Summary

Levamisole is a depolarizing anthelmintic, agonist of ionotropic acetylcholine receptors (AChR) at the neuromuscular junction of nematodes. Mutations targeting receptor trafficking, clustering, or auxiliary subunits, result in a partial lowering of levamisole-induced currents.

These mutants remain sensitive to high doses of levamisole and get immobilized by hypercontraction when exposed to levamisole. However, contrarily to wild-type worms for which levamisole is eventually deadly, mutants display, after a few hours, a peculiar recovery of their ability to move while still being on levamisole. In this project, we investigated the homeostatic mechanisms that lead to this movement recovery.

We showed that movement recovery is accompanied by a calcineurin-dependent reduction of the levamisole-sensitive AChR synaptic density. We uncovered increase in muscular autophagy, lysosomal tubulation, and restorations of the mitochondrial network and ATP concentration. Using a ratiometric probe and a novel worm tracker with artificial neural network technology, we followed the calcium concentration of free-moving worms at key steps of the adaptation process. We uncovered that adaptation is correlated with a reduction of average muscular calcium concentration.

Altogether, we built a model explaining how worms are able to restore their mobility within a few hours with a calcineurin-dependent mechanism despite a continuous exposure to a paralyzing anthelmintic.

Résumé / Summary in French

Le lévamisole est un vermifuge dépolarisant, agoniste des récepteurs ionotropiques de l'acétylcholine de la jonction neuromusculaire des nématodes. Les mutations affectant le transport, l'agrégation, ou les sous-unités auxiliaires des récepteurs entraînent une diminution partielle des courants induits par le lévamisole. Ces mutants restent sensibles à de fortes doses de lévamisole et s'immobilisent par hypercontraction lorsqu'ils sont exposés au lévamisole.

Cependant, contrairement aux vers sauvages pour lesquels le lévamisole est mortel à terme, ces mutants présentent, au bout de quelques heures, une singulière récupération de leur capacité à se déplacer tout en étant toujours exposés au lévamisole. Dans ce projet, nous avons étudié les mécanismes homéostatiques qui conduisent à cette récupération de mouvement.

Nous avons montré que la récupération de mouvement s'accompagne d'une réduction dépendante de la calcineurine de la densité synaptique des récepteurs de l'acétylcholine sensibles au lévamisole. Nous avons découvert une association de la restauration du mouvement avec des augmentations musculaires de l'autophagie, de la tubularisation lysosomale et des restaurations du réseau mitochondrial et de la concentration d'ATP. À l'aide d'une sonde ratiométrique et d'un nouveau traqueur de vers doté d'une technologie de réseaux de neurones artificiels, nous avons suivi la concentration en calcium de vers en mouvement libre à des étapes clés du processus d'adaptation. Nous avons découvert que l'adaptation est corrélée à une réduction de la concentration moyenne de calcium musculaire.

Nous avons construit un modèle expliquant comment les vers sont capables de restaurer leur mobilité en quelques heures avec un mécanisme dépendant de la calcineurine malgré une exposition continue à un vermifuge paralysant.

Résumé détaillé / Detailed French summary Introduction : contexte et objectif de thèse

Le lévamisole, un vermifuge utilisé en médecine vétérinaire, est connu pour son action paralysante sur C. elegans. Le lévamisole est un agoniste des récepteurs de l'acétylcholine, présents aux jonctions neuromusculaires des nématodes. À forte concentration, les vers sauvages se contractent fortement. Après une quinzaine de minutes, ils se relâchent progressivement et restent incapables d'effectuer le moindre mouvement tant qu'ils sont maintenus sur lévamisole. Les mutants sur les gènes codant les sous-unités constitutives du récepteur de l'acétylcholine sensible au lévamisole (les L-AChR) sont complètement insensibles au lévamisole.

Le mutant lev-10(kr26), mutant sur une protéine nécessaire à l'agrégation des L-AChRs à la synapse neuromusculaire, réagit au lévamisole d'une manière singulière. Les vers lev-10(kr26), à l'instar des vers sauvages, se paralysent dans un premier temps quand ils sont exposés au lévamisole. Cependant, après environ 4 heures d'exposition, ils se remettent progressivement à se déplacer. Les mutants ayant une dysfonction partielle des récepteurs cholinergiques et des courants induits par le lévamisole présentent des phénotypes très similaires à lev-10(pf) (pf : perte de fonction).

Ce mécanisme d'adaptation au lévamisole n'avait pas été expliqué jusqu'à présent. Dans ce projet, nous avons cherché à mieux cerner ce phénomène, tant dans sa cause que dans les conséquences d'une exposition prolongée au lévamisole sur l'homéostasie musculaire des animaux.

Recherche de protéines impliquées dans l'adaptation au lévamisole

Afin d'identifier des mécanismes qui pourraient intervenir dans le phénomène d'adaptation, nous avons mené une approche gène candidat. Nous avons ainsi quantifié l'adaptation de doubles mutants portant la mutation lev-10(kr26), qui permet l'adaptation, combinée à une mutation supplémentaire sur des protéines impliquées dans différentes voies de signalisation cellulaire, comme CREB, CRTC-1, AMPK, CaMKI , CaMKII, la titine, ou encore la calcineurine. Seule cette dernière a donné une variation comportementale importante lors d'une exposition prolongée au lévamisole. La sous-unité catalytique de la calcineurine est encodée par le gène tax-6 chez C. elegans.

La calcineurine a une action ubiquitaire. Pour étudier son action uniquement dans l'activité musculaire, nous avons utilisé la technologie DEGRON/TIR-1 qui permet une dégradation de la protéine dans le tissu de notre choix au moment désiré : ici, les muscles, après le développement embryonnaire.

Sur les quatre premières heures d'exposition au lévamisole, les mutants lev-10 avec une dégradation musculaire de la calcineurine (tax-6[deg. musc.]) se comportent visuellement d'une manière très similaire au mutant lev-10(pf) : ils restent contractés. À partir de quatre heures, en revanche, au lieu de se remettre progressivement en mouvement, ils se contractent de plus en plus et s'écrasent sur eux-mêmes tout en restant incapables de se déplacer. Ce phénotype permet de conclure que la calcineurine est une protéine essentielle permettant l'adaptation au lévamisole.

Évolution de la concentration intracellulaire calcique musculaire au cours de l'exposition au lévamisole

Le lévamisole entraîne une dépolarisation de la membrane musculaire et une entrée importante de calcium via les canaux calciques dépendants du voltage. Connaître les variations des niveaux calciques intracellulaires au cours de l'adaptation au lévamisole semble être une bonne approche pour mieux comprendre le phénomène. Pour étudier la concentration calcique musculaire, nous avons utilisé une GCaMP insérée dans le génome du ver en copie unique. Pour limiter les variations dues aux changements d'expression du marqueur calcique entre cellules et vers, nous avons utilisé l'imagerie ratiométrique en usant d'une protéine mCherry liée à la GCaMP. Un travail de mise au point d'un protocole permettant une influence minimale de l'expérimentation sur les niveaux de calcium mesurés a été réalisé. Des vers présentant une sensibilité réduite à la lumière bleue grâce à une mutation sur le photorécepteur encodé par le gène lite-1 ont été utilisés. Suite à ce travail, deux conclusions apparaissent clairement : 1) l'adaptation des lev-10 est accompagnée dans un premier temps d'un calcium plus élevé puis d'une réduction significative de ce calcium lors de la reprise du mouvement, alors que chez les vers sauvages, le calcium diminue rapidement en 1h à un niveau moyen, 2) le calcium des lev-10 ; tax-6[deg. musc.] évolue d'une manière similaire aux vers lev-10(pf) dans un premier temps, mais ne se voit pas substantiellement réduit après 4 h. On ne peut ainsi imputer leur contraction prolongée à un calcium plus élevé qu'en présence de calcineurine musculaire.

Traqueur en temps réel avec réseau de neurones artificiels

Une attention prolongée a été accordée à réaliser une extraction du signal musculaire pertinente. Un traqueur utilisant un réseau de neurones artificiels a été réalisé pour obtenir un niveau de calcium basal sur un ver en mouvement avec un minimum de perturbation. Ce 
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Goals and Strategy

Levamisole is an anthelmintic that is mainly used in veterinary medicine. It is known for its paralyzing action on nematodes. Levamisole is a depolarizing drug which targets worms' muscles, and more specifically acetylcholine receptors of the neuromuscular junction (AChR).

In C. elegans, a subset of AChR are sensitive to levamisole (L-AChR). At high doses, i.e. 1 mM, levamisole is deadly to wild-type worms. Worms first heavily contract for a few minutes, then partially relax and stay paralyzed while exposed to levamisole, and progressively die between 4 to 18 h of exposure to the drug. Complete loss of function mutants of the L-AChR are insensitive to levamisole.

On the other hand, partial loss of function of the L-AChR resulting in a partial reduction of the levamisole-induced currents result in a peculiar phenotype. The dose-response curve of partial mutants is without surprise shifted toward a smaller short term sensitivity to levamisole. Yet, at high concentration of levamisole, the partial loss of function mutants of the L-AChR first undergo paralysis, but after 2 to 5 h of exposure to the drug, the worms progressively recover movement, are able to show coordinated mobility on plates after about 10 h of exposure to the drug. This adaptative, or pseudo-wild-type, phenotype has allowed the identification of many proteins involved in the clustering, transport, and gating of AChR in C. elegans in the last 40 years, since the first published levamisole screen. Mutants with this phenotype could be isolated as a partial loss of function of the receptors.

However, the mechanism of progressive movement recovery of worms with partial AChR loss of function has remained poorly understood. Very recently, our lab published an article sharing the latest discoveries on the matter: adapting worms studied kept high calcium levels for the first hours of exposure to levamisole while wild-type worms calcium levels were quickly reduced from peak contraction. This explained the phenotypical differences observed between adapting mutants and wild-type during the first hours of levamisole exposure: the former stay highly contracted and the latter are relatively relaxed. This however raised a second issue: not only the adapting worms are able to recover movement while still being exposed to the drug, but they also cope with high levels of intracellular calcium for long duration.

In this project, I worked on providing a better understanding of mechanisms of the movement recovery of adapting worms. This required to uncover elements describing and explaining the worm movement on levamisole, and, in parallel, elements of responses to the stress induced by the drug. As such, I studied the variations of the synaptic densities of receptors, followed the muscular calcium levels of worms through levamisole exposure, but also studied known stress-response mechanisms by following autophagy, lysosomal activity, and the mitochondrial structure and activity. Ratiometric calcium imaging had never been performed in the lab prior to this project.

Shortly after the start of the project, we acquired a new, yet classic, imaging system adapted to dual-view imaging of calcium and reference fluorescent indicators. Hence, I had to develop a complete pipeline and protocol for ratiometric calcium imaging of muscle cells using our setup. Moreover, I faced the novel challenge of having to acquire the muscular calcium of moving worms with only partial visualization of the worm's body. This required the conception of a new tracking software, with pattern recognition capacities and technologies never used in C. elegans tracking.

In part 1, I give a detailed explanation of the ratiometric imaging pipeline I conceived with the challenges I faced and the associated solutions. I subsequently present the servoing tracker I designed and explain why it required the use of a convolutional neural network.

In part 2 of this document, I report the article in preparation which is based on the new discoveries on the adaptation mechanism made in this project.

In part 3, I share complementary results that give marginal additional insights on the adaptation mechanism that were not included in the published data.
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Background 22 Muscular Anatomy of C. elegans

In this study, we worked mainly with young adult worms. Unless specifically mentioned, background descriptions below refer to the physiological characteristics of adult hermaphrodites, and adult worms only; more specifically, it refers to egg-laying adult worms.

Precise steps of the worm development have been widely described 1 , and most relevant information about C. elegans general physiology is now very clearly presented in the website www.wormatlas.org 2 . The essential steps of growth of C. elegans hermaphrodites at 20°C 3 are as follows: Eggs are laid at the gastrula embryonic stage 1 , and develop ex-utero for about 14h.

Eggs hatch as stage 1 larvae, "L1" worms. After 12 hours, they molt into L2 (stage after one day of growth). After steps of about 8 h, they molt subsequently into L3 and L4 (stage after 2 days of growth at 20°C). Finally, they develop into young adults in about 10 h, and egg laying starts after 8 more hours when worms become fully reproductive adults. On these conditions, about 0.2% of the eggs laid are males.

Movement of C. elegans worms is powered by four quadrants of obliquely striated muscle cells. There are a total of 95 muscle cells, bundled by 3 times 24 and one time 23. Muscle quadrants and cells are positioned on the outer radial potion of worms, just in junction with the worm's cuticle. Muscle cells are composed of the cell belly, containing the nucleus, mitochondria, and large cytoplasmic organelles, and then, in radial direction, closer to the cuticle, a myofilament lattice insures the contractile power of muscle cells. Finally, radially above the cells maintained by attachment plaques, are successively a basal lamina, the hypodermis, and the worm's cuticle 4 , as represented in figure 1.

Contrarily to mammals, for which muscle innervation is ensured by axonal projection of the motor neurons through the muscle fiber in diversely located neuromuscular junctions, C. elegans muscle extend projection toward the nerve cords, as represented in figure 1. Two motor nerves, ventral and dorsal, insure innervation of body-wall muscles, posterior to the nerve ring at the base of the worm's head. Head muscles at the pharyngeal level are innervated directly within the nerve ring. The muscle arms form "en passant" synapses with neurons of the nerve cord. As a result, all muscular junctions of C. elegans body muscle cells are situated along two clearly defined lines within the worm (see figure 1). At neuromuscular junctions, excitatory and inhibitory synapses localize next to each other. As shown in figure 2, DD and VD inhibitory neurons are post-synaptic to respectively VA, VB and VC ventral excitatory neurons, and DA, DB and AS dorsal excitatory neurons. As represented in figure 2: The excitatory signal from excitatory neurons stimulates both muscle cells and inhibitory neurons. Inhibitory neurons carry the inhibitory signal to the other side of the worms (dorsal for ventral, and vice-versa), and insure relaxation of muscle cells on the opposite side of the worm. As a result, when a signal of contraction is propagated through the worm, the side opposite from the contracted muscle cell is relaxed and body bends can occur with fewer constraints.

Neuromuscular Junction

Two types of synapses are present at neuromuscular junctions of body-wall muscle of C. elegans: inhibitory and excitatory synapses, insuring the signal transfer from respectively cholinergic motoneurons and GABAergic motoneurons. The two synapses types collocate in muscle arms extremities, yet occupy distinct spaces within these arms. These synapses have been represented in figure 3. Post synaptic aggregation of GABAergic synapse is made possible by the neuronal presynaptic expression of the short isoform of MADD-4/Punctin and its interaction with NGL-1/neuroligin and netrin receptor UNC-40/DCC [5][6][7][8] , and is held by the intracellular scaffold of FRM-3/EPB4.1 and LIN-2/CASK. On the other hand, the neuronal expression of both MADD-4 short (Punctin S) and MADD-4 long (Punctin L) solicits the aggregation of the cholinergic synapse 8 .

3 types of ionotropic receptors are known to be present at neuromuscular junctions of body-wall muscles of C. elegans 9 . Two are present at excitatory synapses; they are the nicotinic acetylcholine receptors (nAChR). The third is the GABA receptor of inhibitory synapses.

The two types of nicotinic receptors are permeable to cations. One population is sensitive to levamisole but not to nicotine: they are the levamisole-sensitive acetylcholine receptors (L-AChR). The other population, on the opposite, is sensitive to nicotine, but not to levamisole; they are the nicotine sensitive acetylcholine receptors (N-AChR) 10,11 . The reversal potential with acetylcholine has been estimated at +20 mV 12 , with a resting potential of the muscle cell membrane at -25 mV.

L-AChR are heteropentamers receptors known to be composed of five subunits first identified to be linked with levamisole resistance in 1980: UNC-29, UNC-38, UNC-63, LEV-1, and LEV-8 13,14 . The five subunits have later been shown to be necessary for full-receptor functionality both in C. elegans and in a heterologous system 9,10,15 . The muscular protein ACR-8 has been shown to be able to substitute LEV-8 in larva 16 . When expressed in Xenopus laevis oocytes, the receptors with the ACR-8 subunit are about half as sensitive to levamisole than their LEV-8 counterparts 17 . It also seems that relative LEV-8 expression is higher in head muscle than in body muscles 13,18 . Levamisole receptors have been shown to be permeable to calcium 10 . N-AChR are homopentamers receptors composed of the ACR-16 subunit 11,19,20 that have 47% of homology with the α subunit of cholinergic receptors of vertebrates. ACR-16 has been shown to be sufficient to form a functional receptor when expressed in Xenopus laevis oocytes.

L-AChR and N-AChR have different specificities. N-AChR represent 85% of the ionic conductance induced by acetylcholine 20 , meanwhile L-AChR kinetic of current reduction when exposed to acetylcholine is slower 11 . This could explain the absence of visible phenotype of acr-16 mutants, while mutants of the levamisole receptors are uncoordinated. Interestingly, levamisole does not seem to trigger desensitization of L-AChR receptors for at least 40 s 10,11 .

GABA receptors are pentameric receptors encoded by the unc-49 gene exclusively 21 . They are anionic channels which allow the entry of Cl-. unc-49 code for 3 subunits, two of which, UNC-49B and UNC-49C, collocate at the neuromuscular junction and compose GABA receptors that are heteromers of the two subunits. The reversal potential of GABA has been estimated at -30 mV 12 . GABA receptors are activated by muscimole, an agonist drug, which elicits stronger currents than GABA in C. elegans 22 .

Receptors are synthesized in the endoplasmic reticulum, requiring BiP, ERp57 and calnexin in vertebrates nAChR synthesis 23 , which respectively correspond to HSP-4 24 , PDI-3 25 , and CNX-1 26 in C. elegans.

For L-AChR, RIC-3 and UNC-74 interventions in the ER are necessary for functional receptors expression in heterologous systems 10 . CRLD-1 participates in the constitution of a complete population of receptors, but is not fully required 27 . UNC-50 is necessary for the addressing of the receptors to the membrane 10 . Receptor synthesis and transport is represented in figure 4.

Once L-AChR have been successfully addressed to the membrane, their localization and clustering require other proteins. More specifically, LEV-9, LEV-10, and OIG-4 have been shown to be paramount for complete synaptic aggregation of the receptors [28][29][30] .

LEV-9 is a protein composed of a whey acidic protein domain and 8 complement-control protein domains 28,30 . Worms lacking LEV-9 have declustered L-AChR. The -60 mV levamisole-induced currents of receptors are the same with and without LEV-9, yet there is an 84% reduction in evoked synaptic currents. LEV-10 is transmembrane protein with a single short intracellular segment and a longer extracellular segment with a domain of class A lipoprotein receptor and 5 domains CUB. The extracellular segment seems sufficient for clustering function 29 . LEV-10 interacts with LEV-9 and OIG-4 to form the clustering complex of L-AChR. Similarly to LEV-9, mutants for LEV-10 display wild-type -60 mV levamisole-induced currents throughout the muscle membrane, but evoked synaptic currents are reduced by 77%.

Complete receptor function also requires the auxiliary protein MOLO-1 31 . MOLO-1 is a TPM domain-containing protein that acts as an auxiliary subunit and collocate with L-AChR. L-AChR do not require MOLO-1 to be successfully addressed and clustered at synapses, yet without MOLO-1, L-AChR-specific evoked response is halved, as a result of the MOLO-1 effect in increasing the receptor gating 31 .

Excitation-Contraction Coupling

Contrarily to mammalian muscles, C. elegans amplification and propagation of the depolarizing signal following the activation of AChR is not carried by voltage-activated Na + channels. In C. elegans, these channels simply do not exist. Instead, the contraction signal is carried only by voltage-gated calcium channels (VGCC) of L-type [32][33][34] . The threshold for cell depolarization in C. elegans has been estimated as -10 mV 12 . Different VGCC types exist in worms, as it does in mammals. elg-19, unc-2, and cca-1 genes encode respectively the protein homologs to the mammalian Cav1, Cav2, and Cav3 [34][35][36] . Depending on the technic used, the expression of all three genes have been detected in body wall muscles 35,37,38 . Yet, a functional study showed that only the specific inhibition of EGL-19 receptors abolishes wild-type currents in body wall muscle cells 39 , suggesting that C. elegans muscle contraction is only carried by the nemadipine-sensitive EGL-19 receptors. CLHM-1/CALHM1, a voltage and free calcium regulated channel, was later shown to participate in complete muscle function as well 40 .

The influx of calcium through VGCC is followed by both positive and negative feedback loop 41 . Calcium-dependent inactivation of channels is mediated by the action of calmodulin and intervenes quickly after depolarization. It is notably made possible in cardiac Cav1.2 by the calmodulin-dependent activity of calcineurin which opposes the action of protein kinase A 42,43 . In C. elegans, this negative regulation of VGCC activity by calcineurin is suspected to have been conserved, as inhibition of calcineurin by cyclosporine-A can prevent inhibition of calcium currents. Moreover, the serine dephosphorylation target of calcineurin in cardiac Cav1.2 is conserved 44 . The calcium-dependent facilitation is mediated by the action of the calcium/calmodulin kinase II (CaMKII) and is more of a long-term response to repeated stimulations 45 .

Free cytosolic calcium from the VGCC is thought to be sufficient to initiate muscle contraction in C. elegans, notably due to the proximity of the sarcomeres with the plasma membrane 2,33 . In vertebrates, the release of calcium from the sarcomeric/endoplasmic reticulum leads to muscle contraction. This release is meditated by ryanodine receptors, calcium channels between the ER and the cytosol, which are, in vertebrates, physically coupled to VGCC of the external membrane 46-48 . In C. elegans, the ryanodine receptor is encoded by unc-68. The release of calcium through the UNC-68 receptor is induced by an indirect coupling: the calcium induced calcium release.

The entry of Ca 2+ from EGL-19 channels is the trigger source of the Ca 2+ release from the ER.

Although participative, the ER release is not necessary for contraction in C. elegans. Mutants of unc-68 simply have a reduced mobility 32,33,49 .

The free calcium in muscle cells then binds troponin-C, encoded by pat-10/tnc-1 in bodywall muscles or by tnc-2 in pharyngeal muscles 50,51 . Troponin-C and troponin-I complex that prevents the fixation of myosin heads on actin is destabilized by fixation of calcium on troponin-C. This allows the interaction between myosin and actin, and the ATP-consuming loop that insures the sliding of the two polymers and the shortening of the sarcomere, the actin-myosin complex 47,51 . In C. elegans, troponin-I is encoded by tni-1 in body-wall muscles.

Body-wall muscle thick filaments of C.elegans are composed of paramyosine, encoded by unc-15, and myosin heavy chains A and B, respectively encoded in myo-3 and unc-54 [52][53][54][55] . If sarcomeres are aligned with the longitudinal axis of the cell and therefore provide a longitudinal contraction, the units are in successive offsets, creating the oblique striation pattern observed in C. elegans muscle cells 2,56,57 .

Contraction force is transmitted to the rest of the worm's body via attachment complexes that contain the PAT-2 and PAT-3, respectively α and β integrin. These proteins localize around dense bodies and M lines, and their loss of functions is lethal, as it notably creates disorganization of the sarcomeres [58][59][60] .

Regulation of Cytoplasmic Calcium Levels

In mammals, the extracellular free calcium concentration has been estimated to be between 2 and 4 mM while the sarcoplasmic reticulum concentration is at around 0.4 mM 61,62 .

The resting cytosolic concentration is around 100 nM. After calcium entry for muscle contraction, the calcium has to be quickly expunged to allow relaxation, restore further excitability, and limit free calcium damage in the cells.

Regulation of free calcium concentration is controlled by many different mechanisms. A representation of the main known calcium dynamics in eukaryote cell is represented in figure 5. We already described earlier the calcium entry through voltage-gated calcium channels in C. elegans. Another way of calcium entry from the extracellular medium is through the voltage and free calcium regulated channel composed of the CLHM-1/CALHM1 protein. This allosteric channel allowing inward Ca 2+ currents is blocked by high concentration of free extracellular calcium 63 . In C. elegans, it is highly expressed in body wall muscles and its loss has been shown to disrupt mean movement wave speed 40 .

Entry in the cytoplasm of free calcium originating from the endoplasmic reticulum and through the ryanodine receptor encoded by unc-68 in C. elegans has been described above.

Cytosolic calcium influx from the endoplasmic reticulum is also known to occur from inositol 1,4,5-triphosphate receptors (IP3R). Inositol 1,4,5-triphosphate is a cytoplasmic messenger which can be triggered by a variety of signals 64 . In C. elegans, the receptor is encoded by the itr-1 gene, which has product that is 42% similar to the human type II IP3R isoform 65 . Antibody staining allowed the detection of the expression of itr-1 in the pharynx, intestine, excretory cell, somatic and germ line tissues of the gonad, and in the nervous system (the latter not being found with GFP reporter under itr-1 promoter) 66 . The IP3R receptor and calcium channel of C. elegans is not suspected to be substantially expressed in body-wall muscles.

Calcium is pumped out of the cell via the plasma membrane Ca 2+ ATPase (PMCA) 67 . The transmembrane protein export calcium with the energy of ATP hydrolysis. In mammals, there are four isoforms of the channel encoded by four different genes (giving PMCA1 to PMCA4), with different expression patterns 68 . In C. elegans, it is known to be encoded by mca-3, and expressed in body-wall muscles, the nervous system, the intestine and coelomocytes 69 .

Interestingly, mca-3 loss of function and mca-3 RNAi were found to reduce worm sensitivity at 0.4 mM levamisole 70 .

Calcium extraction from the cytosol is also ensured by Na + /Ca 2+ exchangers (NCX) which allow the import of 3 sodium ions and export in exchange a single calcium ion. In humans, there are three NCX loci, encoding for the 3 isoforms of the protein (NCX1-3), with NCX1 expressed ubiquitously 71 . C. elegans has three isoforms of the exchanger proteins: NCX-1 to NCX-3, with only the ncx-2 gene being known to be expressed in muscles [72][73][74] .

Free cytosolic calcium is also known to be pumped back to the endoplasmic reticulum via the sarco/endoplasmic reticulum Ca 2+ ATPase 67 . A single gene in C. elegans, sca-1, codes for two isoforms, CeSERCAa and CeSERCAb 75 . These two variants are similar to the human SERCA2a and SERCA2b, which are expressed in different tissues, with notably only SERCA2a being expressed in the heart. Expression of both CeSERCAa and CeSERCAb is similar and is notably present in body-wall muscles. CeSERCAb has a higher calcium affinity than CeSERCAa, but both display an ATP-dependent calcium transport activity 75 .

Mitochondria have a basal calcium concentration similar to that of the cytosol 67 . Intake of calcium from the cytosol is mainly known to occur through the mitochondrial calcium uniporter, which is expressed ubiquitously in humans 67,76 . In C. elegans, the mitochondrial calcium uniporter, shown to not be essential for worm survival and reproduction 77 , was necessary for high amplitude cytosolic calcium variations to be reflected in mitochondria 78 .

Calcium extraction from mitochondria is ensured by a calcium cation exchanger, also named sodium calcium lithium exchanger (NCLX) 79 . There are 5 genes encoding for NCLX in C. elegans, ncx-6 to ncx-10 73 . Only one of them, ncx-9, has been demonstrated to play a role in the handling of calcium exchange in mitochondria and is not expressed in body-wall muscles 80 .

ncx-6 was also suspected to play a role in the handling of calcium exchange in mitochondria with the appearance of an over-expression of the gene after the pharmacological blocking of mitochondrial NCLX 81 . A muscle-expressed NCLX could intervene in mitochondrial calcium homeostasis similarly to the mitochondrial calcium uniporter.

Levamisole

Levamisole, short for (S)-6-phenyl-2,3,5,6-tétrahydroimidazo[2,1-b][1,3]thiazole, was initially discovered in 1966 82 . It was then characterized phenotypically by its paralyzing, and therefore anthelmintic, effects on nematodes. It was quickly characterized as having a depolarizing effect on muscles of Ascaris, a parasitic nematode 83 . A screen for phenotype on 1 mM levamisole was published by Lewis et al. in 1980, allowing to narrow the action of levamisole to the acetylcholine receptor 13 . Levamisole, initially used as an anthelmintic, was quickly identified as having immuno-stimulant properties on mammals. As such, it was reported to be used for cancer treatment as soon as 1973 84 . Experiments on mammals and clinical trials allowed the underlining of dosedependent, immunomodulation properties 85 . It was therefore tried for treatment in a variety of immune-related diseases, and notably rheumatoid arthritics 84,[START_REF] Thompson | Studies on levamisole--induced agranulocytosis[END_REF] . It was also reported to have the potential and highly detrimental side effect of agranulocytosis [START_REF] Thompson | Studies on levamisole--induced agranulocytosis[END_REF] . It was therefore limited in its use in human medicine. Detrimental side effects of levamisole were still studied recently as levamisole is also used as an adulterant of cocaine consumed as a recreational drug [START_REF] Khan | Recurrent Levamisole-Induced Agranulocytosis Complicated by Bowel Ischemia in a Cocaine User[END_REF] . It was also very recently studied as a possible treatment for COVID-19 [START_REF] Al-Kuraishy | Levamisole Therapy in COVID-19[END_REF] .

Levamisole is still in the list of essential medicine of the world health organization for its historical and main function as an anthelmintic [START_REF]World Health Organization model list of essential medicines: 21st list[END_REF] . It is listed along with other drugs like pyrantel, which is also known to bind nicotinic AChR [START_REF] Ruiz-Lancheros | Activity of novel nicotinic anthelmintics in cut preparations of Caenorhabditis elegans[END_REF] .

Levamisole is a depolarizing agonist which, in C. elegans, targets L-AChR only. Hence, the model for the immediate response to levamisole is quite straightforward: all the body-wall muscles of worms depolarize and highly contract, and the worm is paralyzed. Longer term response to levamisole is less understood. On 1 mM levamisole, at 3 minutes exposure, worms first show a high body contraction, but then quickly relax in the following 15 to 30 min 48 . Wildtype worms then stay paralyzed as long as they are kept on levamisole. Response to levamisole is highly dose dependent. As such, on 0.2 mM, wild-type worms do not stay paralyzed after the initial contraction. A portion of them progressively recover some mobility when kept on levamisole 48 . Worms with partial impairment of levamisole currents show this movement recovery phenotype in a much clear-cut manner, for the entirety of the exposed population, and at high concentrations of levamisole (1 mM) [27][28][29][29][30][31]48,[START_REF] Richard | Biosynthesis of ionotropic acetylcholine receptors requires the evolutionarily conserved ER membrane complex[END_REF] .

Many screens have been performed on C. elegans using levamisole. In 1980, Lewis et al. screened mutants able to grow on 1 mM. They therefore isolated the L-AChR units and proteins necessary for its functional constitution: UNC-29, UNC-63, UNC-38, UNC-74, UNC-50, LEV-1, LEV-8, LEV-9 and LEV-10 13 . Other screens were later performed and allowed the further characterization of lev-10 at 1 mM levamisole 29 . More subtle phenotypes could be found on lower concentrations of drug. OIG-4 phenotype is only clear at 0.6 mM levamisole 30 . molo-1 was identified on a 0.6 mM screen 31 . A screen specific for the adaptation phenotype of movement overnight on levamisole accompanied by a paralysis at 4 h allowed to identify the ER protein EMC-3 48 . A more recent screen in liquid medium 0.4 mM levamisole using gene silencing by RNAi was recently performed and allowed the characterization of genes for which loss of function normally prevents worm development. They identified 126 new genes involved in levamisole resistance, notably mca-3, encoding for the C. elegans PMCA, and epn-1, involved in endocytosis. mca-3 silencing reduces sensitivity to levamisole, while epn-1 silencing augments sensitivity to levamisole. epn-1 silencing was shown to increase the synaptic quantity of L-AChR. Other genes not directly involved in receptor regulation, notably tax-6, encoding for calcineurin and which deletion triggers levamisole hypersensitivity on 0.2 mM, had already been earlier identified 48 .

Genes with partial impairment of levamisole currents through muscle cells on 1 mM levamisole result in the "adaptation phenotype", initially named pseudo-wild-type phenotype 13 . This phenotype is characterized by a sensitivity to levamisole which triggers paralysis for up to 4 h, but is followed by a restoration of movement which allows worms to move again after 18 h on levamisole. Partial loss of function on the main subunits of the L-AChR can result in this phenotype 13 , while total loss of function of auxiliary subunits like MOLO-1, which increase receptors gating, result in the phenotype as well 31 . Reduction of the quantity of receptors transported to the synapse via mutation of emc-6 [START_REF] Richard | Biosynthesis of ionotropic acetylcholine receptors requires the evolutionarily conserved ER membrane complex[END_REF] , crld-1 27 , and probably emc-3 48 also results in the adaptation phenotypes. Mutants of lev-10 29 , lev-9 28 , and oig-4 30 also display adaptation, but until recently, this remained puzzling. These mutants have de-clustered L-AChR, which therefore do not locate at the synapse only, but levamisole currents measured at -60 mM are similar to wild-type. In a very recently published research, Jospin et al. demonstrated that the aforementioned mutants with lack of L-AChR clustering actually alter the conductance profile of receptors and that in physiological condition (at -10 to -30 mV), muscles with declustered L-AChR actually have smaller levamisole-induced currents than wild-type (see figure 6A).

In Jospin et al., 2022, the adaptation phenotype was shown to differ from wild-type as soon as wild-type starts to show relaxation [START_REF] Jospin | An extracellular scaffolding complex confers unusual rectification upon an ionotropic acetylcholine receptor in C. elegans[END_REF] . Indeed, adapting worms stay highly contracted for the whole duration of their initial paralysis 48 . As represented in figure 6B, lev-10(lf) worms keep high calcium levels for the first 2 hours of levamisole exposure, while wild-type calcium levels are significantly lowered from the point at 3-minute exposure. The elevation of calcium for the first 15 minutes, as plotted in figure 6C, requires the opening of the voltage-gated calcium channel, as calcium index does not augment above control levels when the worms are prior exposed to the VGCC blocker nemadipine. As shown in figure 6D, currents at 20 mV after one hour on levamisole are suppressed in wild-type, but maintained in lev-10(lf). This suggests that VGCC are probably inactivated in wild-type but not in lev-10(lf) after 1 hour exposure to levamisole, explaining the difference in calcium levels measured. Worms grown on regular plates were dissected and currents were recorded in standard saline solutions, in the presence of 0.01 mM levamisole and in the presence of 0.01 mM levamisole and 0.1 mM dTBC. dTBC sensitive currents were obtained by subtracting the currents in the presence of levamisole and dTBC to those in the presence of levamisole. Mean currents minus SD were plotted. For visualization clarity, SD were only plotted every 20 points. Currents were not different at -60 mV (Mann-Whitney test p=0.17) but were smaller in lev-10(lf) muscle cells for the other potentials (Mann-Whitney tests p=0.17, 0.007, 0.0003, 0.0005, 0.0005, 0.0008 and 0.03 at -50, -40, -30, -20, -10 and 0 mV respectively).

B. Representative pictures of wild-type and lev-10(lf) mutants expressing GCaMP3 in body muscles

before (0) or after 3 min and 120 min exposure to 1 mM levamisole. 16 color lookup table. Scale bar is 0.1 mm. C. Calcium imaging data for wild-type during levamisole exposure without or with nemadipine pretreatment. Animals were put on NGM plates with 0.1 % DMSO or with 0.01 mM nemadipine for 2 h. They were then transferred on plates containing either 1 mM levamisole or 1 mM levamisole and 0.01 mM nemadipine. Different cohorts have been imaged at the different times (n=9, 8, 8, 9, 8 and 10 at 0, 1, 3, 10, 15, 30 and 60 min respectively for animals without nemadipine; n=9, 8, 8, 10, 9 and 9 at 0, 1, 3, 10, 15, 30 and 60 min respectively for animals treated with nemadipine). The calcium index was calculated as indicated in part 1. Animals treated with nemadipine exhibited a calcium index significantly lower than that of wild-type except at 60 min (Mann-Whitney tests p=0.0008, 0.0004, 0.0009, 0.0009, 0.0003, 0.0006 and 0.06 at 0, 1, 3, 10, 15, 30 and 60 min respectively). Mean values ± SD were plotted.

D. Representative traces and mean amplitude of inward currents recorded on muscle cells of wild-

type and lev-10(lf) animals (n=10 for each) exposed to 1 h of 1 mM levamisole. After obtaining wholecell configuration, resting membrane potential was measured and the cell was then voltage-clamped at this potential and depolarized to -20 mV. Mann-Whitney test p=0.0004.

Calcineurin

Calcineurin is a highly conserved serine/threonine phosphatase which activity is dependent on free intracellular calcium and calmodulin. It is encoded by two genes: tax-6/cna-1 and cnb-1 encoding for proteins corresponding respectively to the human PP2BA and PP2BB [START_REF] Bandyopadhyay | Regulation of calcineurin, a calcium/calmodulin-dependent protein phosphatase, in C. elegans[END_REF] . The C. elegans proteins have very high homologies with the corresponding human proteins: 77% for TAX-6, and 80% pour CNB-1. TAX-6/PP2BA is the catalytic subunits which auto-inhibitory domain is freed by the physical interaction with CNB-1/PP2BB. In C. elegans, cnb-1 was not identified in the genome before 1999 [START_REF] Wheelan | Human and nematode orthologs--lessons from the analysis of 1800 human genes and the proteome of Caenorhabditis elegans[END_REF] .

Loss of function mutants of tax-6 and cnb-1 are short, egg-laying defective, and slow, while gain of function mutants have high egg laying rates [START_REF] Bandyopadhyay | Regulation of calcineurin, a calcium/calmodulin-dependent protein phosphatase, in C. elegans[END_REF] . TAX-6 and CNB-1 are expressed in sensory neurons, interneurons, muscle, germ line, and gonad [START_REF] Bandyopadhyay | Calcineurin, a calcium/calmodulin-dependent protein phosphatase, is involved in movement, fertility, egg laying, and growth in Caenorhabditis elegans[END_REF][START_REF] Kuhara | Negative regulation and gain control of sensory neurons by the C. elegans calcineurin TAX-6[END_REF] . Neuronal expression of tax-6 is sufficient to rescue most visible phenotypes of mutants.

Calcineurin plays many roles in regulation of membrane currents through receptors and channels regulation in mammals, notably in the neuronal system [START_REF] Tarasova | Calcineurin and Its Role in Synaptic Transmission[END_REF] . As presented with voltagegated calcium channels earlier, calcineurin is known to be able to directly dephosphorylate calcium channels 42,43 . In C. elegans, some evidence points out the influence of calcineurin on the excitation-contraction coupling of body-wall muscle cells. It has also been shown to be necessary for AChR clustering in a heterologous system [START_REF] Madhavan | The involvement of calcineurin in acetylcholine receptor redistribution in muscle[END_REF] . Calcineurin physically interacts with nicotinic AChR and has been shown to reduce nicotine sensitivity [START_REF] Gottschalk | Identification and characterization of novel nicotinic receptorassociated proteins in Caenorhabditis elegans[END_REF] G-protein alpha subunit encoded by egl-30, expressed in axon, cytoplasm, and neuronal cell bodies 106 , is also potentially upregulated by calcineurin, based on phenotypical egg-laying observation 107 .

Calcineurin is also known to have a regulatory activity on a variety of transcription factors.

In humans, nuclear factor of activated T cells (NFAT) transcription factor is known to be regulated by calcineurin, but no NFAT homolog has been identified in C. elegans 108 . The transcription factor EB (TFEB) is also dephosphorylated by calcineurin 109,110 . Its C. elegans homolog, encoded by hlh-30, is expressed broadly in all somatic cells 111 and regulates autophagy 112 . However, it does not seem to be regulated by calcineurin 113 . Another helix-loophelix protein of C. elegans, HLH-11, was shown to bind TAX-6 114 . But it is expressed in the pharynx, intestine, nerve cords, anal depressor, and vulva muscles and should therefore not intervene in adaptation to levamisole.

Other genes implicated in autophagy have been linked to calcineurin. bec-1 and atg-7 are necessary for prolongation of life of calcineurin mutants 115 . Similarly, crtc-1 and crh-1 are necessary for the longevity increase of calcineurin mutants 116 . The transcription factor DAF- 

Genetically Encoded Calcium Indicators in Body-Wall Muscles

Calcium levels in C. elegans have been followed for a variety of reasons. Calcium transients give information on activities and synchronizations of the neural system, motor system, and feeding apparatus, while base calcium levels help in evaluating the calcic stress cells go through 120 .

A first approach to follow calcium levels in vivo have been to use synthetic compounds.

Calcium indicator fluo-4 121 was for example used to follow the calcium in the worm's intestine 122 . However, the diffusion of synthetic dyes was found to be very limited in other tissues 123 . Moreover, synthetic dyes cannot be easily be targeted to cells of choice. As a result, a wide variety of genetically encoded calcium indicator (GECI) was developed and introduced in C. elegans. GECI are proteins that exhibit a variation of their output fluorescence depending on variations of the free calcium ion concentration [Ca 2+ ] of their medium. Ideally, their fluorescence is a strictly increasing or decreasing function of [Ca 2+ ], so that relative variations of fluorescence are directly indicative of variations of [Ca 2+ ]. GECI are encoded by DNA sequences introduced in the worm's genome, either as extrachromosomal arrays, or inserted in the existing chromosomes. This allows the expression of the protein under a chosen promoter. The promoter for myo-3, the gene encoding for a myosin heavy chain of striated muscle, allows the expression of GECI in body muscle, enteric muscles, and vulval muscles 52 .

GECI have different characteristics that influence the shape of their function of [Ca 2+ ] dependency. The dissociation constant at equilibrium KD gives the calcium concentration at which the fluorescence of the GECI is at 50% of its range of fluorescence (range between minimum and maximum, maximum being the saturation) 124 . For proper imaging, the value of KD should typically be in the range of calcium concentration values that are to be expected.

The dynamic range gives the ratio between maximum and minimum fluorescence, and directly relates to the discriminating power of the indicator. A high dynamic range will allow to follow small changes in [Ca 2+ ]. Signal-to-noise ratio of the calcium-bound indicator is dependent on the dynamic range, along with, as for all fluorophores, the quantum yield, and the density of functional protein, which depends on the expression level and the stability in the medium.

Another essential metric for a GECI is the decay time. It is often expressed as the time that The other main category of GECI, based on a permuted fluorophore, has a reversed architecture. The calcium-sensing structures are placed on the outside of the protein, and the fluorophore in the center. The fluorophore sequence is permuted: the first half of its sequence is placed last, while the last half is placed first. Calcium ions induce physical interactions between the extremities of the protein, and the initially incorrectly placed fluorophores halves are snapped back together, exhibiting the expected fluorescence. Similarly to Cameleons, the Pericam family is based on the interaction between calmodulin and the calmodulin-binding peptide M13 136 . The two sequences are respectively placed at each extremity, with a permuted YFP placed in the middle. Interestingly, a single substitution in the original Pericam had the result of inverting the dependency to calcium, creating an "inverse-pericam", which has a reduction of its fluorescence with an increase in [Ca 2+ ]. An improved inverse-pericam was used for calcium imaging in C. elegans neurons 137 .

The last category of GECI we review, the GCaMP family, was widely used for calcium imaging in C. elegans. The GCaMP family of GECI is very similar to the Pericam family.

Initially, a permuted GFP was used. The calmodulin-binding peptide in GCaMP is the RS20 peptide, target of calmodulin in smooth, not skeletal, muscle myosin light chain kinase 138 . In the original publication presenting the first GCaMP 139 , the peptide was called M13, although based on the RS20 sequence ARRKWQKTGHAVRAIGR. The M13 sequence KRRWKKNFIAVSAANRFKKI, is used in Cameleons and Pericams. But GCaMPs derived from the GCaMP1 hold the RS20 sequence. More recent variations still baring RS20, such as GCaMP-6 140 , and very recent reviews 126 may erroneously call 141 the calmodulin-binding peptide "M13" instead of "RS20".

Body-wall muscle calcium levels were followed on many occasions. In 2011, the higher dynamic range GCaMP-2 142 was used in C. elegans body-wall muscles under the Pmyo-3 promoter in worms immobilized by surgical glue on glass slides, and dissected for individual cell calcium evaluation [143][144][145] . The indicator was also recently used on partially restrained worms (under coverslip) to study moving worms calcium transients 146 . General fluorescence of the improved GCaMP-3 147 expressed in body-wall muscles was later followed over hours of recording in micro-compartments 148 . Calcium transients in short recordings with GCaMP-3 were studied in free-moving worms 149 and immobilized worms 150 , which allowed the characterization of the neuromuscular mechanisms underlying movement synchronization.

Muscular calcium after heat-shock 151 , worm death 152 and long-term drug exposure 120 were also followed by GCaMP-3 expressed under Pmyo-3. Derived from GCaMP-3, the GECO proteins were used to compare base levels of muscular calcium of immobilized wild-type and mutants with the quantification of general fluorescence, normalized by the protein quantity estimated by Western blot 153 . Further improved ultra-sensitive GCaMP-6 was recently used to follow muscular calcium levels in liquid 3D arenas 154 , and, without accounting for protein expression, to compare general calcium levels of different semi-restrained (under coverslip) mutants 155 .

In order to simultaneously proceed to optogenetic stimulation of cells with Channelrhodopsin-2, and avoid the overlapping of illuminations 123 , RCaMP was derived from GCaMP with the mRuby fluorophore 156 , and used for calcium imaging in body-wall muscles of freely moving parts of partially glued worms. As intended, it was extensively used to study muscle calcium transients in immobilized worms following neuronal optogenetic stimulation 123,150,[157][158][159] .

Artificial Neural Networks for C. elegans Research

Artificial intelligence is an essential part of modern biology. From extracting relevant numerical information from images, to extracting tendencies from large databases, artificial intelligence is used in most recent research. Machine-learning algorithms have proven to be highly useful in that matter. Linear regressions, which increase in quality as the datasets augment, are obvious and simple examples of the omnipresence of machine learning. Very recently, the use of the technology of artificial neural networks have soared in all fields and in medical science as well. The development of innovative uses of neural networks architecture, associated with the increased accessibility of hardware for parallel high frequency processing, has attracted the interest of the scientific world. As shown in figure 7, counting the number of PubMed search results for different input query, "deep learning" have been used in a rapidly increasing number of publications starting in 2015. In comparison, other subject have a much older history: since the proposal of the model in 1963 by Sydney Brenner, C. elegans has received a steadily increasing interest, while other subjects of study, like the anthelmintic and immunomodulator levamisole, lost their appeal possibly because they had already been extensively studied and replaced by more performing solutions. Deep learning refers to a subset of machine learning based on artificial neural networks.

Artificial neural networks are named this way as they are a similar but largely simplified mathematical representation of biological neural networks. Artificial neural networks copy neurons in the sense that they are successive simple mathematical operations which numerical parameters can be adjusted in the same way a biological neuron would adjust the information transmitted to and received from other neurons by changing the strength of its connection.

Below is a very brief and simplified approach to neural networks. For more details and implementation help, see online resources such as the TensorFlow tutorials 160 .

Artificial neurons are actually and simply affine functions which offset and slope are the "weights" that can be changed depending on needs, creating "learning". In artificial neural networks, neurons are placed next to each other's in "layers". Neurons in a layer take input from subsets of neurons from other layers. The output of the neuron is a linear function of its inputs. It should be noted that in order to avoid combinations of multiple linear functions that result in a single linear function, layers of artificial neural networks are separated by fixed, nonweighted, non-linear functions, called "activation layers". Layers placed in sequential order constitute rudimentary but widely used artificial neural networks called feedforward networks.

A wide variety of network architecture, i.e. different layer organizations, have appeared over the last decade.

In deep learning, the weights of neurons are slightly actuated across millions of iterations in order to make the output of the whole network match a user-defined desired input. In order to make the learning possible, users have to provide large datasets with already matching input and outputs. Deep learning is usually carried out by a gradient descent iterative algorithm. The goal is to modify the weights of neurons to minimize a user-defined loss function. The loss function gives a numerical interpretation of the difference between the current output of the network and the desired output. It allows the training algorithm to change the weights of the network's neurons in order close the gap between current output and ground truth. During each iteration, the training algorithm fetches a new input from the training set, calculates the output of the current version of the network with slight changes, and updates weights value to minimize the numerical difference with the output given by the user when providing the training set. Many hyperparameters can be tuned by the user in order to make an efficient training, but we will not present them here, and a large quantity of online resources is available.

We only aim here at presenting the use and general limitations of deep learning, in particular when applied to research on C. elegans.

The general concept of network training is represented in figure 8. We represented a network designed to predict if an image contains a worm or not. A convolutional neural network (CNN) could typically be used to this end 161 . Convolutional neural networks are networks for which layers perform convolution of the input image and previous layers which patterns will be defined during training. These allow detections of complex high dimension pattern in images. When the network is first built, the weights are defined randomly (following certain tunable rules). As a result, processing an image with the network gives a random output, which will be right about 50% of the time for a binary answer. The designer then provides hundreds, thousands or even millions of images with the associated answer, typically determined manually by experts. The training then changes the weights of the neurons in the network. As a result, the network will be able to perform mostly correct predictions when new images that were not used in training are presented.

Artificial neural networks are used to make prediction on outputs. They estimate the output expected from an input, if it would have been produced in the exact same way than the training dataset. Defining a proper architecture and proceeding to an efficient training is a time consuming and difficult part of producing a functional neural network, oftentimes requiring many trials and errors. However, the most crucial step of deep learning resides in the constitution of the training dataset, as even an infinitely performant network, that is, a theoretical network that would make only perfect predictions, would not outperform the quality of the training outputs associated with the training inputs. For example, if a network has been trained to extract the total fluorescence resulting from a specific pattern in an image.

If the training data set has bias due to an error in the definition of the area to quantify during the annotation of the images of the training set, the bias will be reproduced in the prediction of the network, whatever its architecture and training procedure. Moreover, networks are only useful for the exact cases for which they have been trained. A network trained to segment images taken from wild-type worms would generally fail at segmenting patterns of corresponding structures if these structures qualitatively change for specific mutants. A network can generally be retrained with a new or upgraded database to include new cases.

Artificial neural networks present the advantage of proceeding complex tasks in a very short time. They can be used to make very large number of predictions in a limited time once a first database has been defined, and where other artificial intelligence technics provide limited performances. They can also be used to outperform humans in tasks where the processing speed is paramount, typically in artificial intelligence used for split second decision-making. An artificial neural network is composed of sets of linear functions that are created with random but adjustable parameters. The sets are separated with defined and fixed non-linear functions. An artificial neural network conceived for image classification typically takes an image in input, and gives a binary output which is interpreted as a class prediction. An untrained network has no prediction capacity and will give a correct prediction 50% of the time. Training consists in iteratively changing the parameters of a network to match user-provided inputs and outputs. Typically, a large number of examples is required to make accurate prediction on novel data. Once a network has been properly trained, it can make better predictions and more accurately classify images.

Artificial neural networks have been successfully applied to make predictions on C. elegans related problems in a variety of contexts, as shown in table 1 [162][163][164][165][166][167][168][169][170][171][172][173][174][175][176] , where we compiled 15 examples of networks published in recent years and applied to predictions related to C. elegans. This is a non-exhaustive indicative review to present the variety of the possible applications of deep-learning for research on nematodes. Some of the presented articles sometimes contained multiple several architectures of networks to answer multiple problems, but we retained networks that showed the diversity of applications.

A classical use of deep learning in biology is through the U-Net architecture 177 . U-net are networks represented in a "U" shape, as they are networks in which first a CNN isolate relevant image information, and in which this information is then progressively reinjected in the image to highlight and isolate features. It takes an image in input and outputs a different image. Unets are typically very efficient for image segmentation and can be trained with small databases (typically less than 1000 images) [167][168][169] . They have been successfully used for segmentation of cells in 3D 167 , but also improved to allow high-quality denoising 175 .

Simpler and improved CNN without upscaling have also been frequently used in C. elegansrelated research. They can give binary mask outputs 169,171 , but have also shown interesting phenotypical predictive capabilities from images 176 . The capability of a CNN to very accurately locate worms in very small treatment time makes them a useful tool usable in tracking software with possible fast servoing capabilities 173 .

If weight evaluation and use is very difficult with complex networks, very simple networks with a single or two hidden layers can be interpreted to infer relationships between inputs and outputs. Relationships between neurons activities in predicting behavioral state have been inferred in this way using a very short CNN 170 . 

Goal

Servoing Trackers

In order to get an accurate representation of C. elegans moving phenotypes with limited physical constraints and for long durations, different approaches have been undertaken.

Solutions have included the uses of small size arenas 178 , and microfluidic chambers 154 . These can keep worms in front of respectively low magnification and medium magnification lenses during the worm free movement. These approaches allow to image a moving worm, but the constraints of microfluidics may not easily correspond to the observations researcher usually make on standard NGM plates, and impose unwanted physical constraints such as initiating unwanted touch responses on the sides of the arenas. Moreover, high magnification imaging of small worm segments, like single cells, may be impossible if the area to image is not properly kept in front of the imaging lens. As a result, researchers have developed automated systems to keep freely moving worms and worm parts within the imaging field.

Software for tracking C. elegans have last been reviewed 10 years ago 179 . In this review, are both presented programs used to extract behavioral information from already recorded videos and programs to track a worm in real time -that is, to actuate the position of the imaging set for the worm to stay in front of the lens and camera. Stage actuation software for moving animals have been reviewed more recently, but with a larger scope and in less details 180 . Here, we will present the numerous advances that occurred in the field since 2012 (as well as some elements not included at the time 133,181 ).

Software for live tracking of C. elegans through servoing microscopy hardware to keep worms within the imaging field will hereby simply be referred as "servoing trackers"; as these trackers which give mechanical feedback should be immediately by disambiguated from software that give live behavioral information on static imaging fields. Servoing trackers following worms are systems that use visual cues from images extracted by the optic set to infer the next position toward which reposition the sample of interest in the center of the imaging field. All the servoing trackers reviewed in table 2 were designed to track a single worm [132][133][134]149,150,170, . This is for the very obvious reason that worms make their own way, and following multiple worms with a single moving equipment is simply impossible. As of now, no tracker was designed to "jump" from one worm to another to get precise and repeated data points on a population of worms for a long duration. Servoing trackers that were designed are typically set to follow a single worm already placed by the experimenter within the imaging field, for short duration of a few seconds to a few minutes, although performing trackers can, in good conditions, follow worms for hours without losing them 212 .

A servoing tracker typically functions as shown in figure 9: the worm of interest is placed on moving stage that can at least move in two dimensions. The visual information is captured by at least one lens, either low magnification for behavioral analysis, or high magnification for precise fluorescent patterns, typically to measure fluorescence of a calcium indicator. Both were often used together in order to establish relationship between the worm general behavior and the inputs from its neural systems 132,194,205,206,208 . In these cases, lenses are placed on both sides of the sample. Lighting can be alternated between brightfield and fluorescence imaging in order to alternatively acquire both 213 , or both behavioral analysis and fluorescence measurement can be performed at the same time with infrared imaging 206,208 . Fluorescence of the expressed indicator can also be strong enough through the whole body to infer postures 205 .

Calcium imaging has typically, but not systematically 213 , been performed on ratiometric indicators, therefore requiring a beam splitter on the output light, with either two cameras, or a split image camera. Once cameras have acquired an image, the information is transmitted to a computer, in which the tracker software calculates the movement the worm traveled since the last loop. Then, movement instructions are sent the stage, which, in consequence, repositions the worm accordingly. This notably observes the exception of the 2011 tracker from the Lockery lab 194 , for which the computer is bypassed and a microprocessor does a more simple calculation that requires an initial experimenter tuning but that allowed faster feedback loop speed at the time.

The general working frequency of the feedback loop is essential. A freely moving worm's speed is typically of more than 200 μm/s and local features speed can peak to up to 400 μm/s 205 . At low magnification (e.g. 10x lens), an image typically measures more than 1000 μm large. As a result, a loop frequency of 1 to 4 Hz is sufficient for efficient tracking. At higher magnification (e.g. 60x lens), the frequency has to increase by the same fold than the increase in magnification. Frequencies of 10 Hz are therefore required to avoid losing the worm. To counteract this effect, coverslips have been used to impose a mechanical break on the worm and slow it down, although coverslips have sometimes simply been used as requirements from the immersion lens used at high magnification 206,216 . Some studies relied on manual stage actuation for tracking worms 217,218 , but this quickly reaches limitations, as the human brain is not able to actuate a stage position at 10 Hz (mean response time of 475 ms for a 4 response task 219 ).

The first tracker to have been successfully shared with the community is the Worm The next breakthrough occurs in 2016 with the addition of confocal imaging to the imaging sets, therefore allowing simultaneous imaging of multiple individual neuron bodies in the worm's brain 206,207 .

In order to properly reposition the worm, a crucial step is the automatic localization of the point of interest. The vast majority of the algorithms used to this end determined the centroid of the pixels of interest in the image. Classically, a threshold is applied to find the fluorescent object, or the dark object in the case of brightfield imaging. Then, the un-weighted center of mass of the pixels kept by the threshold (centroid) is used as the target point toward which the stage needs to move. In some cases where the followed spot is singular and highly fluorescent, the pixel with the maximum value can also be used 132 . These approaches are possible on brightfield with low magnification and the totality of the worm being visible on the image.

With fluorescence imaging, this is only possible if the signal-to-noise ratio is excellent, and the point to follow is the only one fluorescent in the image, or part of a neighboring fluorescent cluster. A more complex approach has been undertaken to follow worms in brightfield at higher magnification using high-speed template matching 133,181,208 . More recently, the YOLO neural network has been used to help in brightfield tracker efficiency by selecting the square region in which the worm is contained to exclude from the threshold processing unwanted dark spots in the worm's trace 211,212 . YOLO is a fast artificial neural network architecture which can be trained to recognize patterns and give a rectangle output of where the object of interest is thought to be located. This has been used as a proof-of-concept as brightfield tracking already had good performances in localizing worms amidst worm traces. YOLO has also been used in post-processing for head and tail recognition, although once again skeleton and outline have good performances in selecting a worm's head on tail, notably by comparing local curvature.

The servoing tracker ScATHA (Scanneur Automatique de Textures Hétérogènes et Alignement) presented in this study uses convolutional neural network to directly infer the region of interest from the image. It is able to recognize a changing fluorescent pattern at high magnification in highly degraded imaging conditions, with low signal-to-noise ratio. As presented in the background, an important aspect that was defined at the very beginning of this project was to evaluate cytosolic calcium concentration of C. elegans worms exposed to high doses of levamisole for prolonged durations.

When this project started, simple forms of calcium imaging has already been performed in our laboratory. Quantification of total worm fluorescence of muscular GCaMP3.35 had already been successfully performed 48,[START_REF] Jospin | An extracellular scaffolding complex confers unusual rectification upon an ionotropic acetylcholine receptor in C. elegans[END_REF] . Using the variations of fluorescence profiles of worms expressing Pmyo-3::GCaMP3.35, the team was able to evaluate variations of muscular calcium in worms exposed to high dose levamisole for up to 4h. A specific type of quantification was then developed and called "calcium index". In this quantification method, proportion of pixels of the worm muscle signal above a relative threshold is considerate. Threshold is fixed at the first time point for each animal and corresponds to a fixed percentile of maximum fluorescence.

This quantification technic is limited in its interpretation for a number of reasons. First, by construction, it only compares the proportion of area which is high in calcium. For example, a hyperpolarization of muscle cells resulting in a drop of cytosolic calcium concentrations but accompanied by local augmentations of calcium above the defined threshold would not be detected by the calcium index. Similarly, maintained mild calcium increase of muscle cells preventing calcium concentration lowering could result in the exact same score than in normal function of muscle cells. Even worse, worms with a few high depolarization and calcium rise events could have a higher score than worms with homogeneous mild calcium, even if in the former every other muscle cell was low in calcium. Calcium index only report on high intracellular calcium events, and not in overall calcium balance and variations.

Secondly, imaging with a single GCaMP has a possible important bias related to the A more interesting type of reference fluorophore would be one expressed under the exact same promoter. In this case, the expression of the reference protein is the exact same as the GCaMP at any given time. In C. elegans, the presence of an SL2 DNA sequence between the two proteins DNA sequences allows for a simultaneous transcription of both protein. This is the case of the existing AQ2953 strain carrying the ljIs131[Pmyo-3::GCaMP3-SL2-tagRFP-T].

Although better than the independent promoter solution, this can result in a differential translation between the two proteins, but also in different variations of the respective concentrations of both proteins as a result of a difference in degradation. The best option to be able to correctly account for GCaMP protein concentration evolution over long levamisole exposure is to generate a single protein with both the calcium indicator and the reference fluorophore. That is the option that was opted for in this project.

General Function of the Set-Up

A strain expressing the ratiometric calcium imaging transgene hpIs600[pmyo-3::GaMP-6s::mCherry] already existed before this project 154 . We first referred to this strain in the choice of imaging components and to start developing a protocol for ratiometric imaging in the lab.

This strain has a very good signal to noise ratio. Fluorescent signal from the muscle can be easily isolated from the background and the worm autofluorescence, and, as for a wide variety of fluorophores and in particular the GCaMP3.35 previously used in the lab, a simple mask application is sufficient to isolate muscle tissue and pertinent signal areas. However, this strain has notable growth defects. Adult worms are visibly thinner than wild-type worms. For adaptation experiments, which are to be conducted for hours and in which worm health and survival is paramount to the resulting phenotypes, an important impairment of muscle health by a calcium buffering protein should be avoided. If the hpIs600 mutants display a correct phenotype of adaptation in lev-10(lf) background, we wanted to be sure that subtle adaptation phenotypes would not escape our observations, especially when mutating other potentially implicated genes like tax-6 and crh-1.

We engineered a new transgenic strain with krTi3[Pmyo-3::GCaMP-6s::mCherry], created from the original transgene pJH3630 injected for hpIs600. Based on the Mos-1 transposon transgene insertion protocol, krTi3 is a single insertion of the transgene from the pFF01 plasmid. The C. elegans strains carrying the krTi3 transgene are in perfect condition and visually indistinguishable from wild-type. However, if the relatively low production of protein related to a single insertion of the transgene is highly beneficial to worm health, it is highly detrimental to quality of imaging. Fluorescence of both GCaMP and mCherry at are levels, comparable with autofluorescence of the worm's intestine and of bacterial lawn. Finding experimental ways to precisely isolate fluorescence from worm's body-wall muscle cells was therefore a core component of this project.

First, before diving deeper into the detailed explanations of the choices that were made for the imaging of krTi3 worms, we will review the detailed features of the ratiometric imaging microscope that we acquired after the beginning of this project. The microscopy system uses light emitted by the CoolLED pE-300 ultra system. Light first goes through a Chroma 59022x excitation filter, then hit a Chroma 59022bs dichroic beam splitter and illuminate the sample.

Emitted light is then redirected to an Optosplit 2 system and is separated by a Chroma T565lpxr. It is then either filtered by Chroma ET525/50m for GCaMP emission fluorescence, path that will be referred as the indicator channel, or by the Chroma ET632/60m for mCherry emission fluorescence, that will be referred as the reference channel. Images are then acquired by a Prime BSI Scientific CMOS camera. Data is stored in 32 bits grayscale images of 2048x2048 pixel size. With a 20x lens that was mainly used in this project, 1 pixel corresponds to 0.325 μm. A full image is therefore limited to 666 μm. The animal used in this study measuring about 1 mm at the adult stage, only well folded and conveniently bent adult worms would appear completely in a single image. It should also be noted that the system only allocates half of the image to each channel. There is therefore a fully simultaneous acquisition of both channels, allowing for a precise reference protein correction of the GCaMP fluorescence on any acquired image. It should also be noted that a raw image with full information in TIFF format weights 8.00 Mo.

Free Moving Worms

Imaging worms in vivo is a wonderful opportunity but has unique constrains. Getting to visualize the cellular activity and cytosolic calcium variation of muscle cells still within a fully functioning animal in its normal behavior is a big step in validating models of dynamic muscle contraction built from isolated animal muscle fibers and individual cells. This also means that dynamic measures performed on muscle cells are influenced by any perturbation in the animal's behavior. Any type of minor stimulation can have a big impact on the worm movement behavior, and therefore on the calcium concentration in muscles. A small mechanical stimulation can trigger an acceleration of the worm that will completely change the calcium profile of the muscle cells. This is a serious issue to consider especially when trying to analyze the effect of a drug. For example, if a drug slightly increases depolarization probability in resting states, comparing resistant mutants and wild-type could not be correctly performed if both worm populations are highly stimulated and depolarization threshold of muscle cells is reached far more often than in normal movement behavior. This is the situation we encountered with levamisole adaptation. For example, we can conceptualize a situation where the drug stop having a depolarizing effect on a worm after an initial stimulatory effect, resulting in lower or normal cytosolic calcium concentration of muscle cells. If the worms were to be highly stimulated one way or another before each calcium level evaluation with the calcium indicator, calcium would appear high at the beginning of levamisole exposure, and then artificially appear to stay high after levamisole stop having an effect because of the excitation coming from the neuronal system of the worm and the acetylcholine stimulation of muscles.

We therefore had to decide of protocol allowing imaging of worms using our system and minimizing stress imposed on the worms.

The first issue we addressed is the use of a glass coverslip when imaging. Adding a coverslip right before imaging induces an intense mechanical stress on worms. The resistance of their moving medium also drastically changes, although changes in medium is not thought to affect their gait 221 . We initially thought of imaging worms kept under coverslip for the whole duration of the experiment. Such attempts quickly revealed impractical. As worms are still moving at the beginning of levamisole exposure and adapting worms have their movement restored, most worms would permanently escape the pad and coverslip at some point in the experiment. While coverslips are mandatory if using the 60x oil immersion lens of our inverted microscope, they can be removed with 10x and 20x air lens. The width of uncompressed adult worms of about 70 μm is largely lower than the approximate millimeter of working distance of 10x and 20x lens. Surface tension between worms and their support is also largely sufficient so that worms do not fall when inverted. (This is classically used in C. elegans culture, where strains are kept and grown in inverted Petri dishes). We therefore opted for a complete removal of the coverslips for body-wall muscle calcium imaging. It should be noted that free-moving worm images suffer from the cylindrical shape of worms. Light from out-of-focus muscles and auto fluorescent structures adds a strong noise to the final image. We were still able to distinguish individual muscle cells, although not as clearly than with a coverslip, as it can be seen in the representative video in figure 11B in which individual cells undergoing isolated depolarization can be seen. The full video can be accessed by scanning the QR code or clicking on the corresponding link in legend.

In parallel, we had to consider the effect of mechanical transfer from levamisole exposure medium to the imaging set. We needed to avoid both mechanical stimulation of worms from the transfer, and stress induced by the change of medium, that is, change in physical properties but more importantly changes in temperature, humidity and chemical composition. We opted for the use of chunks of agar initially molded in Petri dishes and placed on glass slides, and kept in a humid environment to limit drying (fig. 10A). However, agar auto-fluorescence rendered worm visualization impossible so we had to replace it with agarose. Additionally, bacterial lawns usually used for C. elegans feeding are also highly auto-florescent, completely hiding our low GCaMP signal. It was, however, mandatory to keep a feeding source for worms 62 for long-term experiments, in order to avoid accounting for the effect of starvation. We opted for the use of a thin bacterial layer, which did not substantially affect the background in calcium imaging experiments.

The following protocol was therefore applied for adaptation experiments, as shortly described in the materials and methods of the article above: a solution of, in mass, 1.6% agarose, 0.3% NaCl, 1% 5 mg/ml cholesterol in ethanol, completed with deionized water was autoclaved. After cooling to about 60°C. 1 mM CaCl2, 1 mM MgSO4, 25mM KPO4 buffer, and/or 1 mM levamisole and/or 1 mM auxin were added before pouring in medium 100 mm diameter Petri dishes. 20 ml (less than half in height) of solution was poured per plate. After room temperature cooling and full solidification of the agarose solution, cutting area was defined so that individual pads would not touch the borders of the plate and therefore not have a high surface inhomogeneity due to surface tension on the sides of the dish. A droplet of standard OP50 bacteria culture was then placed on the center of each cut area and let to dry We tested a few different other technics in order to finally settle for this protocol. We tried having NGM poured into 96 well plates, but because of the narrowness of the wells, the surface tension created highly curved surface and for worms not directly at the edge of the well, the working distance of the lens was too small and the lens would be blocked by the well border.

Over filling wells and manually cutting excess NGM would result in high medium inhomogeneity resulting in the impossibility to perform proper fluorescence imaging. We also tried 3D printing custom square well with appropriate dimensions fitting our needs. But because of the large granularity of the printer, worms would hide within the ripples of the structure.

The food placed on thick agarose pads plays a dual role. As mentioned, it prevents starvation, but as importantly, it incentivizes the worms to stay on the top part of the pad.

Without food, or when it was depleted, many worms would escape the pads and die, dried on the glass slide. Even with food, worms would sometimes get on the sides of the agarose chunks. For individual follow-ups, worms would in this case be delicately replaced on the top of the pad before imaging. For bulk analysis, worms escaped from the top part of pads would simply not be imaged, as they represented only about a third of the population.

In order to get calcium variations of muscle cells of worms at the very beginning of levamisole exposure, we face another challenge. Adding a droplet of solution directly on the worms resulted in a large worm displacement on the pad. We proceeded to use a similar immobilization protocol to the one used in electrophysiological experiments in C. elegans, we glued the worms and imaged them from the bottom across the glass slide as a droplet of levamisole (or muscimole) was added. A diagram representing this technic is given in figure 10C.

Observation of Bleed-Through

One thing that quickly stroke when we started imaging on our set-up was the fluorescence visible in the reference mCherry channel when the corresponding 525-660 nm LED was off but the indicator channel LED (460nm) was on. In figure 11A, we displayed on fpbase.org 222 the spectrums of the fluorophores and filters used in the microscopy set-up. Note that because of spectrum availability we show the spectrums of GCaMP-6f and not of the GCaMP-6s that was used. We can see that in ideal conditions, the theoretical signal from GCaMP bleeding through the mCherry channel through both the Optosplit beam splitter and the emission filter should be very negligible. In the ideal case where the spectrums of the fluorophores we use are reasonably conserved in vivo in C. elegans, the signal that we detect in the reference channel when only the blue LED is lit should come from either an excitation of the mCherry by the blue light, or from FRET. In figure 11C, we represented frames from the figure 11B video in which a single cell rapid depolarization in an immobile worm allows to clearly isolate the effect of calcium concentration increase on the respective fluorescence in each channel. We isolated the frames before and after an event. We could clearly see that the increase of fluorescence of the GCaMP indicator is accompanied by an increase of fluorescence in the reference channel in the exact same spot. We could reasonably assume that this fluorescence variation event could only be caused by a rapid change in calcium concentration. As fluorescence measured in the reference channel was partially dependent on calcium concentration, we could rule out the consequence, FRET should be impossible, or at least extremely limited and not visible in the strain. Therefore, the possibility of FRET to explain the leakage can also be ruled out.

Our current hypothesis on the leakage we observe resides in the spectrum shape alteration of fluorophores in vivo. The GCaMP spectrum is not supposed to bleed-through the reference channel in ideal conditions. It is well known that the maximal fluorescence of GCaMPs and GFPs is influenced by pH 223,224 , but all emission wavelengths may not be altered equally. As the spectrum is compressed by the acidity of muscles, or other specificities of the intracellular medium, the ratio of low energy to high energy emission could increase, and it would become possible to observe bleed-through. From the observations in figure 11C and 11D, we can estimate the ratio value after signal bleed-through. In our case, the local ratio of fluorophores intensity can be therefore written as follows:

= . . = ( ) + ( )
The k factor can be estimated in the examples presented to approximately 0.1. Note that the bleed-through does not change the efficiency of calcium imaging. In the hypothesis that fluorescence measured is proportional to the protein concentration, at fixed calcium, a local increase in fluorophore quantity changes ( ) exactly in similar proportion than . The changes in the numerator and denominator being exactly the same in proportion, this has no influence on the ratio value. On the other hand, the bleed-through does affect the ratio as a function of calcium. We can write this function as follows:

([ ]) = ([ ]) + ([ ])
With a function that is strictly increasing with [ ] and a constant representing . With > 0, R is a strictly increasing function of [ ] as well. R is independent of protein concentration, as aforementioned. The specificity of this function is that for values of ([ ]) that would be very large when compared to , the value of ([ ]) will be close to . As a consequence, for very large values of ([ ]), it would be impossible to use ratiometric imaging to differentiate calcium concentrations. With our working values, that is, with k at 0.1 and R loosely between 0.5 and 4, this problem is not met.

With k at 0.1, it would require working values of R superior to 100 to start not being able to experimentally differentiate increase in calcium concentration.

In order to reduce the bleed-through effect just described, a simple solution would be to change the emission filter of the reference channel. The bandwidth of the filter could be shifted toward a minimum filtering at 625 nm or more. This would reduce the whole mCherry channel intensity, both as a reduction of the value GCaMP bleed-through and the capture fluorescence of mCherry fluorophore. It could be expected that extinction would be relatively grater for the bleed-through than for the true mCherry signal. Anyway, the consequential reduction in mCherry fluorescence could be easily compensated with an increase in illumination intensity (that was set at 5% for both channels for almost all experiments presented in this project).

Code for Batch Analysis

As the quantity of images acquired to study adaptation rapidly increased, it very quickly appeared that an automation of image treatment was a necessity. Many processes are long and tedious when performed manually, even on the well-designed biology imaging software ImageJ. Correcting the image shift, background deletion or ROI selection are examples of treatments than can easily take hours of working time for a few dozens of images. We therefore proceeded to make an ImageJ macro for the complete treatment of ratiometric images, first as a time saver, then to be able in insure simple reproducibility of the process for other researchers that are going to proceed to calcium imaging experiments of their own. Automating the process also allow to quickly evaluate the effect of a change at any point in the process on the final output.

The code we built executes the following actions:

-Determine and apply the shift in the two channels. Each channel does not precisely center to the middle of its allocated half image. The position of an image on the camera chip is determined by subtle positioning of optics inside the dual-view Optosplit system. Even if it is initially perfectly calibrated, the relative position of images shifts over time. As it would be incredibly impractical and time consuming to insure perfect calibration before each acquisition, we either need to measure it manually for each experiment already acquired or to apply an automated process to determine this shift. The size of observed body-wall muscles on the final images allow for a small error in shift calibration and quantification can be fairly consistent for shifts small relative to muscle sizes. This is far less the case for small structure. Imaging in neurons (which are a few pixels wide when imaged on our system) is very sensitive to erroneous shifts evaluation. It can be noted that these concerns only apply when calculating local ratio values. If ratio is calculated as the sum of the total intensity of each channel, erroneous shift only leads to senseless values on the very borders of the images, which can be minor when measurements take substantial portions of the image.

-Determine and remove background. Moreover, as we are not using a confocal set-up, out-of-focus light creates a progressive reduction of fluorescence both inside and outside the worm. If a simple threshold is applied, either a small highly fluorescent subset of the muscles is selected, either both the whole worm and the neighboring area are selected as the region of interest. We therefore opted for the application of a band-pass filter prior to the selection of the mask. We go into more details about this process in the dedicated part "Automation of segmentation".

-Calculate an appropriate quantification of the ratio. Once all previous steps, apart from visualization, have been performed, the algorithm is ready to provide relevant calculation of the ratio. The ultimate goal is to extract from the image a numerical object, matrix or scalar, which accurately depicts body-wall muscle cytosolic calcium and can be compared to value extracted by the same process in other worms submitted to different treatments of mutations.

The goal is to have a value that is only dependent on calcium levels and minimally influenced by other factors. Cytosolic calcium concentration response is not simply linearly linked to the ratio measured, and we did not try to process to calibration of the ratio to get a pseudoratiometric approach. Yet, ratio of the fluorescence of the indicator channel over the fluorescence of the reference channel should be an increasing bijection of the calcium concentration. Ideally, the correspondence function should stay the same from one worm to another and from one experiment to another, although we saw earlier in this document that other cytosolic components, in particular pH, are known to affect this function. There are different possible approaches to isolate a single relevant value for a single image. We tried to extract a value that will more closely relate to the average concentration within all body wall muscle. As muscle are constantly adjusting calcium concentration in normal worm behavior, there is no obvious single most meaningful calculation of this value. Calcium index described earlier relates to the ratio of cells with high concentration of calcium. Defining a "resting state" that would correspond to neither the calcium concentration when cells are depolarized by excitatory junction, nor hyperpolarized by inhibitory GABAergic junctions, would have a biological meaning but is impossible to measure in vivo which muscles cells are effectively not stimulated at a given time and with limited stress for the worm, if such resting cells even exist within an active and moving worm. General mean calcium concentration is meaningless per se;

it does not relate to any physiological value. Yet, its variations relate to the probability of cell depolarization. In the case of levamisole exposure, it closely relates to the depolarization effect that the drug has on cells and to the effective calcium entry its binding to the receptors is able to generate on average. General mean calcium concentration is able to help evaluate the calcic stress that cells face on average. As we had no intent to be able to determine a true physiological concentration in the first place, we proceeded in extracting the experimental value that would most closely relate to the general mean calcium concentration of muscle cells. Different processes are possible to reach this goal. The following methods are described only within the defined region of interest and after appropriate background subtraction, as describe previously.

First, it is possible to define a "general ratio" by dividing the total fluorescence from the indicator channel, that is, the sum of all pixel values within the image, by the total fluorescence of the reference channel. The general ratio has the advantage of only very marginally requiring the correct and precise alignment of channels as described earlier. It is quite forgiving of errors in defining the region of interest. Background fluorescence value, after proper background subtraction, is very low compared to worm-specific fluorescence value, it will therefore far less contribute to the total fluorescence in a channel. However, it is sensitive to inhomogeneity in protein expression. Indeed, if an area of the worm express a more important quantity of protein, it will weigh more on the final result than it should. The "mean ratio", on the other hand, can be defined as the average of all local ratio values. First an image composed of the local ratio of each pixel is computed, then the average of all pixels in the region of interest is calculated. This method is much more sensitive than the general ratio method to proper alignment of the channels and to region-of-interest selection. Yet, it more accurately depicts the intended value: the average calcium concentration in the body wall muscle of the worm.

In practice, as our single insertion indicator is quite homogeneously expressed in all relevant part of the worms and its concentration in cytoplasm therefore seems to be quite homogeneous, and when alignment was properly performed and regions of interest properly defined, general ratio and mean ratio evolve very similarly. Another technique of quantification exists and more accurately depicts representation as performed above: weighted ratio calculation. In that last case, a weighted average of local ratios is calculated. The local ratio between indicator and reference is weighted by the local contribution of the indicator fluorescence to the total fluorescence in the channel. This method allows a far better highlight of the events of calcium concentration increase. However, as aforementioned, in our case, a low calcium concentration is as important in understanding calcium mechanisms and regulations as a high concentration. This quantification method cannot be easily related to a general average calcium concentration and therefore was not useful in our experimentations.

Now that the crucial steps necessary for a functional code processing ratiometric images have been defined, we can describe in better details the technical structure of the said code.

While we will not dive into the technical naming of the lines used to call such and such function in ImageJ, we will try to give a general overview which should help in the further use and improvements of the code. A graphical representation of the process is given in figure 12.

The program separates two categories of inputs from users. Hidden parameters are modified on the code itself and should be modified when opening the macro file with ImageJ.

Hidden parameters include the use of reference values for determination of the area proportion with a value above (or respectively a value under) a defined value. This allows calculation of the calcium index mentioned earlier. It can be used in tandem with the mean ratio, to give a more subtle analysis of the images. Users can also choose the channel for shade multiplication in creation of a visualization, and the characteristics of the visualization scale. Users can pick the width and position of the region of interest band that will be selected on the surface of worms. He can finally choose the maximum number of slices simultaneously treated, in order to limit RAM usage for large stacks. When the macro is started, a first window allows the user to browse for a directory of choice. Once this has been performed, a second window opens allowing the user to input the other parameters (and to make changes to the input and output directories). Name format allows automatic segmentation of the file names when information about the experiment is stored within. The orientation of the image is essential. Depending on the software used to capture the image, it might not be oriented the same way. Users need to indicate where the reference channel is. Users can then choose which processes he wants automated. In visualization, users can choose the "Reference intensity max proportion", which chooses the multiplication factor of the max intensity before normalization of the channel used for shade determination. Other inputs are straightforward: they are the extremums of the scale.

In the quantification options, user can pick a max quantification ratio. When the ratio is performed after background deletion, sometimes there are values very close to 0 in the reference image. Dividing by these value create extreme ratio values that are meaningless. In order to limit the contribution of these rare point to the general mean, their value is capped.

The user can then choose the method to map the region of interest. Muscle 10x methods are very similar to the 20x methods, they simply divide some values of length by 2 for the region of interest selection. Another option than the segmentation methods mentioned later was created for a manual selection of the region of interest. If automated alignment is not selected, the macro will align all the images in the batch using the parameter values. It is exactly the same for automated noise subtraction. The macro then creates a result folder, and starts batch mode that prevents the display of images during the treatment.

The main loop through the eligible TIFF files then starts. For each tiff file, the different processes described earlier are applied. For clarity, and as is expected for long and separable code segments, these processes have been nested into functions that are then called from the main loop. Ideally, these function would have been defined in different files. Yet, macro language of ImageJ is not adapted for this kind of operation. To simplify further understanding by biology researcher, we avoided switching the code in Java of Python, which are supported by ImageJ, but less straightforward. Moreover, having a single file simplifies sharing and similar routine macros were already being used in our lab for different contexts such as quantification of cord fluorescence.

Automation of Segmentation

Choice of the region of interest is absolutely essential for proper quantification. As we are trying to determine the mean calcium concentration in the worm's body wall muscle cells, averaging values that are only originating from these muscle cells is crucial. As already discussed, our low signal does not allow for simple mask application. We therefore had to rely on slightly more elaborate segmentation algorithms.

Our first approach was to create an intermediate image in which our structures of interest are highlighted and a mask can more easily be applied. To this end, we first process the image using a 2D band-pass filter that excludes structures of more than 50 pixels and less than 10 pixels. This highlights muscles structures that are about 30 to 40 pixels wide in our images. A mask can subsequently be applied and create a segmentation, which corresponds more precisely to the worm body-wall muscles. Note that for segmentation we systematically create the region of interest using the reference channel, in which signal more closely corresponds to the structures of interest, and we then apply the mask to both channels. Creating a mask using the green channel would make the region of interest ignore low calcium area which is to be avoided. However, intestinal noise sometimes arranges itself in structures very similar in shape to that of muscles. This result in an erroneous selection of the intestine in the final mask.

An alternative segmentation method consists in first highlighting the complete worm and then inferring the expected position of the body-wall muscles from the shape of the worm.

For a normally crawling worm, body wall muscle are classically situated on the sides of the worm. We first apply a band pass filter which excludes structures of more 400 pixels and structures of fewer than 20 pixels. A simple threshold application then allow to create a mask of the complete worm. We then draw a band around this mask and use it for quantification. If the worm is not in normal position relative to its medium, the image has to be manually excluded.

Both methods have upsides and disadvantages. These are represented in figure 13. In figure 13A, a glued worm is represented before the action of levamisole. Worm is glued as presented in figure 10C. In this ideal case, the muscles were quite satisfactorily selected by both segmentation methods. In both segmentation methods, we can clearly see the high calcium concentration area within the inside of the body curves, where muscle cells are contracted. In parallel, we can clearly see low concentration area in the outside of the curve, where muscle cells are relaxed and hyperpolarized. Full video of the glued worm moving may be accessed by scanning the QR code in the figure of clicking on the corresponding link in the figure's legend.

A specificity of the outer-layer segmentation method is that muscle position is inferred and more easily prone to error. Indeed, the areal fluorescence of regions outside the curves is lower, and higher inside the curves. In consequence, the threshold and mask border used for initial worm selection is closer to the worm outside the curves and further to the worm inside the curves. This results in a small displacement of the quantified area. For the worm displayed in figure 13A example, it can be noticed that it changes the histogram of values which are less clearly separated in camelback than with the 2D filter method. In the 2D filter image on the left we can see the rare case of strips that were retained on the edge of the image (especially visible bottom left). The pixels value in this strip range from 0 to 15 and were not displayed in the histogram below. This has a heavy influence on the mean ratio of the image but not on the general ratio. General ratios of the 2D filter and the outer-layer segmentations are respectfully 1.811 and 1.848. The mean ratio, however, are respectfully 1.41 and 1.764. However, if the erroneous ROI of the 2D filter is corrected, and the border of the image is excluded, mean ratio goes up to 1.722, much closer to the other segmentation method.

Figure 13B shows the same glued worm but which was exposed to levamisole for 90 s.

Here again, we can see that the segmented area for both segmentation methods are very similar.

Histograms of values are indeed very similar. We can see that the minor changes due to changes in segmentation method reviewed in figure 13A are small compared to the effect of the drug levamisole. Yet special care should be awarded in the interpretation of small and subtle differences between phenotypes. A heavily curved phenotype may for example have artificially between about 2 and 2.3, are here quite similar to true calcium values, the mean ratio of both masks are still quite similar (2.032 and 2.008 for respectively outer layer and 2D filter). The image in figure 13D represents an example of typical limitation of the segmentation methods.

The worm is a hypercontracted lev-10(lf) worm with muscle degradation of calcineurin that spent 10 hours on 1 mM levamisole. Here, the intestinal signal is locally stronger than the body-wall muscles signal. Both segmentation technics failed to accurately follow the edge of the worm in the center part near the vulva. In one case, intestinal segments are selected, while in the other the strip is too close to the worm's center. As we did not create alternative segmentation processes for edge cases such as this one, we manually verified that the calculated ratio corresponded to the qualitative observations made using the visualization of the ratio.

That is, in that case, that body wall muscle is neither extremely elevated nor extremely low.

Small differences between this genotype in this condition and other genotypes and conditions should be interpreted with care.

Choice of Prolonged Acquisition

When acquiring with a 20x lens, or even with a 10x with a 2 channels split, oftentimes the worm does not occupy the totality of the image. An immobile worm may be oriented perpendicularly to the split of the channel and a mobile worm will rarely stay put, in perfect foiling, at the exact time the frame is taken. As calcium is not homogeneous is the worm, getting only a subsection of it is insufficient to ensure accurate depiction of general mean calcium concentration. Additionally, calcium evolves over time. Capture of light for 100 ms (our exposure time), may not be sufficient to correctly depict the mean calcium concentration in the worm's muscle cell. We therefore made the choice to acquire each worm for a minimum of 30 s (and a maximum of 45 s). Moving worms were tracked using the ScATHA tracking software described later in this document, and immobile worms were manually looked over.

The experimenter would start at an extremity of the worm and move across it while manually changing the focus from the bottom to the top of the worm. Focus was manually changed over time for moving worms as well.

Figure 14A depicts the evolution of normalized mean ratio over the 60 frames composing the 30 first seconds of 10 acquisitions of worms on control condition (without levamisole), followed by ScATHA. Figure 14B shows the extraction of these value from 44 worms in similar conditions at different points during the capture and comparing them with the mean value. Although, as it could be expected, it appears that extremums are more centered when processing a mean of 60 frames, there is no significant effect of averaging on the standard deviation (when performing F tests). A very small but significant different in mean appeared between the first and last frame in the population. Yet, none of the individual frame times is significantly different from the general mean. This slight reduction could be due to a bleaching of the fluorophore, or to a progressive change of behavior of the worm due to light exposure.

The exact same observation can be retrieved for immobile worms: no difference in standard deviation nor in mean but a disappearance of extremums. no averaging is performed. With enough different worms, averaging over 30 s is not an essential requirement to decrease the variability of the measured mean calcium value. We will, however, see later that natural light sensitivity of the worm needs to be addressed for this to make sense.

To display the important variations that could still sometimes be observed within a video of a static worm, we displayed in figure 14E and 14F the evolution of mean ratio during 15 s of acquisition within one of the paralyzed worms of figure 14D that had large variations during the acquisition. We can indeed see that the variations are related to the movement of the experimenter across the worm. Low mean values are acquired on the head (see frame and image numbered as "1"), while the body has rather high mean ratio values (see frame and image

2). This is interestingly in accord with the observed phenotype of a relaxed nose, but an absence of increase in total body length (see the article in part 2). In frames 3 and 4 we have an example of variation of focus between the closest and farthest point of the worm. Here the mean ratio value associated with the two frames is almost identical. It indeed seemed that in most cases, calculated mean ratio is very stable under a variation of focus. Because we are not using a confocal microscope, light from other focal planes still reaches the camera and contributes to the ratio. A very out of focus image is out of focus for both channels, so the fluorescence extinction is similar and the ratio value stays fairly consistent. 

Putative Phototoxicity

Before the calcium experiments that will be presented in the article, we first tried to follow individual worm to reduce variability and allow per-worm normalization. However, we realized that multiple prolonged exposures to blue light has a detrimental effect on the worms (see figure 34). While lev-10(lf) worms normally exposed to 1 mM levamisole recover their mobility after 10 h, worms that were exposed multiple times to light for GCaMP imaging did not correctly recover mobility, and most of the worms would stay paralyzed. We found out that with multiple expositions, measured ratios would also be reduced drastically when compared to bulk experiments without previous imaging. This reduction of ratios and mobility would be observed as well when comparing lev-10(lf) worms with and without degradation of muscular calcineurin. Nevertheless, the differences between genotypes observed in bulk experiments were conserved in individual follow-ups. At 10 h, ratio of GCaMP over mCherry was higher for wild-type and for lev-10(lf) worms with degradation of calcineurin than for lev-10(lf) worms.

It can be noted that light did not have a homogeneous effect on all worm populations. More 

Excitability Under Light

A known specificity of C. elegans is its reactivity to light, and especially to blue-violet and ultra-violet light through the LITE-1 photoreceptor 226,227 . Worm that are exposed to highenergy light exhibit a fast forward fleeing motion that is triggered in a few seconds. This was very detrimental to the quality of the acquired data in our experiments. Indeed, we observed augmentation in muscle calcium concentration when worms were exposed to blue light used GCaMP imaging. Very similarly to the effects of stress and mechanical stimulation described earlier, this makes it very hard to properly isolate the effect the drug levamisole on the worms and the characteristics of the adaptation mechanisms. In figure 15B, we represented the effect of light on muscular calcium of worms. Worms displayed in the images were paralyzed by 4 h of 1 mM levamisole. We can very easily notice the change induced by a short exposure to light in lev-10(lf) worms. Even with levamisole-induced paralysis, the worm represented started exhibiting motion after a few seconds of light exposure, and its muscular calcium concentration is visibly higher throughout its body wall muscles. Interestingly, light has a minimal effect of wild-type worms paralyzed by 4 h of levamisole exposure. This highlights the crucial importance of light sensitivity in measured mean calcium concentration. As worms exhibited differential sensitivity to light, there is a clear possible bias potentially creating an artificial difference in the measured mean concentration, or wiping out existing differences.

Muscular mean calcium increase due to light can, however, be a very interesting value to investigate, putting forth functionality of the muscle.

In order to minimize the effect of light on worms, we performed most of our experiments with the lite-1(ce314) mutation in background. Worms with this mutation of the neuronal LITE-1 photoreceptor are far less sensitive to light 226,227 . As represented in figure 15B, the effect of a short light exposure on lev-10(lf) worms paralyzed by 4 h 1 mM levamisole was suppressed.

As expected, the absence of light response in wild-type worms was preserved.

Light sensitivity of worms has another problematic aspect specific to imaging of freemoving worms: worms exposed to blue light exhibit an escape motion. This renders the imaging of worms more difficult as they will avoid staying under the imaging field. On thick agarose pads, in normal motion, worm tend to stay on the top of the pad as they usually stop and do not make the sharp turn necessary to pass the edge of the pad. When exposed to light, their propensity to fleeing on the side of the pads drastically augments. It is therefore hard to image light-sensitive worms for prolonged durations. 

Effect of Time on Pads

The thick agarose pads described earlier are quite different from the standard nematode growth medium. Agar is replaced by agarose, and bactopeptone is absent. The worms are less fed, and are in different humidity conditions. Most importantly, young adults continue their growth. We investigated whether time spent on pads had an effect on mean muscular calcium to better isolate the effect of levamisole drug in the interpretation of our experiments. As shown in figure 15C, in which worms were placed on pads for 30 min or 10 h, 10 h spent on pads did not affect the mean muscular calcium of worms, neither for wild-type worms nor for lev-10(lf) worms.

In figure 15D, we plotted the mean areal florescence measured in the mCherry channel in the figure 15C experiment. Time on pads had a very strong effect on mCherry fluorescence.

This could not be due to the bleed through of the GCaMP alone as the ratio between the two channels did not change. This means that the muscular concentration of the protein increased.

This means that either expression of the protein augmented, either its degradation was reduced.

This could be related to the fact that D1 adult worms continue to grow. This could also be due to the fact that food made available for worms that spent 10 h on pads was limited. The thin bacterial layer probably does not allow for a feeding as efficient as the classical thick bacterial lawn. Anyways, this points out the high benefit of using ratiometric imaging in our experiments. The worms seemed to move normally after 10 h on pads. With a single GCaMP expressed under the muscular promoter Pmyo-3, we would probably have estimated an elevation in calcium that would have been artificial. These observations stay true only with supposition that in our experiments a hypothetical high acidosis of the muscle, or other hypothetical cytoplasmic changes, did not quench the GCaMP in a similar proportion that a hypothetical calcium increase would have increased the fluorescence. But there is little reason to believe that the muscles of worms without strong phenotypical characteristics and without strong stressing conditions are in such extreme muscle states.

Increasing Efficiency of Ambiguous Worm Tracking Naive Solution for Live Tracking

Free moving worms move quickly, up to 400 μm/s 205 . Free moving wild-type worms can cross the entirety of the image split recorded with a 20x lens (approximately 330 μm) in less than 1 second. Manually taking a single snap of a worm so the image covers a large portion of its body is a difficult task, requiring the experimenter to anticipate the movement of the worm, not to mention the difficulty of trying following the worm for a full video. Repositioning the stage manually so that the capture continuously follows the worm is highly challenging, and not practical in the least. Taking advantage of having a motorized stage, it is possible to configure software so that the stage automatically re-center the worm in front of the lens with high frequency (that is, at least multiple times per seconds).

We first conceived a worm tracker that would play this role using the free software center by an initially user-defined threshold, the stage is moved to align the worm and the image centers. We configured the actual stage movement to be only a fraction of the complete movement required to fully re-center the stage. This adjustment limited exaggeration of movement and better tracking of sharply turning worms, even if it was exacerbating rarer events in which forward accelerating worms were lost. Once the loop is broken and all images are taken, the stack is stored in the computer permanent memory. It can be noted that the tracker uses the current configurations of the MicroManager user interface (such as camera exposure time).

The features of this tracker are limited. There is no distinction between the images taken to be stored and the images used for centroid calculation and alignment. The alignment can only occur as frequently as the image is acquired and kept. This quickly causes excessive data storage. If the experimenter wants to follow the worm for a long duration (e.g. a few minutes)

and only wants to take a few frames (e.g. every 10 s), the worm cannot be followed by the software. The RAM of the computer is insufficient for the hundreds of images required to recenter the worm multiple times per second. Typically, the software is set to take an image and align the worm 5 times per second. By setting the centroid alignment time lower than the time between new images, it is ensured that every new image will have its centroid measured.

Limitations of Centroid Tracking

The method of using the worm's mask centroid is limited in essence. The method of following a centroid is efficient and adapted for small single bright spots. For example, if the calcium indicator had been expressed by a transgene with the Pmyo-2 promoter (i.e. expression in the pharyngeal muscle only), the centroid would almost always be situated at the center of the worm's head, which has small centroid distortion distances when compared to the worm's size. The stage would therefore be simply re-centered to the worm head and follow it quite clearly. Here, the fact that the fluorophore is expressed through the whole body results in a variable position of the centroid relative to the worm's body. Moreover, as we used a 20x lens in order to be able to properly segment muscle strips in the final image, the worm rarely appears fully in front of the camera. The centroid is therefore calculated using a subset of the worm and not the entire animal. This results in insufficient movements of the stage when the worm is outside of the image.

Figure 16D represents a situation in which the worm moves away from the center of the image perpendicularly to the channel split. In this case the centroid position is situated approximately between the center and the border of the image. The subsequent movement of the stage is insufficient to fully re-center the worm and maximize the captured area. As the worm is still moving during acquisition and movement, situations where the tracker would be stuck keeping just the tail of the worm in the imaging field would be quite frequent. An option was added to the centroid MicroManager tracker to try to compensate for the slow movement of the stage in these situations, however, whenever the worm would sharply switch to a backward motion, the movement of the stage would make the tracker lose the worm.

The situation we just described would occur quite frequently as the tracker is incapable of following worms moving inside their own mask. This was represented in figure 16B. There, we show a video fragment of 4 frames with 2 frames per second. In the successive frames, the worm is moving but within its own track. As a result, the mask of the worm stay very similar between the 4 frames and the centroid of the mask does not change. Here it stays with the rectangle tolerance for which the stage does not move. In consequence, a moving worm for which the mask traverses the image will most of the time not trigger stage movement until only its tail remains (for forward motion). This places the tracker in the situation of late stage alignment aforementioned, with only worm's tail captured by the tracker.

Another issue, which is more relative to the scripting of MicroManager than to the choice of tracking worms with their centroid, is the movement of the stage during the acquisition of an image. The small movement effectuated by the stage being quite fast when compared to the 100 ms used for image acquisition, this results in images similar to the one represented in figure 16C, with two separate signals of the worm in the same image. This situation should not be able to happen if sequential processes described in the code did not have any delay and waited for each other's completion. In practice, this happened frequently (about once every 3 to 5 frames). The images produced in these cases are unfit for ratiometric quantification and have to be manually selected and deleted. As we changed our capture method afterward for our quantified experiments, and did not face this issue anymore, we did not try to elicit the factors creating the problem in the script. Adding buffer times between acquisition and stage movement did reduce the frequency of occurrence of the erroneous acquisition, but did not suppress it.

We thought of ways to follow worms more precisely to reduce the tailing events. First, we tried to increase the threshold for the mask in order to isolate the vulval signal. Indeed, one specificity of the indicator's expression under Pmyo-3 is the slight increase in fluorescence in vulval muscle. We could isolate this bright spot from the rest of the worm, the tracker would then be able to more closely follow the movements of the worm longitudinal center. However, if the tracker was able to follow a worm's vulva very precisely for very small durations, it would lose it inexorably. When a worm makes a sharp turn toward the side opposite from its vulva, the florescence of the area is stretched enough so that although it is still a local fluorescence, it stops being a global maximum. The tracker can then reposition itself on either the nose or the tail of the worm, losing the worm's center for a long duration and resulting in a similar tailing phenomenon that was observed with global mask centroid. For many worms, the vulva was simply not a global maximum. We therefore investigated solutions for template recognition. A solution was to train an artificial neural network to recognize the longitudinal center of the worm in order for it to indicate to the tracker were to re-center the stage in complex cases.

Creation of a Training Set

In order to create an artificial neural network capable of recognizing complex features in a moving worm, the first step was to constitute an appropriate training database. Neural networks for image classification classically require data sets of thousands of images to be able to perform predictions. In order to accurately find image features once used in a live tracker, training sets should represent the use cases the most accurately possible. In our case of studying levamisole response, moving worms could have high body wall muscle calcium and contraction, but also be very relaxed. They could move very fast, consequently creating movement blur within the 100 ms of camera exposure. They could also have atypical sizes related to the mutation studied. We therefore focused on creating a diverse database.

We included our ratiometric indicator transgene, krTi3[Pmyo-3::GCaMP-6s::mCherry], in various backgrounds affecting calcium influx in cells. We used worms with gain and loss of function mutations in egl-19, the gene coding for muscular voltage gated calcium channels.

These worms are respectively highly contracted and highly relaxed. We included worms with loss of function of unc-68, coding for the ryanodine receptor insuring calcium-induced calcium release from the endoplasmic reticulum. These latter worms have lower calcium levels overall, but are not as relaxed as with loss of function mutation of egl-19. We, of course, included mutants of interest lev-10(lf), as well as wild-type worms, with and without mutation in lite-1 to reduce light sensitivity and therefore movement speed during capture.

Using our aforementioned MicroManager centroid tracker, with acquired videos of moving worms on thick agarose pads. Each video lasted for 30 s to 50 s and had 60 to 100 frames. We recorded each worms up to 3 times, taking advantage of mCherry bleaching to artificially reduce our signal to noise ratio and create a database with unfavorable situations. A total of more than 9300 images was therefore acquired.

We created an ImageJ macro in order to first extract only the reference channel which alone was used for stage alignment, and to then manually annotate each image. For each image, we pointed at both the worm's vulva and at an arbitrary "worm center" located at the middle of the worm's slice corresponding to the vulva's location. The complete center and vulva position list, that is, respective pairs of coordinates, was saved as a single CSV file. Meanwhile, all associated frames were saved individually in a general folder.

As mentioned earlier, the centroid tracker coded in MicroManager script had many frames with just a segment of the tail or the head of the worm in which vulva was not present. In parallel, a portion of the frames had the "movement during capture" issue mentioned earlier.

Both these frame types were excluded. We based our recognition algorithm on the hypothesis that the final tracker would be more efficient than the current one and that because the vulva was closely followed, tailing events would not happen.

We ended up with a training set of a total of 6645 images. This included: 549 frames with egl-19(gf), 394 frames with egl-19(lf), 698 frames with unc-68(lf), 2395 frames with lite-1(lf), 2254 frames with lev-10(lf); lite-1(lf), and 355 frames with wild-type.

As our acquisition method consisted in aligning the centroid of the worm's mask with the image's center, and as the worm's vulva is typically near the centroid, we could expect an inhomogeneous repartition of training coordinates within the possible range of value. Indeed, as shown in the heat map showing training coordinates repartition in figure 17B, more values were present at the center of the image than on this edge. This inhomogeneity could have consequence on the performances of the network, but as explained below, it did not prove to be the case.

Convolutional Neural Network

Our goal was to build a neural network in which from an image input, the network would extract a pair of coordinates corresponding to the worm's center. A very classic and efficient type of network for dimension reduction from images is the convolutional network. Our network was built as represented in figure 17C. We built the convolutional neural network using the Google-developed solution TensorFlow. We made this choice simply because of the ease and quality of the training material that were made available on the TensorFlow website at the time. To maximize learning speed, we initially reduced images sizes from 1024x2048 to 128x256 pixels (first through border exclusion, then through images downscaling). We also went from 32 bits pixel depth to 8 bits. We trained final dataset using a NVIDIA GeForce In figure 17A, we represented images with predicted worm's center and ground truth.

Typically, networks perform better for the largest amount of data that was in input in training.

In our case, the lite-1(ce314) worms were typically large adult worms. Smaller younger worms were rarer and, as a result, the network had worse performances with them. We plotted predicted position as a function of ground truth value of coordinates in figure 17D. We can see that prediction quality is quite homogeneous with x or y position variations. Contrarily to what the input data could have resulted in, the network is quite effective in the images' edges.

In figure 17E, we plotted the frequency histogram of distance to ground truth in the test set. This represents the distance between the predicted position and the ground truth value.

The vast majority of predictions had a distance from the real center of the worm of about 10 to 30 μm. Keeping in mind that a worm's diameter is about 50 μm and it's typical length of 1000 μm, this means that the theoretical performance of the network would allow for a stage repositioning with an error of only 2% of the worm's total length. That was completely satisfactory for our application.

ScATHA: A Tracker With Artificial Neural Network Integration

Using a convolutional neural network image treatment with simple integration on free software proved to be a non-obvious task, but it was managed after a few tries. The issue resided in treating images with TensorFlow objects in the same process that is acquiring objects from the camera and controlling the stage.

The first idea we tried was to use ImageJ to call for the neural network. This proved to be very limited as the TensorFlow library for ImageJ only allowed, at the time, integration of TensorFlow 1.15 and older, that is, versions incompatible with the 2.0 and forward released after September 2019 and that was used to develop the network. In order to avoid having to change our installations of TensorFlow and CUDA and having to retrain the network with a less stable version of the software, we abandoned this possibility.

We then considered fully developing the tracker software in Python, from which calling TensorFlow is obvious. One solution consists in calling the different hardware directly using their associated API. In order to simply adapt to future hardware changes, we tried solutions to call a pre-installed and preconfigured MicroManager core. Pycromanager is a library developed for complex, yet user-friendly, microscope integration in Python using MicroManager. At the time we tested the library, it seemed its development was not finished as when trying to run the example scripts, multiple errors that appeared related to internal functions were triggered, and we could not resolve the issues with simple changes. We settled on using the simpler and more straightforward pymmcore library.

The general software architecture of ScATHA (Scanneur Automatique de Textures Hétérogènes et Alignement) is represented in figure 18. At the time this document is being written, full development of the software is not finished, and further changes will be documented and made available. The user first inputs the acquisition parameters in the code of the "main.py" file. Software is launched by running the main.py file, typically from an integrated development environment. In order to avoid losing time in reloading the core and the models for each modification, once the tracker is closed, the user can rerun the part of the code he modified and then re-run the main tracker function. The main.py file first loads the model that will be used for realignment and coordinate determination, starts the connection with the MicroManager Core, then launches the main loop defined in the WormyPython.py file. On a typical loop iteration, the main loop first call for MicroManager to acquire an image from the camera. The image is then processed by a function defined in a separate file, chosen by the user, and that correctly format the image for the associated neural network. Once the alignment coordinates have been determined by running the image through the appropriate neural network, the signal is sent to MicroManager to move the stage accordingly. Saving and displaying the position history are defined in a separate file as well. For each image acquired, a down-scaled and annotated version is displayed on the screen. A separate window displays the current running option and the live actions that can be performed by the user. In particular, the user can request image recording (according to the frequency and naming parameters previously defined in the code). The whole process is made possible by the very fast treatment time of the low resolution convolutional networks, which only require a reproducible few milliseconds to perform coordinate estimation.

A more detailed protocol will be written before the end of the project, depending on the improvement that would have been made to the software.

Tracker Performances

An example of ScATHA applied for tracking a worm over 30 s is shown in figure 19A.

The video is a screen capture video of the tracker while the tracking was occurring. Red points on the right represent position history of the worm. Although there is some variability around the position on the worm's center, the waving motion of the crawl is clearly reported. It can be noticed that the movement-during-acquisition problem has been completely removed. Our hypothesis is that contrarily to the MicroManager script, when Python calls for a MicroManager process, it waits for its full completion before continuing the loop sequence.

Our observation was that key pressed for option management would frequently not be registered by our program.

In order to characterize the performance ScATHA, we manually annotated a new set of images acquired with it. We plotted in figure 19B distances of the manually determined worm centers to the image center. This allows the evaluation of the performance of the tracker in aligning the worm with the image center. The mean distance between the worm's center and the image center is lower for ScATHA than with the centroid tracker (p < 0.001, in Tukey multiple comparisons). We therefore achieved better performances in following the worm's center with the tracker and neural network center determination, as it was intended. It can be noted that for the centroid tracker, the events of lost worms retrieved manually were excluded.

Moreover, events in which the worm's vulva was outside the image were labeled with a position of the vulva on the edge of the image, in the putative direction of the true worm center.

Centroid tracker performance was therefore overestimated. We can notice as well that the variability, i.e. the standard deviation of the population, is significantly higher for the centroid tracker. On the other hand, we plotted for comparison in figure 19B the distances of the network predictions to the true worm centers in the test set that were originally plotted in the histogram of figure 17E. With an imaginary perfect computer and hardware that would process and move stage instantly for each image acquisition, the tracker is limited by the performance of the network. It can be seen here that the limiting factor in the tracker performance is not the neural network. As estimated earlier, the network performances are largely sufficient and slight performance increases from perfecting the CNN's architecture or training would be marginally useful. We wanted to compare the centroid tracker and the python neural tracker on fairer grounds, that is, using a metric not directly related to the goal of the network's training, and a metric that is actually important for mean calcium quantification. In figure 19C, we compare the fraction of the image occupied by the worm's mask for frames acquired with either the centroid tracker, or the python neural tracker. The performance of the centroid tracker is very slightly significantly higher than for ScATHA. Yet, there is a more essential difference in population structure. The standard deviation for the centroid tracker is larger and there are more instances where a very small portion of the worm is quantified. This means that if the experimenter was trying to quantify the average calcium of a worm, the experimenter would take variable times to acquire a single frame of quality, which should be avoided because, as mentioned earlier, worms have a high photosensitivity. In the case of mean calcium considered as the mean of all the frames in a video, a substantial portion of the frames would not be representative of the worm. Although this could be corrected with a fraction-of-total-area weighted average, it would mean that not every time points of the video would count similarly.

It should be noted, in the light of the previous points about the specificity of calcium imaging and the measure of mean ratio, that these elements are not highly problematic. As such, the centroid tracker has satisfactory performances that are only slightly surpassed by the center tracker ScATHA. The main issue of the centroid tracker actually resides in the need for manual exclusion of movement-in-acquisition frames.

Re-Training for Wider Applications

The fundamental advantage of ScATHA is its wide potential for adaptability. The only criteria for alignment is the prediction of the re-center point made by the artificial neural network. As a consequence, in order to follow a widely different structures of free-moving worms, the only requirement is to provide a new neural network that identifies the structure of interest. Not being dependent of specific properties of the fluorescent pattern, convolutional neural networks can efficiently identify positions of points of interest in very complex environments. As a proof of concept, we followed worms in widely different conditions that would have required complex different instructions if not using a neural network.

In figure 20A, we show a screen capture of our tracker following the head of free-moving worm in brightfield, using a 10x lens. There is no obvious specificity of this pattern that could be easily determined by standard image treatment. In similar cases, free-moving worm trackers usually rely of the worm's skeleton to align a motorized stage with a specific portion of the worm. In case of fluorescence marker, a bright spot can also be used. Here there is obviously no bright spot (nor dark one) and skeleton is not obvious, since because of the ratiometric channel split, there is not enough space in many frames for the whole worm. Most skeleton algorithms for C. elegans are therefore not adapted. Of course, a detailed conditional algorithm still based on the worm's skeleton could follow the worm after careful treatment time optimization, but our solution offers a easy to integrate alternative, for which image treatment time is sure to be negligible. Indeed, using the same network structure than the one defined for worm's centers, we just had to acquire a new database of worm images, annotate it with one point per image, and retrain a new network. With a classic recent CPU (e.g. an Intel(R)

Core (TOM) i7-9700k CPU), our convolutional network took between 1 and 2 hours to achieve training. Full annotation of a few thousands images necessary for network training requires about 1-2 s second per image, so it can be roughly estimated at a few hours of annotation time.

We could also follow fluorescent markers with very low fluorescence levels at high magnification. In figure 20B, we show a video of the computer's screen filmed during tracking of a worm's IL1 soma. Worms were placed on humid fresh thin agarose pads, under a coverslip, to allow the use of a 60x oil immersion lens. As it can be seen on the images, the fluorescence of the cell body is very small when compared to the intestine right next to it. The centroid tracker used in this configuration aligns the stage with the intestine. The circular variable shapes of the autofluorescent fat granules of the intestine drastically increase the algorithmic complexity needed to isolate the point of interest as they can be hard to distinguish from the neuron's cell body. Here again, following patterns was made much easier by our tracker.

In all tracking cases that we presented, one potential limitation resides in the initial acquisition of a representative database. For ScATHA's muscle fluorescence database, we had another functional tracker to capture images of moving worms. For brightfield tracking, worms could be reasonably followed manually. Manual tracking, although limited, was possible. Most images taken manually were not properly centered around the worm's head, so in order to further increase the network performances, we retrained our network with a second database acquired with a first version of the ScATHA's head tracker. For the neuron tracker in 60x, manual tracking was much harder, so we took pictures of immobilized worms at different focus and stage positions. First versions of the tracker could eventually be refined with the first images of the new tracker, but we did not take the time to perform this for the 

U-Net for Noise Extraction

In order to get rid of the intestine auto-fluorescence that could substantially alter our calcium measurements, we tried to extract its signal using an artificial neural network. The idea was to be able to isolate the autofluorescent signal from the reference channel and then subtract it from both channels. As represented in figure 21A, the image from the reference channel appears with a much better muscle signal-to-noise ratio after subtraction of the signal from the indicator channel. The idea was to create a network capable of inferring the autofluorescence signal only from an input image which also contains the muscle mCherry fluorescence. The extracted autofluorescence signal could then be deleted from both reference and indicator channels, with only the muscle signal remaining in both cases.

A typical approach would have been to denoise the image directly. That is, starting from an image with auto-fluorescence, select only the muscle signal and then train the network.

Muscle signal from the reference channel is similar from one frame to another and one worm to another. (At most, only the signal-to-noise ratio changes, but the shape of the mCherry signal stays consistent). But even if it has been possible for the reference channel, denoising of the indicator channel would be largely more difficult. Indeed, the training database would have had to be immense and to include most of the possible calcium profiles. Instead, as the intestinal autofluorescence profiles in both green and red channels are very similar, finding one allows the deletion of the other, to some extent. The main argument resides, however, in the ease of creation of a database. In order to have both muscle fluorescence and associated autofluorescence in another corresponding image, we only had to use strains with a homogenous expression of red fluorescence in muscle, without green fluorescence. The We did not achieve our goals for this denoising network. After a few attempts with in particular changes in the loss function, we achieved only the predicted images shown in figure 21D. These images, extracted from the validation set, are promising. It shows that we could make the network converge toward recognizing the worms in their interior. In some part of the worm, prediction of autofluorescence followed a shape approaching what could be expected. Of course, the current networks are not usable to use in denoising experimental data, as clearly fluorescence that would have been suppressed would have altered the muscle fluorescence. At that point, we estimated that the required time to finalize the network would have been of a few weeks, given the hardware at our disposal. Indeed, as our graphic card and computer were limited in memory and power, the training times would take for each test at least a few hours. Moreover, the machine would often crash during the training. As we also expected to have to try adding weights to the network to help identify more features, this problem would have only increased.

In parallel, we had used a binary cross entropy and Jaccard loss function to get the presented results. These loss functions were initially conceived for segmentation purposes and are not correctly fitting to our needs. In addition to modification in the network, we would have had to scout the literature for more appropriate loss functions, try them, or even program a custom loss function. Finally, we would also have had to consider perfecting and increasing our database, requiring additional manipulation and pre-treatments. For example, as the database was acquired using the centroid tracker, a lot of images with movement of the stage during the acquisition remained, and highly detrimental to training quality. A database using the 20x lens for image acquisition and not the 10x lens should be considered, as it is the one we finally settled on using for calcium imaging applications.

Overall, all these necessary steps, with the heavy limitations in hardware, incentivized us to put aside the question of intestinal autofluorescence elimination in order to focus on matter more pressing to answer the biological questions of this project. We still firmly believe that this approach of denoising could be highly valuable and should be continued, for this particular application or for similar ones. To this end, better image deep learning hardware equipment, with notably increased live memory space, should be acquired or rented in remote.

Introduction

Dysregulations of intracellular calcium homeostasis have been reported in several pathologies. For example, in malignant hyperthermia, mutations of the ryanodine receptors lead to calcium release from the sarcoplasmic reticulum that causes involuntary and prolonged muscle contraction 1 . Elevated concentrations of calcium are usually associated with cell death, mediated by mitochondrial calcium overload, whether by apoptosis or necrosis 2,3 . In C. elegans, heat shocks of 3 hours at 35°C trigger calcium release from the endoplasmic reticulum (ER) that has been shown to be damaging to muscle cells 4 . Heat shocks of longer durations, or higher temperature but shorter durations, are known to be deadly to worms 5,6 . ER calciuminduced-calcium-release has also been shown to lead to neuron necrosis in sodium and calcium channel MEC-4 mutants 7,8 . Meanwhile, oxidative damages induced by pharmacological reagent 9 , damages by P. ostreatus mushrooms 10 , and damages by ionomycin 4 , lead to intracellular calcium concentration increase and eventually to the animal's death.

Levamisole is an anthelmintic that acts at the neuromuscular junction of nematodes. Three types of ligand-gated ion channels are present at this synapse: one type-A GABA receptor (GABA-R), encoded by unc-49, and two types of acetylcholine receptors (AChR), one homomeric and one heteromeric 11 . Homomeric AChR, encoded by acr-16, are sensitive to nicotine and thus called N-AChR 12,13 . Heteromeric AChR are the cellular target of levamisole that acts as a partial agonist 11 . These receptors, called L-AChR, contain 5 different subunits, UNC-63, UNC-38, UNC-29, LEV-1 and LEV-8 14 . An alternative subunit ACR-8, expressed in muscle, has been shown to be able to replace LEV-8 and to form a functional channel in larva 15 but its role in adults remains unclear 12 . In larva and when expressed in heterologous systems, sub-populations of L-AChR have different sensitivities to levamisole. Receptors with the LEV-8 subunit, hereafter called LEV-8*L-AChR, are more sensitive to levamisole than receptors with ACR-8, hereafter called ACR-8*-LAChR 15,16 .

Worms with major impairment of L-AChR are resistant to high doses of levamisole, while partial impairment results in a peculiar phenotype: the animals get paralyzed when exposed to levamisole but then progressively recover their movement and are able to fully travel on culture plates after 10 to 18 hours while still being exposed to levamisole. This phenomenon was called levamisole adaptation 17 . This phenotype allowed the identification of proteins regulating membrane L-AChR content, but that are not necessary for the receptor biosynthesis, trafficking or function. Among them, MOLO-1 is an auxiliary subunit that changes the gating of receptors 18 . LEV-9, LEV-10 and OIG-4 are necessary for receptor clustering [19][20][21] and modulate L-AChR function 22 . CRLD-1 participates to the assembly of receptors in the endoplasmic reticulum (ER) 23,24 .

The cellular mechanisms underlying levamisole adaptation have never been fully

described. In a recent study, we have reported that levamisole-induced depolarization in adapting worms is lower than for wild-type (WT). Instead of triggering voltage-gated calcium channels' inactivation and relative muscular calcium lowering after a few minutes as in wildtype, adapting mutants keep prolonged level of high calcium for a minimum of 4 hours 22 . It remains unclear how adapting worms are able to survive to such a long exposure to a continuous calcium entry into muscle cells. It is even more puzzling that the animals are able to recover their movement while still being exposed to the depolarizing drug.

In this study, we explored the cellular mechanisms underlying adaptation to levamisole.

We notably established a model explaining the restoration of movement of adapting worms still on levamisole and we gave evidence that the calcium-dependent phosphatase calcineurin is involved in this mechanism. We studied different organelles activities that have been shown to be disrupted by calcium dysregulation.

Materials and Methods

Strains and Genetics

All C. elegans strains were originally derived from the wild-type Bristol N2 strain. Worm cultivation, genetic crosses, and manipulation of C. elegans were carried out according to standard protocols 25 . All strains were maintained on nematode growth medium (NGM) agar

Petri plates with Escherichia coli OP50 as a food source at 20°C. A complete list of strains used in this study can be found in Table S1.

Behavioral Assays

Except for calcium imaging, levamisole assays were all performed as follows: one-day-old adult worms grown at 20°C were transferred on fresh NGM plates for control condition or 1 mM levamisole plates according to previously described protocols 22 , with levamisole stock kept at 1 M in water at -20°C. All imaging and assessments were performed at room temperature, between 19 and 22°C. Each experiment was performed on at least 3 different days. Speed and length measurements were performed in brightfield, using a Nikon Multizoom AZ100 with fixed magnification settings between days and worm populations. Speed measurements were performed for 50 s at 2 frames per seconds. Worms' centroids were tracked using the TrackMate plugin in Fiji. For worms with multiple tracks, only the first track was selected.

Tracks of less than 10 s were excluded. Length is measured from head to tail with a custom Fiji macro, and corresponds to the distance approximately separating the pharynx procorpus and the anus, and following the center of the worm lateral section.

Calcium Imaging

For all the calcium assays presented in this studied, worms carried the Pmyo-3::GCaMP-6s::mCherry transgene in single copy, inserted by mini-Mos 26 from injected pFF01[miniMos_Pmyo-3::GCaMP-6s::mCherry::unc-54 3'UTR], engineered from pJH3630[Pmyo-3::GCaMP-6s::mCherry::unc-54 3'UTR], kind gift of Mei Zhen, Samuel Lunenfeld Research Institute. All worms additionally carried the lite-1(ce314) mutation to limit reactivity to light used for imaging 27,28 . For calcium-insensitive variation of GCaMP fluorescence, worms carried krEx1380[pmyo-3::noRS20-GCaMP-6s::mCherry hygro-res], obtained from the coinjection of 30 ng/μl pFF02[miniMos_Pmyo-3::RS20-free-GCaMP-6s::mCherry::unc-54 3'UTR], engineered from pFF01 by deletion of the sequence between and including Arg40 and Ser58 of the GCaMP, and an hygromycin resistance plasmid pHT76 at 10 ng/μl. Worms were kept on 0.2 mg/ml hygromycin for all steps of the related experiment (fig. 1F).

One-day-old worms were transferred on thick agarose pads (about 0.5 cm) placed on glass slides. Agarose pads were composed in mass of 1.6% agarose, 0.3% NaCl, 1% 5 mg/mL cholesterol in ethanol, completed with deionized water. 1 mM levamisole and/or 1 mM auxin were added before pouring when mentioned. 3 worms were placed per pad, with a thin bacterial layer. During experiments, glass slides were kept in a humid atmosphere to prevent pad drying. Imaging was performed with a dual-view microscope with an OptoSplit II system equipped with Chroma ET525/50m and ET632/60m filters, and a Prime BSI Scientific CMOS camera, and illuminated with a pE-300 white LED system. Imaging was performed in situ, without transfer nor coverslip. 2 images per second were taken for a minimum of 30 s up to 45 s with a 20x lens. For static worms, focus and lens position was manually varied for acquisition duration. Moving worms were followed using custom live tracker with dynamic XY stage repositioning on the worm vulva using Python programming language, Pymmcore 29 and an convolutional artificial neural network for worm center recognition using the TensorFlow 30 library. Muscle signal was automatically isolated by selecting a strip area following the worm's mask outline, as shown in Fig. 1D WT(-). Background was isolated by selecting areas outside of the worm. Images were processed using a custom Fiji 31 macro.

The ratio for an image was calculated as follows:

= 1 I ( ) ( ) ∈ 109
, set of pixels of interest. I ℎ ( ), intensity value of the pixel a given channel, after subtraction of the mean background value of the channel. number of elements of a set ROI. , mean ratio, used to quantify a single image.

The plotted normalized ratio value of a full recording was calculating as follows:

∆ ∆ = 1 ∑ ∈ - -
With T the set of images for an individual worm's full recording, and the number of images (images were treated separately for fig. S1B andS1C). With = 3.12 the maximum image mean ratio recorded in the first 90s of levamisole exposure and = 0.504 the minimum image mean ratio recorded in the exposure of worms to 10 mM muscimole (fig. S1B andS1C).

Receptor quantification

For these experiments, and all the following microscopy experiments, live one-day-old adult hermaphrodites were mounted on 2% agarose dry pads immersed in 5% poly-lysine beads diluted in M9 buffer 25 . Dorsal cord images were acquired using a confocal Andor For levamisole assays, worms grown on auxin plates were transferred on plates with both auxin and levamisole.

Mitochondria Imaging

Mitochondria morphology was followed using the krSi134[pmyo-3::tom-20::wScarlett] transgene as previously described 36 . Mitochondria morphology was rated blinded as either total fragmentation, partial fragmentation (or elongated), or no fragmentation (or whole-cell mitochondrial network). For fig. 5B, mitochondrial morphology was rated from 7 to 20 cells per worm, with a blinded experimenter using the aforementioned dual-view microscope. The most frequent value was used for each worm.

ATP Imaging

Muscle ATP was evaluated using the Queen-2m probe as previously described 9 . Images were acquired using the aforementioned confocal spinning disk microscope. Light excitation was performed with lasers centered at respectively 405 nm and 488 nm wavelengths, while emission went through a 525/50 bandpass filter. The ratio value plotted was obtained using the same calculation process as with calcium imaging applied on the sum of 0.3 μm distant planes taken over the lens-exposed half of the worm. For each worm, three stacks were acquired, on the head and at respectively the upmost and bottommost locations of the anterior and posterior gonads. The plotted value corresponds to the average ratio between the three areas.

Autophagy Imaging

Muscle autophagic activity was followed using the kagIs1[pdyc-1::gfp::lgg-1] allele and the kagIs3[pdyc-1::gfp::lgg-1GA>CC] as control as previously decribed 37,38 . For fig 6B and6C, vesicles in 5 to 20 cells were counted per worm, in blinded conditions, using the aforementioned dual-view microscope, and averaged per worm. Supplementary, fig. S6A and S6B used the sqIs11[lgg-1p::mCherry::GFP::lgg-1 + rol-6] transgene with tandem staining of the autophagosomes and lysosomes as previously described 39 . Autophagosomes were counted using a custom Fiji 31 macro only in cell parts that were distant from the epidermis.

Lysosomes Imaging

Muscle lysosomal activity was followed using the krSi114[pmyo-3::lmp-1-EBFP] allele, a mini-Mos single copy insertion 26 , from injected pXZ081[miniMos_Pmyo-3::lmp-1-EBFP_let-858 3'UTR] 40 . 3D images of the lens-exposed half of the worm were taken between nerve ring and vulva using the aforementioned confocal microscope and rated in blinded context using a custom Fiji macro. Lysosomal length in fig. S6C was estimated using a custom Fiji 31 macro using the particle's skeleton total length. Individual particle's length was plotted for 1637 to 3356 particles per condition (14 to 16 worms per condition, 2 to 5 3D images per worm).

Statistical Analysis

For all violin plots, dashed lines show quartiles and tests compare levamisole condition to For all p values: *** p<0.001, ** p<0.01, * p<0.05, n.s. (not significant) p≥0.05. Tukey's and Dunn's multiple comparisons were performed when respectively ANOVA and Kruskal-Wallis test over all data were significant. n gives the number of worms used per plotted condition.

Statistical analyses were performed using GraphPad Prism 41 . 0.8 minimum detectable effects were calculated using R 42 with the pwr library 43 , using as reference the standard deviation of the control condition, with 80% power, and with α = 0.05. show quantification area. For D and E, worms expressed Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Freely moving worms were placed and imaged on thick agarose pads with 1 mM levamisole at 2 h or 10 h and on control pads at 10 h. E. Quantification of muscular calcium evolution during levamisole exposure. Muscular calcium was evaluated for freely moving lev-10(kr26) (n≥14), molo-1(kr100) (n≥25) and wild-type (n≥40) worms. For E and F, ratio between green and red muscle fluorescence was averaged from at least 30 s of 2 frames/s acquisition of freely moving worms and normalized with maximum and minimum values from all experiments. p is given for Tukey's multiple comparison of all data on the graph and compare control condition to levamisole condition. F. Quantification of calcium insensitive variations of muscular ratiometric GCaMP-6s after levamisole exposure. WT (n≥19), lev-10(kr26) (n≥19) worms expressed a calcium-insensitive probe encoded by Pmyo-3::inactive-GCaMP-6s::mCherry (with removed calmodulin-binding peptide) in lite-1(ce314) background to limit light reactivity. The animals were placed and imaged on thick agarose pads with 1 mM levamisole for 10 h and to control pads for 10 h.

Results

Movement recovery in adapting mutants is associated with relaxation.

We characterized in detail the external phenotypical changes of the worms during adaptation, to better understand the steps of movement recovery. We first measured the locomotion speed from WT animals, and from lev-10 and molo-1 null mutants (fig. 1A). Without levamisole exposure, locomotion of adapting mutants were significantly lower than that of WT (for lev-10(lf) and molo-1(lf) respectively 73% and 60% of WT mean speed, significantly different from each other, with p < 0.001 in Tukey's multiple comparisons). As expected, after 10 h on plates containing 1 mM levamisole, WT worms exhibited no movement, while lev-10(lf) and molo-1(lf) adapting mutants had their movement restored, but to different extents. Relative restoration of speed on plates was higher for lev-10(lf) worms than for molo-1(lf) worms (restoration to 18% of the control value for lev-10(lf) against 9.7% for molo-1(lf), p = 0.048 for interaction between genotype and treatment in 2 way ANOVA).

We then followed muscle contraction by monitoring over time worm length of WT and lev-10(lf) mutants during 10 h on 1 mM levamisole plates (fig. 1B and1C). Upon levamisole exposure, lev-10(lf) and WT worms first went through similar body contraction (respectively 21% and 23% decrease in body length after 5 min on levamisole). Subsequently, lev-10(lf) stayed contracted while WT started to relax after 15 min. At 4 h, lev-10(lf) reached a maximal contraction, with a length of 70% compared to their base length, while WT were at 92%. After 10 hours, when movement is already recovered, lev-10(lf) adapting worms had progressively relaxed up to 85% of their base length.

Levamisole has been shown to impact on feeding by inhibiting pharyngeal pumping 44 . We thus wondered whether this effect was suppressed in adapting mutants. The number of pumping events was inhibited after 5 min in WT, as previously described, and in lev-10(lf) mutant (fig. S1A). After 2 h, feeding remains inhibited in WT while it started to recover in lev-10(lf) mutant. After 24 h, the number of pumping was back to 86 % of the initial value in lev-10(lf) mutant while it was still very low in WT.
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Movement recovery in adapting mutants is associated with a restoration of muscular calcium levels.

It had been shown that the initial contraction induced by levamisole is accompanied by a rise in calcium levels which persists in lev-10(lf) adapting worms for up to 4 h 22 . The observed progressive relaxation and movement restoration of adapting worms could be explained by: 1) a reduction of intracellular calcium after 4 h, 2) a reduction of the effect of high intracellular calcium on the contractile apparatus. To distinguish among these 2 hypothesis, we assessed muscle calcium concentration over time and levamisole exposure.

Using animals expressing the pseudoratiometric indicator GCaMP-6s::mCherry in striated muscles, we monitored average muscle calcium concentration over time. We performed the measures on freely moving worms in lite-1(ce314) genetic background to reduce contractions induced by blue light aversion 28 . Worms expressing a single copy insertion of GCaMP-6s::mCherry in body-wall muscle showed a homogeneous expression of the fluorophore and did not display any visible developmental defect.

We first assessed the initial rise in muscular calcium in freely moving segments of worms upon 1 mM levamisole exposure (fig S1B). No difference was observed between WT and lev-10(lf) or molo-1(lf) mutants after 90 s. Although differences in levamisole currents had been uncovered in previous studies 18,22 , we were not able to detect any consequential difference in general calcium increase in the cytoplasm of muscle cells between WT and adapting mutants.

We then monitored muscular calcium concentrations from WT and adapting strains after 2 and 10 h of levamisole exposure (fig 1D and1E). In the absence of levamisole, calcium levels in muscle were similar in WT, lev-10(lf) and molo-1(lf). At 2 h, calcium was significantly higher in adapting mutants, retrieving results described previously 22 . In more details, molo-1(lf) worms had a value increase of 49% from control conditions; lev-10(lf) had a 63% increase, while WT worms only had a 26% increase. These increases are significantly more important for adapting mutants lev-10(lf) and molo-1(lf) than for WT (respectively p < 0.0001 in interaction between genotype and treatment in each two-way ANOVA comparing a mutant to WT). Between 2 and 10 h, lev-10(lf) worms exhibited a 47% reduction of the measured intracellular calcium levels while levels decreased of 12 % in WT. After 10 h on levamisole, lev-10(lf) muscular calcium was reduced below the levels of WT worms (by 35% of levels value, p<0.001). In molo-1(lf), calcium levels decreased of 24%, but in a smaller extent compared to lev-10(lf). Data were also more dispersed: some animals displayed an important calcium reduction while others were still high in average calcium and visibly highly contracted. This goes in accordance with the differential adaptation of the molo-1(lf) strain which recovers less movement speed at 10h (fig. 1C).

To rule out a possible effect of other cellular parameters on our calcium indicator, as pH for example, we monitored variations of a calcium-insensitive version of our indicator. We engineered a deletion in the RS20 calmodulin-binding peptide of GCaMP-6s-mCherry and expressed this probe into muscle of WT and lev-10 animals (fig. 1F). After 10 h of 1 mM levamisole exposure, we found a reduction of the inactive-GCaMP to mCherry ratio in both WT and lev-10(lf) worms compared to the control condition (30% reduction for WT and 14%

for lev-10(lf)) (fig. 1F). This showed that the reduction of the calcium-sensitive ratio difference between levamisole and control condition in lev-10(lf) was probably overestimated. However, this calcium-independent effect does not change the differences observed between phenotypes nor does it substantially affect the measurements of the important calcium reduction from 2 h to 10 h in lev-10(lf) over adaptation.

Altogether, these results showed that movement recovery of adapting worms is correlated with a restoration of normal muscular calcium levels after an initial increase.

Movement recovery in adapting strains is associated with a decrease of levamisolesensitive receptor content.

We showed that muscle calcium concentration decreases as movement is restored in adapting mutants. We made the hypothesis that this decrease could result from a negative regulation of L-AChR, either on the quantity of the receptors or their functionality. We first measured the quantity of synaptic L-AChR before and after adaptation in WT and adapting strain expressing a tagged version of the UNC-29 receptor subunit (fig. 2A,2B, fig. S2A). We assessed the effect of 1 mM levamisole overnight (18h) on WT, lev-10(lf), molo-1(lf) and crld-1(lf) adapting mutants. For each adapting mutant, we saw an approximate 30% decrease of fluorescence after 18 h of levamisole exposure compared to control conditions (respectively 28%, 24% and 32%). On the opposite, WT worms showed no decrease and even an increase in their L-AChR synaptic fluorescence (21% increase).

We controlled the specificity of this reduction by assessing the evolution of the other synaptic receptors, i.e. N-AChR and GABA-R in lev-10(lf) mutants (fig. 2C,2D). We could not detect any effect of levamisole overnight exposure for both receptors (effects are respectively smaller than approximately 24% and 16% changes in mean, 0.8 minimum detectable

Calcineurin plays a specific role in movement recovery.

In order to unravel the pathways that could lead to levamisole adaptation, we proceeded to a candidate gene approach. In the adapting lev-10(lf) mutant context, we used loss of function alleles of genes that have been shown to play different roles related to calcium regulations and general cell functions (Table 1). Among the 17 tested genes, only tax-6, encoding the active subunit of calcineurin, seemed to be essential to adaptation. However, as tax-6(lf) mutant worms have a highly impaired growth and a general movement defect, the suppression of adaptation in lev-10(lf); tax-6(lf) mutants could be due to the general sickness of animals and not to a specific role of calcineurin effect into the adaptation mechanism.

We thus proceeded to tissue-specific degradation of TAX-6/calcineurin in lev-10(lf) mutants using the auxin-inducible degradation system 35 . Animals with ubiquitous degradation of TAX-6/calcineurin after the embryonic stage exhibited a slight reduction of body size but no gross alteration of locomotion, contrary to tax-6(lf). However, this ubiquitous degradation led to the suppression of levamisole adaptation in lev-10(lf) mutants (Fig 3A). lev-10(lf) mutants with muscle degraded TAX-6/calcineurin did not adapt on levamisole either, while degradation in other tissues had no impact on adaptation (fig. 3A,S3). We noticed a unique phenotype in lev-10(lf) with degradation of muscle calcineurin: they first contracted in a similar manner to lev-10(lf) but then stayed contracted and slowly hyper-contracted and shortened even more, instead of relaxing and progressively recovering mobility as lev-10(lf) worms would (fig.

3B and 3C). Finally, we performed muscle degradation of TAX-6/calcineurin in molo-1(lf) mutant and observed that adaptation was also suppressed (Table 1). In conclusion, the degradation of TAX-6 in muscle tissue appeared to be both necessary and sufficient to impair adaptation of adapting worms. 

6% 94%

crtc-1(kr450::degron) + 1mM auxin 3% 97%

Calcineurin allows movement recovery through synaptic receptor downregulation.

We tested if TAX-6/calcineurin was involved in the reduction of L-AChR quantity during adaptation. We compared the evolution of synaptic L-AChR content after 1 mM levamisole overnight exposure with, and without, the deletion of muscular TAX-6/calcineurin. In lev-10(lf) background, without TAX-6/calcineurin degradation, there was a 22% reduction of synaptic We performed similar experiments in molo-1(lf) background. Again, we observed a lower decrease of L-AChR synaptic when TAX-6/calcineurin was degraded in muscle than when it was not (12% instead of 34%, p = 0.007 for interaction between genotype and treatment in two-way ANOVA).

These results show that calcineurin is necessary for the degradation of synaptic receptors during long exposure to levamisole of adapting mutants.

Mitochondria are fragmented on levamisole, then restored during movement recovery.

The prolonged depolarization and calcium concentration elevation observed in adapting strain during several hours are expected to have a stressful effect on cells. We thus followed stress indicators to understand how muscle cells can cope with this stressful condition.

Mitochondria in C. elegans body-wall muscles have been shown to undergo fragmentation when subjected to calcium leakage due to heat shocks 4 . We investigated the evolution of the shapes of mitochondria over the course of adaptation.

Using a single-copy reporter encoding the fluorescent wScarlet anchored to the mitochondrial outer membrane in muscle 36 , we evaluated the overall morphology of mitochondria at 2 h and 18 h of 1 mM levamisole exposure (fig. 5A and5B). For the first 2 h of levamisole exposure, both WT and lev-10(lf) mitochondria went through increase in fragmentation (p < 0.004 for both Chi-square test between control and 2 h levamisole).

However, after 18 h, WT worms still had increased fragmentation (p < 0.001 for Chi-square test between control and 18 h levamisole). Meanwhile, movement recovery in lev-10(lf) was accompanied by a re-fusion of the mitochondrial network (p = 0.004 for Fisher's test between 2 h and 18 h levamisole, fragmented vs elongated or network).

We tested the role of the re-fusion of mitochondria in adaptation by monitoring locomotion on levamisole plates of lev-10(lf) mutants carrying an additional mutation in fzo-1.

FZO-1 is the orthologue of the mammalian mitofusin, an outer membrane GTPase required for mitochondrial fusion 45 . The double mutants lev-10(lf); fzo-1(lf) were able to adapt overnight to 1 mM levamisole in a similar extent compared to the single mutant lev-10(lf) (Table 1). Thus, it appeared that mitochondrial re-fusion accompanied the adaptation mechanism, but was not necessary for movement recovery.

ATP levels are lowered on levamisole, then restored during movement recovery.

The structural restoration of mitochondrial networks during adaptation can have functional consequences in metabolism 4 . We followed ATP concentration using a multicopy array expressing the ratiometric Queen-2m probe in muscle cell 9,46 (fig. 5C). We observed that the muscle ATP concentration in WT worms was significantly reduced when exposed to 1 mM levamisole for 18 h (31% reduction in calculated level). At 2 and 4 h, during the initial contraction phase, the ATP concentration is lowered in both WT and lev-10(lf) worms. At 8 h, when movement recovery has started, the ATP levels of lev-10(lf) worms were restored. After 18 h of exposure, there was no significant variation of ATP concentration in lev-10(lf) worms compared to control conditions (or less than 9%, 0.8 minimum detectable difference). We 

Movement recovery is associated with increase in autophagic activity and lysosomal activity.

We then investigated autophagy activity in muscle cells during levamisole exposure, since autophagy has been known to be stimulated as a protective mechanism against several forms of stress, including mitochondrial damage 47 . We used transgenic worms expressing GFP tagged

LGG-1, the C. elegans orthologue of LC3, in muscles and exhibiting fluorescent puncta when autophagy is induced 37 (fig 6A). The number of vesicles per muscle cells increased in adapted lev-10(lf) mutants on levamisole (110% increase in the number of autophagic vesicles per cell) (Fig 6B). We verified the specificity of the vesicles counted as true autophagosomes by comparing with a strain, in which a mutation on lgg-1 prevents its aggregation to autophagosomes 37,38 . This increase in autophagic vesicles numbers in adapted worms was also observed using the mCherry::GFP::LGG-1 probe 39 that allowed to visualize autophagosomes in green and red and autolysosomes in red only (fig S6A andS6B). Using this probe, we observed a very peculiar phenotype, i.e. a strong tubulation, of autolysosome after levamisole treatment.

To further investigate the lysosomal activity, we engineered a strain expressing in muscle a BFP-tagged version of LMP-1, the homolog of mammalian LAMP-1 which is located at the surface of lysosomes 48 . Again, we observed the formation of lysosomal networks in the case of lev-10(lf) worms on levamisole (fig. 6D and6E, p = 0.0019 for Fisher's test between lev-10(lf) control and 2 h levamisole, circular and tubular against network morphology). The lysosomes were longer for lev-10(lf) worms after 18h on levamisole, notably because of the presence of a small number of very long tubule networks (113% increase in average lysosome length, with no change in median, fig S6C).

Finally, we verified whether autophagy was required for levamisole adaptation using the lgg-1(pp141) mutant which shows no developmental defect but is thought to have no autophagic activity 49 . The blocking of autophagy did not prevent adaptation of lev-10(lf) mutants (Table 1).

These results indicate that adaptation to levamisole is accompanied by strong homeostatic mechanisms. Autophagic activity increased, but was not required for survival. Lysosomes underwent strong morphological changes. 

Calcineurin is not implicated in autophagic changes but reduces lysosomal tubulation.

We investigated the possible implication of calcineurin in these homeostatic processes (Fig 6C and6F). Autophagic activity increased overnight on 1 mM levamisole both with and without muscular calcineurin (respectively 421% and 296% increase in means of autophagic vesicles per cell, with no interaction in two-way ANOVA) (Fig 6C ). Lysosomes tubulation increased overnight on levamisole both with and without calcineurin (for both calcineurindegradation conditions, p<0.0001 for respective Fisher's test of circular and tubular against network, with or without levamisole). Tubulation was more important for lev-10(lf) mutants with calcineurin degradation (p = 0.004 for Fisher's test of worms categorized as circular and tubular against the ones categorized as network, with levamisole, with or without calcineurin degradation). We saw no difference in autophagy nor lysosomal activity on normal growth condition with or without muscle calcineurin. Thus, adaptation-related changes were conserved for both. We concluded that calcineurin played a limited role in the changes observed for both autophagic and lysosomal processes in the context of adaptation of lev-10(lf) worms on levamisole.

Discussion

After describing the phenotype of levamisole adaptation of L-AChR mutants, we showed that animal relaxation during movement recovery is associated with a reduction of muscle intracellular calcium. Adaptation is accompanied by a reduction of levamisole-induced currents associated with an important downregulation of LEV-8*AChR, the synaptic receptor subpopulation the most sensitive to levamisole. We showed that adaptation to levamisole is made possible through calcineurin activity in muscle, which allowed both downregulation of L-AChR and muscle calcium reduction during movement recovery. In adapting mutant lev-10(lf), mitochondria underwent fragmentation and ATP concentration lowering in the paralysis phase of levamisole exposure. Movement recovery was then accompanied by muscle mitochondria refusion, and an ATP concentration resurgence. Autophagic activity increases independently of calcineurin signaling. Neither mitochondrial re-fusion nor autophagic activity was found to be necessary for adaptation to occur in lev-10(lf) mutants. Lysosomal tubulation was observed in adapting mutant, independently of calcineurin signaling.

A Model of Adaptation Through Receptor Downregulation

From our results, we can formulate a model for movement recovery in adapting worms.

First, levamisole-induced currents through L-AChR induces a maintained depolarization.

Secondly, sustained high intracellular calcium stimulates calcineurin activity. Thirdly, calcineurin mediates downregulation of L-AChR, in particular LEV-8*L-AChR which are the most sensitive receptors to levamisole. Then, receptor removal from the plasma membrane decreases the effect of levamisole on muscle cells. Finally, cells repolarize and movement can start again through N-AChR and ACR-8*L-AChR activation. In non-adapting strains, the initial depolarization is larger and leads to voltage-gated calcium channel inactivation 22 which prevents sustained increase of calcium levels and probably calcineurin activation.

The general loss of levamisole sensibility observed in adapting worms could involve L-AChR desensitization, receptor downregulation or/and inhibition of the downstream signaling. Previous studies have shown that L-AChR exhibit no desensitization 14 . In this study, we reported a downregulation of these receptors in response to levamisole exposure. Agonistinduced downregulation is a common phenomenon except for nicotinic receptors. Indeed, these receptors have been described to undergo upregulation in response to chronic agonist exposure. The most well-known upregulation is the one observed for neuronal receptors in response to nicotine 50,51 . The effect of agonists on muscle AChR seems less clear: chronic exposure to agonist, as nicotine, induces generally a downregulation of these receptors. Nonlethal low dose of levamisole overnight has been shown to have a downregulating effect on C.

elegans vulval muscles UNC-29 overexpressed under pmyo-3 52 .

Calcineurin Mediated Receptor Stability

Calcineurin is known to be associated with CaMKII in regulating receptor density in neurons by playing essential roles in long-term potentiations and depressions by respective phosphorylation and dephosphorylation of glutamate receptors [53][54][55] . Calcineurin and CaMKII regulate G-protein pathways and longevity in C. elegans 56,57 . PKA, PKC and calcineurin all regulate cardiac L-type Ca 2+ channels by direct interaction 58 . PKC has been shown to regulate L-AChR density in vulval muscles of C. elegans 52 . All three serine/threonine kinases, PKA, PKC and CaMKII, have been shown to regulate acetylcholine receptors stability in muscle [59][60][61] . Yet, no associated phosphatase has been clearly identified to play this role. A few studies point out the possible implication of calcineurin in regulating acetylcholine receptors. Calcineurin has been shown to mediate acetylcholine receptor clustering in muscle cells 62 . It has also been

shown to play a role in receptor desensitization in snake muscle 63 . There is also evidence suggesting a physical interaction between L-AChR and calcineurin 64 . With the addition of this study showing the requirement of calcineurin for receptor downregulation, calcineurin appears as a very likely candidate as a serine/threonine phosphatase regulating receptor stability at neuromuscular junctions. We have reported an absence of significant influence on adaptation of CRTC-1, CREB and DAF-16 (Table 1), that were shown to regulate muscle transcription downstream of calcineurin 57,65 . We presented as well that the high specificity of receptor removal was related to levamisole sensitivity of the population and sub-population of receptors (fig. 2B to E). These results could be explained by a direct action of calcineurin on receptor downregulation by synaptic stability regulation; in parallel, a regulation by calcineurin of L-AChR subunits transcription, transport, or assembly could also be at stake. It could be hypothesized that levamisole bound receptors are not recycled to synapses or actively removed and that the synaptic density of receptor diminishes over time, as observed for nAChR bound by agonists in cultured myotubes 66 , of more generally for agonist bound metabotropic receptors 67,68 . Blocking endocytosis as in the case of EPN-1/epsin neutralization 69 , results in levamisole hypersensitivity 70 . Neutralizing EPN-1 during adaptation could give insights on the mechanisms of L-AChR downregulation.

Stress from Prolonged Calcium Influx

Homeostatic mechanisms of mitochondrial refusion and elevated autophagy were already described in C. elegans as responses associated with calcium elevation following heat shocks 4,71 .

More interestingly, we witnessed high lysosome tubulation in adapting mutants on levamisole.

Intracellular calcium is essential to lysosome dynamics and lysosomes are essential intracellular calcium storages 72 . Tubulation was shown to be a feature of new lysosomes creation and budding that happens in cases of starvation or in worms with aging [73][74][75] . Our observations of red-only tubules with the bi-color LGG-1 marker sqIs11[lgg-1p::mCherry::GFP::lgg-1] are consistent with these observations. The lysosomal tubulation we observed could have different origins. Damages induced by elevated calcium and ATP exhaustion required increased lysosomal activity and led to intracellular signaling for lysosome upregulation. On the other hand, tubulation is associated with calcium dysregulation, as lysosomal movement and tubulation were shown to be regulated by calcium 75 and lysosomes were shown to be calcium stores, only limited by their sizes 72 . We have not tested the role of tubulation in adaptation and in worm survival to the elevated calcium. Mutating or blocking lysosomal calcium transporters and/or exchanger could be of interest but to our knowledge no such proteins has yet been identified for lysosomes 72,76 .

Overcoming GCaMP Limitations

In order to limit calcium buffering and calmodulin signaling dysregulation sometimes observed with GCaMPs indicators 77 , we developed a single insertion of the ratiometric GCaMP-6s indicator by miniMos 26 . Contrarily to its multiple insertion counterpart hpIs600 78 , animal baring the krTi3 transgene did not display any visible developmental defects, but had much lower signal to noise ratio (data not shown).

Our calcium insensitive control krEx1880, expressing a GCaMP without calmodulinbinding peptide RS20, allowed us to evaluate the possible influence the evolving conditions of the muscle cells could have on a functional GCaMP. During contraction, pH of muscle cells decreases 79 . Ratiometric GCaMPs are known to be particularly sensitive to pH 80 . To evaluate calcium measurements in acidic conditions, approaches with pH indicator, less pH-sensitive GCaMP-like indicator, and correction with in vitro quenching values have been undertaken 81,82 .

Our calcium-insensitive GCaMP could help complement classical GCaMP approaches with small variations of pH by in vivo evaluation of quenching. Base fluorescence of GCaMP-6s

without calcium is about 60 times lower than with bound calcium 83 . The high muscle expression of the indicator in an extrachromosomal array in worms allowed us to compensate for low fluorescence values.

The Hypercontraction Paradox

Although at 10 h of levamisole exposure, WT and lev-10(lf) worms with degraded muscle calcineurin had very similar GCaMP to mCherry ratios and similar measured muscle ATP concentrations, their phenotypes were drastically different. The former were slightly relaxed while the latter were heavily hypercontracted. This could be explained by a differential sensitivity to calcium mediated by calcineurin, as seen in the regulation of catch state of bivalves by twitchin dephosphorylation 84 . However, we saw no effect on muscular calcium and contraction phenotype when calcineurin was depleted in WT. Acidification, which generally occurs during muscle contraction, and which has been shown to be triggered by mitochondrial fragmentation 45 , or ADP accumulation, could be at stake as these elements are known to 137 influence muscle contraction potency 85 .

Conclusion

We showed that adaptation of worms with a partial impairment of L-AChR function on levamisole can be attributed to a suppression of the effect of levamisole on worms with a downregulation of the receptors sensitive to levamisole. Receptor downregulation and overall movement restoration require functional muscular calcineurin. Movement recovery is associated with mitochondrial refusion and an increase in autophagy, but these are not necessary for adaptation. Prolonged calcium elevation in lev-10(lf) worms is followed by an important lysosome tubulation, further increased by the deletion of calcineurin. These results finally uncover the 40-year-old mystery of worm adaptation to levamisole while giving clues toward understanding putative phosphatase regulation of muscle acetylcholine receptor stability. 

Calcium indicator quantity changes with levamisole and genotype

As widely discussed in part 1, the notable advantage of a ratiometric indicator is the possibility to have values that are minimally influenced by the concentration of the fluorescent protein.

Local quantity of a protein can change during movement of the studied organism or, on longer time scales, due to changes in gene expression or protein degradation. For our experiments durations, that is, for 10 h of exposition to levamisole, it could be expected that a protein expressed under a muscular promoter would change in expression level or in accumulation, even more so when the drug studied precisely targets muscle cells. Although this is accounted for in the ratio calculation and in theory the inferred calcium levels should only be calcium-dependent, it is interesting to evaluate the variations in cytoplasmic quantity of the indicator protein. Indeed, this could give information on the reliability of a measurement: if a very low protein quantity was measured, it would indicate an increased sensitivity to background variations than with a high quantity of the protein. On the other hand, this informs us on the usefulness of ratiometric imaging altogether.

By only plotting the mean muscular fluorescence of the reference channel, the evolution of the protein quantity can be followed. The plot in figure 33A There was no significant difference of mean mCherry fluorescence between any of the control conditions of all genotypes. Not accounting for differences in accumulation, it means that there was no meaningful difference in the base expression of the indicator between the mutants. Wild-type and lev-10(lf) worms control conditions were both respectively significantly different from both of their levamisole conditions. Meanwhile, evolution of mCherry fluorescence differed substantially for worms with a background altering calcineurin function.

Indeed for lev-10(lf); tax-6(kr540[tax-6::degron::BFP]); krSi55[pmyo-3::TIR1::BFP] worms, there was no detectable increase of the reference fluorescence at 2 h. At 10 h, when calcineurin was fully depleted, there was no detectable change of mCherry concentration. On the other hand, the increase seen for lev-10(lf) worms was still detected without auxin-induced active degradation of calcineurin. The group-comparison bars on the top of the graph give the significance of the interaction between genotype and treatment in a 2 way ANOVA. There was no detectable difference of the effect of levamisole on the reference concentration in worms without tagged calcineurin background. It should be noted here that we did not differentiate between protein accumulation and expression. Difference in cytoplasmic quantity of the protein could remain stable with difference of expression, given equivalent inverse changes in the protein inactivation and recycling.

Effect of levamisole exposure was significantly different for worm with a calcineurintagged background. Full degradation of calcineurin also had a significant effect on effect of levamisole exposure on fluorophore levels.

This underlines the multimodal role that calcineurin plays during levamisole exposure.

Interpreting our ratiometric indicator transgene as a reporter transgene, we can conclude that functional calcineurin is necessary for over-expression of genes under Pmyo-3 in lev-10(lf)

worms on levamisole. It should also be kept in mind that, as shown in figure 26C and26D, time spent on thick agarose pads at this development stage have an effect on base levels of mCherry. It is accounted for in this experiment, as control is taken after 9 h hours on thick agarose pads, and therefore the comparison between control and levamisole is meaningful at 10 h of levamisole exposure.

This underlines the usefulness of using a ratiometric probe for our measurements.

Indicator quantity strongly changes over times and needed to be accounted for. This, together with the quenching control of inactive-GCaMP allowed us to give a better estimation of the shape of calcium variations of the different genotypes when exposed to levamisole.

In addition to the inactive-GCaMP control, we developed a control using EGFP (for which ratio evolution during levamisole exposure is represented in figure 33B), and an extracellular transgene encoding Pmyo-3::EGFP::mCherry. Different but smaller calciumindependent variations of the ratio were observed with a substitution of GCaMP-6s by an EGFP, and the ratio reduction for WT worms was not significant (10% reduction of ratio value for lev-10(lf), after 10h exposure to 1 mM levamisole, figure 33C).

Calcineurin-degraded worms may have shorter body frames

As briefly mentioned in the discussion of the article, the similarity in intracellular calcium levels as well as ATP levels in both wild-type and lev-10(lf) with muscular degradation of calcineurin is puzzling. We plotted the figure 33E the evolution of length as a function of their average calcium. There was a clear difference of profile between the two populations, yet that 155 p is given for Tukey's multiple comparison of all data on the graph and compare levamisole to control condition for each genotype. D. Muscular calcium reported to worm width over length in calcineurin degraded worms. tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were placed on thick agarose pads with 1 or 5 mM muscimole, or 0,2 or 1 mM levamisole or neither with (n=57) and without (n=57) 1 mM auxin from egg stage. Mean green to red ratio was plotted with the corresponding body length measured from pharynx procorpus to anus. Width is calculated as the longest of the shortest distances between the worm's center line and epidermis. Worms expressed Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from all experiments (see material and methods). E. Muscular calcium reported to worm length in calcineurin degraded worms. tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were placed on thick agarose pads with 1 or 5 mM muscimole, or 0,2 or 1 mM levamisole or neither, with (n=57) and without (n=57) 1 mM auxin from egg stage. Mean green to red ratio was plotted with the corresponding body length measured from pharynx procorpus to anus.

F. Representative images of muscular calcium of molo-1(lf) worms with and without calcineurin

degradation after overnight exposure to levamisole. Scale: 200 μm. Muscular calcium was represented molo-1(kr100); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms with and without 1 mM auxin from egg stage. For display clarity, color shade was determined by intensity value of red fluorescence. Each worm is displayed at the beginning and end of the 30 s acquisition G. Quantification of muscular calcium in molo-1(lf) worms after overnight levamisole exposure depending on muscular calcineurin degradation. For G and H, freely moving worms were placed and imaged in situ on thick agarose pads worms with (n≥15) of without (n≥23) 1 mM auxin from egg stage, with and without 1 mM levamisole for 18 h and on control pads for 18 h. Both conditions additionally had 200 μM 5-FU to prevent in-body egg hatching. Ratio between green and red muscular fluorescence was averaged from at least 30 s of 2 frames/s H. Muscular calcium in molo-1(lf) worms after overnight levamisole exposure depending on muscular calcineurin degradation. Average of mean calcium ratio was calculated for respectively 10 s and 30 s at 2 frames/s. could be explained by a base difference in body length. To further study that idea, we plotted the figure 33D the evolution of the ratio of width/length as a function of their average calcium.

It can be seen that there was no clear difference between the two populations, especially at average calcium concentrations (around ΔR/ΔRmax = 0.5). As the ratio of radius over length is quite similar for both genotypes, the difference in absolute length is more probably due to a shorter body frames of worms with degradation of calcineurin, and not to higher base contraction at all calcium levels. It, however, seems in both figure 33D and 33E that worms with degradation of calcineurin reach full contraction for lower calcium values, but more data points, and an improvement of radius quantification to limit variability, would be needed to conclude.

Population inhomogeneity of molo-1(lf) mutants in adaptation requires

calcineurin.

In the article, we show that for molo-1(lf) mutants, the muscle degradation of calcineurin did not change the average calcium of the population at 10 h levamisole exposure (Ar. fig. 4C).

However, the high variability in the population of molo-1(lf) mutants was not conserved with degradation of calcineurin, and low calcium levels could only be found in the presence of muscular calcineurin. To better visualize the effect of calcineurin on molo-1(lf) worms, we measured calcium levels after 18 h on levamisole (fig. 33F-H). Worms in these experiments were exposed to 200 μM 5-FU since L4 stage to limit larval development of progeny within paralyzed worms. The action of 5-FU (i.e. blocking of DNA replication), did not affect the adaptation of worms but prevented the growth of L1 worms inside paralyzed worms which strongly affect calcium quantification. We found that despite the lite-1(ce314) background, molo-1(lf) worms on 10h levamisole showed a clear reactivity to blue light. Over the 30s of recording, some contracted worms started moving and locally reducing muscular calcium, while some relaxed worms started globally contracting (fig. 33F). This resulted in the grouping of values when averaging over 30 s instead of 10 s of recording (fig. 33G). With only averaging frame mean ratio values over 10 s of recording, we saw an even higher variability in the adapting molo-1(lf) population, with a fragment of the population displaying very low muscular calcium concentrations. With degradation of calcineurin the population of molo-1(lf) worms exposed to levamisole were homogeneous and no worm was measured with a low calcium concentration (first quartile at 83% of the mean for molo-1(lf), against 92% with degradation of calcineurin, with significant difference in variances, p < 0.001 in F test).

Genotype-related calcium level differences are conserved despite phototoxicity

In the article, we share ratiometric calcium measurements data in which worms were acquired from separate populations. Data points acquired at 2 h and 10 h of levamisole exposure and in control condition correspond to worms imaged only once in total. Previously, we had performed calcium imaging in which we followed individual worms for the whole duration of adaptation. These experiments are presented in Figure 34A and 34B. In these experiments, we faced the issue of phototoxicity presented in part 1: worms imaged multiple times have their measured calcium concentration significantly reduced over time. Phototoxicity does not seem to affect all genotype equally. Most differences between genotypes are conserved: lev-10(lf) calcium levels are higher than wild-type at 2 h of levamisole exposure, and lower at 10 h, and lev-10(lf) calcium levels are lower than lev-10(lf) with degradation of muscular calcineurin at 10 h of levamisole exposure. However, lev-10(lf) are significantly higher than lev-10(lf) with degradation of muscular calcineurin at 2 h, contrarily to the results where worms are measured only a single time. Degradation of calcineurin increased the phototoxic effect of light, as mentioned and independently confirmed in part 1.

Light did not only affect muscular calcium levels measured, it also changed the adaptation phenotype. lev-10(lf) worms individually followed and imaged multiple times for 10 h had an important impairment of their movement recovery. Worms would display only minor movement at 10 h and would not be able to travel on pads as they would without successive imaging intervention and as they did in the single measurement experiments of the article. 

Genotype-related calcium level differences are not conserved with light sensitivity and variable phototoxicity

As presented in part 1 and in the article, we took a special care in improving the independency of our calcium measurements so that they were most representative of the true variations of the general mean cytosolic calcium concentrations in body-wall muscles. Before reaching the experiments presented in the article, we had performed different experimental assays to evaluate evolution of calcium levels in body-wall muscles of worms. The results of some of these assays are presented in figure 35 (from A to E). These experiments highlight in particular the erroneous conclusions that can be deduced from incomplete care in independency of calcium measurements.

Contrarily to the calcium assays presented in the article, the experiments were not performed in lite-1(ce314) background. In addition, no special care was allocated to expose all worms to the same amount of light in-between time points. A single image was taken per worm, and worms had no available food. The worms were still placed on thick agarose pads in a humid environment, but with between 20 to 50 worms per pad. Worms muscle segmentation was performed using the 2D filter presented in part 1, and not the outer layer segmentation. Although there are a lot of elements possibly interfering within these experiments, they are rich in information and useful to analyze.

The first element to note is that, in absence of lite-1(ce314) background, a lot of, but not all, mean calcium concentrations will be artificially over-evaluated. That was especially the case for worms in control condition. At it can be seen in the graph, their base calcium levels are higher than the ones we showed in the article. During the acquisition, worms were exposed for prolonged durations to light. That is, until the experimenter was able to correctly anticipate the movement of the worm and take a satisfying picture with a single worm. (Other worms could appear in the imaging field and automated segmentation did not allow for multiple worms in a single image).

The second point, which is the most important, is that the difference between lev-10(lf)

and wild-type is reversed. In the article but also in better controlled individual follow-ups, after 10 h exposure to 1 mM levamisole, wild-type had higher levels of muscular calcium than lev-10(lf). Here, after 8 h exposure to levamisole, lev-10(lf) had higher levels of muscular calcium than wild-type, and with no visible tendency toward inversion (see figure 35A and35B). That can easily be explained by a few different additional factors that we did not account for at the time. Firstly, worms were usually imaged depending on their order on the pad, starting on the top-left corner and following a boustrophedonical movement. As a consequence, for worms immobilized by levamisole, i.e. wild-type, the same worms were systematically imaged.

Meanwhile, worms for which light stimulation induced movement and that recovered their mobility on pads, i.e. lev-10(lf) worms, were not systematically exposed to light. This resulted in an increased phototoxic effect for wild-type, which partially explains the inverted difference.

In addition, as evoked in part 1, blue light had a limited effect on wild-type fully paralyzed by levamisole, even without lite-1(ce314) background. This was not the case for lev-10(lf) worms.

They were being highly stimulated by light, their intracellular calcium increased in consequence, and as a probable result, the mean low calcium that is observed in other experiments was not visible.

We also performed these experiments using worms tagged with hpIs600[pmyo-3::GaMP-6s::mCherry], a transgene with the same transcript than the one we used, but with multiple inserted and expressed copies (figure 35C and35D). As it can be seen, the higher expression of the protein in this strain did not significantly change the values of the ratio. That could be expected as the ratio is performed on two fluorophores within the same protein. It did not change either the shapes of the evolution of calcium levels during the 8 h of exposure to levamisole. Although it would be highly coincidental, there could be compensating effect of auxin on which the hpIs600 worms were placed. In this project, we never saw even an effect of auxin of the adaptation phenotype of worms without DEGRON and TIR-1, but we never performed an independent experiment testing its effect on calcium imaging.

Muscular CREB does not play a major role in adaptation

Mutants of CRH-1/CREB in lev-10(lf) background still adapt to high doses of levamisole, as shown in table 1 of the article. However we noticed that these worms displayed a different phenotype than simple lev-10(lf) mutants. In this figure 35F, we manually measured the length and radius of worms on pictures of worms taken after 18 h spent on 1 mM levamisole and with or without 1 mM auxin. Length over radius of worms is displayed. A higher score means a lower overall contraction of the worm. After a night spent on levamisole, lev-10(lf); crh-1(lf)

are more contracted than lev-10(lf) worms (figure 35F). There are still less contracted than the hypercontracted tax-6[musc. deg].

We can see that after full adaptation, lev-10(lf) worms actually became more relaxed than wild-type. This is in complete coherence with the shape of the curve in figure 1B of the article in which WT would stay at approximately the same body length after 4 h of levamisole while lev-10(lf) would progressively relax almost to the level of wild-type at 10 h. We then retrieved our visual observations on other phenotypes. molo-1(lf) adapting mutants were a bit more contracted than lev-10(lf) worms, in correlation with their reduced speed described in figure 1C of the article. Both adapting mutants lev-10(lf) and molo-1(lf) with degradation of calcineurin ended in a hypercontraction state. lev-10(lf) worms with complete inactivation of the crh-1 gene were also contracted, although not as much as calcineurin depleted mutants. lev-10(lf) worms with a muscular degradation of CRH-1/CREB, thanks to the auxin-inducible degradation system, were more contracted that simple lev-10(lf) mutants.

We did not verify that our auxin inducible system indeed led to a complete degradation of In figure 35E, we followed calcium levels of lev-10(lf); crh-1[muscle deg.] worms over up to 8 h, and for which aforementioned figure 35C and 35D actually serve as control. There was no notable difference with the evolution of calcium in lev-10(lf) measured in the same condition.

As this could simply be related to the effect of blue light on worms which could have erased existing difference in resting levels, we cannot conclude at this point on the role on muscular calcium regulation of CRH-1/CREB. We cannot say if the increased contraction of CRH-1/CREB inactivated lev-10(lf) worm is related to an increase in muscle sensitivity to calcium at equivalent levels, or to an increase in muscle calcium when compared to lev-10(lf) worms. We would need for that to compare the strains using the final protocol of calcium imaging for adaptation, and most importantly with a lite-1(ce314) background.

Adapted worms seem more responsive to muscimole

In our model of adaptation, an essential point resides in understanding the origin of wildtype paralysis. The idea that worms subjected to a depolarizing drug that does not trigger desensitization would quickly relax and stay relaxed after an initial hypercontraction is not intuitive. Recent data on the matter suggests that it is related to the inactivation of the voltagegated calcium channels which act downstream o the levamisole receptor [START_REF] Jospin | An extracellular scaffolding complex confers unusual rectification upon an ionotropic acetylcholine receptor in C. elegans[END_REF] . This model, however, does not explain why the body-wall muscles calcium levels actually stays middling high. A first hypothesis could be that the calcium going through levamisole receptor is enough to insure calcium increase in the whole cell over time. Even if it could be assumed that the small calcium current going through levamisole receptors alone could be compensated by the Ca 2+ ATPases of C. elegans, the prolonged depolarization would result in energy exhaustion, and in the loss of ATPase efficiency. As a result, calcium concentration would possibly stabilize around a higher-than-resting value. This would result in a mild and unchangeable muscle contraction. This would be in full coherence with the observed limited muscle response when wild-type worms paralyzed by levamisole are stimulated by blue light, or there absence of response to mechanical stimulation (speed of worms in Ar. Fig. 1A was measured for mechanically stimulated worms).

In order to further identify this phenomenon, we tried to evaluate the capacity cells had to pump out calcium after exposure to levamisole. Indeed, if mildly elevated calcium levels in wild-type were related to an energy exhaustion of the muscle cells, we could expect membrane re-polarization to have a smaller effect on muscle calcium concentration than for functional muscle cells. In order to incite re-polarization of the muscle cells, we used muscimole, an agonist of the GABA receptor. We had already used muscimole successfully to determine Rmin in glued worms. The evolution of muscular calcium of worms exposed to muscimole is given in the article's figure S1B. Muscimole exposition of worms drastically reduced mean muscular calcium of glued worms in a matter of minutes. In figure 36A and 36B, we show representative images of worms that had been exposed to levamisole for 18 h and subsequently exposed to both levamisole and 10 mM muscimole. In order to minimize stress for worms, we injected muscimole directly inside the thick agarose pads. We therefore had to wait for full diffusion of the drug within the pad and for the worms to be slowly exposed to the drug. We therefore could not follow the precise kinetic of muscimole action on muscle cells. The progressive kinetic of muscimole is represented for 3 packed worms in figure 36B. In our experiment, we generated a competition between muscimole and levamisole for cell polarization. As we could clearly see and as represented in figure 15A 

High dose of azide reduces muscular ATP independently of levamisole and genotype

A more straightforward way to evaluate energy exhaustion is to directly evaluate the evolutions of ATP levels in muscle cells. In the article, we showed that ATP concentration is lowered for all genotypes under the first 4 h of high dose levamisole exposure. ATP levels are then restored in adapting lev-10(lf) worms while they remain low in wild-type. We also show that ATP remains low in lev-10(lf) worms with degradation of calcineurin. Yet, as evoked in the article, we could not evaluate ATP levels in lev-10(lf); tax-6(kr540[tax-6::degron::BFP]); krSi55[pmyo-3::TIR1::BFP] without auxin and calcineurin degradation. Indeed, the fluorescence of TAX-6-DEGRON-BFP substantially bleeds through the QUEEN channel.

QUEEN-2m is a ratiometric probe allowing the evaluation of ATP levels in vivo. For an emission intensity measured around 513 nm wavelength, ATP-free QUEEN-2m has peak excitation at both 494 and 400 nm, while ATP-bound QUEEN-2m only peaks at 400 nm. By calculating the ratio between the fluorescence measured at 513 nm with an excitation at either cytoplasmic BFP. However, we could no detect its signal in any condition. In figure 37B, we plotted the calculated ratio values without degradation of calcineurin. We can notice that there was a tendency following the results with auxin, but we cannot infer any meaningful mechanistic analysis.

The results with auxin showed relatively low ATP muscle levels in lev-10(lf) worms with degradation of calcineurin after 8 h of exposure to levamisole. At that point, the worms are already beginning to display their hypercontraction phenotype. At 8 h, the mean levels of ATP in muscle of wild-type were similar. Yet, the worms have drastically different phenotypes.

Wild-type worms are only very mildly contracted. We wanted to establish a protocol in which we could differentiate the two phenotypes in terms of ATP production and consumption. The two strains could be different on that matter. The low mean ATP level measured does not give information on the actual flux of production and consumption. A low mean could possibly both originate from a default of production, and from an excess in consumption, with anyway an unbalance between the two. Our idea was to use NaN3, sodium azide, which blocks the mitochondria respiratory chain and therefore ATP production, and to assess the consequences to find possible differences between genotypes.

In order to create a protocol assessing the dynamic of ATP, we had to first better characterize the effect of azide on worms. If it is well known that azide has a downregulating effects on the ATP contents of worms 228 , we needed to have a more precise understanding of ATP kinetics in our use case. First, we looked at the ATP kinetic of worms exposed to very high sodium azide concentration. Using a low magnification lens, we quantified the ATP variations through most on the body-wall muscle cells on worms transferred for imaging in M9 medium with and without 100 mM azide. A representative evolution was displayed in figure 37C andD. We saw that azide seemed to have a general homogenous effect on all body wall muscles, and that it substantially reduced ATP contents of muscle cells in less than 10 minutes.

We then looked at the effect of the same elevated dose of azide on worms at different times of levamisole exposure. We did so using the same protocol as in figure 37B, and in the article, with averaging between 3 stacks in consistent areas in a worm. The results are displayed in figure 37E. In each case, sodium azide seemed to reduce the ATP contents of muscle cells to a ratio value of about 0.5. We then tested low azide concentrations in the same conditions.

The results for 1 mM azide are displayed in figure 37F. We additionally added L4 worms starved for 24h as an additional insight. To our surprise, it seemed that starved worms had actually higher ATP levels than fed worms of the same age, not following what could have been hypothesized from other results 229 , where L3 worms starved for 3 days had a strong reduction in their ATP contents; although the study just cited looked at overall ATP levels and not simply body wall muscles. Azide also had a surprisingly strong effect on the starved population. Low-concentration azide effect was barely noticeable on fed worms. The observed differences are possibly due to an excessively short drug exposure duration, and muscular ATP could possibly not have reached equilibrium, as worms were imaged between 5 and 30 min of exposure to azide.

We could isolate an important element to take into account when measuring ATP kinetics in worms: base ATP levels reduction of worms mounted on glass slides. In figure 37G we plotted the evolution of ATP in the worms imaged successively on a same glass slide. Wildtype and lev-10(lf) worms plotted originate from the control conditions of the experiments plotted in the article. We could see that there was a clear tendency toward progressive reduction of the measured ATP levels in worms. In figure 37G, we plotted all points from all conditions within the same experiments as mentioned above, but normalized on the first acquired worm.

There was a clear and significant progressive reduction of the ATP concentration caused by time spent mounted on glass slide. We could not identify a difference of tendency between the different genotypes and conditions as there was a high variability of results between experiments.

A notable limitation of the ATP indicator strains is the mosaic expression of the indicator, as represented in figure 37I. We average the mean ratio of the 3 shown areas in order to compensate for the very low surface of fluorescence in some regions. Ideally, a single region of relatively good expression should be acquired, maybe associated with a post-processing selection of stacks based on quantifiable area.

In order to more precisely identify the kinetics of NaN3-induced energy loss, a new protocol needs to be imagined. A mild concentration of azide, for example 10 mM, could result in different levels of stabilization and help underline differences between genotypes. It would be beneficial in the future to systematically keep a substantial control of kinetics without azide for all genotypes and conditions. As these elements seem not to be possible in practice using our current confocal imaging set-up, another easier solution could be to expose worms to azide 

Sarcomeric calcineurin participates in integrin organization

While counting autophagosomes, we noticed that the LGG-1 signal-to-noise ratio from lev-10(lf) worms with muscular degradation of calcineurin could be highly degraded. As shown in figure 38A, on pictures taken with the counting microscopy set, the muscle signal from lev-10(lf) could be clearly defined, and muscle cells clearly distinguished, although there was a small mosaic expression of the transgene. On the other hand, in worms with muscle degradation of calcineurin and that has spent 18 h on 1 mM levamisole, the signal was a lot fainter when compared to the intestine autofluorescence. Only a few muscle cells could be distinguished for each worm, and without canonical muscle cell shape. Hence, we wondered if the muscle cells of lev-10(lf) with muscle degradation of calcineurin that spent 18 h on levamisole still had coherent internal structure. In parallel, in assessing lysosomal shapes with LMP-1, we made similar observations. As shown in figure 38B, lev-10(lf) worms had clear muscle signal, with LMP-1 slightly outlining the cell membrane. However, with degradation of calcineurin, the networks of lysosomes could get a lot more chaotic, to a point where identification of muscle cells could be difficult. This reinforced our idea that muscle cell structures were heavily impaired for this genotype and condition.

In order to assess muscle cells structures, we first used a muscular GFP-tagged myosin transgene. Representative images are shown in figure 39A. We did not see any visible strong impairment of the muscular structures. Myosin chains of muscle cells with degraded calcineurin appeared as expected for healthy muscle cells 52 , and levamisole seemed to have had no influence on the muscle structures. Additionally, we looked at a BFP-tagged PAT-2/integrin, as represented in figure 39B. Here, with degradation of calcineurin, we could identify small structure impairments. We therefore proceeded to properly quantify this observation and created a scale for notation of the disruption of the structure. The results are shown in figure 39C. There is a very significant difference (p < 0.001 in Fisher's test for 0 or 1 versus 2 or 3) between the control conditions with and without auxin, that is, with and without muscular degradation of calcineurin. There was no significant effect of levamisole for neither lev-10(lf) nor lev-10(lf) with degradation of muscular calcineurin. We could conclude that calcineurin plays an essential role into maintaining muscle integrin structures.

In consequence, the alterations of muscle structure we found while quantifying autophagosomes and lysosomes in calcineurin-degraded worms and relating to levamisole exposure (figure 38), were mainly artifacts, that were probably due to an increase in autofluorescence, notably from the intestine (particularly important in figure 38A, with a nonconfocal imaging set), and also possibly to the general body disorganization due to hypercontraction, and the shoelace deformation of the intestine.

Lysosome tubulation starts before other homeostatic mechanisms

As described in the article, we looked at the dysregulation of mitochondria during adaptation. Similarly to heat shocks, we showed that exposure to levamisole results in mitochondrial fragmentation in body-wall muscle cells. We showed that mitochondria of both wild-type and lev-10(lf) worms undergo fragmentation at 2 h and that, while they continue their fragmentation up to 18 h in wild-type, they undergo re-fusion in lev-10(lf) worms. Previously, we had already quantified this in more details, but with less power (N = 1), using a We also wanted to look at the kinetics of lysosomes tubulation and autophagy in earlier phases of adaptation. To this end, we looked at both phenomena, in addition to mitochondria morphology, at 2 h and 8 h of levamisole exposure, in a strain with tagged LGG-1, LMP-1 and TOM-20 (figure 40B). Although we did not see notable co-localization between the three organelles, we confirmed the arrest of mitochondrial fragmentation in lev-10(lf) worms during movement recovery (p = 0.03 for Fisher's test between WT and lev-10(lf) at 8 h levamisole, elongated or network vs fragmented). Autophagy only significantly increased in lev-10(lf) after 8 h of levamisole exposure. We also showed that in lev-10(lf) worms lysosomal tubulation started and peaked before movement recovery (p= 0.03 for Fisher's test between lev-10(lf) control and 2 h levamisole, 0, 1 or 2, vs 3 or 4); although tubulation was not preserved at 8 h, as we would have expected with the high tubulation seen at 18 h (Ar. fig. 6E). This was quite puzzling, and could either mean that there are cycles in the tubulation of lysosomes, or that the triple tagging had an influence on the phenotype. The latter seems reasonably probable, as triple tagged worms had a visible impairment of locomotion, and an impaired adaptation.

Misfolding in ER is not significantly affected by levamisole

We wondered if calcium disruption could have affected the large intracellular calcium storage that is the endoplasmic reticulum, which participates in C. elegans muscle contraction.

We followed the fluorescence of worms exposed to levamisole and carrying the Phsp-4::GFP transgene which allows evaluation of the endoplasmic reticulum stress 230 . The results are shown in figure 40B and40C. While heat shock, our positive control, heavily increased hsp-4 expression as expected, no significant variation of fluorescence was found for the other genotypes (when performing multiple and adjusted pairwise post-tests, following ANOVA, and not isolated t-tests, for which significant results appeared). The main increase of fluorescence came from the intestine of the animals. No contribution of muscle cells was visible for heat shocks. We could not detect increase in endoplasmic reticulum stress in levamisole exposure by quantifying hsp-4 expression in the whole body.

Tubulated lysosomes could marginally collocate with mitochondria

In parallel, we tried to investigate physical interactions between lysosomes and endoplasmic reticulum in the events of lysosomes tubulation. Lysosome, and endoplasmic reticulum membrane contact sites have been shown to be implicated in lysosomal calcium uptake regulation 231 , and we wanted to verify that phenotype of lysosome tubular network that we observed would not be linked physically to the endoplasmic reticulum. To investigate such collocations, we used lev-10(lf) worms carrying both the Pmyo-3::lmp-1::BFP transgene and crld-1(kr298::GFP) mutation and exposed them for 18 h to 1 mM levamisole. CRLD-1 is a chaperon necessary for correct addressing of L-AChR to the synapse, and is located in the endoplasmic reticulum 27 . A representative image is given in figure 40D. In the vast majority of the images we recorded, we did not see any type of relationship between networks of lysosomes and the endoplasmic reticulum.

Earlier, in the description of figure 40B, we mentioned not seeing any particular collocation between the cytoplasmic organelles in the experiment with triple staining of the mitochondria, autophagosomes, and lysosomes. However, we also marked lysosomes and mitochondria only in lev-10(lf) worms after adaptation to levamisole. While hunting specifically for cells with important tubulation of lysosomes and therefore recording many more events of it, we could witness events of collocation between the two organelles. In the top image represented in figure 40E, we show examples of such events. Filamentous red signal captured in the red channel would collocate with lysosomes. It could be possible that the red signal observed did originate from lysosomes as well, in instances where wScarlet fluorescence was preserved after mitophagy. It should, however, be noted that mitochondria did display filamentous protuberances that did not collocate with lysosomes, as shown in the bottom image of figure 40E.

Synaptic L-AChR may not be always degraded in worms moving on levamisole

As demonstrated in the article, synaptic quantity of L-AChR is reduced after adaptation.

All molo-1(lf), lev-10(lf) and creld-1(lf) adapting mutants had the synaptic fluorescence of tagged receptor lowered by about 30% after 18 h spent on levamisole. Meanwhile, this reduction was not observed for lev-10(lf) and molo-1(lf) for which muscular calcineurin had been depleted. On the other hand, a lot of the other experiments we presented are after only 10 h of levamisole exposure. We performed a reiteration of the experiment for L-AChR quantity measurement but after only 10 h of exposure to levamisole, in order to verify that observation at 18 h could still be observed when worms had just recovered their movement.

In figure 41A, we show the synaptic content in L-AChR after 10 h exposure to As we wanted to dive deeper into understanding the mechanism by which calcineurin allowed reduction of the L-AChR, we considered using qRT-PCR. In using this technique, we would have characterized if the downregulation of L-AChR was at least partially caused by reduced expression of its constituting proteins. qRT-PCR requires to be able to isolate the tissue in which the evaluation of the protein is meaningful. However, levamisole assays are performed on adult worms, and adult worms carry eggs. These eggs substantially express unc-29 which was our main target for assessment 232 . We therefore needed to prevent worms from growing eggs at the time of the experiment. We tried exposing worms to high doses 5-FU from L4 stage (8 mM). But, we only managed to reduce the number of eggs laid and prevent larval development. As this was insufficient, we tried to consider using old worms for which egg laying had stopped. We more precisely considered using D6 worm. Before undergoing the process of qRT-PCR, we wanted to verify the overnight reduction of synaptic L-AChR fluorescence that is normally observed on adapting worms. The result of the single experiment we did is shown in figure 41B. To our surprise, the quantity of levamisole receptor actually significantly increased overnight on levamisole. Although this still needs to be reproduced, it should also be noted that this was not necessarily correlated with adaptation as we did not follow the behavior of worms during the night. If imaged worms were indeed moving on levamisole, it is completely possible that D6 lev-10(lf) mutants are actually resistant to levamisole. Indeed, in this partial experiment we did not verify their phenotype and paralysis at 4 h of exposure to levamisole. The upregulation of receptors did not prevent their movement on the drug, and it can be hypothesized that worms were never paralyzed by the drug. (n ≥ 7) were exposed to 0 mM or 1 mM levamisole on standard growth plates for 18 h. p is given for t-test between the two populations. For calcium assays, D1 worms were transferred on thick agarose pads (about 1.5x1.5x0.5 cm) placed on glass slides. Agarose pads were composed in mass of 1.6% agarose, 0.3% NaCl, 1% 5 mg/ml cholesterol in ethanol, completed with deionized water. 1 mM CaCl2, 1 mM MgSO4, 25mM KPO4 buffer, and/or 1 mM levamisole and/or 1 mM auxin were added before pouring, similarly to standard nematode growth medium preparation. For bulk imaging described in the article, 3 worms were placed per pad. 1 worm was placed per pad for individual follow-ups in figure 34. For photosensitive follow-ups in figure 35, 10 to 50 worms were placed per pad. During experiments, glass slides were kept in a humid atmosphere to prevent pad drying. Imaging was performed with a dual-view microscope with an OptoSplit II system equipped with Chroma ET525/50m and ET632/60m filters, and a Prime BSI Scientific CMOS camera, and illuminated with a pE-300 white LED system. Imaging was performed in situ, without transfer nor coverslip (except for the initial transfer from control plates of pads to levamisole pads). 2 images per second were taken for a minimum of 30 s up to 45 s with a 20x lens. For static worms, focus and lens position was manually changed from head to tail and pad contact to worm top, for the acquisition's duration. Moving worms were followed using custom live tracker with dynamic XY stage repositioning on the worm vulva using Python programming language, Pymmcore 234 and a custom convolutional artificial neural network trained for worm center recognition using the TensorFlow 160 library. Muscle signal was isolated by selecting a strip area following the worm outline, as shown in Ar. Fig. 1D WT(-) and figure 13 (2D filter segmentation was used for photosensitive experiments of figure 35). Background was isolated by selecting areas outside of the worm. Images were processed using a custom Fiji 235 macro.

The ratio for an image was calculated as follows:

= 1 I ( ) - 1 ∑ ( ) ∈ ( ) - 1 ∑ ( ) ∈ ∈
With and , respectively sets of background pixels from the GCaMP and mCherry channels. , set of pixels of interest. I ℎ ( ), intensity value of the pixel a given channel. number of elements of a set SET. , mean ratio, used to quantify a single image.

The plotted normalized ratio value of a full recording was calculating as the following:

∆ ∆ = 1 ∑ ∈ - -
With T the set of images for an individual worm's full recording, and the number of images (images were treated separately for Ar. fig. S1B and Ar. S1C, and figure 14). With = 3.12 the maximum image mean ratio recorded in the first 90s of levamisole exposure and = 0.504 the minimum image mean ratio recorded in the exposure of worms to 10 mM muscimole (Ar. fig. S1B andS1C). In these two experiments, worm were glued on glass slides using Histoacryl Bleue, B. Braun, and were immersed in the bath solution of electrophysiology experiments. Worms were glued on the head and tail, and only free moving parts were used for quantification.

In figure 33, worms length versus calcium experiments gather pooled data from worms exposed to pads containing either, no special drug, 1 mM muscimole, 5 mM muscimole, 0.2 mM levamisole, and 1 mM levamisole. Pads were kept for up to 3 days in humid environment at 3°C and prepared the day before the experiment by adding 50 mM muscimole droplets of appropriate volume directly on the pad's surface. In figure 36, final 10 mM muscimole was injected directly at the center of pads with a micropipette by piercing the thick pad by its side.

Injected quantity of muscimole was adjusted for each pad weight. Stock 50/100 mM muscimole was kept at -20°C.

The experiment with 5-FU was performed using 200 μM 5-fluorouracile from 10 mM stock solution kept at 3°C added to plates and pads (figure 33). Worms were transferred to 5-FU plates on L4 stage and on 5-FU thick agarose pads with or without 1 mM levamisole on D1 stage.

Receptor Quantification

For these experiments, and all the following confocal microscopy experiments, live one-day-old hermaphrodites were mounted on 2% agarose dry pads immersed in 5% poly-lysine beads diluted in M9 buffer 236 . Dorsal cord images were acquired using a confocal Andor stage. For all other assays, egg laying was performed for 2 to 6 hours on auxin plates and parents removed. For levamisole assays, worms grown on auxin plates were transferred on plates with both auxin and levamisole.

Mitochondria Imaging

Mitochondria morphology was followed using the krSi134[pmyo-3::tom-20::wScarlett] transgene as previously described 239 . Mitochondria morphology was rated blinded as either total fragmentation, partial fragmentation (or elongated), or no fragmentation (or whole-cell mitochondrial network). For Ar. fig. 5B, mitochondrial morphology was rated from 7 to 20 cells per worm, with a blinded experimenter using the aforementioned dual-view microscope.

The most frequent value was used for each worm. For the experiment performed by Benjamin Bonneau followed morphology with the zcIs14[myo-3::GFP(mitochondrial addressing)] transgene and scored fragmentation versus absence of fragmentation (N = 1).

ATP Imaging

Muscle ATP was evaluated using the Queen-2m probe as previously described 152 . Images were acquired using the aforementioned confocal spinning disk microscope. Light excitation was performed with lasers centered at respectively 405 nm and 488 nm wavelengths, while light was filtered at 525/50 nm. The GA2001 wuIs305 strain was obtained from the Caenorhabditis Genetics Center. The ratio value plotted was obtained using the same calculation process as with calcium imaging applied on the sum of 0.3 μm distant planes taken over the lens-exposed half of the worm. For each worm, three stacks were acquired, on the head and at respectively the upmost and bottommost locations of the anterior and posterior gonads. The plotted value corresponds to the average ratio between the three areas. Sodium azide was directly added to the M9 droplet for imaging (between glass slide and coverslip), diluted in water from 1 M stock kept at 20°C.

Autophagy Imaging

Muscle autophagic activity was followed using the kagIs1[pdyc-1::gfp::lgg-1] allele and the kagIs3[pdyc-1::gfp::lgg-1GA>CC] as control as previously decribed 240,241 . For Ar. fig 6B and6C, vesicles in 5 to 20 cells were counted per worm, in blinded conditions, using the aforementioned dual-view microscope, and averaged per worm. Ar. fig. S6A and S6B used the sqIs11[lgg-1p::mCherry::GFP::lgg-1 + rol-6] transgene with tandem staining of the autophagosomes and lysosomes as previously described 242 . Autophagosomes were counted using a custom Fiji 235 macro only in cell parts that were distant from the epidermis, and as bicolor particles.

Lysosomes Imaging

Muscle lysosomal activity was followed using the krSi114[pmyo-3::lmp-1-EBFP] allele, a mini-Mos single copy insertion 233 , from injected pXZ081[miniMos_Pmyo-3::lmp-1::EBFP_let-858 3'UTR] 243 . 3D images of the lens-exposed half of the worm were taken between nerve ring and vulva using the aforementioned confocal microscope and rated blinded using a custom Fiji macro shared in annex. Lysosomal length in Ar. fig. S6C was estimated using a custom Fiji 235 macro using the particle's skeleton total length. Individual particle's length was plotted for 1637 to 3356 particles per condition (14 to 16 worms per condition, 2 to 5 3D images per worm).

Lattice Imaging

Myosin was tagged using the kgIs4[GFP::myo-3] allele. Muscular integrin was tagged using the bab220[PAT-2::BFP] knock-in. In depth stacks of the lens-exposed half of the worm were taken between nerve ring and vulva using the aforementioned confocal microscope and rated in blinded context using a custom Fiji macro available in annex. For each worm, a single in depth image was acquired, and integrin structure integrity rated according to the following scale: 0: no impairment. 1: minor inhomogeneity in a small fraction of the cells. 2: substantial fraction of cells impaired. 3: complete disorganization.

For all p values: *** p<0.001, ** p<0.01, * p<0.05, n.s. (not significant) p≥0.05. Tukey's and Dunn's multiple comparisons were performed when respectively ANOVA and Kruskal-Wallis test over all data were significant. n gives the number of worms used per plotted condition.

Statistical analyses were performed using GraphPad Prism 244 . 0.8 minimum detectable effects were calculated using R 245 with the pwr library 246 , using as reference the standard deviation of the control condition, with 80% power, and with α = 0.05. Pooling of data from large CSV files databases of calcium imaging was performed using R, with the representative code given in annex.

Worm Tracking

On the aforementioned dual-view set-up, moving worms were followed by actuating the 

Technical Overview Calcium Imaging Protocol

In this project, we developed a pipeline to accurately report the variations in mean muscular calcium of worms during several hours of exposure to a paralyzing anthelmintic. We Another study presents the muscle calcium and associated contraction wave during worm death 152 . Calcium imaging in neurons of freely moving worms has been performed in multiple contexts by multiple teams 132,170,197,201,[205][206][207] . These studies all observe relative and short term calcium variations. Calcium is typically followed for a few minutes, and data analysis generally target event recognition rather than a pseudo-quantitative approach. Calcium is not studied as a long-term stress factor associated with long-term phenotypes. Studies on intracellular calcium usually do not directly compare the mean calcium levels of different worm populations, but rather the calcium dynamics and therefore do not need to account for long-term changes in expression or in quenching. Long-term follow-ups of calcium in worms have been performed

to track sleep states 148 , and increase in general fluorescence is observed, but calcium variations are cautiously studied as relative local variations of the fluorescence. Another study compares variations of muscular calcium during heat shock 151 , or, from the same corresponding author, mean fluorescence of GCaMP after long-term (36 h) drug treatments 120 . The latter is performed without control to account for variation in fluorophore expression, quantity, and quenching. In this project we followed worms for long durations and under drug exposure and evaluated, and compared, mean calcium levels at multiple times points and with different genotypes. We provided evidence that control for indicator quantity and quenching, and performing imaging in a light-insensitive background, with limited stress factors, is necessary for making proper conclusions on muscular calcium levels evolutions.

However, our calcium measurement technic presents the major drawback of being performed on low signal-to-noise images. As such, intestinal fluorescence is sometimes partly included in the quantification of the images. As this autofluorescence suffers heavy variations during levamisole exposure, it could have had a notable influence on the results. Confirmation of our results using a high signal-to-noise ratiometric probe could help in further validation.

The hpIs600 transgene, expressing the exact same GCaMP::mCherry protein, but with multiple inserted copies, could be used in validation experiments. This strain has impaired muscle function, but lev-10(lf) worms with this transgene still adapt to 1 mM levamisole. Ideally, a new strain could also be created with a higher expression than our mini-Mos transgene krTi3, but lower than hpIs600, to find a better trade-off between signal-to-noise ratio and phenotypic impairments. A much better solution, but which would require to change to imaging set-up, would be to use the much more recent and improved indicator NIR-GECO2 247 . Because NIR-GECO2 is imaged in the infrared, there is much less intestinal autofluorescence, and its signalto-autofluorescence ratio is 5 fold better than jGCaMP-7s, which shows properties very similar to GCaMP-6s 248 .

Servoing Tracker With Complex Feature Recognition

We conceived a servoing tracker that is able to accurately follow complex patterns varying in shape over time in the muscular fluorescence profiles of freely moving worms. Our tracker is written in Python and uses previously installed and configured MicroManager on a computer. Our software is totally free and will soon be made available with an internet link, probably through a GitHub depository, along with a model-training pipeline. Our software uses convolutional artificial neural networks to identify patterns for servoing alignment, but also allows simple centroid detection.

To our knowledge, our tracker is the very first to use the technology of deep learning to directly infer an alignment coordinates from an image in C. elegans research. It is also the very first to use artificial neural networks to identify and align a stage to a fluorescent pattern in a degraded, high magnification image. Deep learning has previously successfully been used as a proof-of-concept to determine the area occupied by a worm in low magnification brightfield live images to allow trigger of refocus and centroid calculation on a limited area 212 . The authors of this publication claim that the identification of the worm rectangle area in the image with a YOLO network can exclude a part of the worm track on the moving medium, which in brightfield imaging can sometimes alter the drawing of the worm's mask. Efficient trackers had been able to follow worms in brightfield and low magnification very precisely, without requiring artificial neural networks for 20 years 179,188,196,199,202 . The advantages of artificial neural networks, that is, complex feature recognition that cannot be easily isolated with conditional algorithms, clearly appears in our work.

Currently our tracker does not have a friendly user interface and is launched directly from an integrated development environment. This is a major drawback for it to be used by researchers that may not be used to directly operate code lines. An effort will have to be made to create a fully integrated graphical user interface before the end of this project.

Our tracker is currently probably working at suboptimal capabilities. We have shown that pattern recognition was not the main limiting factor of tracker deviation from the worm center.

A large margin of optimization could remain in decreasing the processing time from the software. For now, treatment time by the update loop of the servoing tracker has been largely disregarded, as a stage actuation of about 5 Hz is sufficient in our application. In order to follow quicker worms, or to efficiently acquire moving worms at higher magnification, time should be awarded to increase the servoing update frequency, if possible, or at least to properly quantify it.

Detailed Model of Adaptation

Coping with Elevated Calcium

We first confirmed the observation from Jospin et al., 2022: adapting worms have to cope with prolonged calcium exposure for at least four hours. Adapting worms then display phenotypical characteristics typical of high stress, and more specifically heat shocks 151,249 : increase in autophagy and in mitochondrial fragmentation. As observed with worms allowed to recover after heat shocks, worms that have reduced sensitivity to levamisole see their mitochondria re-fusion during and after movement recovery and desensitization to the drug.

This underlines that the observation following heat shocks are general mechanism of stress response, relating to elevation in cytosolic calcium.

We observe a correlation between ATP concentration dynamics and the shape of the mitochondrial network. ATP is restored when mitochondria undergo refusion. Yet, we did not causally link the two. Mitochondria refusion was not necessary for adaptation, as tested by mutating the C. elegans homologue of mitochondrial fusion-promoting mitofusin 1 and 2 250 , FZO-1, which has been shown to allow mitochondrial fusion in C. elegans as well 251 .

Mitochondrial dynamics seem not to play any significant role in adaptation, as mcu-1, the mitochondrial calcium uniporter, which allows mitochondrial calcium to follow important cytosolic changes 252 , was not necessary for adaptation either.

We observed that lysosomes undergo tubulation early in the exposition to levamisole.

Similar tubulation could potentially be more simply studied in heat shocks, with and without ryanodine receptor loss-of-function, and would therefore possibly link lysosome tubulation to muscular calcium influx. Interestingly, without muscular calcineurin, lysosome tubulation increased after 18 h on levamisole. This could be due to both a direct action of calcineurin on the signalization pathway that leads to lysosome tubulation, and to the role that calcineurin plays in calcium removal. Indeed, if lysosome tubulation is related to calcium mishandling, as shown previously 253 , the deletion of muscular calcineurin could increase lysosome tubulation through the long-term increase in calcium levels caused by calcineurin deletion. An action of calcineurin on lysosomal tubulation could be through the TFEB transcription factor, which is regulated by calcineurin and is a known regulator of lysosomal and autophagic activity 110 .

However, the C. elegans TFEB orthologue HLH-30, was shown not to be necessarily regulated by calcineurin 113 . The direct and indirect regulations could possibly be differentiated at 2 h exposure to levamisole, at which we have not quantified tubulation in calcineurin-degraded worms. At this stage, calcium evolved similarly with and without calcineurin, so a difference in tubulation would underline a more direct implication of calcineurin in regulation of tubulation.

We showed that neither mitochondrial refusion nor autophagy were necessary to adaptation and that therefore the mechanism of adaptation is probably caused by other intracellular pathways. We have, however, not studied other consequences of the inactivation of these mechanisms. Longer term survival and longevity of the worms could for example be heavily affected, as the lgg-1 mutant used in this study indeed already display reduction of lifespan 254 .

Coping With Levamisole

The central findings of this project resolve around the explanation of the adaptation phenotype. We showed that for both lev-10(lf) and molo-1(lf) adapting mutants, and contrarily to wild-type, calcium stays high for the first hours of levamisole exposure, it then gets progressively reduced during movement restoration. For molo-1(lf) mutants, calcium levels get reduced but not as much as lev-10(lf) for which they are reduced lower than wild-type. For all tested adapted mutants, that is, lev-10(lf) mutants in addition to crld-1(lf) and molo-1(lf) mutants, synaptic levamisole-sensitive AChR quantity was reduced by about 30%. For tested mutants, that is, lev-10(lf) and molo-1(lf) mutants, muscular calcineurin deletion prevents the reduction of receptors and adaptation to levamisole. Muscular degradation of calcineurin in adapting mutants prevents adaptation. They first highly contract, similarly to wild-type, but then stay contracted.

We could build a model that could be described as follows, and as represented in figure 42: Adapting mutants submitted to levamisole have lower levamisole-induced currents. As a result, their voltage-gated calcium channels do not get inactivated and the worms stay high in muscular calcium and highly contracted. The activity of calcineurin then allows a progressive downregulation of levamisole-induced currents. As a result, the worms progressively lose sensitivity to the drug, average muscular calcium gets reduced to low levels, and worm mobility is restored.

The boxer-shaped nose of adapted worms could possibly be explained by the higher enrichment of LEV-8 levamisole receptors in the head muscles of worms, and therefore a higher sensitivity to the drug. Conversely, overnight lev-10(lf) levamisole currents have almost disappeared, while synaptic density of L-AChR is only reduced by about 30% for all adapting mutants. This lack of linearity between the two variables is not obvious. With 70% of UNC-29-containing receptors remaining at the synapse, we could expect measurable levamisoleinduced currents. Additionally, at 10 h levamisole exposure, worms are already moving, and yet their receptor reduction is probably of less than 20%, although more data is needed on that point. It is therefore possible that a parallel mechanism alters the functionality of receptors additionally to their synaptic downregulation, this mechanism being possibly mediated by calcineurin. The physical interaction between the L-AChR and TAX-6 shown in Gottschalk et al., 2005 99 suggests a possible direct action of calcineurin on the receptor. The discrepancy between currents, worm movement, and magnitude of L-AChR reduction, could also be explained by the differences between LEV-8*L-AChR and ACR-8*L-AChR subpopulations.

The synaptic content reduction is much stronger for LEV-8*L-AChR (about 50%), which are more sensitive to levamisole 16,17 . The reduction in levamisole effects and currents could be mainly caused by the downregulation of the LEV-8*L-AChR subpopulation, why the small reduction of ACR-8*L-AChR synaptic contents would create a compensation in the total number of receptors in the synaptic content measurements of UNC-29, present in every receptor.

The absence of contraction of wild-type, present despite their relatively middling-high calcium levels (slightly higher than mean of control), could possibly be explained by their very low ATP levels and resulting failures in both the providing a contraction of the muscular filaments, and maintaining of functional membrane gradients. The ATP shortage we observe could be caused by a mitochondrial dysfunction, due to elevated calcium levels, resulting in a default of ATP production, and by an energy waste by the membrane ATPases, due to the continuous sodium and calcium entry through levamisole receptors.

In this model, adaptation is made possible by an initial reduced depolarizing effect of levamisole in mutants. Synaptic content of L-AChR is not reduced upon levamisole exposure in wild-type. This can be due to a general impairment of cell function, yet ATP and mitochondrial damages are initially present in both adapting mutants and wild-type, and these impairments do not prevent the adapting mutants' adaptation. On the other hand, adapting mutants have an initial prolonged increase in calcium, which is widely known to activate calcineurin, which we have shown to be necessary for L-AChR removal and adaptation. Hence, the whole adaptation process is made possible, at least partially, by the absence of inactivation of voltage gated calcium channels, which allows the initial prolonged elevation of calcium. This model is particularly underlined by the partial adaptation displayed by wild-type worms at low dose levamisole (0.2 mM) 48 . Their adaptation is less clear, as only about 50% of wild-type worms recover movement at 18 h. But still, with less levamisole, and thus probably less voltage-gated calcium channels inactivation, wild-type worms can adapt to levamisole. They also display the same phenotype of prolonged contraction followed by progressive movement recovery, suggesting that muscular calcium levels could indeed have stayed high during the initial paralysis phase. Additionally, the adapting wild-type on 0.2 mM levamisole also had a substantial reduction of their levamisole-induced currents overnight. However, the same study upstream of calcineurin 261 . MEF-2/MEF2 is a transcription factor necessary for myogenesis in vertebrates and in Drosophila, but not in C. elegans 262 . MEF-2 -dependent transcription was shown to be triggered by L-AChR activity in muscles and to lead to a retrograde signal, inhibiting pre-synaptic neurotransmitter release 263 . The absence of requirement of MEF-2 for adaptation is not surprising in our model, as inhibition of neuronal activity is not supposed to be required.

The short-term effect of levamisole could directly be affected by mutations targeting the membrane depolarization. In C. elegans, muscle cell repolarization and hyperpolarization are notably managed by the potassium channel SLO-2 143 , and its paralogue SLO-1 264 . Both channels are calcium and voltage dependent, and SLO-2 showed dependency to chloride as well 265 . The mutation of slo-2 creates a small adaptation phenotype (40% adaptation at 0.6 mM levamisole) 48 . Disrupting membrane polarization mechanisms could have had a strong effect on adaptation, as in our model, adaptation is made possible by the prolonged opening of voltage-gated calcium channels, itself depending on reduced levamisole currents. But as shown, the double mutation slo-1(lf); slo-2(lf) did not prevent the adaptation of lev-10(lf) worms.

However, this mutant could be interesting to further study. Indeed, if adaptation was still maintained despite an inactivation of voltage-gated calcium channels and an initial drop in calcium levels, this could completely invalidate our current model of adaptation. The contraction state of lev-10(lf); slo-1(lf); slo-2(lf) at 2 h of levamisole exposure could give a first insight on that possibility.

The voltage-gated calcium channel EGL-19 was also shown to be regulated by the activity of the muscarinic receptor GAR-3 in pharyngeal muscles 266 . Despite initial contradictory results with a 6 kb upstream promoter, a reporter with 8.5 upstream kb showed that GAR-3 is expressed in body-wall muscles 267 . However, we showed that GAR-3 is not necessary for adaptation.

We have wondered in more direct alteration of calcium dynamics could influence adaptation. The calcium ATPase MCA-3 was not necessary for adaptation. This is in accordance with recent literature, as mca-3 loss of function or degradation was actually found to reduce worm sensitivity to levamisole 70 . This is still surprising mechanistically as we could have expected MCA-3 to be necessary for calcium extrusion, and for compensating the effects of levamisole. But as we have discussed above, wild-type prolonged paralysis is probably relating to ATP shortage. The absence of MCA-3 could prevent the high energy loss through ATPase activity and help in maintaining cellular survival despite levamisole.

We have finally shown that the ryanodine receptor UNC-68 was not necessary for adaptation. The calcium release from the ER by UNC-68 is in normal conditions a calciuminduced calcium release 33 . In unc-68 mutants, levamisole currents are reduced, possibly due to a disorganization of the muscle arms 48 . If a reduction of calcium release could have prevented adaptation, in accordance to our model, the even more reduced base sensitivity to levamisole induced by the mutation of unc-68 can easily explain the preservation of adaptation in lev-10(lf) context. To prevent calcium entry, adaptation of lev-10(lf) mutants with a partial loss-offunction mutation of egl-19 (such as with the egl-19(n582) mutation), could be used, although the base effect of levamisole on worms with only egl-19(n582) could be highly different.

General Implications of the Project

Future Research

If research on the adaptation mechanism were to be continued, different points could be addressed. First the action of calcineurin on the downregulation of receptors need to be better understood. We considered following the receptor subunits by qRT-PCR. To this end we needed to isolate the muscle tissues from the eggs. Indeed, subunits of the receptor can be expressed from the earliest phases of the embryonic stage 232 . As of now, we could not achieve total removal of the eggs, and could only prevent egg growth and hatching with 5-FU. A more direct complement that could be of interest in that matter could be the measurement of levamisole-induced currents after 18 h on levamisole in lev-10(lf); tax-6[muscle deg.] mutants, to verify that these mutants indeed display conserved functional receptors and levamisole sensitivity. Their synaptic contents of LEV-8*L-AChR could also be evaluated. Another idea could also be to assess the receptor stability. In mammalian muscles, acetylcholine receptor synaptic stability has already been directly assessed in vivo 268,269 . The technic is based on the biotin-streptavidin dissociation for receptors that undergo endocytosis and recycling. In short, after a saturated marking by the two compounds, the receptors that undergo recycling only lose streptavidin which was bound to biotin, but keep the biotin; recycled receptors can therefore be differentiated from other populations of receptors at the synapse. To our knowledge, no protocol similar to what was performed on mice have been applied to live C.

elegans.

During this project, we were not able to completely explain the large phenotypic gap observed after long-term exposure to high dose levamisole between hyper-contracted lev-10(lf); tax-6[muscle deg.] and paralyzed wild-type. In order to better characterize the differences 201 between the two phenotypes, measurements of ATP level restoration after azide exposure could be performed, as described in part 3.

Possible Uses of the Project

On the cellular biology aspect, this project does not directly originate from an industrial or medical issue. Yet, the mechanism studied, the pseudo-resistance of worms with very specific mutations to an anthelmintic could have potential economic uses, as levamisole is still being widely used today for veterinarian anthelmintic applications 270 . This project helps in understanding a puzzling phenotype that has been used for discoveries in the past, and therefore participates in making a more comprehensive model of C. elegans. We provide information relating and linking a variety of mechanisms, ranging from acetylcholine receptor regulation, to calcineurin activity and sarcomeric homeostasis. These themes are shared with diseases like malignant hyperthermia, Duchenne's muscular dystrophy, or even in myasthenia gravis, but do not directly add to the models of these diseases. Hence, our team will probably not continue studies on the adaptation mechanism, as the current model is satisfying enough in giving a first understanding of this complex mechanism.

On a technical side, the ratiometric calcium imaging pipeline we developed will first allow the quantification of calcium levels in our team or in other biological models from the neighboring teams. We still need to write down a detailed protocol for using the microscope and Fiji macro. The macro, which still requires some cleaning of the code for clarity, should be shared with the community so it allows other laboratories and teams to acquire a free and simple tool to process ratiometric calcium imaging. Ideally, the code should be even more clearly explained and segmented, so other researchers may be able to use segments of it and save time in developing their own custom solution.

Similarly, the tracker should be uploaded and clarified so it can be re-used, at least in parts.

It can be expected that our precise use case of following the worm center on a 20x lens with a split image, in fluorescence, in order to average muscle fluorescence for 30 s, will probably never be reproduced exactly; yet many other tracking needs can make use of our software. For example, subcellular structures, such as a deforming axon, or a cell body in a degraded image, in a freely moving worm, could be tracked live by a microscope stage using ScATHA, provided with the appropriately trained convolutional neural network. Hence, we should also provide a pipeline for other researchers and labs to easily train new networks. Our project offers new and free-to-use technological options for worm tracking and ratiometric image analysis, which, Both populations are initially highly contracted. Wild-type worms quickly relax to partial contraction, while adapting mutants stay highly contracted, but both populations stay paralyzed. In wild-type, levamisole-induced depolarization through levamisole-sensitive acetylcholine receptors (L-AChR) quickly inactivate voltage-gated calcium channels (VGCC) and worms stay paralyzed with middling intracellular calcium levels. For adapting mutants, which have impaired L-AChR, the reduced levamisole currents do not inactivate VGCC and calcium levels in muscles cells are kept high. For both populations, levamisole exposure initially causes mitochondrial fragmentation, drop in ATP levels, and feeding arrest. The high calcium levels of adapting mutants activate calcineurin, which allows progressive downregulation of L-AChR and worm desensitization to levamisole. Adapting mutants are then able to display coordinated movement with muscles contractions or relaxation. In adapting mutants, there is increase in lysosome tubulation which is downregulated by calcineurin, possibly indirectly by management of calcium levels. The reduction of mean calcium is accompanied by an increase in autophagic activity, a refusion of the mitochondrial network, and a restoration of ATP levels. Meanwhile, at long durations of levamisole exposure, wild-type worms stay paralyzed with middling contraction, middling calcium levels, low ATP, and fragmented mitochondria. Eventually, wild-type worms die, while adapting mutants start moving, feeding, and laying eggs again and are able survive. 

  traqueur a été développé en Python et utilise le logiciel gratuit MicroManager. Le traqueur reconnaît les caractéristiques en deux dimensions du centre longitudinal des vers et génère un mouvement de la platine du microscope pour garder un ver en déplacement libre devant l'objectif. La reconnaissance du centre du ver se fait grâce à un réseau de neurones artificiels convolutif entraîné à prédire efficacement des coordonnées en deux dimensions à partir d'images de vers en fluorescence. Évolution de la quantité des L-AChR à la synapse L'adaptation des vers lev-10(pf) pourrait être expliquée par une réduction de la quantité des L-AChR à la synapse lors de l'adaptation. Nous avons quantifié la fluorescence de la sous-unité UNC-29 constitutive des L-AChR et il apparaît nettement que cette fluorescence diminue après 18 heures sur lévamisole chez les vers s'adaptant, mais pas chez les vers sauvages. Nous avons utilisé différents contrôles pour vérifier que cette diminution était spécifique aux L-AChR. Nous avons également vérifié que ce phénomène se reproduisait sur différents mutants présentant le même phénotype d'adaptation que les lev-10(pf). Cette diminution des L-AChR synaptiques n'est pas observée chez les doubles mutants lev-10(pf) ; tax-6[deg. musc.]. Cette diminution peut permettre d'imaginer une plus faible action du lévamisole sur les cellules et entre en accord avec les résultats d'imagerie calcique. Impact de l'exposition au lévamisole sur la cellule musculaire Parallèlement, nous avons étudié différents processus cellulaires afin de mieux appréhender les conséquences d'une dépolarisation prolongée de la membrane des cellules musculaires. Nous avons tout d'abord étudié l'autophagie musculaire en utilisant comme marqueur la protéine LGG-1, orthologue d'ATG8, combinée à un fluorophore. Il apparaît très clairement que l'activité autophagique musculaire augmente lors de l'adaptation des lev-10(pf) comme chez les lev-10(pf) ; tax-6[deg. musc.], alors qu'elle reste inchangée chez les vers sauvages. Nous avons également marqué les lysosomes et observé une formation de réseaux tubulaires lors d'une exposition prolongée au lévamisole dans les cellules musculaires des mutants lev-10(pf) et lev-10(pf) ; tax-6[deg. musc.], mais pas chez les sauvages. Ces réseaux tubulaires lysosomaux semblent se former rapidement, avant la restauration du mouvement chez les vers lev-10(pf) sur lévamisole. Chez les mutants lev-10(pf) comme chez les vers sauvages, les mitochondries se fragmentent lors des deux premières heures d'exposition au lévamisole. Nous avons montré que l'adaptation était associée à une refusion des mitochondries observée avec différents marqueurs fluorescents. Il a été montré que cette refusion n'était pas nécessaire à l'adaptation. Les différences de contraction entre les vers sauvages et les vers et lev-10(pf) ; tax-6[deg. musc.] malgré leurs niveaux calciques similaires pourraient être expliquées par une différence dans les stocks énergétiques cellulaires. Nous utilisons un transgène permettant l'expression musculaire d'un marqueur du niveau d'ATP (Queen-2m). Nous montrons que l'exposition au lévamisole est associée à une baisse moyenne du niveau d'ATP chez les vers sauvages ainsi que chez les vers lev-10(pf) et lev-10(pf) ; tax-6[deg. musc.]. Le niveau musculaire d'ATP remonte à des niveaux normaux uniquement pour les vers lev-10(pf), de manière concomitante à restauration du mouvement.
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Figure 1 :

 1 Figure 1: Body-wall muscles of C. elegans Adapted from WormAtlas.org Body-wall muscle cells are placed in four quadrants regrouped by pair on each side of the worm. The pairs are respectfully innervated by the neural cord of the corresponding side. Muscle cells extend muscle arms to form "en passant" synapses with the cords. Muscle cells regroup the contractile myofilament lattice on their radial outer side and force is transmitted by the anchoring of attachment plaques. Muscle cells are contiguous to the basal lamina (Bl), joined with the hypoderm (Hyp), itself joined with the cuticle.

Figure 2 :

 2 Figure 2: Innervation of coordinate movements in C. elegans Adapted from WormAtlas.org Dorsal and neural cords form chemical synapses with muscles. Muscles cells form gap junctions with each other. The excitatory signals from ventral VA, VB and VC, and dorsal DA, DB and AS cholinergic neurons induce contraction of muscle cells, and activate respectively DD and VD inhibitory neurons which convey an inhibitory signal to the opposite side of the worm and the opposite muscle quadrant pair which induces muscle relaxation mirroring the contraction area and helps in the formation of a body bend.

Figure 3 :

 3 Figure 3: Neuromuscular junction of C. elegans Translated from Alexis Weinreb thesis manuscript, 2018 Excitatory synapses are formed with cholinergic motoneurons expressing both short and long Punctin forms. Signal transduction is made possible by acetylcholine which binds L-AChR and N-AChR and allow the entry of both calcium and sodium ions in the cytoplasm of muscle cells, depolarizing their membrane. N-AChR are homopentamers of the ACR-16 subunits. L-AChR are heteropentamers composed of the UNC-29, UNC-38, UNC-63, LEV-1 and LEV-8 subunits. The clustering of L-AChR at synapses is ensured by LEV-9, LEV-10, and OIG-9 proteins. Inhibitory synapses are formed with GABAergic motoneurons expressing only Punctin short form. Inhibitory signal is carried by GABA which binds GABAR and allow chloride ions entry and membrane hyperpolarization. GABAR are composed of isomers B and C of the UNC-43 protein. Inhibitory synapses contain a scaffold of the UNC-40, NLG-1, FRM-3, and LIN-2 proteins.

Figure 4 :

 4 Figure 4: Synaptic addressing of L-AChR Translated from Viviane Lainé thesis manuscript, 2016 Underlined proteins are necessary for the formation of a functional receptor in a heterologous system (Boulin et al. 2008). L-AChR are heteropentamers composed of the UNC-29, UNC-38, UNC-63, LEV-1 and LEV-8 subunits. Proper synthesis of the receptor subunits in the endoplasmic reticulum requires BiP, calnexin, ERp57, RIC-3, UN-74, EMC-6, and CRLD-1. Assembly of the subunits requires NRA-2 and NRA-4 before export to the Golgi apparatus. Without UNC-50, newly synthesized receptors are addressed to lysosomes. The clustering of L-AChR at synapses is ensured by LEV-9, LEV-10, and OIG-9 proteins. MOLO-1 is an auxiliary subunit which increases receptor gating.

Figure 5 :

 5 Figure 5: Calcium homeostasis in C. elegans cells Completed from Dong et al. 2006 Underlined genes are known to be expressed in body-wall muscles. Calcium enters from the extracellular medium through calcium channels. In C. elegans, calcium channels are encoded by the egl-19, unc-2, cca-1 and clhm-1 genes. Calcium is extruded through calcium pumps (plasma membrane Ca 2+ ATPase, PMCA) encoded by mca-3, and by sodium/calcium exchangers encoded by ncx-1, ncx-2 and ncx-3. Cytosolic calcium enters mitochondria through a calcium uniporter encoded by mcu-1 and is extruded through sodium/calcium exchangers encoded by ncx-9. ncx-6 was suspected to play this role as well. Calcium ions are released into the cytoplasm from the endoplasmic reticulum the ryanodine receptors (RyR) encoded by unc-68, and the inositol 1,4,5-triphosphate receptors (IP3R) encoded by itr-1. Calcium is pumped into the endoplasmic reticulum via the sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA), encoded by sca-1.

Figure 6 :

 6 Figure 6: Highlights from Jospin et al. 2022 A. dTBC-sensitive currents of muscle cells in wild-type (n=14) and lev-10 (n=13) in response to the perfusion of 0.01 mM levamisole.Worms grown on regular plates were dissected and currents were recorded in standard saline solutions, in the presence of 0.01 mM levamisole and in the presence of 0.01 mM levamisole and 0.1 mM dTBC. dTBC sensitive currents were obtained by subtracting the currents in the presence of levamisole and dTBC to those in the presence of levamisole. Mean currents minus SD were plotted. For visualization clarity, SD were only plotted every 20 points. Currents were not different at -60 mV (Mann-Whitney test p=0.17) but were smaller in lev-10(lf) muscle cells for the other potentials (Mann-Whitney tests p=0.17, 0.007, 0.0003, 0.0005, 0.0005, 0.0008 and 0.03 at -50, -40, -30, -20, -10 and 0 mV respectively).

  . Calcineurin loss-of function mutants display reduced GABAergic currents in muscle 100 . Conversely, in a context of increased cholinergic transmission, activity of calcineurin downregulates GABA receptors at GABAergic synapses 101 . Calcineurin activity is not only directly regulated by calcium. In humans, DSCR1, encoded by RCAN-1, inhibits calcineurin and is upregulated by it 102 . The C. elegans homologue has 40% identity with DSCR1 and is encoded rcn-1. rcn-1 is expressed in muscles and has been shown to have calcineurin inhibitory properties 103 . Calcineurin binding proteins have also been identified. CNP-2 and CNP-3, respectively expressed in the intestine, hypodermis, dorsal uterine regions and spermatheca 104,105 .

  takes the fluorescent signal to decrease by 50% of the peak value. With the consideration of time, a GECI acts as a filter for the function of [Ca 2+ ]. A high decay time may notably not allow the visualization of high frequency events. Since the first GECI in 1997 125 , a wide variety of proteins have been developed, with some of them being used for imaging in C. elegans 126 . We can differentiate between two main categories of GECI. The first and oldest is composed of GECI based on fluorescence resonance energy transfer (FRET); the second category is based on permuted fluorophores. FRET-based indicators function with the closure of the physical distance between two fluorophores of the same protein that can have energy transfers. Each indicator is encoded at an extremity of the protein, while the central part contains a sequence which, when bound to calcium, changes of conformation and physically brings closer the two indicators. The oldest GECI 125 , the Cameleon family, is based on the conformation change due to the interaction of calmodulin and the calmodulin-binding peptide M13, target of calmodulin in skeletal muscle myosin light chain kinase 127 . Different FRET fluorophore pairs have been used: originally BFP -EGFP and ECFP -EYFP 125 , and later ECFP -Citrine 128 and ECFP -cpVenus 129 . In C. elegans, Cameleons have quickly been used for calcium imaging in the pharynx 122 and the intestine 130 , and for calcium imaging in neurons of freely moving worms 131-134 . Another FRETbased indicator family is based on the change of conformation of troponin-C when bound to calcium 135 .

Figure 7 :

 7 Figure 7: Publications registered in PubMed and containing different key-words Data is plotted grouped by year, and is normalized to the year with the maximum number of publications. Publications before 1963 and after 2021 are excluded. Searches were performed in pubmed.ncbi.nlm.nih.gov, the 6th of August, 2022.

Figure 8 :

 8 Figure 8: Concept of deep learning for image classificationAn artificial neural network is composed of sets of linear functions that are created with random but adjustable parameters. The sets are separated with defined and fixed non-linear functions. An artificial neural network conceived for image classification typically takes an image in input, and gives a binary output which is interpreted as a class prediction. An untrained network has no prediction capacity and will give a correct prediction 50% of the time. Training consists in iteratively changing the parameters of a network to match user-provided inputs and outputs. Typically, a large number of examples is required to make accurate prediction on novel data. Once a network has been properly trained, it can make better predictions and more accurately classify images.

Figure 9 :

 9 Figure 9: Schematic of a fully integrated servoing tracker Adapted from Nguyen et al. 2016 A freely moving worm crawl on an agar surface (agarose for sensitive fluorescent imaging). It can be recorded through high or low magnification lens, or both simultaneously. For imaging of multiple cell bodies with varying in depth positions, a confocal spinning disk with z-scan capabilities for the lens or in the stage is used. For calcium imaging, most studies perform ratiometric calcium imaging with a reference calcium insensitive indicator. Images are transmitted from cameras to a software, generally on a computer. The software estimate in real-time the position of the region of interest and send information to the stage and other positioning apparatus to re-center the region of interest in the center of the image. Different programs have been designed to select the region of interest from full worms or from bright spots.

  variation of concentration of the indicator itself. With an increase in indicator concentration, the measured fluorescence will augment independently of calcium concentration. In muscle, this can classically come from an increase in expression of the transgene expressing the indicator. For fast variations of a few seconds, as for calcium imaging in neurons, or even in studying instantaneous dynamics of muscle calcium, it can usually reasonably be assumed that changes of cytosolic concentration of the indicator are negligible when compared to variation of calcium concentration. However, for long-term evolution of calcium, that is, the very subject of this project, important variations of indicator concentration could occur. Indicator recycling can change, resulting in an accumulation of the indicator in the cytosol, but more evidently expression of the transgene of the indicator can change or time. Variations of the local quantity of indicator can also change in C. elegans during muscle contraction. Inside the body curvature of a contracting worm, local radius of the muscle cell increases, therefore increasing local fluorescence when measure is taken as a sum of all indepth fluorescence. Confocal microscopy, or correction of the fluorescence by the curvatureof worms, or with scales determined with calcium independent fluorophore, could help in preventing this bias. In the context of levamisole exposure, it is essential to be able to clearly differentiate between a highly contracted area, and a high calcium area that is somehow relaxed.Although local thickness of muscle cells have no influence on total acquired fluorescence, it is notably influential when using the aforementioned calcium index that is influenced by high local values of fluorescence.A simple approach to avoid both these limitations altogether was considered: ratiometric imaging. Already widely used for calcium imaging in a variety of contexts, ratiometric calcium imaging with GCaMP consist in adjusting the value fluorescence of the indicator with that of another protein that has different fluorescent range and is independent of calcium concentration. There are different qualities of adjustment depending on the reference protein expression. If the protein is expressed by another promoter, the reference protein allows only for fast adjustment of calcium indicator related to changes in the worm position and contraction. Indeed, for long duration, the different promoter, or the same type but physically separated and therefore in a different DNA position, can result in a different expression of the reference protein. As a consequence, there is no way to control for the variations of expression of the indicator and therefore the interest of ratiometric imaging for long durations of experiments is very limited.

Figure 10 :

 10 Figure 10: Representation of calcium imaging protocol A. Macroscopic pictures of thick agarose pads used in calcium imaging. 1) Petri dish from which pads are cut. 2) Pads on a glass slide ready for imaging. 3) Same pads at an angle at which thin bacterial layer is visible. 4) long-dried pads (>1 week), unfit for imaging. 5) Box with humid padding. Box is closed between acquisitions to keep pads in a humid atmosphere. B. Diagram representing technique used for imaging worms on thick agarose pads. Refer to material and methods for details. C. Diagram representing technique used for imaging glued worms. Refer to material and methods for details. Pipette icon from flaticon website.

  for less than an hour in a sterile ventilated hood. The result is shown figure 10A,1. Cut thick agarose pads are placed on glass slides as represented in figure 10A,2. Bacterial thin layer is made visible in figure 10A,3. To prevent pads from drying (fig. 10A,4), slides are placed in boxes with a bottom filled with water-impregnated paper (fig. 10A,5). Boxes are closed (but not fully sealed, allowing gaseous exchange) between time points of experiments. Worms are then disposed on the upper surface of the pads as shown in figure 10.B. One worm was placed for individual follow-ups, 3 for bulk experiments, where keeping worm identification was not necessary. (Adding more than 3 worms can lead to worm starvation, and also creates confusion when imaging moving worms). As shown in figure 10.B, glass slides and thick agar pads are then presented downwards to face the inverted microscope lens.

Figure 11 :

 11 Figure 11: Residual cross-channel fluorescence A. Normalized spectrums of selected components used in ratiometric images. Horizontal axis shows light wavelengths in nm. Vertical axis shows normalized intensity. Spectrums were obtained and plotted on fpbase.org. B. Representative video of acquired signal of muscular R-GCaMP in C. elegans. Top left: Signal of mCherry acquired in reference channel. Bottom left: Signal from GCaMP-6s acquired in indicator channel. Right: Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from reference experiments. For display clarity, color shade was determined by intensity value of red fluorescence. Scan QR code for link to video, or use https://bit.ly/3IMG6Un. For B and C, the worm expressed a calcium indicator encoded by. A freely moving worm was imaged on thick agarose pads after 30 min exposure to 1 mM Pmyo-3::GCaMP-6s::mCherry levamisole. It was imaged for 25 s with 4 frames/s. C. Representative images of fluorescence effect of calcium influx in a muscle cell. Frames pre and post fluorescence rise are separated by 0.5 s. D. Representative image of fluorescence bleed-through. Worms carried the Pmyo-3::GCaMP3-SL2-tagRFP-T transgene and are displayed as acquired by the dual-view system. Only the blue LED for indicator channel was switched on. Top: reference/red channel. Bottom: indicator/green channel.

  Ratio of indicator channel to reference channelfluorescence is by construction supposed to make sense as the ratio between the fluorescence intensity of the GCaMP to the fluorescence intensity of the mCherry. Yet, trivially, images in biology are rarely only composed of the desired signals. The background can be negligible when the signal-to-noise ratio is excellent. As aforementioned, that is not the case of our single insertion probe. The captured signal comes as a sum of different components: the offset of the camera, the fluorescence of the biological medium (in our case, agarose or a thin bacterial layer), the auto-fluorescence of the worm's tissues and finally, the fluorescence of the fluorescent proteins. To give an idea of the encountered values, our working fluorescence values range from about 500 to a few thousands arbitrary units (AU, when images are saved in 32 bits). The camera's offset is of 150 AU, and the medium's auto-fluorescence range from 50 AU in mCherry channel to 250 AU when on bacteria in the green channel, and worm's auto fluorescence is negligible outside of the intestine. The background values are therefore far from being negligible when compared to fluorescence. In a worm's video, the movement of the worm on the plate can drastically change the fluorescence of the medium, for example when entering the thin bacterial layer, or with variations of the thickness of the layer. It is therefore essential to have a frame-dependent background deletion. We opted for a deletion of background that consists in the deletion in all pixels of a single value per channel and per frame. This does not take into account local inhomogeneity of medium fluorescence which can happen for example when the worm cross a chunk of bacteria used to place it on the pad, but this situation was rare enough to be neglected.-Create a visualization of the ratiometric image. For this part, we used a similar process than the one used in Raplouf, the custom software developed by Pierre Vincent, team leader in the CNRS, Institut de Biologie Paris-Seine, Paris. Once background is deleted and channels are properly aligned, a simple image is created as the ratio of the channels. An RBG representation is then generated with ratio values. (In our case, it ranged from purple blue, low ratio values, to red, high ratio values). At this stage, the problem is that in the representation, a similar importance is given to parts of the image outside the worm than to our regions of interest. One solution could be to mask regions outside the worms, but a straight cut of value acts as an arbitrary and important loss of information. One solution is to multiply the intensity of the color shade with one of the two channels normalized fluorescence value. Using this representation technique, areas with low absolute intensity, that is, area outside of the worm, are represented very dark and the observer can more easily focus on the worm. The first approach was to use the indicator channel as a reference, to highlight ongoing high calcium concentration events. But, in our case, low calcium value is as interesting as high calcium value.Low calcium concentration in cells plays a very important role in understanding the action of levamisole. We therefore opted to use the reference channel as the shade multiplier. Another very crucial point to consider is the normalization of the channel before the shade multiplication. If a local very high value is present, the whole image will appear dark. In parallel, adjusting display intensity depending on the image max fluorescence value creates a different display scale for each image. We therefore manually calibrated a reference value that we systematically used to divide the reference channel before shade determination. Note that previous versions of the software used to create the representative images in this project did not set maximum of the reference channel to the reference value before shading, resulting in a slight color shift in the output image. The version of the macro presented in annex corrects this error. When displaying a scale showing the color range represented on screen, it is interesting to process the scale with the image during the whole process. This allows to more easily spot structural mistakes in the code.-Select a region of interest. Only a subset of the image contains the value which reflects the data we are trying to measure. In our case, a small strip on each side of a worm in classical crawling motion contains most of the information. Stating the obvious, cytosolic calcium evaluation in muscle is only pertinent in the muscle tissue. For high signal-to-noise ratio obtained with highly fluorescent indicators and fluorophores, only applying a threshold to determine a mask of the region where the fluorophore is located is usually sufficient. In our case, intestinal auto-fluorescence can sometimes compare in value to muscle fluorescence.

Figure 12 :

 12 Figure 12: Diagram representing general process of the code used for processing ratiometric images Code was written in ImageJ macro language for Fiji (ImageJ 1.53p). Code is available in annex.

  lower or higher values of mean ratio than what the true general mean calcium concentration should induce.

Figure

  Figure 13C presents a freely moving worm without levamisole. Full video is available by QR code or direct link. The frame chosen here represents the issue of intestine fluorescence which sometimes altered ROI selection. With the outer layer segmentation technique, the histogram forms a clear camelback with low and high area of calcium. With the 2D filter segmentation, the intestinal signal in the center of the worm adds values at the center of the histogram, removing the camelback aspect. Interestingly, as the values of the intestine,

Figure 13 :

 13 Figure 13: Examples of muscular calcium ratiometric image segmentation in Fiji Worms expressed a calcium indicator encoded by Pmyo-3:: GCaMP-6s::mCherry. Left: ratio between green and red muscular fluorescence was normalized with maximum and minimum values from reference experiments. For display clarity, color shade was determined by intensity value of red fluorescence. (Refer to scale shown in B). Top right: ratio between indicator and reference channel after background removal in area kept for quantification. Color scale is given in histogram below. Bottom right: frequency histogram of ratio values in above-associated image, directly copied from Fiji histogram function. Vertical axis maximum is normalized for each plot. Axis values follow a linear scale. 2D filter and outer layer correspond to segmentation types and are consistent within a column. A: Glued lev-10(lf) worm a few seconds after addition of 1 mM levamisole in a droplet. Scan QR code for full 90 s video of levamisole exposure, or use https://bit.ly/3PhAT9q B: Glued lev-10(lf) worm 90 s after addition of 1 mM levamisole in a droplet. Refer to link in A. C: Freely moving lev-10(lf) worm on thick agarose pad. Scan QR code for full 35 s video, or use https://bit.ly/3RSllL4. For C and D, the worm had lite-1(ce314) in background to limit light reactivity. D: Freely moving lev-10(lf); tax-6[muscle deg.] worm after 10 h on thick agarose pad with 1 mM levamisole. Refer to part 2 of this document for details on genotype and phenotype.

  figure 14B and 14A but depict paralyzed wild-type worms, exposed for 10 h to 1 mM levamisole (10 in 25C, 21 in 25C). Variability of calcium concentrations within portions of a worm are not important enough to significantly change the variability of the population when

Figure 14 :

 14 Figure 14: Effects of averaging ratio over time Worms expressed a ratiometric calcium indicator encoded by Pmyo-3:: GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from reference experiments. A. Representative evolution of normalized ratio over the course of the acquisition in automatically tracked free-moving worms. 10 acquisitions of different worms were plotted. For A and B, WT worms were imaged for 30 s at 2 frames per seconds on thick agarose pads. B. Comparison of normalized ratio values at different times in video and averaged in automatically tracked free-moving worms. n = 44. p value is given for Tukey's multiple comparison over all data. For B and D, "mean" is performed over the 60 frames of the complete video, and each time stamp corresponds to the value of the associated unique frame. C. Representative evolution of normalized ratio over the course of the acquisition in paralyzed worms. 10 acquisitions of different worms were plotted. For C and D, WT worms were imaged for 30 s at 2 frames per seconds after 10 h on thick agarose pads with 1 mM levamisole. D. Comparison of normalized ratio values at different times in video and averaged in paralyzed worms. n = 21. p value is given for ANOVA over all data. E. Representative variation of normalized ratio over the course of 15 s acquisition in paralyzed worms. WT worm was imaged for 30 s at 2 frames per seconds after 10 h on thick agarose pads with 1 mM levamisole. Numbers refer to frames represented in F. Focus and position of the lens are manually and progressively changed by the experimenter. F. Representative images of normalized ratio over the course of 15 s acquisition in paralyzed worms. Images numbers refer to frames indicated in E.

precisely, at 2

 2 hours 1 mM levamisole exposure, after exactly 3 previous acquisitions, ratio did not notably change for lev-10(lf) worms or for wild-type when compared with isolated acquisitions. In contrast, the means of the population seemed clearly lowered for lev-10(lf) worms with degradation of calcineurin. We replicated this observation in isolated experiments in figure15A. Worms presented in this figure have their muscular TAX-6/calcineurin degraded with the help of the DEGRON/TIR-1 system 225 . Indeed as quickly as in 3 instances of 30 to 45 s of light exposure, in cells with degradation of calcineurin, calcium was very significantly lowered when compared to single time acquisitions. This probably relates to photo-toxic effect of the GCaMP which is exacerbated by the depletion of calcineurin, which plays multiple functions in muscle cells.More experiments are needed to clearly identify this effect and quantify the photo-toxicity of the indicator exposed to light. For example, we could imagine a protocol comparing wildtype worms with and without degradation of calcineurin on control condition, without levamisole, with progressive increase in number of events of exposure to light. A simultaneous recording of the tracker positions to get a speed associated with the mean muscular calcium of worms could be of interest. This would help evaluate the effect of light on worms and isolate the effect of muscular calcineurin in the increase of sensitivity to light. Anyway, any new protocol which GCaMP in worms executed in similar conditions in the future should be very careful with the interpretation of phenotypes and further measurements observed and performed after prolonged imaging of worms.

Figure 15 :

 15 Figure 15: Effects of manipulation and acquisition on measured calcium-indicative ratio in wormsWorms expressed a calcium indicator encoded by Pmyo-3:: GCaMP-6s::mCherry. A. Normalized calcium-indicative ratio of worms using different protocols. Freely moving lev-10(lf); tax-6[muscle deg.] worm with lite-1(ce314) background were placed on thick agarose pad with 1 mM levamisole and 1 mM auxin. Refer to part 1 of this document for details on this genotype. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from reference experiments. Worms were imaged for a minimum of 30 s at 2 frames per seconds. Data plotted on left (n = 12) corresponds to individual worms imaged successively (first imaged after 30 min without levamisole, then transferred to levamisole pads and imaged at 30 min, 60 min and 120 min). Data on right correspond to worms imaged at 2 h on levamisole pads without previous imaging (n = 13, no previous light exposure). p value is given for Tukey's multiple comparison over all data. B. Representative images of the effect of light during acquisition in levamisole-paralyzed worms. Worms were placed for 4 h on thick agarose pads with 1 mM levamisole. lev-10(lf) and WT were first imaged with a single snap with less than 5 s of total light exposure, then imaged again after approximately 10 s. Worms with lite-1(ce314) background were imaged continuously for a minimum of 30 s. C. Normalized calcium-indicative ratio of worms at different times spent on pads. lev-10(lf) and WT with lite-1(ce314) background were placed on thick agarose pads for either 30 min or 10 h on the same days. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from reference experiments. Worms were imaged for a minimum of 30 s at 2 frames per seconds. p value is given for Tukey's multiple comparison over all data. D. Mean mCherry channel fluorescence of worms at different times spent on pads. lev-10(lf) and WT with lite-1(ce314) background were placed on thick agarose pads for either 30 min or 10 h on the same days. Worms were imaged for a minimum of 30 s at 2 frames per seconds. p value is given for Tukey's multiple comparison over all data. Data originates from the same experiments than in C.

  MicroManager. The software is widely used in biology imaging and based on ImageJ. It features full stage monitoring, and automated multiple acquisitions in space and time. Using the language BeanShell, the software allows script writing and creation of artificial intelligence to apply complex imaging protocols. The simplified process of the script we wrote is represented in figure16A. This script is a classic of worm tracking and uses the centroid of the mask of the worm to replace the stage. First the user enters its parameters of choice directly at the beginning of the script's code, then launches the tracker. The program first prepare a stack in appropriate MicroManager format and initiate the timers that will regulate the events in the tracking process. The main process then starts and will continue until the desired number of images has been captured.The program first acquires an image, then checks the number of total images taken and stops the process if enough were taken. If not, the displacement of the worm to the center of the image is calculated. The image is first treated by ImageJ. MicroManager runs using ImageJ functions. Images treated by micromanager can be processed by calling plugins and functions saved in ImageJ. The user needs to have previously installed the plugin associated with the MicroManager script on the version of ImageJ included in MicroManager's installation. The plugging applies a mask to the image using the Huang thresholding method, and then analyzes particles in the image and determines their centroid. Centroid of the largest particle is then used by MicroManager as the worm's position. If the worm's position differs from the image's

Figure 16 :

 16 Figure 16: Specificities of our bright spot tracker in MicroManager script A. Diagram of bright spot tracking code structure. Code was written in BeanShell and ImageJ macro language. Code segments are available in annex. B. Representative images of worm movements within its own mask. Left: raw images; green dot indicates a constant spot behind vulva, that is targeted by the CNN of ScATHA. Right: images extracted by Huang mask; green dot indicates the centroid of the mask; red rectangles show displacement threshold to trigger movement of the stage, as encoded in our trackers. 4 successive frames separated by 0.5 seconds are representative from top to bottom. For B, C and D, worms expressed a calcium indicator encoded by Pmyo-3::GCaMP-6s::mCherry and were free to move on thick agarose pads. Only mCherry fluorescence was displayed. Camera exposure time was set to 100 ms. C. Representative image of a movement of the stage during an acquisition. D. Representative image of delayed stage when the worm moves vertically. With the tracker presented in A, the stage will typically follow the worm with only the tail visible on the image, as long as the worm moves vertically and away from the image center.

Figure 17 :

 17 Figure 17: Convolutional neural network for worm center detection A. Representative images used in the neural network training. Worms expressed a calcium indicator encoded by Pmyo-3::GCaMP-6s::mCherry. Red dots give manually given ground truth position of the worm's center. Green dots show network prediction after training. For A and B, x and y axis show positions in pixels. B. Heat map of ground truth center coordinates used for training, test, and validation. (Before database augmentation by image rotations and flips, n = 6645). C. Representation of convolutional neural network layers. Built with TensorFlow and displayed with visualkeras. Building code in Python is available in annex. D. Predicted coordinates as a function of ground truth coordinates. For D and E, a test set extracted from the augmented database was used (25%). E. Frequency histogram of distances between predicted coordinates and ground truth.

  RTX 2070 SUPER. Training typically took about 15 minutes, with an augmentation of data with 4 images permutations and a training/test split at 25%. It can be noted that splitting between training and testing sets was erroneously performed after data augmentation. This can classically result in an erroneous overestimation of the network performances, as the testing set then contains information related to the training set.

Figure 18 :

 18 Figure 18: Diagram representing the general process of ScATHA Code was written in Python and is available in annex.

Figure 19 :

 19 Figure 19: ScATHA performances A. Representative partial screen view of ScATHA (Center tracker). Red rectangle shows the threshold for the trigger of stage movement. Red point on the left shows the stage alignment target. Red points on the right show the stage position history. Scan QR code for link to full video or use https://bit.ly/3OjKr2e B. Distance to image center for different tracker. For each tracker, distances of worm center to the image center is plotted. Wild-type worms expressing Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background were free to move on thick agarose pads. Each point represents a single frame (n = 392 in 3 worms for centroid tracker; n = 589 in 7 worms for center tracker). "Test set performances of the neural network" is calculated for the test set and represents the expected results of a perfect tracker placing the stage instantly on the CNN predicted position of the worm's center (n = 5316). p values are given as highest value of two by two Tukey's multiple comparison of all data on the graph. Vertical p value is given for F test comparing variances. Center tracker: ScATHA. Centroid tracker: MicroManager script. C. Fractions of images occupied by worms tracked. Huang's mask of worms was used. Number of mask pixels in ratio to the total number of pixels in the image was plotted. Worms expressing Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background were free to move on thick agarose pads. Each point represent a single frame (n = 1211 in 10 worms for centroid tracker; n = 673 in 10 worms for center tracker). p value is given for F test comparing variances.

Figure 20 :

 20 Figure 20: Alternate uses of ScATHA with different neural networks. Red rectangle shows the threshold for the trigger of stage movement. Red point on the left shows the stage alignment target. Red points on the right show the stage position history. Blue point shows the initial position. A. Representative screen view of the pharynx white light tracker. Scan QR code for full video or use https://bit.ly/3PmlBQH B. Representative video of the neuron tracker. Worm expressed calcium indicator under neuronal promoter Pdyc-4::GCaMP-6s::mCherry. Scan QR code for full video or use https:/bit.ly/3IN9Y2O

  intensity of the autofluorescence relative to the muscle signal could then be adjusted with regulating the intensity of the blue LED. This allows to artificially change the signal-to-noise ratio and account for variations in the intestinal autofluorescence during long levamisole exposure. We used a classical U-net architecture to perform this fluorescence extraction as shown in figure21B. We used the strains expressing respectively pmyo3::tom-20N::wScarlet and pmyo-3::egl-3(cDNA)::SL2::tagRFP-T. These strains have a strong and homogeneous red muscle signal. They are represented in figure21C.

Figure 21 :

 21 Figure 21: U-net for intestinal autofluorescence extraction. A. Representative images of the effect of autofluorescence deletion. Worm carried the Pmyo3::tom-20N::wScarlet transgene. Top left: mCherry channel. Top right: GCaMP channel. Bottom right: adjusted subtraction between the two top images. B. Representation of the U-net used for intestinal autofluorescence extraction. Built with TensorFlow and displayed with visualkeras. Building code in Python is available in annex. C. Representative images of the strains used for the construction of the database. Worms were imaged using a splitting dual view microscope built for isolation of mCherry fluorescence (top) and GCaMP fluorescence (bottom, here with only autofluorescence). D. Representative images of where the project was interrupted. From left to right, input from the validation data set, expected output or ground truth, and two of the best outputs obtained at different training iterations of the model.

  spinning disk system (Oxford Instruments) installed on a Nikon-IX86 microscope (Olympus) equipped with a 40x/NA 1.3 and a 60×/NA 1.42 oil-immersion objectives and an Evolve electron-multiplying charge-coupled device camera. Dorsal cord fluorescence quantification was performed as previously described32 , with total summed depth varying for each cord acquisition, and with a quantification crop size of 40 μm (wide) × 3 μm (high). Unless specified, normalized values plotted are the fluorescence values divided by the mean of the corresponding control condition of the same genotype without levamisole.ElectrophysiologyMicrodissection of C. elegans and in vivo electrophysiology were performed as previously described33 . The pipette solution contained (in mM) 120 KCl, 4 NaCl, 5 EGTA, 10 TES, 4MgATP, sucrose to 300 mosm/L (pH 7.2), and, the bath solution contained (in mM) 150 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 15 HEPES, 0.01 dihydro-betaerythroidine (DH E) and sucrose to 310 mosm/L (pH 7.2). The open cut preparation was constantly exposed to the bath solution by placing them in the mouth of a perfusion tube from which flowed by 110 gravity the rapidly exchanged solutions. Levamisole at the concentration of 0.01 mM was present in the bath solution all along the experiments. Holding membrane potential was -60 mV. Membrane currents were measured in response to voltage ramps from -60 to 0 mV, then cells were exposed to 0.1 mM of d-tubocurarine chloride (dTBC) and currents were measured again. For each cell, currents measured in the presence of d-TBC were subtracted from those in the absence of d-TBC to obtain the dTBC-sensitive levamisole current. All chemicals were obtained from Sigma-Aldrich. All experiments were performed at 20°C. Auxin-Induced Degradation tax-6(kr423[tax-6::degron:mNeonGreen]) and tax-6(kr540[tax-6::degron::BFP]) was obtained by CRISPR-based genome editing 34 via insertions of respectively degron:BFP and degron:mNeonGreen sequences at the end of exon 12 of tax-6. Similarly, crh-1(bab180[crh-1::degron]) and crtc-1(kr450[crtc-1::degron::wScarlet]) were obtained respectively by insertion of a linker::degron::linker sequence at the start of exon 2 of crh-1, and by insertion of a degron::linker sequence at the end of exon 7 of crtc-1 Auxin plates were prepared by adding auxin indole-3-acetic acid (Sigma-Aldrich) from a 400 mM stock solution in ethanol into NGM at the final concentration of 1 mM 35 . For tissuespecific degradation (fig 3.A), worms were transferred on auxin plates on L4 stage. For all other assays, egg laying was performed for 2 to 6 hours on auxin plates and parents removed.

Figure 22 :

 22 Figure 22: Ar. Fig. 1. Movement recovery is accompanied by progressive relaxation in adapting mutantsA. Mean speed of worms after levamisole exposure. N2 (n≥47), lev-10(kr26) (n≥65) and molo-1(kr100) (n≥48) animals were exposed to 1 mM levamisole on plates with thin bacterial layer during up to 10 h. Speed was measured as mean centroid displacement for 50 s directly following mechanical stimulation. Single p values are given for Dunn's multiple comparison of all data on graph and compare control condition to levamisole condition. Group p is for interaction between genotype and treatment in two way ANOVA. B. Representative pictures of worms exposed to 1 mM levamisole on plates. Scale bar: 400 μm. N2 and lev-10(kr26) animals were exposed to 1 mM levamisole on standard growth plates for up to 10 h. C. Evolution of worm length during levamisole exposure. N2 (WT, n≥68), and lev-10(kr26) (n≥102) animals were exposed to 1 mM levamisole on standard growth plates. Length was measured from pharynx procorpus to anus at the following times: 120 min for animals on control plates, 15, 30, 60, 120, 240, 360, 480 and 600 min for animals on levamisole plates. Adjusted p is given for multiple t-test comparing populations at equal time points. D. Representative images of muscular calcium at key steps of adaptation. Scale bar: 200 μm. Muscular calcium was represented for freely moving lev-10(kr26) and WT worms. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from all experiments (see material and methods). For display clarity, color shade was determined by intensity value of red fluorescence. Strips in WT(-) show quantification area. For D and E, worms expressed Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Freely moving worms were placed and imaged on thick agarose pads with 1 mM levamisole at 2 h or 10 h and on control pads at 10 h. E. Quantification of muscular calcium evolution during levamisole exposure. Muscular calcium was evaluated for freely moving lev-10(kr26) (n≥14), molo-1(kr100) (n≥25) and wild-type (n≥40) worms. For E and F, ratio between green and red muscle fluorescence was averaged from at least 30 s of 2 frames/s acquisition of freely moving worms and normalized with maximum and minimum values from all experiments. p is given for Tukey's multiple comparison of all data on the graph and compare control condition to levamisole condition. F. Quantification of calcium insensitive variations of muscular ratiometric GCaMP-6s after levamisole exposure. WT (n≥19), lev-10(kr26) (n≥19) worms expressed a calcium-insensitive probe encoded by Pmyo-3::inactive-GCaMP-6s::mCherry (with removed calmodulin-binding peptide) in lite-1(ce314) background to limit light reactivity. The animals were placed and imaged on thick agarose pads with 1 mM levamisole for 10 h and to control pads for 10 h.

L-

  AChR content (Fig 4D). With muscle degradation of TAX-6/calcineurin, synaptic L-AChR content did not change overnight on levamisole (or a change of less than 22%, 0.8 minimum detectable difference). Muscular degradation of calcineurin suppressed the lowering of L-AChR synaptic population that occurs in lev-10(lf) mutants (p = 0.002 for interaction between genotype and treatment in two-way ANOVA).

  tested if calcineurin played a role in this restoration of muscle concentration of ATP during adaptation. lev-10(lf) worms with degraded calcineurin in muscle showed no clear restoration of muscle ATP concentration (fig 5E), suggesting that calcineurin signaling is indeed required for ATP restoration.

Figure 26 :

 26 Figure 26: Ar. Fig. 5. Levamisole induces muscular mitochondrial damages that are healed during adaptation A. Representative confocal pictures of muscular mitochondrial morphology. Scale bar: 20 μm. Body-wall muscle mitochondria were visualized from muscle cells of worms expressing a single copy of Pmyo3::tom-20N::wScarlet. Look-up-table is independent for each image and displays maximum pixel value in depth. B. Evaluation of muscular mitochondria fragmentation during adaptation. Body-wall muscle mitochondria fragmentation was evaluated for lev-10(kr26) (n=21) and WT (n=21) worms expressing Pmyo3::tom-20N::wScarlet.Worms were exposed to 1 mM levamisole in standard growth plates for up to 18 h. For each worm, a minimum of 7 muscle cells between terminal bulb and anus were evaluated according to scale described in A. The most attributed grade for each worm was plotted. C. Quantification of muscular ATP during levamisole exposure. WT (n≥18) and lev-10(kr26) (n≥16) worms were placed for up to 18 h on standard growth plates with 1 mM levamisole and 3 to 7 h without levamisole. For C and D, Muscular ATP was quantified for worms expressing Pmyo-3::Queen-2m. Image mean of ratio between summed in depth fluorescences of ATP-bound (405 nm excitation) and ATP-free QUEEN (488 nm excitation) was plotted for each animal as an average of the three areas (see materials and methods). p is given for Tukey's multiple comparison of all data and compare levamisole to control condition of the same genotype. D. Quantification of muscular ATP after levamisole exposure in degraded muscular calcineurin lev-10(lf) worms. lev-10(kr26); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were placed for up to 10 h on standard growth plates with a 1 mM levamisole and 3 to 7 h without levamisole, with 1 mM auxin from egg stage (n≥18).

Figure 27 :

 27 Figure 27: Ar. Fig. 6. Muscular autophagic and lysosomal activities increase during adaptation A. Representative confocal images of muscular autophagosomes. Scale bar: 20 μm. Animal expressed Pdyc-1::gfp::lgg-1.Look-up-table is independent for each image. Maximum pixel value in depth was displayed. White arrowheads point autophagosomes. B. Quantification of muscular autophagic vesicles after levamisole exposure. Body-wall muscle autophagosomes were counted in WT (n≥14) and lev-10(kr26) (n≥16) worms expressing Pdyc-1::gfp::lgg-1. Vesicles were counted with Pdyc-1::gfp::lgg-1G116A to control for false positives (n=15). For B and C, vesicles were counted in a minimum of 7 cells per worm from terminal bulb to anus and averaged by worm. p is given for Tukey's multiple comparison of all data on the graph and compare levamisole to control condition. For B, C, E and F, worms were placed for standard growth plates for up to 18h on 1 mM levamisole, and without levamisole for control condition.

Figure 30 :

 30 Figure 30: Ar. Fig. S3 Representative images of TAX-6 degradation in muscle. Scale bar: 20 μm. lev-10(kr26); tax-6(kr423::degron::mNg); Pmyo-3::TIR1 ; tnt-2(fs410::SL2::tagRFP-T]) worms were placed on control plates (lev-10(lf); tax-6[no deg.]) or on plates containing exposed to 1 mM auxin from the L4 stage (lev-10(lf); tax-6[muscle deg.]). Images were acquired using a confocal spinning disk microscope and summed in depth. Look-up-table is independent for each image. Blue lines outline the central muscle cell. White arrowheads points at the neural cord. Yellow arrowhead points at the intestine.

Figure 31 :

 31 Figure 31: Ar. Fig. S4 Muscular calcium in calcineurin degraded WT worms. Muscular calcium was evaluated for tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms with lite-1(ce314) background placed for up to 10 h on thick agarose pads with or without 1mM levamisole, with (n≥26) and without (n≥26) 1 mM auxin from egg stage. p values are given for Tukey's multiple comparison of all data on the graph and compare levamisole to control condition for each genotype.

Figure 32 :

 32 Figure 32: Ar. Fig. S6 S6.A. Representative images of autophagic vesicles and lysosomes after levamisole exposure. Scale bar: 20 μm. Muscular autophagosomes and lysosomes were represented for worms expressing Plgg-1::mCherry::GFP::lgg-1. lev-10(kr26) worms were placed for 18 h on standard growth plates with or without 1 mM levamisole. Images were acquired using a confocal spinning disk microscope. Look-up-table is independent for each image and display maximum pixel value in depth. S6.B. Quantification of autophagic vesicles after levamisole exposure in lev-10(lf) worms. Muscular autophagosomes and lysosomes were evaluated for worms expressing Plgg-1::mCherry::GFP::lgg-1 after 18 h on standard growth plates with or without 1 mM levamisole. Autophagosomes were counted as spots both red and green, present in muscle cells areas that were separated from dermic tissues. S6.C. Measurements of lysosome length after levamisole exposure. Muscular lysosomes were assessed for WT (n≥15) and lev-10(kr26) (n≥13) worms expressing Pmyo-3::lmp-1::EBFP. All particles sizes measured in different worms were plotted regardless of individuals (number of particles plotted ≥ 309).
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  figures 1E and 4B.

Figure 33 :

 33 Figure 33: Calcineurin regulates indicator expression, worm length, and population homogeneity A. Evolution of mCherry mean fluorescence during adaptation. Worms expressed a calcium indicator encoded by Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Mean mCherry fluorescence was plotted for lev-10(kr26) (n≥21), wild type (n≥13) and lev-10(kr26); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms with (n≥18) of without (n≥18) 1 mM auxin from egg stage. Single p values are given for Tukey's multiple comparisons over all data and compare treatment to control for a same genotype. Grouped p values are given for interaction between genotype and treatment in 2 way ANOVA over the two indicated groups. B. Representative images of calcium insensitive variations of muscular ratiometric eGFP after levamisole exposure. Muscular ratio was represented for lev-10(kr26) and WT worms. Ratio between green and red muscular fluorescence was plotted as calculated. For display clarity, color shade was determined by intensity value of red fluorescence. For B and C, worms expressed Pmyo-3::eGFP::mCherry in lite-1(ce314) background to limit light reactivity. Freely moving worms were placed on thick agarose pads with 1 mM levamisole for 10 h and on control pads for 10 h. C. Quantification of calcium insensitive variations of muscular eGFP. WT (n≥18) and lev-10(kr26) (n≥18).p is given for Tukey's multiple comparison of all data on the graph and compare levamisole to control condition for each genotype. D. Muscular calcium reported to worm width over length in calcineurin degraded worms. tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were placed on thick agarose pads with 1 or 5 mM muscimole, or 0,2 or 1 mM levamisole or neither with (n=57) and without (n=57) 1 mM auxin from egg stage. Mean green to red ratio was plotted with the corresponding body length measured from pharynx procorpus to anus. Width is calculated as the longest of the shortest distances between the worm's center line and epidermis. Worms expressed Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from all experiments (see material and methods). E. Muscular calcium reported to worm length in calcineurin degraded worms. tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were placed on thick agarose pads with 1 or 5 mM muscimole, or 0,2 or 1 mM levamisole or neither, with (n=57) and without (n=57) 1 mM auxin from egg stage. Mean green to red ratio was plotted with the corresponding body length measured from pharynx procorpus to anus.

Figure 34 :

 34 Figure 34: Calcium variations with phototoxicityWorms were expressing Pmyo-3::GCaMP-6s::mCherry were isolated on control thick agarose pads for 30 min, imaged, and individually transferred on thick agarose pads with 1 mM levamisole for up to 10h and imaged multiple times: at 30, 60, 120, 240, 360, 480 and 600 min. Adjusted p is given for multiple t-test comparing populations at equal time point. Worms were in lite-1(ce314) background to limit light reactivity. Ratio between green and red muscular fluorescence was averaged from at least 30 s of 2 frames/s acquisition in situ of freely moving worms and normalized with maximum and minimum values from all experiments (see material and methods). A. Quantification of muscular calcium in a follow-through of individual worms on levamisole. WT (n=20) and lev-10(kr26) (n=23).B. Quantification of muscular calcium of individual lev-10(lf) worms on levamisole followed over 10 hdepending on calcineurin degradation. lev-10(kr26); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms were isolated on control thick agarose pads for 30 min, imaged, and individually transferred on thick agarose pads with 1 mM levamisole with (n≥19) and without (n≥20) 1 mM auxin from egg stage.

  muscular CRH-1/CREB. Similarly to tax-6[muscle deg.] worms, crh-1[muscle deg.] worms had the full genotype lev-10(kr26) I; crh-1(bab180[ex1crh-1::indel-linker-degron-linker]) III; krSi55[pmyo-3::TIR1::BFP] V. They were placed on 1 mM auxin plates from egg stage. The small but significant difference in body contraction observed with worms in this experiment could be due to the presence of krSi55. However, although this was not quantified, without auxin, there was no more visible difference between lev-10(lf) and lev-10(lf); crh-1[no deg.]; krSi55. The difference we observed in the experiment was therefore most probably due to the muscular action of CRH-1/CREB. The increased contraction of fully inactivated crh-1 worms could due to a better suppression of muscular CRH-1/CREB, but also to a simultaneous action in other tissues, particularly in the neuronal system. Anyway, it can be concluded that CRH-1/CREB, notably in muscles, plays a partial role in the process of adaptation to levamisole.

Figure 36 :

 36 Figure 36: Calcium variations upon muscimole exposure of worms exposed to overnight levamisole Worms expressed a calcium indicator encoded by Pmyo-3::GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. A single experiment was performed. A. Representative images of muscular calcium variations induced by muscimole on worms exposed to overnight levamisole. Worms were first exposed for 18 h to 1 mM levamisole on thick agarose pads then 10 mM final muscimole concentration was injected within pads. Muscimole was injected in the center of 5 mm thick agarose pads, and allowed to progressively diffuse in the medium B. Representative images of muscimole diffusion kinetic on muscular calcium in wild-type.

Figure 37 :

 37 Figure 37: Muscular ATP variations in worms exposed to levamisole and azide A. Representative images of muscle cells fluorescence with and without degradation of calcineurin. Scale bar: 10 μm. Worms carried the lev-10(kr26); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 mutations. Images are represented with acquisition through different channels: GFP (488 nm ex., 525 nm em.), QUEEN (405 nm ex., 525 nm em.), BFP (405 nm ex., 452 nm em.). B. Quantification of muscular ATP in lev-10(lf) worms without degradation of calcineurin. lev-10(kr26); tax-6(kr423::degron::mNg); Pmyo-3::TIR1 worms were exposed to 1 mM levamisole for up to 8 h or kept on control plates (n ≥ 18). For B to I, worms carried the ATP indicator encoded by Pmyo-3::Queen-2m. For B, E, F, G and H, ratio between summed in depth fluorescence of ATP-bound (405 nm excitation) and ATP-free QUEEN (488 nm excitation) was plotted for each animal as average of the three areas shown in I. C. Representation of evolution muscular ATP in WT worms kept under coverslip with or without sodium azide. 100 mM NaN3 was directly added to the sealing droplet. Normalized to t0 ratio between fluorescence of ATP-bound (405 nm excitation) and ATP-free QUEEN (488 nm excitation) was plotted for each animal imaged with 10x lens. D. Representative images of evolution muscular ATP in WT worms kept under coverslip with or without sodium azide. Scale bar: 180 μm. Images show frames quantified in C. E. Quantification of muscular ATP in worms with the addition of high-dose sodium azide. lev-10(kr26)and WT worms were exposed to 1 mM levamisole for up to 8 h or kept on control plates and 100 mM NaN3 was directly added to the sealing droplet. F. Quantification of muscular ATP in worms with the addition of low-dose sodium azide. lev-10(kr26) and WT worms were exposed to 1 mM levamisole for up to 8 h or kept on control plates and 1 mM NaN3 was directly added to the sealing droplet. Starved worms were deprived of food from L4 stage for 24h. G. Representation of evolution muscular ATP in worms kept under coverslip. Different WT and lev-10(kr26) taken successively under a same coverslip were represented. Exact time between acquired worms may differ.H. Representation of evolution muscular ATP of worms from diverse conditions kept under coverslip.Different WT and lev-10(kr26) from control condition or up to 8 h levamisole exposure taken successively under a same coverslip were represented. Exact time between acquired worms may differ. Ratio was normalized at starting worm of each acquisition. I. Representative confocal images of muscular ATP after levamisole exposure. Scale bar: 40 μm. Muscular ATP was evaluated and represented for worms expressing Pmyo-3::Queen-2m. Ratio between fluorescence of ATPbound (405 nm excitation) and ATP-free QUEEN (488 nm excitation) were summed in depth. For display clarity, color shade was determined by fluorescence of ATP-free QUEEN. WT worms were placed for 4 h on standard growth plates with or without 1 mM levamisole.

  for a set time, and then to quantify the amount of recovery after another fixed time without azide. With the example of previous experiments of ATP measurements with luciferase 228 , worms could be exposed to 10 mM azide for 30 min (after a longer 1 mM levamisole exposure, when testing the effect of levamisole), and given 20 min recovery time. One or two worms should be imaged per glass slide, with possibly 2 experimenters working in tandem, for time efficiency (one imaging, and the other transferring worms for azide exposition and recovery transfers, and mounting slides).

Figure 38 :

 38 Figure 38: Representative images of calcineurin degradation effect on lysosomes and autophagic vesicles Worms were exposed for 18 h to 1 mM levamisole. For A and C, lev-10(kr26); tax-6(kr423::degron::mNg); Pmyo-3::TIR1 were exposed to 1 mM auxin from egg stage. A. Representative images of worms used in manual counting of autophagosomes. Worms expressed Pdyc-1::gfp::lgg-1. Red arrow shows a muscle cell. Images are representative of vesicles counted in Ar. fig. 6B and D. B. Representative confocal image of lysosome tubulation in muscles of lev-10(lf) worms. For B and C, worms expressed Pmyo-3::lmp-1::EBFP. C. Representative confocal image of lysosome tubulation in muscles of lev-10(lf) worms with degradation of muscular calcineurin.

Figure 39 :

 39 Figure 39: Muscle specific structures Worms were placed on plates with or without 1 mM auxin from egg stage. Worms were placed for 18 h on plates with or without 1 mM levamisole. A. Representative confocal images of muscular myosin in lev-10(lf) worms with degradation of muscular calcineurin. Worms carried the Pmyo-3::GFP transgene in lev-10(kr26); tax-6(kr540[tax-6::degron::BFP]); Pmyo-3::TIR1 background. B. Representative confocal images of muscular integrin in lev-10(lf) worms with degradation of muscular calcineurin.. Red arrows show muscle cells representative of the scale used in C. For B and C, worms carried the pat-2::BFP mutation in lev-10(kr26); tax-6(kr423::degron::mNeonGreen); Pmyo-3::TIR1 background. C. Notations of lev-10(lf) worms muscular integrin integrity with or without degradation of muscular calcineurin. (n ≥ 30). Scale from 0 to 3 defines general disorganization of integrin within muscle cells as defined in B. 0: no impairment. 1: minor inhomogeneity in a small fraction of the cell. 2: substantial fraction of cell impaired. 3: complete disorganization.

Figure 40 :

 40 Figure 40: Intracellular calcium storages during adaptation A. Evaluation of muscular mitochondria fragmentation during adaptation. Body-wall muscle mitochondria fragmentation was evaluated for lev-10(kr26) and WT worms expressing Pmyo3::GFP(mitochondria) (n ≥ 30). Worms were exposed to 1 mM levamisole in standard growth plates for up to 18 h. For each worm, a minimum of 2 muscle cells between terminal bulb and anus were evaluated according to scale described in Ar. fig. 5A. Data acquired by Benjamin Bonneau in 2019. B. Simultaneous quantification and evaluation of muscular autophagic vesicles, mitochondrial and lysosomal morphologies during levamisole exposure. Muscular lysosomes, mitochondria and autophagosomes were assessed for lev-10(kr26) (n≥11) and WT (n≥14) worms expressing Pmyo3::tom-20N::wScarlet; Pdyc-1::GFP::lgg-1 Pmyo-3::lmp-1-EBFP. Mitochondria were assessed in each worm with an image taken below the nerve ring and above the vulva according to the scale in Ar. fig. 5.A. Autophagosomes were counted and averaged in a minimum of two images per worm taken above and below the vulva. C. Quantification of general worm HSP-4 fluorescence. Worms expressed Phsp-4::GFP. WT (n ≥ 36) and lev-10(kr26) (n ≥ 47) worms were placed on plates with and without 1 mM levamisole for up to 8 h. A heat shock of 1 h at 37°C followed by 7 h recovery was performed. D. Representative images of HSP-4 fluorescence. Images represent worms quantified in B. E. Representative images of collocation between lysosomes and endoplasmic reticulum. Scale bar: 20 μm. Worms carried both Pmyo-3::lmp-1::BFP transgene and crld-1(kr298::GFP) mutation. For D and E, lev-10(lf) worms were exposed for 18h to 1 mM levamisole. F. Representative images of collocation between lysosomes and endoplasmic reticulum. Scale bar: 20 μm. Worms carried both Pmyo-3::lmp-1::BFP and pmyo-3::tom-20::wScarlet transgenes. White arrows point collocation area, while the blue arrows point at filamentous mitochondrial signal without associated lysosomal signal.

Figure 41 :

 41 Figure 41: Neuromuscular junction L-AChR evolution during levamisole exposure Worms carried the unc-29(kr208::TagRFP-T) mutation. A single experiment was performed for each panel. Y axis shows L-AChR synaptic fluorescence, in arbitrary units. A. Quantification of synaptic L-AChR after levamisole exposure in lev-10(lf) mutants with and without muscular calcineurin. lev-10(kr26); tax-6(kr423::degron::mNg); Pmyo-3::TIR1 worms with (n≥10) of without (n≥11) 1 mM auxin from egg stage were used. Worms were exposed to 0 mM or 1 mM levamisole on standard growth plates for 10 h. No significant difference was found between the populations. B. Quantification of synaptic L-AChR after levamisole exposure in old lev-10(lf) mutants. D6 lev-10(kr26)

  30 ng/μl of pFF02[miniMos_Pmyo-3::RS20-free-GCaMP-6s::mCherry::unc-54 3'UTR], engineered from pFF01 by deletion of the sequence between and including Arg40 and Ser58 of the GCaMP, and an hygromycin resistance plasmid pHT76 at 10 ng/μl. For calciuminsensitive variation of GFP fluorescence, worms carried krEx1381[pmyo-3::EGFP::mCherry hygro-res], obtained from the coinjection of 30 ng/μl of pFF03[miniMos_Pmyo-3::EGFP::mCherry::unc-54 3'UTR], engineered from pFF01 by replacement of the GCaMP-6s sequence, and the hygromycin resistance plasmid pHT76 at 10 ng/μl. Worms were kept on 0.2 mg/ml hygromycin for all steps of the related experiments (Ar. fig.1F, fig.33B and 33C).

  spinning disk system (Oxford Instruments) installed on a Nikon-IX86 microscope (Olympus) equipped with a 40x/NA 1.3 and a 60×/NA 1.42 oil-immersion objectives and an Evolve electron-multiplying charge-coupled device camera. Dorsal cord fluorescence quantification was performed as previously described 237 , with total summed depth varying for each cord acquisition, and with a quantification crop size of 40 μm (wide) × 3 μm (high). Briefly, cord is cropped so that it never crosses the images sides in height. Intensity values are first averaged in width, and background is deleted as the affine line between the extremities of the 1 dimension profile. Discrete values of the remaining curve are summed to get linear fluorescence density value of the cord. Unless specified, normalized values plotted are the fluorescence values divided by the mean of the corresponding control condition of the same genotype without levamisole. Electrophysiology Microdissection of C. elegans and in vivo electrophysiology were performed as previously described 39 . The pipette solution contained (in mM) 120 KCl, 4 NaCl, 5 EGTA, 10 TES, 4 MgATP, sucrose to 300 mosm/L (pH 7.2), and, the bath solution contained (in mM) 150 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 glucose, 15 HEPES, 0.01 dihydro-betaerythroidine (DH E) and sucrose to 310 mosm/L (pH 7.2). The open cut preparation was constantly exposed to the bath solution by placing them in the mouth of a perfusion tube from which flowed by gravity the rapidly exchanged solutions. Levamisole at the concentration of 0.01 mM was present in the bath solution all along the experiments. Holding membrane potential was -60 mV. Membrane currents were measured in response to voltage ramps from -60 to 0 mV, then cells were exposed to 0.1 mM of d-tubocurarine chloride (dTBC) and currents were measured again. For each cell, currents measured in the presence of d-TBC were subtracted from those in the absence of d-TBC to obtain the dTBC-sensitive levamisole current. All chemicals were obtained from Sigma-Aldrich. All experiments were performed at 20°C. The electrophysiology experiment in the article was performed by Maëlle Jospin. Auxin-Induced Degradation tax-6(kr423[tax-6::degron:mNeonGreen]) and tax-6(kr540[tax-6::degron::BFP]) was obtained by CRISPR-based genome editing 238 via insertions of respectively degron:BFP and degron:mNeonGreen sequences at the end of exon 12 of tax-6. Similarly, crh-1(bab180[crh-1::degron]) and crtc-1(kr450[crtc-1::degron::wScarlet]) were obtained respectively by insertion of a linker::degron::linker sequence at the start of exon 2 of crh-1, and by insertion of a degron::linker sequence at the end of exon 7 of crtc-1. Auxin plates were prepared by adding auxin indole-3-acetic acid (Sigma-Aldrich) from a 400 mM stock solution in ethanol kept at 3°C into NGM at the final concentration of 1 mM 225 . For tissue-specific degradation (Ar. fig 3.A), worms were transferred on auxin plates on L4

  ) lev-8(kr436[lev-8::RFP-T]) X EN7380 lev-10(kr26) I; tax-6(kr423[tax-6::degron:mNeonGreen]) IV; krSi55[pmyo-3::TIR1::BFP] V; tnt-2(fs410[tnt-2::SL2::tagRFP-T]) X EN8595 tax-6(kr540[tax-6::degron::BFP]) IV; krTi3[pmyo-3::GCaMP-6s::mCherry] krSi55[pmyo-3::TIR1::BFP] V; lite-1(ce314) X EN8236 lev-10(kr26) I; sqIs11[plgg-1::mCherry::GFP::lgg-1 + rol-6] EN8729 lite-1(ce314) X ; krEx1381[pmyo-3::EGFP::mCherry, hygro-Resist] EN8731 lev-10(kr26) I ; lite-1(ce314) X ; krEx1381[pmyo-3::EGFP::mCherry, hygro-Resist] ZM9140 hpIs600[Pmyo-3::GCaMP6::wcherry] EN8061 lev-10(kr26) I hpIs600[Pmyo-3::GCaMP6::wcherry] EN8158 lev-10(kr26) I; crh-1(bab180[ex1crh-1::indel-linker-degron-linker]) III; krSi55[pmyo-3::TIR1::BFP] V hpIs600[Pmyo-3::GCaMP6::wcherry] EN8362 lev-10(kr26) I; tax-6(kr540[tax-6::degron::BFP]) IV; krSi55[pmyo-3::TIR1::BFP] V kgIs4[GFP::myo-3] V EN8367 lev-10(kr26) I ; bab220[PAT-2::BFP] III ; tax-6(kr423[tax-6::degron:mNeonGreen]) IV; krSi55[pmyo-3::TIR1::BFP] V SJ4103 zcIs14[myo-3::GFP(mit)] EN7379 lev-10(kr26) I ; zcIs14[myo-3::GFP(mit)] EN8597 krSi134[pmyo3::tom-20N::wScarlet] I; kagIs1[pdyc-1::GFP::lgg-1 + pmyo-2::mCherry] krSi114[pmyo-3::lmp-1-EBFP] EN8530 lev-10(kr26) krSi134[pmyo3::tom-20N::wScarlet] I; kagIs1[pdyc-1::GFP::lgg-1 + pmyo-2::mCherry] krSi114[pmyo-3::lmp-1-EBFP] SJ4005 zcIs4[hsp-4::gfp] V EN8533 lev-10(kr26) I ; zcIs4[hsp-4::gfp] V EN8458 lev-10(kr26) I; crld-1(kr298::gfp-crld-1) IV; krSi114[pmyo-3::lmp-1-EBFP] EN8457 lev-10(kr26) krSi134[pmyo3::tom-20N::wScarlet] I; krSi114[pmyo-3::lmp-1-EBFP]

  keep the worms in conditions minimizing external stress factors and designed methods to minimize the effect of manipulation, including optical stress and mechanical stress. We use a fluorescent calcium indicator with minimal incidence on the muscle homeostasis of muscle, and compensate the low signal-to-noise ratio with careful image treatment. Our single-protein ratiometric fluorophore choice allows for a maximal compensation of variations in expression of the probe. We created two quenching controls using respectively EGFP and calciuminsensitive GCaMP to verify that changes in cytosolic conditions, which indeed affected the measured calcium insensitive fluorescence ratios, did not invalidate the conclusions made when comparing values from the calcium-sensitive indicator.We created a program to let the experimenter choose between several types of segmentations to isolate the muscle signal in degraded images. The program takes into account image shift, camera offset, and background autofluorescence and calculate a ratio value for an image, following different quantification strategies, including ratio between total channel fluorescence, mean of local pixel ratios, and weighted mean of local pixel ratios. The software includes options to determine the number of pixels above and under defined thresholds. An option also allows the software to create a visual colorful representation with weighted color shades. Overall, our work presents a quick and reproducible ratiometric calcium imaging pipeline with minimal further financial cost after installation of a dual-view imaging microscope.Freely moving worm calcium imaging in C. elegans muscle is not a new technic in nematode research. Previous work links muscle calcium variation to body curvature in moving worms 149 .

Figure 42 :

 42 Figure 42: Diagram of muscular homeostasis during high-dose levamisole exposureBoth populations are initially highly contracted. Wild-type worms quickly relax to partial contraction, while adapting mutants stay highly contracted, but both populations stay paralyzed. In wild-type, levamisole-induced depolarization through levamisole-sensitive acetylcholine receptors (L-AChR) quickly inactivate voltage-gated calcium channels (VGCC) and worms stay paralyzed with middling intracellular calcium levels. For adapting mutants, which have impaired L-AChR, the reduced levamisole currents do not inactivate VGCC and calcium levels in muscles cells are kept high. For both populations, levamisole exposure initially causes mitochondrial fragmentation, drop in ATP levels, and feeding arrest. The high calcium levels of adapting mutants activate calcineurin, which allows progressive downregulation of L-AChR and worm desensitization to levamisole. Adapting mutants are then able to display coordinated movement with muscles contractions or relaxation. In adapting mutants, there is increase in lysosome tubulation which is downregulated by calcineurin, possibly indirectly by management of calcium levels. The reduction of mean calcium is accompanied by an increase in autophagic activity, a refusion of the mitochondrial network, and a restoration of ATP levels. Meanwhile, at long durations of levamisole exposure, wild-type worms stay paralyzed with middling contraction, middling calcium levels, low ATP, and fragmented mitochondria. Eventually, wild-type worms die, while adapting mutants start moving, feeding, and laying eggs again and are able survive.

  

  

  16 nuclear translocation is negatively regulated by calcineurin, in an action opposed to UNC-43/CaMKII 117 . hsp-16.1, implicated in response to hypoxia and heat shocks, is downregulated under RNA interference of calcineurin or intracellular calcium reduction 118 . hsp-16.1 is expressed in coelomocytes, enteric muscles, intestine, pharynx, and ventral nerve cord 119 .
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	Boolean for 4,030 positive interactions determined experimentally (immunoprecipitation, co-interaction purification, in vitro binding, two-hybrids)	Boolean for worm 11,820 mask images manually sorted mask	Cells positions and Hours of recordings of 3D time-lapse characteristics at the imaging of cells next instant	Indexed retention 331,000 peptides with multiple peptide time and fragment ion spectrum matches spectra	Re-focused image 100,000 image pairs from x-y-z scans of worms	Segmentation map 75 annotated stacks containing 50+ cells	Binary mask of 12 annotated raw images (before	mitochondria augmentation)	Segmented image 171 annotated raw images (before augmentation)	Boolean for -behavioral state	Binary mask image 1,908 images pre-processed and manually corrected	500,000,000 synthetic data points	Similarity score extrapolated from 3D worm brain	imaging	Bounding boxes 6,000 annotated images (total)	3D segmented image -	Extrapolated image Images pairs taken at both high and low illumination intensities	Boolean for short or D1-2-3 images and lifespan of 734 worms long lifespan
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Table 1 : Examples of the applications of deep learning in C. elegans research
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Table 2 : Published servoing trackers of C. elegans 55 Part 1 - Live Calcium Imaging Implementing Long Term Ratiometric Imaging in Vivo Necessity for Ratiometric Imaging

 2 

		Publications		• Zhaoyang Feng et al., 2004	• Wei Geng et al., 2004	• Christopher J. Cronin et al., 2006	• Zhaoyang Feng et al., 2006	• Wei Li et al., 2006	• Ao-Lin Hsu et al., 2009	• Quan Wen et al., 2012	• Eviatar Yemini et al., 2013	• Victoria Butler et al., 2015	• Eviatar I. Yemini et André E. X.	Brown, 2015	• Yee Lian Chew et al., 2017	• Greg J. Stephens et al., 2008	• Jirapat Likitlersuang et al., 2012		• Juliette Ben Arous et al., 2010				• Serge Faumont et al., 2011			• Taizo Kawano et al., 2011	• Andrew M. Leifer et al., 2011	• Beverly J. Piggott et al., 2011	• Zhaoyu Li et al., 2014	• Jeffrey N. Stirman et al., 2011	• Jeffrey N. Stirman et al., 2012	• Oleg Tolstenkov et al., 2018	• Maohua Zheng et al., 2012	• Sijie Jason Wang et Zhao-Wen	Wang, 2013	• Kyle Moy et al., 2015
		Online code			-			-			https://www.mrc-	lmb.cam.ac.uk/wormtracke	r/ (LINK BROKEN)		-		-				-			-	GitHub -	leiferlab/mindcontrol	-	-	-	Track-A-Worm | C. elegans	Neurobiology Lab	(uconn.edu)	http://medixsrv.cstcis.cti.d	epaul.edu/nematodes/sour	ce/ (LINK BROKEN)
	Positioning Lighting target Working frequency Stage GUI Language / Program		Centroid Brightfield < 30 Hz x-y stage yes -			Centroid Brightfield 2 Hz x-y stage --					Centroid Brightfield < 30 Hz x-y stage Java, Matlab				Centroid Brightfield 4 Hz x-y stage -Labview		Maximum Fluorescence < 30 Hz x-y stage -Labview		Light	distribution Fluorescence 20-40 Hz x-y stage --	unbalance	-Fluorescence 10-20 Hz x-y stage -MicroManager	C	Skeleton Darkfield < 50 Hz x-y stage yes (MindControl	software)	-Fluorescence 2 Hz x-y stage --	Skeleton Brightfield < 25 Hz x-y stage -Labview	-Fluorescence < 6 Hz x-y-z stage --	Centroid Brightfield 1 Hz x-y stage yes Matlab	Centroid Brightfield < 10 Hz x-y stage -Python
		Constraints			NGM plate			NGM plate					NGM plate				NGM plate		NGM plate		3 mm thick	agarose pad	with	coverslip	Agarose pad	NGM plate	NGM plate	NGM plate	NGM plate	NGM plate	NGM plate
		Goal			Behavior analysis			Behavior analysis			Behavior analysis	Ratiometric calcium	imaging in muscles		Behavior analysis	Ratiometric calcium	imaging in neuron	bodies + Behavioral	analysis	Ratiometric calcium	imaging in neuron	bodies + Behavioral	analysis	Ratiometric calcium	imaging in neuron	bodies	Optogenetic	manipulations	Ratiometric calcium	imaging in neuron	bodies	Optogenetic	manipulations	Ratiometric calcium	imaging in neuron	bodies	Behavior analysis	Behavior analysis
	Lab /	Senior	author		Shafer			Xu				Shafer	Sternberg			Ryu		Shafer				Lockery			Zhen	Samuel	Xu	Lu	Gottschalk	Xu	Feng	Wang	Kim
	First	Date	Worm 2004 Tracker 1.0		-2006			Worm 2007 unofficia Tracker 2.0 l		-2008		-2010				-2011			-2011	CoLBeRT 2011	CARIBN 2011	-2011	CARIBN II 2012	Track-A-2013 Worm	-2015

1. Movement recovery is accompanied by progressive relaxation in adapting mutants A. Mean speed of worms after levamisole exposure

  . N2 (n≥47), lev-10(kr26) (n≥65) and molo-1(kr100) (n≥48) animals were exposed to 1 mM levamisole on plates with thin bacterial layer during up to 10 h. Speed was measured as mean centroid displacement for 50 s directly following mechanical stimulation. Single p values are given for Dunn's multiple comparison of all data on graph and compare control condition to levamisole condition. Group p is for interaction between genotype and treatment in two way ANOVA.

B. Representative pictures of worms exposed to 1 mM levamisole on plates. Scale bar: 400 μm. N2 and lev-10(kr26) animals were exposed to 1 mM levamisole on standard growth plates for up to 10 h. C. Evolution of worm length during levamisole exposure. N2 (WT, n≥68), and lev-10(kr26) (n≥102) animals were exposed to 1 mM levamisole on standard growth plates. Length was measured from pharynx procorpus to anus at the following times: 120 min for animals on control plates, 15, 30, 60, 120, 240, 360, 480 and 600 min for animals on levamisole plates. Adjusted p is given for multiple t-test comparing populations at equal time points. D. Representative images of muscular calcium at key steps of adaptation. Scale bar: 200 μm. Muscular calcium was represented for freely moving lev-10(kr26) and WT worms. Ratio between green and red muscular fluorescence was normalized with maximum and minimum values from all experiments (see material and methods). For display clarity, color shade was determined by intensity value of red fluorescence. Strips in WT(-)

Table 3 : Ar. Table 1. Paralysis of worms after 18h on levamisole

 3 

	Background	Genotype	Paralysed Moving n
		N2	100%	0%
		acr-8(ok1240)	100%	0%
		lev-10(kr26) I	3%	97%
		lev-8(ok1519)	1%	99%
	WT	unc-29(e1072am) I	2%	98%
		molo-1(kr100)	1%	99%
		molo-1(kr100); tax-6(kr423::degron::mNg); krSi55[pmyo-3::TIR1]	6%	94%
		molo-1(kr100); tax-6(kr423::degron::mNg); krSi55[pmyo-3::TIR1] + 1mM auxin	75%	25%
		aak-1(tm1944) ; aak-2(ok524)	2%	98%
		cmk-1(ok287)	3%	97%
		crh-1(n3315)	7%	93%
		daf-16(mu86)	4%	96%
		fzo-1(tm1133)	1%	99%
		gar-3(gk305)	3%	97%
	lev-10(lf)	lgg-1(pp141) mca-3(ar493)	2% 4%	98% 96%
		mcu-1(ju1154)	3%	97%
		mef-2(gk633)	2%	98%
		slo-1(cx29); slo-2(nf100)	2%	98%
		tax-6(db60)	90%	10%
		unc-43(e408); zwIs102[prab-3::unc-43]	6%	94%
		unc-68(r1162)	1%	99%
		tax-6(kr423::degron::mNg)	5%	95%
		tax-6(kr423::degron::mNg) + 1mM auxin	76%	24%
		tax-6(kr540::degron::BFP) IV	4%	96%
	lev-10(lf); krSi55[pmyo-3::TIR1]	tax-6(kr540::degron::BFP) + 1mM auxin crh-1(bab180::degron)	80% 4%	20% 96%
		crh-1(bab180::degron) + 1mM auxin	1%	99%
		crtc-1(kr450::degron)		

Total absence of movement was assessed for worms exposed to 1 mM levamisole in standard growth plates with or without 1 mM auxin from egg stage, with or without lev-10(kr26) mutation and Pmyo-3::TIR1 transgene in background.

Quantification of muscular autophagic vesicles after levamisole exposure in lev-10(lf) worms depending on muscular calcineurin degradation

  

Animal expressed Pdyc-1::gfp::lgg-1. Look-up-table is independent for each image. Maximum pixel value in depth was displayed. White arrowheads point autophagosomes. B. Quantification of muscular autophagic vesicles after levamisole exposure. Body-wall muscle autophagosomes were counted in WT (n≥14) and lev-10(kr26) (n≥16) worms expressing Pdyc-1::gfp::lgg-1. Vesicles were counted with Pdyc-1::gfp::lgg-1G116A to control for false positives (n=15). For B and C, vesicles were counted in a minimum of 7 cells per worm from terminal bulb to anus and averaged by worm. p is given for Tukey's multiple comparison of all data on the graph and compare levamisole to control condition. For B, C, E and F, worms were placed for standard growth plates for up to 18h on 1 mM levamisole, and without levamisole for control condition.

C. . Muscular autophagosomes were counted in lev-10(kr26); tax-6(kr540::degron::BFP); Pmyo-3::TIR1 worms expressing Pdyc-1::gfp::lgg-1 with (muscle deg., n≥16) and without (no deg., n≥17) 1 mM auxin from egg stage. D. Representative confocal images of levels of muscular lysosome tubulation. Scale bar: 20 μm. Muscular lysosomes were represented for worms expressing Pmyo-3::lmp-1::EBFP. Look-up-table is independent for each image and displays maximum pixel value in depth. E. Evaluation of muscular lysosomal morphology after levamisole exposure. Muscular lysosomes were assessed for WT (n≥15) and lev-10(kr26) (n≥13) worms expressing Pmyo-3::lmp-1::EBFP. For E and F, lysosomes were evaluated using the scale defined in D. Each worm was assessed with an image taken below the nerve ring and above the vulva.

F.

Evaluation of muscular lysosomal morphology after levamisole exposure in lev-10(lf) worms depending on muscular calcineurin degradation. Muscular

  

lysosomes were assessed for lev-10(kr26); tax-6(kr423::degron::mNg); Pmyo-3::TIR1 worms expressing Pmyo-3::lmp-1::EBFP, with (muscle deg., n≥108) and without(no deg., n≥80) 1 mM auxin from egg stage.

Table 4 : Ar. Table S1. List of strains
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  , muscimole seemed to have won the competition for lev-10(lf) and lev-10(lf); tax-6[muscle deg.] worms. Images were very different for wild-type for which muscimole only seemed to have had a minimal effect. It can be noted that larvae growing inside the paralyzed worms can greatly affect segmentation and measured values. Hence, the images we took were not proper for quantification. This suggests that wild-type worms had the incapacity to repolarize their cells, or that levamisole receptors were sufficiently functional to win competition against muscimole, or both. The latter could have been helped by a lack efficiency of muscimole due to a default of the Cl - gradient. The experiment was also performed for wild-type and lev-10(lf) worms at 4 h of levamisole exposure (data not shown), and muscimole still did not manage to fully deplete calcium in wild-type worms, nor did it fully depleted muscular calcium for worms without levamisole. However, it should also be noted that muscimole did not fully depleted muscular calcium with lev-10(lf) worms either. Of course, these discussions are about tendencies observed on a few worms, on single experiments, and were not properly quantified. This could not constitute an argument in the construction of the model of paralysis and adaptation but can be used to conceive further experiments investigating muscle exhaustion and failure in pumping out calcium, or in insuring the Cl -gradient.

  egg stage, that is, with and with degradation of calcineurin. Because of the absence of reproduction and the low number of worms, none of the differences in mean are significant. More data would be needed. By calculating the minimal detectable error at 80% power, we can deduce that the true difference of fluorescence in lev-10(lf) worms with and without levamisole is probably of only less than 20% of the mean of the control. Although this was measured on worms with a calcineurin impaired by tagging, it means that a difference of less than 20% of the quantity of L-AChR receptors at synapses is still associated with a recovery of movement.

	1 mM
	levamisole in lev-10(lf); tax-6(kr540[tax-6::degron::BFP]); krSi55[pmyo-3::TIR1::BFP], with and
	without auxin from

Table 5 : Complete list of strains

 5 
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Servoing trackers have been created in a variety of languages and adapted with a variety of hardware (table 2). To this day, there is no one-size-fits-all solution. Each tracker has been designed to answer specific sets of needs and hardware configurations. Behavioral analysis has been normalized and approaches to create common databases partially based on servoing tracker data have been undertaken 220 , but as of now, these approaches concern only postprocessing of videos.

Part 2 -Article Contributions

Franklin Florin performed all the experiments presented in this article, with the exception of the electrophysiology experiment, and of the acquisition of figure S3. He designed the experiments, collected, treated, and represented the data, and mainly contributed to the writing of text body (~70%).

Benjamin Bonneau worked on the project prior to November 2019, date of the beginning of this thesis. He created the following strains: EN7328, EN7326, EN7330, EN7382, EN7384, EN7507, EN7714, EN7716, EN7501, EN7572, EN7391. He made the first observation of mitochondria re-fusion in adaptation and contributed to identification of candidates for the candidate gene analysis. He performed the acquisition of figure S3.

Luis Briseño-Roa worked on the project prior to November 2019. He initiated the candidate gene analysis, identified candidates, and first highlighted tax-6(lf) peculiar phenotype on levamisole.

Jean-Louis Bessereau contributed to the conception of all the experiments and to their interpretation.

Maëlle Jospin contributed to the conception of all the experiments and to their interpretation, performed the electrophysiology experiment, and, through corrections and additions, participated to the writing of the text body (~30%).

difference).

Two sub-populations of L-AChR have been reported in C. elegans larva muscle, containing either LEV-8 or ACR-8 subunits 15 . We engineered tagged versions of LEV-8 and ACR-8 subunits by CRISPR-Cas9 technique, and measured the synaptic fluorescence of LEV-8*L-AChR and ACR-8*L-AChR in WT and the molo-1(lf) animals (fig. 2E, S2B-D). After overnight levamisole exposure, we detected no change in WT for either ACR-8*L-AChR and LEV-8*L-AChR (respectively less than 20%, 0.8 minimum detectable difference). In molo-1(lf), ACR-8*L-AChR fluorescence was not modified after levamisole exposure (less than 24%, 0.8 minimum detectable difference), while LEV-8*L-AChR was reduced by 43%. Alternate and individual tagging of the subunits confirmed this large 44% reduction of the LEV-8*L-AChR subpopulation, while the ACR-8*L-AChR showed no change or at most a mild reduction of 23% (fig. S3B, S3C and SD).

Decrease of L-AChR at the synapse could be due to a general decrease of the receptor at the membrane or to their delocalization outside the synapse. To distinguish between these two hypotheses, we checked whether the downregulation of receptor was accompanied by a reduction of levamisole-induced currents. We measured currents induced by 0.1 mM levamisole on open-cut preparations with and without d-tubocurarine, an antagonist of AChR 11 , after 2 or 18h of levamisole exposure. By subtracting currents with and without dtubocurarine, we could calculate levamisole-induced currents of lev-10(lf) worms (fig. 2F). After 18h on 1 mM levamisole, levamisole currents exhibited a smaller amplitude compared to those recorded after 2h on levamisole, and were even almost totally suppressed.

We concluded from these results that adaptation to levamisole is associated with a reduction of levamisole-sensitive receptors at the plasma membrane. This depletion seemed to concern particularly the sub-population of L-AChR which is more sensitive to levamisole, i.e. containing LEV-8 subunit 16 . We subsequently looked for pathways which could play a role in this adaptation mechanism of specific receptor deletion. E. Quantification of synaptic ACR-8* and LEV-8*L-AChR of molo-1(lf) mutants on levamisole. L-AChR were visualized and quantified in WT (n≥47) and molo-1(kr100) (n≥39) worms carrying acr-8(kr562::wrmscarlet]); lev -8(kr603[lev-8::mNG]) mutations. p is given for Tukey's multiple comparison of all data for each subpopulation.

F. dTBC-sensitive currents of lev-10(kr26) muscle cells after levamisole exposure. lev-10(kr26) animals were placed on 1 mM levamisole plate for 2 (n=10) or 18 hrs (n=9). Currents were recorded in the presence of 0.01 mM levamisole, with and without 0.1 mM dTBC to extract dTBC-sensitive currents. Mean currents were plotted. Standard deviations were plotted every 10 points. Mann-Whitney tests were performed at -60, -50, -40, -30, -20, -10 and 0 mV. C. Evolution of length during levamisole exposure in lev-10(lf) depending on muscular calcineurin degradation. Length of lev-10(kr26); tax-6[degron:mNg]; Pmyo-3::TIR1 with (n≥108) and without (n≥104) 1 mM auxin applied from egg stage was measured from pharynx procorpus to anus at following times: 120 min for animals on control plates (-), 15, 30, 60, 120, 240, 360, 480 and 600 min for animals on 1 mM levamisole plates. Adjusted p is given for adjusted multiple t-test comparing populations at equal time point.
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Calcineurin allows movement recovery through calcium level restoration.

We followed the muscle calcium concentration of muscle from adapting strains with, and without, the degradation of muscular TAX-6/calcineurin (Fig 4A -C). In lev-10(lf) context, degradation of TAX-6/calcineurin in muscles is correlated with an increase of calcium levels in control conditions (10% increase, p = 0.001) (Fig 4B). We did not further investigate the origin of the increase. After 2 h of levamisole exposure, calcium reached the same level in lev-10(lf) muscles with or without degradation of TAX-6/calcineurin. Between 2 and 10 h of levamisole there was a 36% decrease of calcium levels in lev-10(lf) muscles in the presence of tagged TAX-6/calcineurin (p < 0.001). Calcium levels after 10 h of levamisole was significantly lower compared to control condition (12% decrease, p < 0.001). With muscular degradation of calcineurin, the decrease of calcium between 2 and 10 h was less important (17% decrease, p < 0.001). After 10 h of levamisole, we could not detect a difference of calcium concentration compared to that in control condition (or a difference than less than 11%, 0.8 minimum detectable difference). Muscular degradation of calcineurin suppressed the lowering of muscular calcium levels between control and 10 h levamisole in lev-10(lf) mutants (p = 0.001 for interaction in two-way ANOVA).

For molo-1(lf) mutants, as shown before, average calcium was highly variable across the population of molo-1(lf) worms after 10 h on levamisole (Fig 4C). Some worms kept a high calcium profile while others had much lower calcium levels. This variability was reduced when calcineurin was depleted in muscle and no worm was measured with a low calcium concentration (p = 0.03 for Fisher's exact test comparing number of worms above and under the mean minus 0.5 SD of the control condition without degradation of calcineurin). But no difference in means of the populations of molo-1(lf) with and without TAX-6/calcineurin at 10 h of levamisole exposure could be identified.

We also verified the evolution of calcium levels of WT without TAX-6/calcineurin during 10 h of levamisole exposure (fig. S4). We found no difference between the two populations.

They also both displayed the same relaxed phenotype (data not shown).

Altogether, our results suggested that muscular TAX-6/calcineurin is necessary for the reduction of the concentration of calcium in adaptation. We hypothesized that this could be a consequence of a role of calcineurin in the reduction of the concentration of synaptic L-AChR receptors. n=30) and lev-10(kr26) (n=21) worms were exposed to 1 mM levamisole on standard growth plates. Number of pharyngeal pumping events were counted in situ during 30 s at the following times: before transfer (control), and after 5, 30, 60, 120, 240, 360 min and 24 h on levamisole. Adjusted p is given for adjusted multiple t-tests comparing populations at a time point. S1.B. Quantification of muscular calcium response to levamisole. WT (n=22), molo-1(kr100) (n=20), and lev-10(kr26) (n=15) were exposed to 1 mM final levamisole added directly on worms and were recorded for 90 s. Dotted lines represent standard deviation. For B and C, worms were immobilized using surgical glue on glass in standard saline solution. For B, C and D, worms expressed Pmyo-3::GCaMP-6s::mCherry. S1.C. Quantification of muscular calcium response to muscimole. WT worms (n=7) were exposed to 10 mM muscimole added directly on worms and fluorescent signals were recorded for 6 min. S1.D. Representative images of calcium insensitive variations of muscular ratiometric GCaMP-6s after levamisole exposure. Muscular ratio was represented for lev-10(kr26) and WT worms. Ratio between green and red muscular fluorescence was plotted as calculated. For display clarity, color shade was determined by intensity value of red fluorescence. Worms expressed Pmyo-3::inactive-GCaMP-6s::mCherry in lite-1(ce314) background to limit light reactivity. Freely moving worms were placed on thick agarose pads with 1 mM levamisole for 10 h and on control pads for 10 h. Ratio between green and red muscular fluorescence was averaged from at least 30 s of 2 frames/s acquisition of freely moving worms and normalized with maximum and minimum values from all experiments (see material and methods). 
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Additional Material and Methods

Most of the methods used in this project were already described in the material and methods section of the article, part 2. For clarity, these have been copied here, with additional details, and protocols for the complements.

Strains and Genetics

All strains were maintained on Petri plates with nematode growth medium (solidified from aqueous solution with, in mass, 0.3% NaCl, 1.7% agar, 0.25% peptone and with 1 mM CaCl2, 1 mM MgSO4, 5 μg/ml cholesterol, and 2.5 mM KPO4) and kept between 15°C and 20°C.

Unless mentioned, all experiments were performed on D1 adults obtained from either D-1 selection or isolation of L4 worms, or egg laying of gravid adults: 50 to 10 worms for 2 h to 6 h, at D-3. Unless mentioned, all plates were partially covered of an OP50 bacterial lawn. A complete list of strains used in this study can be found in Table 4.

Behavioral Assays

Except for calcium imaging, levamisole assays were all performed as follows: one-day-old adult worms grown at 20°C were transferred on fresh NGM plates for control condition or 1 mM levamisole plates according to previously described protocols [START_REF] Jospin | An extracellular scaffolding complex confers unusual rectification upon an ionotropic acetylcholine receptor in C. elegans[END_REF] , with levamisole stock kept at 1 M in water at -20°C, itself prepared from (-)-tetramisole hydrochloride powder >99% (Sigma-Aldrich). Levamisole was added with salts, in 60°C cooled nematode growth medium.

All imaging and assessments were performed at room temperature, between 19 and 22°C.

Unless mentioned, each experiment was performed on at least 3 different days.

Calcium Imaging

For all the calcium assays presented in this studied, worms carried the Pmyo-3::GCaMP-6s::mCherry in single copy, inserted by mini-Mos 233 from injected pFF01[miniMos_Pmyo-3::GCaMP-6s::mCherry::unc-54 3'UTR], engineered from pJH3630[Pmyo-3::GCaMP-6s::mCherry::unc-54 3'UTR], kind gift of Mei Zhen, Samuel Lunenfeld Research Institute. All worms additionally carried the lite-1(ce314) mutation to limit reactivity to light used for imaging 226,227 . For calcium-insensitive variation of GCaMP fluorescence, worms carried krEx1380[pmyo-3::noRS20-GCaMP-6s::mCherry hygro-res], obtained from the coinjection of

Endoplasmic Reticulum Stress

Endoplasmic reticulum stress was measured using the fluorescence from the reporter transgene zcIs4[hsp-4::gfp]. Images were taken using a Nikon Multizoom AZ100 microscope, equipped with Zeiss Axioskop. Light was emitted by a mercury lamp with excitation light filtered at 450 -490 nm and emission light filtered at 515 -565. Heat shock for control condition was performed on agar plates in a dry incubator at 37°C for 1 h, and worms were allowed to recover for 7 h at 20°C. Fluorescence is normalized with the lev-10(lf) control condition for each day, to account for variations in light intensity from the microscopy set.

Fluorescence value was extracted using a custom Fiji macro available on request.

Length Measurements

Length measurements were performed in brightfield, using a Nikon Multizoom AZ100 with fixed zoom settings between days and worm populations. Length is measured from head to tail, and corresponds to the distance approximately separating the pharynx procorpus and the anus, and following the center of the worm lateral section. In the article, the measure is automated in a Fiji macro made available in annex. The length measurements in part 3 were performed manually with the curve drawing tool in Fiji. In the automated task, the mask of the worm is first trimmed and expended to be smoothed and for tail exclusion before skeleton calculation and length measurement.

Speed Measurements

Speed measurements were performed in brightfield, using a Nikon Multizoom AZ100 with fixed zoom settings between days and worm populations. Acquisition was performed for 50 s at 2 frames per seconds. Worms' centroids were tracked using the TrackMate plugin in Fiji. For worms with multiple tracks, only the first track was selected. Tracks of less than 10 s were excluded. Associated Fiji macro was made available in annex.

Statistical Analysis

For all violin plots, dashed lines show quartiles and tests compare levamisole condition to the control of the same mutant. All error bars represent standard deviations from the mean.

Part 4 -

General

Discussion

found no effect of 0.2 mM levamisole for 18 h on the L-AChR levels. Conversely, the measurements were made at the anterior pole of the dorsal cord, which, with the reported significant L-AChR content reduction at 1 mM levamisole in wild-type, behaved differently that what we measured in this project in the core part of the cord.

Uninvolved Candidates

During our candidate-gene analysis presented in the article, we tested different mutants that could have been potentially implicated in the adaptation of worms with the lev-10(lf) context. Their absence of involvement gives insights on the cellular pathways toward adaptation. We have already mentioned some of them in our general discussion and in the discussion of the article (mcu-1, crh-1, crtc-1, fzo-1, lgg-1, tax-6, and daf-16) but some still require context.

Firstly, we reported that loss of function in both aak-1 and aak-2 had not effect on adaptation. aak-1 and aak-2 encode for the C. elegans homologues of the human AMPKα1 255 .

AMPK is known to be activated by AMP and inhibited by ATP 256 . It was shown to promote long-term responses to heat shocks in C. elegans 255 . In our project, we showed that levamisole has a strong effect on ATP levels, and thus should probably affect the AMP:ATP ratio. We could therefore expect a strong activation of AAK/AMPK. The removal of putatively activated AAK/AMPK did not affect adaptation, but could influence long-term survival and lifespan, which we did not investigate.

We also tested the implication of other kinases that were directly regulated by calcium. We tested the implication in adaptation of both CaMKI and CaMKII, calcium/calmodulin dependent protein kinases, which are expressed in C. elegans by respectively cmk-1 and unc-43 genes. The absence of involvement of CMK-1/CaMKI was expected, as the kinase is not known to be expressed in muscles 257 . On the other hand, as discussed in the article, CaMKII is known to be associated with calcineurin in regulating receptor density in neurons by playing essential roles in long-term potentiations and depressions by respective phosphorylation and dephosphorylation of glutamate receptors [START_REF] Tarasova | Calcineurin and Its Role in Synaptic Transmission[END_REF]258,259 and roles in regulation of G-protein pathways and longevity in C. elegans 107,117 . It is also known to be expressed in body-wall muscles 260 . Yet, with the knowledge of the positive involvement of calcineurin in adaptation, we could expect CaMKII to have an opposite, adaptation-neutralizing effect. Hence, the loss of function of CaMKII could be expected to not be preventing the adaptation of worms to levamisole.

We tested MEF-2, which has also been shown to be interacting with calcineurin, possibly once properly shared, will help in saving development time for the scientific community. While this project is not a major technical breakthrough, it provided novel, efficient, and versatile C. elegans live-tracking capabilities for degraded imaging conditions.

CSV Data Extraction Example

# Set working directory setwd("D:/CSV_files/") # Import libraries library(dplyr) library(ggplot2) library(ggpubr) library(RColorBrewer) library(tidyverse) theme_set(theme_pubclean()) 

Suppress errors in file naming Dat$Name <-gsub("lev-10_pFF02", "lev-10-pFF02", Dat$Name) Dat$Name <-gsub("lev-10_pFF03", "lev-10-pFF03", Dat$Name) # Extract information from file name by splitting the name by "_" Dat$WormNumber <-(str_split(substring(Dat$Name,0,regexpr("\\.[^\\.]*$", Dat$Name)-1), "_", n = Inf, simplify = TRUE))[,4] Dat$Time <-(str_split(substring(Dat$Name,0,regexpr("\\.[^\\.]*$", Dat$Name)-1), "_", n = Inf, simplify = TRUE))[,3] Dat$Condition <-(str_split(substring(Dat$Name,0,regexpr("\\.[^\\.]*$", Dat$Name)-1), "_", n = Inf, simplify = TRUE))[,2] Dat$Genotype <-(str_split(substring(Dat$Name,0,regexpr("\\.[^\\.]*$", Dat$Name)-1), "_", n = Inf, simplify = TRUE))[,1] # Correct errors in time naming Dat$Time[which(Dat$Time == "8h")] <-'600' Dat$Time[which(Dat$Time == "2h")] <-'120' Dat$Time[which(Dat$Time == "10h")] <-'600' # Format columns for graph display in R Dat$Time <-as.numeric(as.character(Dat$Time)) Dat$Slice <-as.numeric(as.character(Dat$Slice)) Dat$Weighted.ratio <-as.numeric(as.character(Dat$Weighted.ratio)) Quantif_Method = newArray("Muscle 20x (outlayer)","Muscle 10x (outlayer)", "Muscle 20x (bandpass filter + mask)", "Muscle 10x (bandpass filter + mask)", "ROI", "ROI with red channel mask", "FULL IMAGE simple mask"); Base_Orientation = newArray("Red is right", "Red is top", "Red is left", "Red is down"); Name_formats = newArray("None", "GENOTYPE_CONDITION_TIME", "GENOTYPE_CONDITION_TIME_WORMNUMBER-VIDEO.NUMBER"); ROI_Channel = newArray("RED", "GREEN"); //CREATE MENU WINDOW Dialog.create("Ratiometric processing"); Dialog.addMessage("Select options for the processing:"); Dialog.addString("Data directory:", dir, 50); Dialog.addString("Results directory:", splitdir, 50); Dialog.setInsets(20, 0, 0); Dialog.addChoice("Name format:", Name_formats); Dialog.setInsets (20, if (startsWith(Name, "#")) {NameProv0=substring(Name , lastIndexOf(Name, "#")+1, lengthOf(Name));} NameProv1 = substring(NameProv0 , 0, lastIndexOf(NameProv0, ".")); if (lastIndexOf(NameProv1,"_") < 0) { Time = "NA"; Condition = "NA"; Genotype = "NA"; } else { Time = substring(NameProv1 , lastIndexOf(NameProv1, "_")+1, lengthOf(NameProv1)); NameProv2 = substring(NameProv1 , 0, lastIndexOf(NameProv1, "_")); Condition = substring(NameProv2 , lastIndexOf(NameProv2, "_")+1, lengthOf(NameProv2)); Genotype = substring(NameProv2 , 0, lastIndexOf(NameProv2, "_")); } WormNumber = -1; 230 //ADAPT TO NAME FORMAT if (Name_formats_Str == "GENOTYPE_CONDITION_TIME_WORMNUMBER-VIDEO.NUMBER") { WormNumber = substring(Time , 0, lastIndexOf(Time, "-")); VideoNumber = substring(Time , 0, lastIndexOf(Time, "-")); Time = Condition; Condition = substring(Genotype , lastIndexOf(Genotype, "_")+1, lengthOf(Genotype)); Genotype = substring(Genotype , 0, lastIndexOf(Genotype, "_")) 

Ratiometric Image Processing
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run("Duplicate...", "duplicate range=1-"+N); run("Convert to Mask", "method=Percentile background=Default calculate black"); run("Invert", "stack"); rename("GreenMask"); NoiseRatioGreen = newArray(N); for (i=1; i<=N; i++){ setSlice(i); getStatistics(area, mean); NoiseRatioGreen[i-1] = mean; } if (Noise_Mask){saveAs("Tiff", splitdir + Name + "_GreenNoise" + ".tif");} // Save ratiometric stack as .tif file rename("GreenMask"); imageCalculator("Multiply create 32-bit stack", "GreenMask", "GreenNoiseStack"); GreenNoise = newArray(N); for (i=1; i<=N; i++){ setSlice(i); getStatistics(area, mean); -------------------------------------------------------------imageCalculator("Multiply create 32-bit stack", NameUncleanRED, MaskRED); run("Divide...", "value=255 stack"); NameRED = getTitle(); selectWindow(NameUncleanRED); close(); } if(Quantif_Method_Str == "FULL IMAGE simple mask" ) { NameUncleanRED = getTitle(); ------------------------------------------------------------ 

Annotation

/* This macro is used on reference channel images to select points which will be * the target coordinates of the neural network */ // Ask user for the directory to treat dir = getDirectory("Choose a Directory"); filelist = getFileList(dir); Annotations= dir + "/Annotations/"; // Name of the sub-folder can be changed File.makeDirectory(Annotations); splitDir= dir + "/RedChannel/"; // Name of the sub-folder has to be coherent with previous macro File.makeDirectory(splitDir); setTool("multipoint"); // Prepare ImageJ tool for pointing points of interest run("Set Measurements...", "center redirect=None decimal=1"); // Prepare options to get the positions of the points for (io = 0; io < filelist.length ; io++) { // Loop through 

Final Formatting

/* This macro is used on reference channel images to extract individual images * and associate their annotations in a single database for easier import in Python */ // Ask user for the directory to treat dir = getDirectory("Choose a Directory"); filelist = getFileList(dir); Annotations= dir + "/Annotations/"; // Name of the sub-folder has to be coherent with previous macro splitDir= dir + "/Database_2.0/"; // Name of the sub-folder has to be coherent with previous macro splitDirSmall = dir + "/Database_2.0_256x128/"; // Name of the sub-folder can be changed File.makeDirectory(splitDir); File.makeDirectory(splitDirSmall); run("Clear Results"); // Block image display for the macro execution for faster and less invasive execution setBatchMode(true); VideoNum = substring(BaseName , lastIndexOf(BaseName, "-")+1, lengthOf(BaseName)); WormNum = substring(BaseName , lastIndexOf(BaseName, "_")+1, lastIndexOf(BaseName, "-")); Name_NoWormNum = substring(BaseName , 0, lastIndexOf(BaseName, "_")); Name_NoTime = substring(Name_NoWormNum , 0, lastIndexOf(Name_NoWormNum, "_")); Name_NoCondition = substring(Name_NoTime , 0, lastIndexOf(Name_NoTime, "_")); Genotype = substring(Name_NoCondition , lastIndexOf(Name_NoCondition, "_")+1, lengthOf(Name_NoCondition)); if(X_Vulva>30 && X_Center>30 && X_Vulva<(1992+30) && X_Center<(1992+30) && Y_Vulva<996 && Y_Center<996) { // Exculde points on edges, can be skipped depending on rectangle drawn below setResult("File_Name", nResults, BaseName + "_" + Slice + ".tif"); setResult("Genotype", nResults-1, Genotype); setResult("WormNum", nResults-1, WormNum); setResult("VideoNum", nResults-1, VideoNum); setResult("Slice", nResults-1, Slice); setResult("X_Vulva", nResults-1, X_Vulva-30); setResult("Y_Vulva", nResults-1, Y_Vulva); setResult("X_Center", nResults-1, X_Center-30); setResult("Y_Center", nResults-1, Y_Center); setResult("X_Vulva_256x128", nResults-1, d2s((X_Vulva-30)/7.78125,0)); setResult("Y_Vulva_256x128", nResults-1, d2s(Y_Vulva/7.78125,0)); setResult("X_Center_256x128", nResults-1, d2s((X_Center-30)/7.78125,0)); setResult("Y_Center_256x128", nResults-1, d2s(Y_Center/7.78125,0)); / / S e t s l i c e i n s t a c k setSlice(parseInt(Slice)); // Exclude edges makeRectangle (30, 0, 1992, 996); run("Duplicate...", " "); // Save individual frame saveAs("Tiff", splitDir + BaseName + "_" + Slice + ".tif"); Temp = getTitle() // Downsize image to allow easier treatment by Python run("Scale...", "x=-y=-width=256 height=128 interpolation=Bilinear average create"); setOption("ScaleConversions", true); r u n ( " 8 -b i t " ) ;
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//Save downsized s a v e A s ( " T i f f " , s p l i t D irSmall + BaseName + "_" + Slice + ".tif"); c l o s e ( ) ; selectWindow(Temp); c l o s e ( ) ; } } selectWindow(Name); close(); selectWindow(Name + "_Annotations.csv"); run("Close" ); } } // Save final .csv files in both directories saveAs("Results", splitDir + "LabelsAndCoordinates.csv"); saveAs("Results", splitDirSmall + "LabelsAndCoordinates.csv"); setBatchMode(false); 

Training of The Convolutional Neural Nework

Code was initially written for Jupyter Notebook. The first proof of concept version of this software was written by
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# Check image size on a random image df.iloc [i,6].shape # In the next section, I will create 3 flipped images from each original one: horizontal flip, vertical flip, both horizontal and vertical flip. I will create a seaparate data frame for each, before concatenating all 4 data frames. In each, I will slightly modify the index to avoid repetitions after concatenation. # I start with the horizontal flip only, step by step, before doing the other two in a more condensed manner. 
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axs [1,0].imshow(df_verti.iloc [i,6]) axs [1,0].scatter(df_verti.iloc[i,1],df_verti.iloc[i,2],c='red') axs [1,1].imshow(df_hv.iloc [i,6]) axs [1,1] 

Macro for Length and Radius

272

run("Convert to Mask"); run("Set Measurements...", "area redirect=None decimal=3"); run("Analyze Particles...", "pixel display"); max_size = 0; N=nResults; for(i=0;i<N;i++){ if(getResult("Area", i)>max_size){ max_size = getResult("Area", i); } } scale = 1; toUnscaled(scale); max_size = max_size*scale*scale; run("Set Scale...", "distance=0 known=0 unit=pixel"); run("Clear Results"); rename("temp"); // Exclude unwanted objects run("Analyze Particles...", "size=" + max_size*Ignore_Objects_Below +"-Infinity pixel show=Masks"); run("Invert LUT"); run("Fill Holes"); selectWindow("temp"); close(); rename("Masks"); run("Duplicate...", " "); // Erase rough edges N_Erode = 10; for(i=0;i<N_Erode;i++){ run("Erode"); } for(i=0;i<N_Erode;i++){ run("Dilate"); } // Create skeleton run("Skeletonize (2D/3D)"); rename("temp"); run("Rotate 90 Degrees Left"); run("Flip Vertically"); // Keep only main branch run("Analyze Skeleton (2D/3D)", "prune=[shortest branch] calculate display"); // Prepare windows so that worms are treated in the same order run("Flip Vertically"); run("Rotate 90 Degrees Right"); rename("Skeletons"); selectWindow("Longest shortest paths"); run("Flip Vertically"); run("Rotate 90 Degrees Right"); setThreshold(1, 254); setOption("BlackBackground", true); // Convert skeleton for data ananysis run("Convert to Mask"); run("Divide...", "value=255.000"); imageCalculator("Multiply", "Skeletons", "Longest shortest paths"); selectWindow("Longest shortest paths"); close(); selectWindow("temp"); close(); selectWindow("Masks"); 273 run("Invert"); run("Create Selection"); roiManager("Add"); newImage("Untitled", "8-bit black", getWidth(), getHeight(), 1); roiManager("Select", 0); run("Draw", "slice"); // Get a coordinate list of all the pixel contained in the worm's edges x = newArray(0); y=newArray(0); for (j = 1; j < getWidth(); j++) { for (k = 1; k < getHeight(); k++) { if(getPixel(j, k) == 255){ x = Array.concat(x,j); y = Array.concat(y,k); } } } close(); selectWindow("Skeletons"); run("Duplicate...", " "); getStatistics(area, mean, min, max, std); // Calculate worm radius as longest of the minimal distances between skeleton and worm edge w_length_arr = newArray(0); Radius_arr = newArray(0); J0 = newArray(0); K0 = newArray(0); for (i = 1; i <= max; i++) { w_length = getResult("Longest Shortest Path", i- // Prepare output image with annotated skeletons roiManager("Select", 0); run("Draw", "slice"); roiManager("Delete"); run("Select None"); selectWindow("Masks"); run("Select None"); run("Invert"); run("Clear Results"); run("Set Measurements...", "area centroid perimeter redirect=None decimal=3"); run("Analyze Particles...", "size=" + max_size*0.5 +"-Infinity pixel show=Nothing display"); // Write results for (i = 0; i < Radius_arr.length; i++) { setResult("worm_radius", i, Radius_arr[i]); setResult("worm_length", i, w_length_arr[i]); setResult("area_scaled", i, getResult("Area", i)*Set_Scale*Set_Scale); setResult("X_scaled", i, getResult("X", i)*Set_Scale); setResult("Y_scaled", i, getResult("Y", i)*Set_Scale); setResult("perimeter_scaled", i, getResult("Perim.", i)*Set_Scale); setResult("worm_radius_scaled", i, Radius_arr[i]*Set_Scale); setResult("worm_length_scaled", i, w_length_arr[i]*Set_Scale); } close(); // Prepare output image with annotated skeletons selectWindow("Skeletons"); setFont("SansSerif", 14, " antialiased"); for (i = 0; i < J0. // Additional // /!\ Don't change code below /!\ setBatchMode(true); run("Set Scale...", "distance=1 known=1 unit=μm"); run("Set Measurements...", "area mean centroid redirect=None decimal=3"); Name0 = getTitle(); run("Scale...", "x=1.0 y=1.0 z=1.0 width=1024 height=1024 depth="+nSlices+" interpolation=Bilinear average process create"); run("8-bit"); Name = getTitle(); run("Duplicate...", "duplicate"); run("Convert to Mask", "method=Minimum background=Dark black"); run("Invert","stack"); run("Fill Holes", "stack"); for (i = 0; i < 2; i++) { run("Erode", "stack"); } for (i = 0; i < 2; i++) { run("Dilate", "stack"); } run("Invert","stack"); rename("MainMask"); newImage("Particules", "8-bit black", getHeight(), getWidth(), nSlices); selectWindow("MainMask"); correction = 2048*2048/(getHeight()*getWidth())

for (i = 1; i <= nSlices; i++) { setSlice(i); run("Clear Results"); run("Analyze Particles...", "size=" + WormLength*WormWidth*(1-GeneralTolerance-DownwardAdditionalTolerance)/correction + "-" + WormLength*WormWidth*(1+GeneralTolerance+UpwardAdditionalTolerance)/correction +" show=Nothing display exclude include slice"); selectWindow("Particules"); setSlice(i); for (j = 0; j < nResults(); j++) { setPixel(getResult("X", j), getResult("Y", j), 255); } selectWindow("MainMask"); } selectWindow("Particules"); run("Stack to Hyperstack...", "order=xyczt(default) channels=1 slices=1 frames="+nSlices+" display=Color"); run('TrackMate', "use_gui=false " + " display_results=true " + " radius=0.3 " + " threshold=1 " + " subpixel=false " + " median=false " + " channel=1 " + " max_frame_gap="+ toString(max_frame_gap) + " max_distance="+ toString(max_distance) + " max_gap_distance="+ toString(max_gap_distance) ) run("Max...", "value=0 stack"); imageCalculator("Add stack", "Particules", Name); rename("WormMovementsOf_"+Name); close(Name0); setBatchMode(false);