the presence of anti-HA antibodies previously fixed on a microscope slide. (3) The presence or absence of subunits labeled GFP is revealed through a TIRF microscope. The image on the right shows an example of results obtained with this technical.

  analyzed using custom software. Multiple independent experiments were performed for each condition. Representative data sets are presented to quantitatively compare conditions tested on the same day.Subunit counting with X. laevis Oocytes Twenty-four hours after RNA injection and expression at 18 °C, X. laevis oocytes were enyzmatically treated with hyaluronidase (1 mg/mL; Sigma) and neuraminidase (1 unit/mL; Sigma) for 15 min at 4 °C and manually devitellinized to enable close contact of the oocyte's plasma membrane to the coverslip. The coverslips' refractive index (n = 1.78) matched the refractive index of the microscope objective front lens (100/NA1.65; Olympus) and the immersion oil (Cargille). GFP was excited with a 488nm argon laser, and ttTomato was excited with a 532-nm diode-pumped solid-state (DPSS) laser. We recorded the emission light after an additional 3× magnification and passage through a double-dichroic mirror and an emission filter (525/50 for GFP, 592.5/50 for ttTomato) with a back-illuminated EM CCD camera (iXon DV-897 BV).Movies of 500 frames were acquired at frame rates of 10-30 Hz. The imaged area was 13 × 13 μm2. For two-color experiments, fluorescence from tdTomato was measured first, and after almost complete bleaching of tdTomato to prevent Förster/fluorescence resonance energy transfer from green to red chromophores, GFP fluorescence was measured. Occasionally, a few tdTomato molecules did not bleach completely, but even unbleached tdTomato did not affect fluorescence from colocalized GFP significantly. Laser powers were between 0.5 mW and 2 mW, and the diameter of the beam at the sample was 20 μm. Switching the illumination on and off and changing emission filters were done using electromechanical shutters and a motorized filter wheel. The typical time for switching off the 532-nm illumination, changing emission filters, and switching on the 488-nm illumination was 1-2 s.Neuron extractionAll mouse experiments were conducted according to national and international guidelines and have been approved by the local ethical committee (CIEPAL NCE).The C57BL/6 breeders were maintained on a 12 h light/dark cycle with constant temperature (23-24°C), humidity (45-50%), and food and water ad libitum at the animal facility of Valrose. TG tissues were collected from postnatal day 1 mice of either sex and treated with 2 mg/ml collagenase type II (Worthington) for ~2 hours, followed by 2.5 mg/ml trypsin for 15 min. Neurons were dissociated by triturating with firepolished glass pipettes and seeded on polylysine/laminin coated coverslips. The DMEM-based culture medium contained 10% fetal bovine serum and 2mM GlutaMAX (Invitrogen). Neurons were transfected at 1 day in vitro (DIV) using Lipofectamine 2000 (Invitrogen). Transfected neurons were identified by the green fluorescence and patch clamp recordings were performed between DIV 3 and 5. Electrophysiology Oocytes Oocyte two-electrode voltage clamp electrophysiology was performed in a 0.3-mL perfusion chamber; a single oocyte was impaled with two standard microelectrodes (1-2.5 MΩ resistance) filled with 3 M KCl, and maintained under voltage clamp using a Dagan TEV 200 amplifier in standard ND96 solution [96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2, 5 mM Hepes (pH 7.4 with NaOH]. For the high K solution, the NaCl was replaced by KCl. Stimulation of the preparation, data acquisition, and analysis were performed using pClamp software (Molecular Devices). Changes in extracellular pH were induced by a microperfusion system that allowed local and rapid changes of solutions. Hepes was replaced by MES (5 mM) for buffer solutions with a pH between 6.5 and 5.0. HEK cells HEK 293T cell electrophysiology was performed 24-72 h after transfection in solution containing 145 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, and 10 mM Hepes. Glass pipettes of resistance between 3 MΩ and 6 MΩ were filled with intracellular solution containing 140 mM KCl, 10 mM Hepes, 5 mM EGTA, and 3 mM MgCl2 (pH 7.4). Cells were patchclamped using an Axopatch 200A (Molecular Devices) amplifier in the whole-cell mode. Currents were elicited by voltage ramps (from -100 to 50 mV, 1 s in duration), and the current density was calculated at 0 mV. For acidic intracellular (5.5 pHi) solutions, Hepes was substituted with MES, and for basic (8.0 pHi) solution, Hepes was substituted with Tris. Neurons Neuronal excitability was studied in small-diameter TG neurons. Extracellular solution contained (in mM): 135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES, 10 glucose, pH 7.4 with NaOH, 310 mOsm. The pipette solution contained the following (in mM): 140 Kgluconate, 10 NaCl, 2 MgCl2, 5 EGTA, 10 HEPES, 2 ATP-Mg, 0.3 GTP-Na, 1 CaCl2 pH 7.3 with KOH, 290 mOsm. Recording pipettes had < 4.5 MΩ resistance. Series resistance (<20 MΩ) was not compensated. Signals were filtered at 10 kHz and digitized at 20 kHz. After establishing whole-cell access, membrane capacitance was determined with amplifier circuitry. The amplifier was then switched to current-clamp mode to measure resting membrane potential (Vrest). Neurons were excluded from analysis if the Vrest was higher than -40 mV or if the input resistance was smaller than 200 MΩ. To test neuronal excitability, neurons were held at Vrest and injected with 1 s depolarizing currents in 25 pA incremental steps until at least 1 action potential (AP) was elicited. Behavior: Assessment of rodents allodynia Administration of nitric oxide (NO) donors provides the most reliable model of migraine induction in humans. Nitric oxide (NO) is a potent endogenous vasodilator with an impressive array of biological actions (

Figure 34 :Figure 35 :

 3435 Figure 34: Electronic Von Frey aesthesiometer apparatus with the grid and plastic boxes

Antibiotics were used 5

 5 days following injections. Viral vector suspension (10 µL) containing 6 µg/mL of Polybrene was injected slowly over 1 min. Rats in the experimental group (n=14) received 10 µL of viral vector containing the MT2 protein sequence, while those in the control group (n=14) received the same amount of EGFP viral vector. Epifluorescence imaging and qPCR were performed to verify successful transduction of trigeminal ganglia by viral vector.

Figure 36 :

 36 Figure 36: Procedure used for targeting rat trigeminal ganglia. Facial hairs covering the area between the ears and eyes were removed, the tympanic bulla (purple circle) and mandible were palpated and marked. Then, an injection site (yellow circle) was marked between the tympanic bulla and mandible, 2 mm posterior to the posterior notch of the mandible formed by the angular and condylar processes. A needle was inserted through the marked injection site an d advance by 9 mm, the direction of injection was 15° upwards. Legend adapted from Long et al., 2017.

Figure 37 :

 37 Figure 37: Cartoon of the subunit counting with X. laevis oocytes. Each subunit is fused to a fluorescent protein. After RNA injectionin oocytes, the membrane is observed with TIRFM. Determination of subunit commpositions is made from the two acquired images, in each fluorescent channel.

Figure 38 :

 38 Figure 38: Interacting K2P partners. Subunits interacting with TREK1 are darker, subunits that show no interaction with TREK1 are in light grey circles.

Figure 39 :

 39 Figure 39: TREK1-PCS for functional heteromerization study. (A) Deletion of the TREK1 carboxy-terminal tail (TREK1-PCS, grey) results in retention of the homomeric mutant channel in the endoplasmic reticulum. Co-expression of TREK1-PCS with WT-TREK1 produces a heteromeric channel that traffics to the membrane and which can be light-gated because of MAQ attachment to the TREK1-PCS. (C) Same as (B) for TRESK.

  C). Co-expression of TRESK with TREK1-PCS induced a robust photoswitchable current which was calcium sensitive, a sensitivity provided by the TRESK moiety. This was the starting point of a long story and my first training in the Sandoz lab in 2013! Article II: Migraine-associated TRESK mutations increase neuronal excitability through alternative tran slation initiation and inhibition of TREK

MT2,

  but not MT1, by acting as a dominant negative on TREK1 and TREK2 channels, increases neuronal excitability of WT small TG neurons leading to facial allodynia To independently express MT1 and MT2 for functional characterization, we sub-cloned both ORFs into separate mammalian expression vectors. Co-expression of MT2 with TRESK did not modify TRESK current (Figure6B, E), while MT1 co-expression induced a ~3-fold decrease of the current which was similar to what was observed for the co-expression of the full TRESK-MT construct (Figure6A, E). On the contrary, co-expression of MT1 did not modify TREK1 current (Figure6C, E) but coexpression of MT2 induced a ~4-fold decrease of the current, similar to what was observed with coexpression of the full TRESK-MT construct (Figure6D, E). Similar results were obtained for TREK2

5 mg/

 5 ml trypsin for 15 min. Neurons were dissociated by triturating with fire-polished glass pipettes and seeded on polylysine/laminin coated coverslips. The DMEM-based culture medium contained 10% fetal bovine serum and 2mM GlutaMAX (Invitrogen). Neurons were transfected at 1 d in vitro (DIV) using Lipofectamine 2000 (Invitrogen). Transfected neurons were identified by the green fluorescence and patch clamp recordings were performed between DIV 3 and 5.

  20-25 g 7-to 13-weeks-old). Animals were housed in a 12 hour light-dark cycle with food and water available ad libitum. Animal procedures were approved by the Institutional Local Ethical Committee and authorized by the French Ministry of Research and the Spanish Ministry of Research according to the European Union regulations and the Directive 2010/63/EU (Agreements C061525 and 01550.03).
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 1 Figure 1: TRESK heteromerizes physically and functionally with TREK1 and TREK2. (A)

Figure 2 .

 2 Figure 2. TRESK-MT, but not TRESK-C110R, acts as a dominant negative on TREK1 and

Figure 3 .

 3 Figure 3. TREK1 and TREK2 invalidation increases sensory neuron excitability and mechanical pain perception (A-D) TREK1 -/-/TREK2 -/-TG neurons are more excitable than WT TG neurons and

Figure 4 .

 4 Figure 4. TRESK-MT induces the translation of a second protein, MT2. (A) Representative images

Figure 5 .

 5 Figure 5. MT2 mediates TREK1 inhibition. (A) Representative traces showing the effect of

Figure 6 .

 6 Figure 6. MT1 acts as dominant negative on TRESK whereas MT2 acts as a dominant negative

Figure 7 .

 7 Figure 7. MT2, but not MT1, increases neuronal excitability of WT small TG neurons through

Figure S2 :

 S2 Figure S2: TRESK-TREK1 forms a dimer. (A) SiMPull assay for dimer control, left, TIRF images

Figure S3 .

 S3 Figure S3. Functional characterization of TREK1-TRESK heterodimers. (A-C) Representative

Figure S5 .

 S5 Figure S5. TRESK-C110R mutation inhibits TRESK-TREK1 association. Representative images

Figure S6 .

 S6 Figure S6. The lamotrigine sensitive leak current is reduced in TG neuron from TREK1 -/- /TREK2 -/-KO mice. (A) Representative traces of TREK1 (A) and TREK2 (B) showing the effect of

Figure S7 .

 S7 Figure S7. MT2 is cotranslated with MT1 and mediates TREK1 inhibition. (A) Introduction of a

Figure S8 .

 S8 Figure S8. MT2, but not MT1, acts as a dominant negative on TREK2 channels. (A and B)

Figure S9 .

 S9 Figure S9. Viral expression of TRESK-MT2 pIRES 2 EGFP into trigeminal neurons. (A) The

Figure S10 .

 S10 Figure S10. Sequence organization of TRESK, TRESK-F139WfsX24 and TRESK-Y121LfsX44.

Figure S11 .

 S11 Figure S11. Regulation of the hTRESK, hTREK1 and hTREK2 by hTRESK-MT, hTRESK-

  concentration of calcium induced by such pathway, it seems interesting to study these mechanisms in native TG neurons and compare between WT and TREK1/TREK2 KO mice. To test it, we could also use the new StarTREK mice model in which we can remote control the activity of TREK using the light. TREK channels to treat migraine Recent investigations in structure and function of TREK and TRESK channels give rise to the development of potent and selective TREKs and TRESK channel openers as potential analgesics. Trigeminal and dorsal root ganglia lying outside the bloodbrain bilayer, it provides a selected way to modulate TREK and TRESK in primary afferent neurons, without touching the channels expressed in the CNS and therefore allowing specifically action on pain.

  collaboration with Arnaud Droit in Quebec, we have been able to start a project on frameshift mutations. Using the database Exac, our collaborators look forward the different insertion/deletion that would that would lead to fsATI allowing the translation of a second protein fragment. This insertion/deletion was supposed to put in frame of the sequence of the protein after the occurring mutation.

Figure 40 :

 40 Figure 40: MDCK cells expressing mCherry-KCNQ1del572-576-GFP, the supposed to be truncated version of KCNQ1. mCherry-KCNQ1del572-576-GFP expression leads to cell which are red and green showing the coexpression of 2 proteins.

Figure 41 :

 41 Figure 41: Translation of a second protein is not at the origin of a dominant negative effect on KCNQ1. Co-expression of KCNQ1del572-576 is at the origin of a dominant negative effect on KCNQ1. The insertion of a STOP codon after the mutation does not restore KCNQ1 current, even with different ratio (data not shown).

  conditions at once, would worth it in SiMPull assay. Using microfluidics together with beads coated with several antibodies for instance, it sounds possible to flow the lysate and determine different interactions in a high-throughput manner. Leading this technique to be a useful tool to highlight unknown partners of a bait of interest.Advantages of TIRF microscopySeveral events occur in cellular surface in mammalian cells and have already been studied using old fashion microscope techniques combined with fluorescence. For instance the binding of cells by hormones, the secretion of neurotransmitters, or even the membrane dynamics. The main issue of these microscope techniques used to study membrane trafficking is the background fluorescence that we cannot get rid of. Indeed, the fluorophores that are not bound to the specimen surface remain in the medium environment of the sampled image, and create a signal often higher than the one detected from the fluorophores of interest. Total internal reflection fluorescence microscopy (TIRFM) allows for selective excitation of the surface-bound fluorophores, while non-bound molecules are not excited and do not fluoresce. Due to the fact of sub-micron surface selectivity, TIRFM has become a method of choice for single molecule detection.

  PhD, I attempted to pass from the coated coverslips to 1 mm diameter coated beads to work with single molecule. To do so would have been more convenient for several reasons, the first one being the time spend to only have 8 passivated and coated slides, each of them allowing 5 samples. The main advantages of beads compare to use passivated and coated slides is that we could use beads to target one bait in several samples or several beads, each targeting one bait, in one sample (see Figure43).Beads would have been passivated by hundreds at a time, and each of these beads would have been used for one sample. This schematic sums up the idea of the single molecule pull down on beads (SiMBeads).

Figure 42 :

 42 Figure 42: Schematic representation of the SiMBeads. 2 different sets of experiment can be assessed: -antibodies against one bait, but different lysates samples, -different beads, each one carrying antibodies targeted again one prey, in the same lysate sample. The blue ellipse represent the bait, the green one is the prey, tagged with a green fluorescent protein, or revealed with a specific antibody, and a secondary carrying a fluorescent protein.

  stoichiometry and assembling In the introduction, we have seen that phosphatitylinositol phosphates (PIPs) were important regulators of K2P channels. These lipids can either act directly on K2P channel activities, or as second messengers in transduction pathway. Voltage sensing phosphatases (VSPs) are all-in-one proteins, which directly couple the voltage sensing and the enzyme catalysis. They combine an N-terminal voltage-sensing domain (VSD) resembling that of ion channels and a C-terminal phosphatase domain (PD) homologous to PTEN (phosphatase and tensin homologue deleted on chromosome 10). PD dephosphorylate 3-and 5-phosphate from PIPs after activation by VSD. Not much is known about the pathophysiological process that involves direct coupling between voltage and PIPs concentrations.

Figure

  Figure 43: Interaction with inhibitors can make a loss of fluorescent spots observed in SiMPull. a) The addition of an allosteric inhibitor in incubation with cells may make the interaction to be lost, by a change of conformation of the bait protein. b) Addition of an orthosteric inhibitor will lead to a steric clutter, dissociating the complexe.
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Table 1 : Summary of studies investigating the effect of altered K + channel expression and function on acute, neuropathic, and inflammatory pain phenotypes from Li and Toyoda, 2015.

 1 

	Subunit Manipulation		Expression/excitability	Pain phenotype	Ref.
	TWIK1	Nerve injury (SNI)	↓TWIK1 expression	Not determined	(Pollema-
						Mays et al.,
						2013)
	TASK1	Knockout		↓TASK1 expression	↑Heat	(Linden et al.,
						2006)
		Inflammation		↓TASK1 expression in DRG	Spontaneous pain	(Marsh et al.,
						2012)
	TASK2	Inflammation		↓TASK2 expression in DRG	Spontaneous pain	(Marsh et al.,
						2012)
	TASK3	Inflammation		↓TASK3 expression in DRG	Not determined	(Marsh et al.,
						2012)
		Knockout		↓TASK3 expression	↑Cold	(Morenilla-
						Palao et al.,
						2014)
	TREK1	Knockout		↓TREK1 expression	Reduced cold	(Alloui et al.,
				↑AP firing	hypersensitivity after SNL	2006)
				↓Inflammatory	TREK1 inhibited by PGE2
					and cAMP, ↑Mechanical,
					heat
	TREK2	Knockdown		↓TREK2 expression in DRG	Spontaneous pain	(Acosta et al.,
		inflammation				2014)
		Knockout		↓TREK2 expression	inhibited by PGE2 and	(Pereira et al.,
					cAMP	2014)
					↑ Mechanical,
					↑ perception of nonaversive
					warm
	TRAAK Knockout		↓TRAAK expression	↑Mechanical,	heat	(Descoeur et
					TREK1/TRAAK	KO:	al., 2011; Noël et al., 2009)
					↑noxious cold pain but
					reduced cold sensitivity
					after oxaliplatin
	TRESK Human dominant-	↓TRESK currents	↑Migraine pain	(Lafrenière et
		negative mutation			al., 2010)
		Nerve	injury	↓TRESK expression in DRG	↑Mechanical	(Tulleuda et
		(axotomy)			Trend for thermal pain	al., 2011)
		TRESK knockdown		
		Knockout		↓TRESK currents	Not determined	(Dobler et al.,
						2007)

Table 2 :

 2 

Heterodimers of two-pore-domain potassium (K2P) channels (Cho et al., 2017) .
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In this paper, we have been able to assess the unique sensitivity of TREK1-TREK2 and TREK1-TRAAK heterodimers to changes in both external and internal pH.

Changes of pH from resting values are involved in cellular process and pathophysiological state such as hypoxia occurring during ischemia.

Structure function studies helped us to determine that pH sensor in both subunits can act independently. However, it is interesting to consider how the subunits combine their influences on the gating mechanism. Given the opposite effects of extracellular pH (pHext) on TREK1 and TREK-2, we would have expected that the pHext would exert a lower effect on the heteromer or that one of the subunit regulation would have overlapped the other. But this study showed the opposite: the two mechanisms complement each other, suggesting that the influence of the subunits on the inner gate is very complex.

We found that TREK1 and TREK2 were able to heteromerize with no preference, and with TRAAK to a lesser extent. TREK channels are able to assemble even at a low level of expression in heterologous system, as it would be the case in nature, and their expression pattern is overlapping in several tissues [START_REF] Fink | A neuronal two P domain K+ channel stimulated by arachidonic acid and polyunsaturated fatty acids[END_REF]Sandoz et al., 2008). We also have shown that TASK1 and TASK3, which share only about 30% of identity with TREK1, are not able to form dimers with TREK1. We therefore wonder if we could find a rule, based on sequence homology to explain the recognition between subunits leading to their assembly. Thus, we further extend the study of TREK1 interaction to other subunits. And found that TREK1 can co-assemble with TREK2, TRAAK and TRESK with a smaller advantage for TREK2. It can be noticed that we obtained few spots with TWIK2 and KCNK7 which are minors.

possible to make any causal statements from this observation, but it is worth noting that this is the only other TRESK mutation which has been linked to a migraine phenotype. Together, this work shows that different frameshift mutations downstream of the first start codon can lead to ATI to produce a second protein which can carry the physiological function, suggesting that this mechanism may be widespread in nature and therefore needs to be considered when analyzing frameshift mutations linked to human disorders.

Single Molecule Pulldown

For SiMPull experiments, a DNA ratio of 1:1 was used. 24 hours after transfection, HEK 239T cells were harvested from coverslips by incubating with Ca 2+ -free PBS buffer for 20-30 minutes followed by gentle pipetting. Cells were lysed in buffer containing (in mM): 150 NaCl, 10 Tris pH 7.5, 1 EDTA, protease inhibitor cocktail (Thermo Scientific) and 1.5% IGEPAL (Sigma) or 1% DDM (Sigma). After 30-60 minute incubation at 4°, lysate was centrifuged for 20 minutes at 12,500 g and the supernatant was collected. Coverslips passivated with PEG (~99%)/ biotin-PEG (~1%) and treated with NeutrAvidin (Pierce) were prepared as described (Jain et al., 2012). 15 nM biotinylated anti-HA antibody (clone 16B12, BioLegend) was applied for 20 minutes and then washed out. Antibody dilutions and washes were done in T50 buffer with BSA containing (in mM): 50 NaCl, 10 Tris pH 7.5, and 0.1 mg/mL BSA. Lysate, diluted in lysis buffer containing 0.04% IGEPAL, was then applied to the chamber and washed away following brief incubation (~2 minutes). Single molecules were imaged using a 488 nm Argon laser on a total internal reflection fluorescence microscope with a 60x objective (Olympus). We recorded the emission light after an additional 3x magnification and passage through a double dichroic mirror and an emission filter (525/50 for GFP) with a back-illuminated EMCCD camera (Andor iXon DV-897 BV). Movies of 250-500 frames were acquired at frame rates of 10-30 Hz. The imaged area was 13 x 13 µm 2 . At least 5 movies were recorded for each condition and data was analyzed using custom software. Multiple independent experiments were performed for each condition.

Representative data sets are presented to quantitatively compare conditions tested on the same day. 
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Discussion and conclusions

Having found the association between TRESK and TREK1 using SiMPull, we characterized the regulations of the TRESK-TREK1 heteromeric channels by several stimuli. The heteromer was activated by calcium, and had a lower regulation by arachidonic acid compare to the WT-TREK1 homomer. We then tried to pull-down TRESK-MT using TREK1. It was an astonishment to see that they were not able to interact.

If this inhibition is not coming from TRESK-MT1, it has to come from another protein.

Normally one mRNA gives one protein, but in some cases this rule is not followed (Kozak, 1999). We took a deeper look into TRESK-MT DNA sequence and found an ATG embedded by a Kozak sequence which was, due to the deletion, in frame with WT-TRESK's open reading frame. We hypothesized that it could serve as a new initiation site allowing the formation of second truncated TRESK protein made of the 2-3 loop, MT3 and MT4 of TRESK (called TRESK-MT2). We therefore used series of experiments to demonstrate the existence of this second transcript. We found that we were able to see spots when co-expressing TRESK-MT-GFP (the MT2 ORF fused to GFP) with HA-TREK1 and 2, proving the interaction of TRESK-MT2, with TREK1.

These first data suggested that the interaction between the two subunits was a very complex mechanism, and the residues involved in this structure still need to be characterized. The second raised point was the following: how TRESK-MT C-terminus domain can be translated in addition to TRESK-MT1, the expected N-terminal truncated version of TRESK (Liu et al., 2013)?

We described for the first time a mechanism, called frameshift mutation induced alternative translation initiation -that leads to the production of two different proteins from one mRNA. Moreover, we proved that the N-terminus side TRESK-MT1

(previously termed TRESK-MT) is involved in the dominant negative effect on TRESK, while the protein resulting from the new initiation site TRESK-MT2 inhibits TREK1 and TREK2 in a dominant negative manner.

Not only we proved the existence of this process in vitro, but also we assessed this regulation in vivo in two animal models of migraine. They led us to conclude that TRESK-MT, thanks to the second translated protein, was downregulating both TREK1

Annex 2: Patent