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Article

A multilevel screening pipeline in zebrafish
identifies therapeutic drugs for GAN
L�ea Lescouz�eres1 , C�edric Hassen-Khodja2 , Anaïs Baudot3 , Benoît Bordignon2 &

Pascale Bomont1,*

Abstract

Giant axonal neuropathy (GAN) is a fatal neurodegenerative disor-
der for which there is currently no treatment. Affecting the ner-
vous system, GAN starts in infancy with motor deficits that rapidly
evolve toward total loss of ambulation. Using the gan zebrafish
model that reproduces the loss of motility as seen in patients, we
conducted the first pharmacological screening for the GAN pathol-
ogy. Here, we established a multilevel pipeline to identify small
molecules restoring both the physiological and the cellular deficits
in GAN. We combined behavioral, in silico, and high-content imag-
ing analyses to refine our Hits to five drugs restoring locomotion,
axonal outgrowth, and stabilizing neuromuscular junctions in the
gan zebrafish. The postsynaptic nature of the drug’s cellular tar-
gets provides direct evidence for the pivotal role the neuromuscu-
lar junction holds in the restoration of motility. Our results identify
the first drug candidates that can now be integrated in a reposi-
tioning approach to fasten therapy for the GAN disease. Moreover,
we anticipate both our methodological development and the iden-
tified hits to be of benefit to other neuromuscular diseases.
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Introduction

Neuromuscular disorders (NMDs) encompass a large spectrum of

diseases with more than 150 distinct types described. The most

common feature of NMDs is muscle weakness, caused by injury,

dysfunction of peripheral nerves, or muscles. NMD classification is

based on which neuromuscular unit is primarily affected, that is,

the motor/sensory neuron, the peripheral nerves, the skeletal mus-

cle, or the neuromuscular junction (NMJ; Morrison & Griffin, 2009;

Michel & Collins, 2020). Within the group of peripheral neuropa-

thies, our group studies giant axonal neuropathy (GAN,

OMIM#256850; Asbury et al, 1972; Berg et al, 1972; Kuhlenb€aumer

et al, 2020), a rare disease that shares clinical and histopathological

features with some forms of the most prevalent condition, namely

Charcot–Marie–Tooth (CMT) diseases (Juneja et al, 2019; Laur�a

et al, 2019). Extremely severe in its classical form, GAN is detected

during infancy and is fatal in young adults. The course of the dis-

ease starts with difficulty in walking, decrease in deep tendon

reflexes, areflexia and amyotrophy, and evolves toward a total loss

of deep and superficial sensitivity and ambulation in teens. While

some rare milder forms of GAN do not spread to the central nervous

system, the classical forms cause a myriad of symptoms in young

adults, encompassing nystagmus, dysarthria, intellectual disability,

ataxia, and epileptic seizures.

Our group identified the genetic locus of the recessive disease GAN

(Cavalier et al, 2000) and subsequently the GAN gene (Bomont

et al, 2000), which encodes for gigaxonin, an adaptor of a Cul3-E3

ubiquitin ligase complex (Lescouz�eres & Bomont, 2020). Developing

two diagnostic tools for GAN, that is, genetic mutation (Bomont

et al, 2000) and abundance of gigaxonin (Boizot et al, 2014), we per-

mitted the identification by our and other laboratories of 75 distinct

mutations scattered along the entire GAN gene. These encompass a

wide range of mutation types (60% missense, 17.4% nonsense muta-

tions, 16% deletions/insertions, and 6.6% splice mutations), for

which we demonstrated a generalized instability of the mutated-

gigaxonin (Boizot et al, 2014; Lescouz�eres & Bomont, 2020).

In agreement with the broad spreading of symptoms across the

nervous system and the wide aggregation of Intermediate Filaments

(IFs) throughout GAN patients’ body, the gigaxonin-E3 ligase was

found to play pivotal roles in neuronal and cytoskeleton homeosta-

sis (Lescouz�eres & Bomont, 2020). Indeed, combining the use of pri-

mary fibroblasts from patients (Bomont & Koenig, 2003; Cleveland

et al, 2009; Mahammad et al, 2013), and GAN knockout mice (GAN

KOdel-ex1 and GAN KOdel-ex3-5; Dequen et al, 2008; Ganay et al,

2011), we and others provided crucial insights into gigaxonin’s role

in controlling the cytoskeletal IF family turnover (Mahammad

et al, 2013; Bomont, 2016) and in regulating the autophagy path-

way, through the ubiquitin-dependent degradation of the ATG16L1
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protein (Bomont, 2019; Scrivo et al, 2019). In addition, the recent

development of gan zebrafish models by our laboratory permitted to

unveil gigaxonin physiological functions. Using both transient and

stable knockout approaches, we revealed that gigaxonin is required

to sustain motility in zebrafish, by controlling motor neuron specifi-

cation and axonal outgrowth (Arribat et al, 2019). At the molecular

level, we demonstrated that gigaxonin controls the turnover of the

Ptch receptor, to positively modulate Sonic Hedgehog (Shh) path-

way activity, one of the key developmental machinery sustaining

neuron and muscle fate in vertebrates (Jessell, 2000; Te Kronnie &

Reggiani, 2002). In the absence of gigaxonin in zebrafish, Shh activ-

ity is reduced, leading to an impairment of motor neuron stability

and somitogenesis, and the abolishment of neuromuscular junction

formation and denervation.

In the field of NMDs, most therapeutic efforts have focused on

gene therapy (Juneja et al, 2019; Ravi et al, 2019), and this approach

is being considered for GAN with an ongoing phase I clinical trial

using intrathecal administration of an AAV9-GAN product

(ClinicalTrials.gov Id: NCT02362438, 2015). Alternatively, the devel-

opment of nonmammalian models promoted the rise of high-

throughput screenings of pharmacological compounds in the last 10

years (Giacomotto & S�egalat, 2010; Patton et al, 2021). In particular,

the zebrafish (Danio rerio) model provides a strong therapeutic poten-

tial for neurologic diseases and has been proposed as the best alterna-

tive to mammalian screening for phenotype-based in vivo drug

discovery (MacRae & Peterson, 2015). The reasons for this include the

high conservation of genes and protein similarity between zebrafish

and human, the external fertilization and rapid development through

well-defined stages, facilitating the observation and experimental

manipulation of embryos. Moreover, the statistical power of the

screens is ensured by the high fecundity of progenitors. Zebrafish

embryos’ small size allows them to be placed in 96-well plates and to

be easily treated by balneation. Finally, the transparency of the

embryos facilitates investigations at the physiological level within tis-

sues and is well-documented for neuronal, muscle, and neuromuscu-

lar systems (Pappalardo et al, 2013). To date, more than 65 small-

molecule screens in zebrafish have been reported in the literature

(MacRae & Peterson, 2015). Overall, this approach led to the identifi-

cation of about 10 drug candidates, which are currently tested in clini-

cal trials in various fields of biomedical science (Patton et al, 2021).

Among them, the neuroleptic compound pimozide, which is under

Phase 2 clinical trial (ClinicalTrials.gov Id: NCT03272503, 2017), was

first identified from a high-throughput screen in a zebrafish model for

ALS (Patten et al, 2017), hence confirming the great value of zebrafish

in clinical translation.

While we and others have revealed the poor value of the GAN

KO mouse models for preclinical studies, presumably because of

genetic compensations due to the activation of the nonsense-

induced transcriptional compensation (NITC) pathway (El-Brolosy

et al, 2019; Ma et al, 2019), we generated robust gan zebrafish

models with high relevance, penetrance, and robustness in regard to

the human pathology (Arribat et al, 2019). Indeed, we showed that

80% of gigaxonin-depleted animals exhibit a total loss of motility,

with the remaining moving with decreased speed and over shorter

distances. We further demonstrated the molecular pathway by

which gigaxonin depletion impairs motor neuron stability, abolishes

neuromuscular junction formation, resulting in denervation. Over-

all, the gan zebrafish model is the first to reproduce the loss of

ambulation and the severity of symptoms seen in patients, hence

providing the first hope to design effective therapeutic strategies for

the fatal GAN disease.

In this study, we took advantage of our robust gan zebrafish

model to perform a drug screening, in a strategy of repurposing of

small molecules. Toward this aim, we developed an in vivo

behavioral-based screening strategy, by miniaturizing an assay to

quantify and score the locomotor deficit in zebrafish. The screening

of the Prestwick Chemical Library®, containing 1,280 small mole-

cules, evidenced 59 common molecules between the two different

gan zebrafish models. Then, we conducted an in silico system biol-

ogy approach to identify the different pharmacological families of

Hits and pinpointed recurrence, allowing us to further reduce our

candidate to 16 drugs. We subsequently developed a novel

imaging-based filtering method (Lescouz�eres et al, 2022) to identify

Hits rescuing the NMJ and axonal deficits in the gan zebrafish.

Overall, we established a stepwise methodology to pinpoint two

specific pharmacological classes (muscarinic antagonist and α-
adrenergic agonist), whose actions converge in the stabilization of

the NMJ units. Finally, we show that the effect of the small mole-

cules on NMJ maintenance is directly mediated via their actions on

cholinergic and adrenergic receptors. Our results suggest that α-
adrenergic and muscarinic receptor impact NMJ synaptic organiza-

tion and their therapeutic benefit in GAN may be through morpho-

logical restoration of the NMJ to compensate neurogenesis defects

in the disease.

Results

Miniaturization of the loss of motility in gan zebrafish and
scoring of its robustness for drug screening

To evaluate the potential of the gan zebrafish model as a suitable

biological source for pharmacological screening, we focused on the

robust and meaningful physiological readout test, that is, the loss

of locomotion at the behavioral level. As described in our previous

study, depletion of gigaxonin using a transient approach (by

injecting morpholino antisense oligonucleotides, MO) recapitulates

the severe locomotor symptoms seen in patients (Arribat

et al, 2019; Fig 1). To note, the transient model was preferred over

the stable KO line because it was obtained first and because it

shows better penetrance and overall severity, presumably due to

the activation of the NITC pathway in the genetic line. Thus,

repression of gigaxonin in zebrafish induces several defects

(Fig 1A), with a decreased production of motor neurons, a short-

ening of axons (Fig 1B and C), and a decreased formation of neu-

romuscular junctions (Fig 1C), which induce a severe locomotion

deficit (Fig 1D and E). To miniaturize this behavioral readout test,

we monitored the spontaneous locomotion of 5 dpf larvae in a 96-

well-plate format. We recapitulated our previous study, with a

complete loss of locomotion in 79.2% of gan morpholino-injected

(MO) animals, the remaining presenting a dramatic decrease

(85%) in the total distance traveled within an hour (Fig 1D and E,

and associated Movie EV1). By far, the most common format to

conduct chemical screen using live zebrafish is the 96-well plate

(Peterson et al, 2000; Best & Alderton, 2008; Rennekamp & Peter-

son, 2015), simply by adding small amounts of compounds
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directly to the fish water. To validate our phenotypic in vivo read-

out for extensive drug screening, we assessed the robustness of

the assay through assignment of Z’-factor quality metrics. Z’-factor

is a dimensionless number that discriminates the positive (i.e.,

noninjected wild-type (WT)) and negative (i.e., WT injected with

MO) controls, used to quantify the range of motility measurements

within the test. Z’-factor analysis of our data was satisfactory (Z’

= 0.57), within the range of other similar zebrafish screens (from

−7.1 to 0.78; Walker et al, 2012), ensuring maximized throughput

and reproducibility. Subsequently, we established experimental

conditions, including: (i) an evaluation of potential plate effects

(timing of analysis and position on the plate); (ii) different timing

and methods of dechorionation; and (iii) the number of fish tested

per drugs. This preliminary work allowed us to define an experi-

mental scheme, which is described in Fig EV1. Thus, we designed

the first GAN disease-relevant phenotypic assay for a drug screen-

ing with the aim to screen and identify small molecules able to

rescue the loss of locomotion in 5 dpf treated gan morphants, com-

pared with noninjected WT larvae.

Pharmacological rescue of locomotion defects in the
gan morphants

To identify small molecules restoring locomotion in the gan zebrafish

model, we screened 1,280 drugs from the Prestwick Chemical

Library®. This library comprises 95% of FDA-approved drug, in agree-

ment with a repositioning strategy. At first intention, drugs were

tested at a single concentration of 10 μM, which corresponds to the

compromised concentration in the field between activity and toxicity

for many compounds in zebrafish (Rennekamp & Peterson, 2015). To

quantify both the potency of individual drugs in restoring locomotion

and the penetrance of this effect, we assigned a behavioral scoring

relying on a z-score mean value of four biological replicates, which

measures the total distance traveled over an hour (Fig 2A). We set up

Figure 1. The gan zebrafish mimics the loss of motility described in GAN patients.

A Schematic of the behavioral and cellular defects described in the gan zebrafish model. Underlying the loss of motility in the gan zebrafish, the architecture of the
spinal cord is remodeled with shortening and/or absence of MN axons (in green, primary MNs; in red, secondary MNs) and loss of neuromuscular junctions (NMJ).
The neuromuscular phenotype is accompanied by a change in the shape of myofibers, which adapt a “U-shape” instead of a normal “V-shape.”

B The percentage of shorter pMN axons (< 70 μm) per fish is significantly higher in gan morphants (n = 20) than in noninjected WT (n = 20) at 48 hpf.
C Representative images for the neuromuscular junctions (znp1: green; αBTX: α-bungarotoxin: red) in WT and gan morphants at 48 hpf. Note the shorter pMN axons

and sparse AChR clusters in gan morphants.
D Representation of the cumulative tracking of the spontaneous locomotion of 5-day-old larvae for 1 h, in noninjected and MO-injected animals.
E Quantitative measures of the traveled distance (m: meter) show total loss of locomotion in 79.2% of gan morphant; n = 48 (WT), n = 48 (MO).

Data information: (B, E) Each dot represents individual larvae; *P< 0.05, ****P< 0.0001. In the absence of normality of distribution of the data, a nonparametric Mann–
Whitney U test was applied. Data are represented as means� SEM. (C) Scale bar represents a length of 100 μm.
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Figure 2. Development of a screening strategy in zebrafish to score, categorize, and refine candidates to 103 hits.

A Efficacy of Hits is determined by the establishment of a z-score scale, ranging from 0 (noninjected “WT Control,” green) to negative values <−2 (gan morpholino-
injected “MO Control,” red) after normalization with WT values. Representative pictures of video tracking show the total distance traveled over 1 h by quadruplicate
WT and MO fish at 5 dpf.

B Primary screening on gan morphants identifies four chemicals classes depending on their mean z-scores and individual values. Hits restore motility in > 2/4 animals
(min 2 individual z-scores >−1), while non-Hits may have an effect only on 1/4 animals (max 1 z-score >−1) and toxic compounds induce death in ≥ 3 fish. Hits are
further categorized in two groups A and B, accordingly to the penetrance of the phenotype: B Hits exhibit a negative mean z-scores due to 1–2 fish with low values,
while A Hits are penetrant with positive mean z-scores. Screening of the 1,280 Prestwick Chemical compounds identifies 809 Toxic and 368 Non-Hits molecules, and a
total of 103 Hits with 71 A Hits and 32 B Hits.

C Summary of the screening strategy workflow for the GAN disease, encompassing behavioral tests in the two gan zebrafish models (Screen and Rescreen),
computational approach using System Biology (Filter I) and a novel imaging screening methodology at the cellular level in zebrafish (Filters II 1–3).
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a locomotion score scale ranging from null values (Z-score= 0, nonin-

jected WT animals) to negative values (Z-score<−2) indicative of a

lack of locomotion, characteristic of untreated larvae injected with the

gan MO. Then, the locomotion behavior of larvae treated with the

1,280 drugs was scored (full set of data presented in Fig EV2). We

then categorized the responses in four different classes of compounds

(Fig 2B). Toxic compounds have no associated mean z-scores because

≥ 3/4 of the fish larvae die after treatment; non-Hits compounds are

not efficient on at least 3/4 of larvae injected with gan MO. Finally,

positive Hits can be classified as (A) compounds associated with posi-

tive mean z-scores highly penetrant (≥ 2/4 animals injected with gan

MO with individual z-scores strictly above −1) and (B) compounds

associated with strong individual z-scores (≥ 2/4 animals injected

with gan MO with individual z-scores strictly above −1) but

presenting a negative mean z-score.

The dot-plot representation of individual and mean z-scores pre-

sents the Hits in the most statistically powerful category (Hits A;

n= 71, Figs 2B and 3A) with mean z-scores close to noninjected WT

values and the second subtype (Hits B; n= 32, Figs 2B and 3B) less

penetrant with at least one fish per compound associated with a

high negative z-score. Overall, our behavioral readout test identified

103 Hits (8.04% of the library) able to restore motility in most of

the treated gan morphants (Fig 2B).

To increase the relevance of our approach, we defined a strategy

(Fig 2C) combining a behavioral rescreening on the other gan zebra-

fish model (“Rescreen”), a system biology approach (“Filter I”) and

“high-content” (e.g., confocal imaging-based) whole-organism cellu-

lar analysis (“Filter II”) to evaluate the restoration of the specific

NMJ-associated phenotypes, previously identified in the gan model.

Reduction in candidates using the genetic gandel/del

CRISPR model

To ensure the reproducibility of our results across different

gigaxonin-depleted zebrafish models, the same strategy was adopted

to rescreen the 103 Hits compounds in the gan knockout zebrafish

line (“Rescreen,” detailed in Appendix Table S1). As previously

described, the gandel/del zebrafish also presents severe defects in

spontaneous locomotion, with a significant reduction in the total

distance traveled within an hour in 80% of the mutants (Arribat

et al, 2019; see Movie EV1).

The purpose of the “Rescreen” was to take advantage of the

genetic gandel/del CRISPR model to reinforce the robustness of the

hits identified in the drug screening, and possibly eliminate false

positives. Here, we could not apply the same analytic method used

for the screening, due to the overrepresentation of positive events

within the experiment. Indeed, all molecules were selected to have

a beneficial effect on motility, hence unbalancing the negative

values represented within the plate. Therefore, we analyzed the

Normal Percentage Activation (NPA, detailed in Materials and

Methods section), which was previously described as the most

appropriate way to score sample values with positive effect and high

variability. Thus, we normalized the total distance traveled by

treated gan KO versus WT larvae and established a scale from 0 to

20% (gan KO) to 100% (WT) Normal Percentage Activation, to pro-

vide the most appropriate scoring method in identifying subpopula-

tion of compounds among efficient Hit sets. With this methodology,

we validated 59 Hit compounds able to rescue in average at least

50% of the locomotion in the treated gan KO zebrafish model, and

significantly different from untreated gan deletion mutants (0–20%;

Fig 4). Thus, the Rescreen permitted to reduce the number of Hits

compounds common to both gan zebrafish models, to 59 (Appendix

Table S1 for details).

System biology approach identifies three functional groups and
recurrence within Hits

To better refine our Hits, we performed an additional selection step,

using System Biology (Filter I). The screened Prestwick Chemical

Library® has a high chemical and pharmacological diversity. We

first classified the 59 common Hits compounds according to their

pharmacological class annotations, as described in the library data-

base (Fig EV3). This analysis evidenced an enrichment of the com-

mon Hits in the Cardiovascular system (from 17.6; 4% to 23.73%),

in CNS (from 17.65 to 18.64%), and to a lesser extent the Neuro-

muscular system. Conversely, this approach ruled out several phar-

macological categories, including Gastroenterology and Infectiology.

At this decision-making stage, a common limit for such

phenotype-based screenings is the difficulty to further determine

the mechanisms of action of the Hits compounds (Schenone

et al, 2013), as the approach is meant to identify disease-modifying

drugs regardless of the knowledge of their molecular targets. There-

fore, to enrich our strategy, we conducted an in silico system biol-

ogy approach (Filter I) to identify the targets of our Hits and predict

potential mechanisms of action (Fig 5).

At first, a Drug-Target list was constructed with known Drug-

Target Interaction data extracted from DrugBank for the 59 common

Hits. This approach identified 95 poly-pharmacological targets for

44 common Hits. However, the database does not report any known

targets for 15 of the 59 common Hits. The latter were classified as

Unknown Hits and kept for additional filtering stages (Filter II).

Next, using the STRING v.11 database, we retrieved the interac-

tions between the targets to extract functional associations, that is,

links between targeted proteins that participate jointly in specific

biological functions. This analysis revealed a network composed of

89 nodes and 427 edges. The Protein–Protein Interaction enrichment

means that targeted proteins have more interactions than expected

for a random set of proteins. We selected target protein interactions

with high confidence (0.7) to construct our network with Cytoscape,

hence decreasing the number of edges to 92 (Fig 5). The analysis of

the obtained network revealed two important characteristics. First,

we identified strong enriched interactions (P-value< 1.0e−16), as a

result of a functional link between targets against which several Hits

are directed. The network is organized in three main clusters

targeting cholinergic agents, adrenergic agents, and carbonic anhy-

drase (CA) agents. Second, beyond protein interaction, the analysis

of the drug-target networks revealed overrepresented targets, that

is, targets that are recognized by multiple Hits. We defined a cutoff

of three recurrences to identify the recurrent targets (Fig 5). Interest-

ingly, the 17 recurrent targets are mostly G-coupled receptors (11/

17). Overall, our in silico analyses pinpointed the clustering of Hits

into three functional groups and 16 Hits sharing targets with high

recurrence (Fig 5). These 16 hits, named Favorite Hits, were selected

for a cellular imaging-based filtering in the gan zebrafish.
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Development of a novel quantitative imaging methodology
refines Hits restoring the stability of the neuromuscular junction

To increase the stringency of the selection of our Hits, we designed

an additional filtering method (Filter II), based on the cellular defi-

cits identified in the gan zebrafish models (Fig 1). To test whether

the selected compounds exert their positive effect through the

stabilization of the axonal length and NMJ, we designed a cellular-

based method to quantify these parameters in noninjected WT,

nontreated, or treated gan morphants at 48 hpf. This was achieved

with the development of a novel high-content pipeline for image

acquisition and analysis, using the Opera Phenix™ High Content

Screening System confocal and the Harmony software (methodology

published in Lescouz�eres et al, 2022). Briefly, pMN axons and

Figure 3. Primary Screen identifies 103 compounds restoring locomotion defects in the gan MO-injected zebrafish.

A, B Single z-scores, comparing the total distance traveled by quadruplicate gan fish over 1-h period are plotted for the 71 A Hits (A) and the 32 B Hits (B).

Data information: For each compound, circles represent individual larvae (n = 4 per drug) and red lines show the median z-scores (see Fig EV2 for results on the whole
library).
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neuromuscular synapses of 48 hpf-old embryos were labeled with

synaptotagmin marker (znp1, axons) and alpha-bungarotoxin

(αBTX, postsynaptic AChRs), and embryos were individually placed

in 96-well plates in a lateral position (Fig 6A). To detect the neuro-

muscular system in the entire animal, we created an automatized

protocol to (i) first automatically locate single zebrafish larvae in

the well, (ii) create a global image (see details in Materials and

Methods section and Lescouz�eres et al, 2022) at low magnification

(5×); and (iii) acquire selected regions with segmentation at 20×
(see picture in Fig 6A).The first regionalization filter (1) was devel-

oped to enable the automatic detection and quantification of single

AChRs clusters (Fig 6B, left panel). The second regionalization filter

(2) was generated for the evaluation of the percentage of co-

localization area between these presynaptic NMJ components and

axonal region (Fig 6B, right panel). Next, we established a method

to automatically demarcate the dorsal spinal cord as a specific

region of interest (Fig 6C), which allowed us to quantify axonal

length by individualizing each axon (3, right panel). Thanks to the

combination of the three filters, we succeeded in quantifying the

effect of our Hits in restoring NMJ synapses (Fig 6D10–20) and axo-

nal length (Fig 6D30) in the gan zebrafish.

Robustly, our analysis shows that overall, the 16 favorite Hits

can restore NMJ structure at the three cellular levels in gan

morphants: They improve AChR clustering (Fig 7A), rescue axonal

outgrowth (Fig 7B), and increase the co-localization of axonal termi-

nals with AChR clusters (Fig 7C). Additionally, we integrated the

Unknow Hits from the System biology analysis and also showed a

significant improvement of postsynaptic AChR clustering number

and percentage of co-localization area between the axonal and post-

synaptic NMJ components in the gan morphants. Raw data for all

tested chemicals are provided in Appendix Tables S1–S4. Taken

together, the restoration of the AChR clustering and area of co-

localization with axonal projection is a hallmark of our Hits (Favor-

ite and Unknown) in rescuing synaptic contacts in the gan

morphants. While these data provide the statistical significance of

entire groups (Favorites, Unknown versus noninjected, and MO-

injected embryos), we evaluated the specific scores of individual

Hits, to rank their beneficial value. Toward this aim, we integrated

Figure 4. Rescreen identifies 59 compounds restoring locomotion defects in the gandel/del model.

The 103 Hits identified in the gan MO-injected fish were further tested in the gan CRISPR zebrafish line at 5 dpf. Due to the great imbalance toward positive results (all
103 compounds are Hits), the statistical analysis used a normalization of Percent Activation (%). Readout signals were calibrated and normalized to a 0–100% effect
scale, in which 0% represents no effect and 100% corresponds to the locomotion activity of WT fish (See details in Appendix Table S1). Here, the cutoff for the restoration
of motility was assigned to > 50% and identifies 59 Hits. Data information: For each drug, circles represent individual larvae (n= 4) and red lines show the medians for
the Normalized Percent Activation.
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the results of the three parameters for each Hit (Fig 7D and illustra-

tions for the drug Aceclidine Hydrochloride in Fig 7E) and calcu-

lated its associated z-score compared with noninjected WT

embryos. This analysis, depicted in a 3-D scatterplot (the detailed

coordinates of Fig 7D are provided in Appendix Table S5) reveals

that only five drugs are able to rescue the common parameters

regarding NMJ (parameters (1) and (2) in Fig 7). These five drugs

are divided into the three functional categories described above: two

Adrenergic agents (15—Oxymetazoline Hydrochloride, 16—Phentol-

amine hydrochloride), one CA agent (19—Trichlormethiazide), and

two Hits with Unknown target (1—Aceclidine Hydrochloride, 7—

Digitoxigenin). Interestingly, the Aceclidine Hydrochloride, previ-

ously characterized as Unknown Hits according to the DrugBank

database, turns out to be a well-described muscarinic AChR agonist

(Ehlert et al, 1996). To analyze in greater details the activity of our

five selected Hits, we examined their effect on the presynaptic com-

partment and conducted a dose-dependent treatment. First, we used

the Synaptic Vesicle glycoprotein 2 (SV2) marker to show that its

labeling intensity is significantly decreased in gan morphants com-

pared with noninjected WT embryos at 48 hpf, and not rescued by

the five Final Hits (Fig EV4A and C). Interestingly, the staining

intensity of postsynaptic AChR receptors was found to be similar

Figure 5. Filter I: Computational network analysis of the Hit targets identifies three functional groups and high recurrence, and refines candidates to 16 Hits.

Drug–Target list was constructed with known Drug–Target Interaction data extracted from DrugBank for the 59 candidate Hits. Subsequently, gene network of the 89
targets and interactions of the corresponding proteins were obtained from the STRING database (non-interacting protein are removed here). Diamond-shaped nodes cor-
respond to drugs compounds as annotated in the DrugBank database and red nodes correspond to their targets (gene names presented here). Isolated diamonds
(in light green) correspond to the 15 drugs with unknown targets. Edges corresponding to Target–Target interactions from STRING are indicated as solid gray lines, and
Drug–Target interactions from DrugBank in blue lines. Recurrence analysis pinpoints a clustering of Hits into three functional groups with high recurrence, as depicted
with ellipses: Adrenergic (light pink), Cholinergic (light yellow), CA (light brown). Target node size is scaled according to the number of drugs targeting the node and
reflects recurrence. Recurrence of > 3 refines favorite drugs to 16 Hits (dark green diamond), represented in the three functional groups.
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between noninjected and MO-injected embryos (Fig EV4B). On the

contrary, the area of the postsynaptic clusters is significantly

increased in the gan morphants (Fig EV4D). If drugs seem to be ben-

eficial in rescuing their size, it does not reach the levels of nonin-

jected WT values. Finally, as the initial screening was performed at

a drug concentration of 10 μM, we conducted a dose–response anal-

ysis of the five selected Hits from 0.1 to 50 μM, using the motility

assay (Fig EV5). With a general toxicity at 30 and 50 μM, the drugs

are not significantly potent at low doses but present a dose-

dependent effect for Phentolamine hydrochloride and

Trichlormethiazide. Notably, we showed that all drugs exhibit

maximal effect at 10 μM (and occasionally 5 μM), hence confirming

the validity of our screening and filtering methodology at this

concentration.

The benefits of Hits on locomotion are due to on-target effects
at NMJ receptors and are also potent upon treatment at
symptomatic stage

To determine whether the beneficial effects of Hits are due to their

direct action on G-coupled receptors or to other (un)known mecha-

nisms of action, we studied their efficiency following a pretreatment

with receptor antagonists. Thus, we pretreated zebrafish embryos

with the selective α1 adrenergic antagonist (Alfuzosin) or choliner-

gic antagonist (Curare), which both block synaptic transmission at

NMJs and significantly decrease the total distance traveled by wild-

type embryos (Fig 8A). Following the pretreatment with alpha-

blocker, the addition of two adrenergic Hits (Oxymetazoline hydro-

chloride and Xylometazoline hydrochloride) failed to restore loco-

motion, indicating that the effects of our Hits are probably mediated

by α1 receptors (Fig 8A and B). Interestingly, we observed a duality

in the beneficial effect of cholinergic Hits after treatment with

Curare. Aceclidine Hydrochloride remains effective in the presence

of the antagonist, while Tropicamide tends to lose its effect. These

results suggest that the effect of Tropicamide may be dependent on

nicotinic AChR activity while Aceclidine Hydrochloride may have

cholinergic-independent effect on locomotion (Fig 8B).

In this study, we showed that the five selected Hits induce robust

recovery when administrated at early stage of development (8–48
hpf). To evaluate their efficacy upon treatment at symptomatic

stage, we exposed gan MO-injected animals to drugs at 48 hpf, when

both behavioral and cellular deficits are already present (Fig EV6A

and Movie EV2). Analysis of increasing doses revealed that four Hits

show efficacy in restoring the spontaneous locomotion of larvae at 5

and 10 μM, hence indicating clinical relevance of our pharmacologi-

cal approach for future development for the GAN disease.

Discussion

Zebrafish is a model of choice for studying the nervous system

at a physiological level and for phenotype-based in vivo drug

Figure 6. Filter II: Novel methodological analysis of automated imaging-
screening.

A Schematic overview of 48-h-old embryos for automated detection in 96
well-plates, ROI segmentation and Rescan imaging. Representative images
of NMJ staining (znp1: green; αBTX: α-bungarotoxin: red) within the spinal
cord of control larvae.

B Representative images of the detection filters segmenting AChR clusters
from α-bungarotoxin staining (1), pMNs axon area from znp1 staining and
NMJ overlapping compounds (2) within the spinal cord of control larvae.

C Representative image of the smoothing filter to extract the dorsal spinal
cord staining as the specific region of interest to individualize axons (3).

D Enlarged pictures of the parameters (10–30) for the quantification of NMJ
and pMN axons.

Data information: Scale bar represents a length of 1mm (A, 5×), 500 μm
(A, 20×), 200 μm (B), 100 μm (D).
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Figure 7. Filter II: The automated imaging-analysis identifies five Hits regulating NMJ development in the gan zebrafish.

A–C Boxplots showing individual and mean values of the number of postsynaptic AChR clusters (A) and axonal length (B) and bar plot showing NMJ structure overlap
(C) for four groups: noninjected WT (black), MO-injected embryos (blue), MO-injected embryos treated with Favorites Hits (dark green) or Unknown Hits (light
green). The central bands of the boxplots represent the median, the boxes of the boxplots represent the interquartile range (between the first and third quartile),
and the whiskers represent the minimum and maximum values.

D 3-D scatter plot representing the z-scoring analysis for the three parameters (x (1)=#AChR clusters, y (2)=NMJ structure overlap, z (3)= Axonal length). The 3-D
representation and the associated Hit-map identify subgroups of compounds with different penetrance of recovery of cellular deficits in the gan zebrafish, among
which three Hits restore all parameters and two additional restore two parameters including NMJ common to all Hits.

E Representative images of the three parameters examined for noninjected WT embryos (WT), gan MO-injected embryos (MO), and gan MO-injected embryos treated
with Aceclidine Hydrochloride, which restore all three parameters. Data information: Scale bar represents a length of 200 μm.

Data information: Each dot represents individual values for WT and MO, and mean values of quadruplicate treated larvae with single Hits (Favorites, Unknown) (A–C). In
the absence of normality of distribution of the data, a nonparametric Kruskal–Wallis test is applied; medians with range are represented; n= 34 (WT), n = 44 (MO), n=
13 (Favorites), n = 9 (Unknown); *P≤ 0.05; **P≤ 0.01, ***P≤ 0.001, and ****P≤ 0.0001.
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Figure 8. Specificity of the Hits for on-target effects at the NMJ.

A Box plots representing the effect of adrenergic (left, Oxymet., Oxymetazoline Hydrochloride; Xylomet., Xylometazoline Hydrochloride) and cholinergic (right, Acecl.,
Aceclidine Hydrochloride; Tropi., Tropicamide) Hits, in the presence of pathway-specific blockers (Alfu., Alfuzosin, Curare) added as pretreatment. Each dot represents
individual values for non-injected WT embryos, MO-injected larvae and MO-injected larvae treated with the Hits� blockers. In the absence of normality of distribu-
tion of the data, a nonparametric Kruskal–Wallis with Dunn’s multiple comparison test is applied; means with� standard deviation are represented; n= 31 (WT),
n= 37 (MO), n= 21 (WT + Alfu), n= 16 (MO + Alfu), n= 4 (MO + Oxymet.), n= 6 (MO + Oxymet. + Alfu.), n= 6 (MO + Xylomet.), n= 8 (MO + Xylomet.+ Alfu.), n = 69
(WT + Curare), n = 23 (MO + Curare), n = 6 (MO + Acecl.), n= 7 (MO+ Acecl. + Curare), n= 15 (MO + Tropi.), n = 16 (MO+ Tropi.+ Curare). *P≤ 0.05; **P≤ 0.01, ***P≤
0.001 and ****P≤ 0.0001 with WT values.

B Proposed mechanisms of action of the adrenergic (left) and cholinergic (right) Hits on associated synapses. G-coupled receptors are represented at the pre- or postsyn-
aptic membrane according to their localization. Hits whose locomotion rescue action is expected to be dependent on direct action on receptors are shown in blue.
Conversely, Hit whose action is assumed to be independent of its role as an agonist is shown in orange. NE, Norepinephrin; ACh, Acetylcholine; AChE, Acetylcholine-
esterase.

C Interaction’s network between GAN and human diseases. Gigaxonin’s substrates (dark blue) and associated diseases (light pink) were manually added to the initial
list. The gene-disease-associated interactions with (KRT15, VIM, DES) are not displayed because too numerous, but they seem principally associated with cancer. The
network of diseases closest to GAN mainly includes NMD. We distinguish several groups of neuromuscular pathologies, including numerous CMT forms, motor neuron
pathology (ALS) and myopathies.
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discovery (Patton et al, 2021). This vertebrate species is particu-

larly suitable for screening strategies aimed at re-profiling com-

pounds used in clinical trials and therefore to identify novel

modifiers of disease-related phenotypes. A major benefit of drug

repurposing lies in the rapid transitioning from preclinical

models to patients, as the toxicity and tolerability profiles of the

relevant compounds have been documented (FDA-approved

drugs; Pushpakom et al, 2019). Thus, the use of zebrafish has

been particularly effective in the repositioning of molecules in

different biomedical fields (see MacRae & Peterson, 2015 for

review).

Combining zebrafish model and pharmacological screening con-

stitutes a fast and unbiased way to identify therapeutic molecules,

regardless of the known mechanisms underlying disease. This repre-

sents a considerable advantage for the GAN pathology, as the contri-

bution of the known molecular targets of gigaxonin (Intermediate

Filaments (Mahammad et al, 2013; Bomont, 2016) and the autop-

hagic ATG16L1 protein (Scrivo et al, 2019)) to neuronal impairment

and neurodegeneration is yet to be determined (Lescouz�eres &

Bomont, 2020). More recently, our group revealed that gigaxonin

controls the turnover of the Ptch receptor (Arribat et al, 2019), to

positively modulate Sonic Hedgehog pathway activity, one of the

key developmental machinery sustaining neuron and muscle fates

in vertebrates (Jessell, 2000; Te Kronnie & Reggiani, 2002). In gan

zebrafish, Shh activity is reduced and leads to impaired motoneuron

stability and an abolishment of neuromuscular junction formation

with a typical denervation profile, which are combined to abolish

locomotion in gigaxonin-depleted animals. While this indicates that

a strategy-enhancing Shh activity may have beneficial effects in

GAN, the goal of the present study was to develop an unbiased

approach toward drug discovery, independently of the Shh-

mediated effects in our gan zebrafish model.

Thus, the present study aimed at identifying in our gan zebrafish

model small molecules able to counteract the loss of motility under-

lying the GAN disease and compensate for the associated cellular

deficits. With a repurposing approach, we screened the Prestwick

library containing 95% of FDA-approved drugs and created an inno-

vative pipeline of multilevel methodologies to quantify, score, and

identify the mode of action of drug candidates. Thus, we combined

in vivo behavioral-based readout tests in two independent gan

zebrafish models (Screens & Rescreen), computational approach

using System Biology (Filter I), and a novel automated imaging-

based analysis (Filter II 1–3).
Our multilevel pipeline for drug discovery in zebrafish presents

the asset of introducing different scales of analysis, from behavior to

automated and high-content imaging-based methodology, which

can be applied to other neuromuscular diseases (Lescouz�eres et al,

2022). Indeed, most screenings in zebrafish have been performed

using a unique functional parameter, and very few studies have

integrated computational methods of large-scale data in the discov-

ery of new medical targets (Walker et al, 2012; Rennekamp & Peter-

son, 2015). So far, screenings in zebrafish primarily covered either

(i) high-content analysis to evidence rescue of locomotor parameters

(Kokel et al, 2010; Rihel et al, 2010; Laggner et al, 2012), or

(ii) image-based assays of a small panel of selected Hits (Lemmens

et al, 2007; Kawahara et al, 2011; Van Hoecke et al, 2012;

Oprişoreanu et al, 2021). Overall, our stepwise approach allowed

the identification of five compounds that restore gan deficits from

behavior to cellular scales, and from which we could predict their

biological target(s) and mode of action.

Noteworthy, all Hits targets are meaningful with the impaired

motor neuron organization, abolished neuromuscular junctions,

and locomotion loss described in gan zebrafish. Indeed, the five

selected Hits, efficient in rescuing loss of locomotion and denerva-

tion profile, belong to three pharmacological families (Cholinergic,

Adrenergic, and Carbonic Anhydrase agent) known to play a key

role in NMJ (Wright et al, 2009; Bertone et al, 2017; Du et al, 2017;

Li et al, 2018; Bukharaeva et al, 2021). Among the most efficient

drug candidates, we encounter one Cholinergic agent (Aceclidine

Hydrochloride), two Adrenergic agents (Phentolamine hydrochlo-

ride, Oxymetazoline Hydrochloride), one CA agent (Trichlormethia-

zide), and one unknown Hit (Digitoxigenin). Importantly, all these

Hits restore the hallmark of neuromuscular synapses by (i) increas-

ing the area of co-localization of axonal nerve terminals and AChR

clusters in gan morphants, (ii) improving AChR clustering, and for

some (iii) rescuing axonal pathfinding.

Interestingly, synapse-stabilizing compounds have also been

identified in zebrafish models for other NMDs, such as spinal mus-

cular atrophy (SMA; Oprişoreanu et al, 2021) and amyotrophic lat-

eral sclerosis (ALS; Lemmens et al, 2007; Van Hoecke et al, 2012;

McGown et al, 2016; Patten et al, 2017; Bose et al, 2019). While

most of the studies monitor axonal length and NMJ overlap, only

very few laboratories specifically investigate the clustering of AChR

at the pre- and postsynapse. Among those, an elegant work

performed on the chodl zebrafish model of SMA offered an exten-

sive characterization of the recovery of the NMJ upon drug adminis-

tration, with a large spectrum of parameters including the area and

labeling-intensity of pre- and postsynaptic AChRs (Oprişoreanu

et al, 2021). We conducted similar analysis to reveal two additional

alterations of the NMJ in the gan zebrafish model (Fig EV4): a

decrease in the mean labeling-intensity of presynaptic receptors and

an increased area of the postsynaptic receptors. Interestingly, other

zebrafish models also revealed enlargement of AChR microclusters:

col19a1 mutation (Panzer et al, 2005), constitutive activation of

the MuSK kinase (Mazhar & Herbst, 2012), and deletion (Wang

et al, 2008) and knockdown (Sun et al, 2015) of choline acetyltrans-

ferase (ChAT). Surprisingly, the favorite Hits were not able to rescue

neither the labeling-intensity of presynapse, nor the area of the post-

synaptic AChRs. This indicates that while the drugs are not able to

reverse all the alterations of the synaptic compartments, their bene-

ficial action on axonal innervation and AChR clustering numbers is

sufficient to restore motility in treated gan animals.

The mechanisms of improved NMJ neurotransmission by cholin-

ergic and adrenergic agents may be numerous. The fact that Xylo-

metazoline hydrochloride and Oxymetazoline Hydrochloride lose

their effect on locomotion following pretreatment with adreno-

blockers indicates a possible direct role for α1 agonists (Haenisch

et al, 2010). Conversely, the effect of cholinergic Hits seems to be

more ambivalent. Indeed, Tropicamide, a muscarinic ACh receptor

(mAChR) antagonist, loses its positive effect on locomotion after

pretreatment with competitive cholinergic antagonism, suggesting a

possible direct role for cholinergic receptor. On the contrary, given

that pretreatment with cholinergic blocker treatment led to only par-

tial rescue of the motility by Aceclidine Hydrochloride, it is conceiv-

able that additional pathways, independent of postsynaptic

cholinergic receptors, are also involved (Fig 8B).
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Although there is no agreement about whether all mAChR sub-

types are present in the NMJ (Garcia et al, 2005; Wright et al, 2009),

their role in ACh release during development and adulthood is well

known. Here, we identified a specific role of mAChR antagonists

(Alverine, Scopolamine, Fig 7D) in rescuing postsynaptic AChR clus-

tering and neuromuscular synaptic contact. Scopolamine is mostly

known as antidepressant agent and can influence synaptic activity

and function by increasing synaptogenesis in prefrontal cortex (Voleti

et al, 2013). Interestingly, several studies conducted on mammals and

amphibians have showed that muscarinic cholinoreceptors, particu-

larly the M1 and M2 subtypes also modulate synaptic transmission in

neuromuscular junctions (Re, 1999; Tsentsevitsky et al, 2017).

Our results show that Aceclidine Hydrochloride is one of the most

effective Hit, restoring the three neuromuscular parameters studied,

independently of its cholinergic agonist activity (Fig 8A and B).

Aceclidine Hydrochloride is a well-known parasympathomimetic that

stimulates muscarinic receptor but also potentiates cholinergic activ-

ity through its action as cholinesterase inhibitor (AChEI). Thus, it is

largely conceivable that the effect of this Hit on the restoration of

locomotion is due, directly to the potentiation of ACh effect due to a

decrease in the rate of AChE-catalyzed hydrolysis of the neurotrans-

mitter and its increased availability at NMJ enhancing neuromuscular

transmission (Fig 8B). Interestingly, some AChEI are currently used

in therapy to ameliorate neuromuscular disorders caused by defi-

ciency in synaptic AChRs, such congenital myasthenic syndromes

(CMS; Finsterer, 2019) or Myasthenia Gravis (MG; Maggi & Mante-

gazza, 2011). The AChEI pyridostigmine is also under investigation

(Phase II clinical trial Identifier: NCT02941328) for spinal muscular

atrophy (Stam et al, 2018). This cholinergic agent has already shown

positive effect on ACh availability at NMJ, enhancing neuromuscular

transmission and improving muscular strength in X-linked myotub-

ular myopathy zebrafish models and patients (Robb et al, 2011), with

clinical features common to congenital myasthenic syndromes.

Remarkably, a subgroup of Cholinergic agents has been identi-

fied to specifically restore axonal pathfinding. They exert a sympa-

thomimetic effect that contributes to axonal pathfinding and

navigation by modulating the rate and direction of axonal growth

(Zheng et al, 1994).

On the contrary, the mechanisms underlying improved neuro-

transmission by adrenergic agents may be numerous and may

include postsynaptic expansion of end plates, growth of presynaptic

nerve terminals or restoration of normal levels of neurotransmitter

release through their agonists and antagonist activity. Alpha-

adrenoreceptor agonist are mostly known as neuroprotective treat-

ment in glaucoma (Arthur & Cantor, 2011), but also known to play

an important role in central neurotransmission, synaptic plasticity,

and cognition (Perez, 2020). Our results (Fig 8B) led us to focus

especially on the α1 receptor, abundant in the smooth muscles.

There are diverse neuromuscular therapeutic applications for these

adrenergic agents. Oxymetazoline Hydrochloride was shown to

ameliorate pathologies in the LGMD2I zebrafish model of limb-

girdle muscular dystrophy (Serafini et al, 2018). Unexpectedly,

adrenergic agents showed relevant regulation of ACh release from

the presynaptic nerve terminals and postsynaptic sensitivity

(Bukharaeva et al, 2021) and could be combined with cholinergic

agents for better action. Thus, the adrenergic agonist salbutamol, in

association with AChEI, enhances neuromuscular junction synaptic

structure in genetic myasthenia mouse models and improves muscle

strength and fatiguability in patients (Vanhaesebrouck et al, 2019).

It may help the emergence of sympathomimetics for treating neuro-

degenerative diseases accompanied by synaptic defects such as

GAN, through an increased efficiency in the transmission of synap-

tic excitation.

Interestingly, we also identified Carbonic Anhydrase Inhibitors

(CAIs; with Trichloromethiazide in the top five Hits). There are part

of classic pharmacological agents clinically used for the manage-

ment of glaucoma and retinal degeneration (Masini et al, 2013), but

novel applications were recently reported in diabetes, cancer, epi-

lepsy, AD, and cardiovascular disease (Supuran, 2008). A phase II

clinical trial (Identifier: NCT02466074) is ongoing to evaluate how

the CAI Acetazolamide affects the way in which newly formed Mul-

tiple sclerosis lesions evolve and whether tissue repair is improved.

Above all, CAIs are known to regulate acetylcholine receptor endo-

cytosis and have been recently identified as a potential therapeutic

approach for myasthenia gravis (Du et al, 2017). In the literature,

some studies demonstrated that CAIs had also effective AChE inhibi-

tion properties (Aslan et al, 2019) and could be used in the same

way as AChEI cited above.

Thus, the three different pharmacological families of the identi-

fied Hits share a common action in promoting NMJ maintenance at

the synaptic compartment. Unveiling a specific role of the NMJ in

the pathogenesis of GAN in zebrafish, we suggest to carefully exam-

ine its architecture in patients. Moreover, the development of novel

rodent models exhibiting severe motor deficits will be crucial to con-

firm NMJ alterations in disease and may offer the opportunity to

perform preclinical studies to assess for the therapeutic benefit of

our selected Hits in GAN rodent models, at pre- and postsympto-

matic stages. Regarding the translatability of the Hits in human, our

results show that the drugs also show efficacy when applied at

symptomatic stages during development (Fig EV6 and Movie EV2).

To further confirm the clinical value of our Hits, it would be impor-

tant to characterize the motor phenotype of the gan KO zebrafish

model during adulthood and evaluate the potency of the selected

Hits in restoring locomotion upon delivery at this later symptomatic

stage. Several methods of administration have been evaluated in

zebrafish and include inhalation, injection, or oral administration

(Pugach et al, 2009; Kinkel et al, 2010; Collymore et al, 2013).

In conclusion, we developed a novel multilevel pipeline for drug

discovery in zebrafish that can be applied to other neuromuscular

diseases. This strategy led to the identification of small molecules

whose mode of actions are highly relevant for the GAN pathology,

by promoting NMJ stability and improving neuroprotection. This

study represents the first pharmacological approach for GAN, which

will mark the starting point of further preclinical studies that may

be translated to human in the near future. Beyond GAN, the identi-

fied Hits may offer interesting perspectives for numerous diseases

(Fig 8C), including NMD, neurological diseases, and myopathies.

Materials and Methods

Zebrafish husbandry

Zebrafish (Danio rerio, Oregon AB) were maintained at 28.5°C on a

14:10 h light: dark and developmental stages were defined by hours

(h) or days (d) postfertilization (hpf and dpf).
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Morpholino knockdown

The gan antisense Morpholino Oligonucleotides (MOs, Gene Tools;

Arribat et al, 2019) were designed to target an exon splice donor site

(exon 2–3; 50AGAGTGATCTACAGAAGGAAACAGT) causing splic-

ing defects of the gan mRNA. 1 nl volume of gan MO ex2-3 was

injected into embryos at one- to two-cell stage at a concentration of

0.25mM and according to standard protocols.

CRISPR gan zebrafish

The gandel/del zebrafish line was generated (Arribat et al, 2019) using

the genome-editing technology CRISPR (AMAGEN, Gif-sur-Yvette,

France). This method generated the gandel/+ line, in which the dele-

tion encompasses the entire gan gene: between the middle of exon 1

and downstream the stop codon in exon 11. The resulting Open Read-

ing Frame is restricted in exon1 and contains several premature STOP

codons, with only 43 amino acids produced. F3 Transgenic gan zebra-

fish were crossed to obtain fertilized gandel/del eggs for the study.

Genotyping of the gan KO line

Genotyping was performed as following: Genomic DNA was

extracted from tail pieces collected from anesthetized embryos.

Lysis was achieved with 10mM Tris–HCl pH 8, 2mM EDTA pH 8,

0.2% Triton 100×, proteinase K, followed by boiling for 100 at 96°C.
Genomic DNA containing deleted sites was PCR-amplified using

primers with the following sequences: forward primer: 50-AATT
ACAACCCACCAAAG-30; reverse primer: 50-GTCGAGGCTTCAGTGT
CAT-30; and separated on 2% agarose gel.

Pilot study

A pilot study was performed to establish the screening conditions as

presented in Fig EV1. First, different dechorionation methods were

tested: mechanical dechorionation with forceps or enzyme-supported

dechorionation with pronase. After identifying pronase as the best

solution at this early age, different duration (from 2 to 10min) and

different concentrations (0.1 to 2mg/ml) were tested. 1mg/ml

pronase treatment for 7min was identified as the most effective agent

for the homogeneous dechorionation at early developmental stage.

This treatment significantly reduced interindividual variability and

permitted to standardize the response to drug treatments. Next, the

optimal number of fish treated with drug in single well (1 to 5 fish/

well in 96-well plates) was determined using the z’ factor, and then

experimentally tested by comparing the development of the animals

(morphology and motility readouts). This identified four fish/well as

the best condition ensuring both statistical power and the absence of

negative effect on development. Finally, we determined the appropri-

ate concentration of DMSO that can be safely used as the adjuvant of

the drugs. Concentrations ranging 0.1 to 2% of DMSO were tested

and allowed to select 1% as a concentration not disturbing the gen-

eral morphology and motility of the embryos.

Drugs/small molecules library

The Prestwick Chemical Library (Illkirch, France), containing 1,280

molecules among which 95% of FDA-approved drug was chosen to

provide a high degree of chemical and pharmacological diversity,

and to ensure bioavailability and safety in humans for repositioning

purpose. The library was provided at 10mM concentration in

DMSO, in 16 96-well plates, each containing 80 compounds. The

original plates were diluted at 1:10 to create an intermediate stock

solution in daughter-plates at 1 mM with 100% dimethyl sulfoxide

(DMSO).

Drug treatment

At 6 hpf, embryos were treated with 1mg/ml pronase for 7min

under agitation and subsequently washed three times with E3

medium. Residual chorion debris were removed, and the dechorio-

nated embryos were returned to the incubator for 30min at 28.5°C
to rest before proceeding to the Screen. Eight hours postfertilization,

dechorionated embryos were manually arrayed into 96-well plates

(Nunclon, Nunc™, ThermoFisher; four embryos per well)

containing 100 μl E3 medium (5mM NaCl; 0.17mM KCl; 0.33mM

CaCl2; 0.33mM MgSO4; 10−5% Methylene Blue), using a 200-μl
wide-bore pipette tip. Plates containing stock solutions of drugs (1

mM) were thawed and diluted in H2O to a 2× concentrated solution

of 20 μM 2% DMSO using a liquid handling robot (FreedomEVO200,

Tecan). No mix at this step was performed to avoid aspirating

embryos, and addition of drugs was performed at 3 mm from the

well bottom to avoid any contact with embryos. Therefore, the final

concentration of drugs was 10 μM with 1% DMSO in a total volume

of 200 μl per well. As internal controls, noninjected WT and MO-

injected WT larvae were included in columns 1 and 12 of each assay

plate (as indicated in Fig EV1) and treated with H2O containing 1%

DMSO. Plates were incubated in an automated incubator (Cytomat

6001 C450, ThermoFisher) at 28.5°C and on a 14:10 h light: dark

cycle until 48 hpf, when drugs were mechanically washed five times

(FreedomEVO200, Tecan) with 200 μl of E3 medium. These washes

were performed by a suction of 150 μl and redistribution of 150 μl
medium with two slow mixes (10 μl/s) and a soaking for 5 min with-

out agitation. Embryos from each well were then analyzed at differ-

ent time points according to the following methods. The same

protocol was applied for fish treated at a symptomatic stage (48 hpf,

Fig EV6). In this case, the drug baths (at increasing concentration

from 5 to 30 μM) were renewed every day until 5 dpf.

Touch-response assay

The touch-response test was performed at 48 hpf. Dechorionated

embryos were subjected to a slight mechanical stimulation, and the

induced motility was recorded by a video camera. Representative

tracking from movies was obtained with the ImageJ software.

Miniaturized locomotion assay

Five-day-old treated embryos were redistributed in four 96-well

assay plates (Nunclon, Nunc™, ThermoFisher) with a single fish

per well, following the same plate design than in the “treatment-

plate.” The 64 “reading-plates” were used to carry out the locomo-

tion assay. The spontaneous motility of individual larvae was

recorded for 1 h in the dark using the Zebrabox system (Viewpoint

Life Sciences, Lyon, France), and the total distance was quantified

using the tracking mode of ZebraLab software.
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Data analysis (Screen & Rescreen)

The observer was blinded to the treatment. First, locomotion data

were filtered out from recorded videos to exclude empty wells and

wells containing embryos for which movement corresponds to a

false-positive or false-negative output. Second, a quantitative scor-

ing of movement was applied to the data using R programming lan-

guage (R Core Team, 2019) and robustness and reproducibility of

the test was evidenced by the calculation of the Z0-factor (Zhang

et al, 1999) using the following equation:

Z0 � factor ¼ 1� 3 σp þ σn
� �

μp�μn
�� ��

where μp and σp are the median and median absolute deviation

values of the positive controls (or alternately, the wild-type sam-

ples) and μn and σn are those of the negative controls (or alter-

nately, the gan samples).

Screen

All 1,280 drugs from Prestwick Chemical Library were screened in

quadruplicate, and each assay plate and the total distance were nor-

malized with internal controls (noninjected WT larvae). As a

median-based normalization was applied (Malo et al, 2006), plate’s

effects were corrected by the median value across wells that are

annotated as noninjected WT controls. The effect on each individual

treated fish was measured by calculating the Z-score as compared to

noninjected WT controls using the following equation:

z� score ¼ x0ki�median c0ið Þ
mad c0ið Þ

where x0 is the normalized values, c0 is the normalized values of

WT controls, k-th the well, i-th the plate.

Rescreen

The 103 Hits coming out of the first screening were retested on

gandel/del KO line. The normalization method also known as “Nor-

malized Percentage Activation” (NPA) was used. This method was

chosen here because it is the most appropriate if many sample

values are giving an effect (enrichment of positive drugs in compari-

son to screen I) and high variability. Here, the measure relies on cal-

culating a well result by dividing the difference between sample

measurements and the average of negative controls through the dif-

ference between positive and negative controls.

x0 ¼ μni�Xki

μpi�μni
� 100

where X is the raw value, μn is the median of the negative control,

μp is the median of the positive control, k-th well and i-th plate.

Filter I: System biology analysis

To recover the protein targets associated with each drug, we used

DrugBank (version 5.1.8), a freely available web resource

containing detailed drug-target interactions for FDA-approved drugs

([DATABASE] DrugBank; Wishart et al, 2018). We identified 93 tar-

gets for the 59 common Hits. We next seek the functional interac-

tions between these 93 targets in the STRING v.11 (Szklarczyk

et al, 2019) database, selecting interactions from all sources and

keeping only high confidence interaction (score> 0.7). This created

a network of 89 nodes and 427 edges. We integrated and visualized

the drug–target and target–target interaction with Cytoscape v.3.6

(Shannon, 2003). Target node sizes were scaled according to the

number of drugs targeting the node.

Filter II: Imaging analysis

Immunohistochemistry of zebrafish embryos
Zebrafish were treated with 75 μM 1-Phenyl-2-thiourea (PTU,

Sigma) from 24 hpf to prevent pigmentation. After drug-wash, they

were anesthetized at appropriate developmental stages with

0.0168% tricaine (MS-222, Sigma-E10521-50G), fixed in 4% PFA for

4 h at RT, and permeabilized in 1× PBS-1%TritonX-100 for 2 h on

an orbital shaker. Subsequently, embryos were incubated in

blocking buffer (1% DMSO, 1% normal donkey serum, 1% BSA,

and 0.7% TritonX-100, PBS) for 1 h at RT and incubated in primary

antibodies overnight at 4°C. Primary antibodies are from the follow-

ing sources: mouse IgG2a antisynaptotagmin (1:100, Znp-1, DSHB,

RRID:AB 2315626), anti-α-bungarotoxin (1:50, B35451, Invitrogen),

and antisynaptic vesicle glycoprotein 2 (1:200, SV2, DSHB, AB

2315387). Following 0.1% TritonX-100: PBS washes, embryos were

incubated in secondary antibodies (Alexa 488, 1:500, Jackson Labs

200-542-211) overnight at 4°C and subsequently washed in PBS

prior to imaging.

High-content image acquisition
Note that the automated imaging protocol used here has been

described in detail Lescouz�eres et al (2022). Single fluorescent

zebrafish larvae were manually cut at the anterior part of the yolk

and placed in single wells of a black F-bottom 96-well assay plates

(μClear, Greiner Bio-one) in a lateral position to ensure better rec-

ognition of the body shape of each larva. High-content imaging

was performed using the imaging technology of Opera Phenix™
“High Content Screening System confocal” (PerkinElmer). Images

were first acquired with a Pres-Scan mode in wide-field mode at

5× magnification to locate the zebrafish in well with on-the-fly

image analysis. To automatically find zebrafish larvae positions in

wells, a prescan at 5× magnification was used to cover the entire

well surface (nine fields per well), only on the red channel (561

nm), with a signal distributed throughout the embryo. Using the

on-the-fly image analysis, a global image of the whole well was

created, and the “Find Image Region” module of the Harmony®

High-content analysis software (v4.9, PerkinElmer) was used to set

the appropriate intensity threshold to detect the fish. The “Deter-

mine Well Layout” module was then used to define a rescan mag-

nification, of 20× with an overlap of 6% between fields, covering

the entire object. Then, a second automated acquisition (Re-Scan)

of this specific position was made in confocal mode at 20× magni-

fication (z-stack 90 μm), allowing imaging of the whole larva and a

complete image analysis. Well areas containing whole zebrafish

larvae were automatically imaged in confocal mode at 20× magni-

fication on green (znp-1) and red (α-bungarotoxin) channels. A z-
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stack of 90 μm (5 μm interval) was applied, creating an on-the-fly

image analysis to obtain a global image with Maximum Intensity

Projections (MIP). From AChR-channel global image, the “Find

Image Region” and “Select Region” modules allowed to detect fish

body and subtract 7 pixels around to restrict the analysis to the

region of interest (Fig 6A). “Find Image Region” module was then

applied on the green channel global image to detect and measure

size and area of the Axonal region, that is, spine and axons

(Fig 6B). The “Find spots” module (method D) was applied with a

specific intensity threshold to locate AChR clusters on the red

channel global image (Fig 6B and D(1)). For AChR quantification,

AChR number, area, and intensity were measured using the “Cal-

culate Position Properties – Cross population” module. The coeffi-

cient of co-localization was obtained using the same module in a

fraction of the myotome to quantify NMJ (Fig 6B and D(2)). Then,

analysis and quantification of output parameters (#AChR clusters,

NMJ structure overlap and Axonal length) were obtained with Har-

mony® High-content analysis software (v4.9, PerkinElmer). On the

same images batch, confocal rescan at 20× magnification, another

automated analysis was conducted. After creating a global image

with Maximum Intensity Projections for the two channels, a

smoothing with a median filter of 20 px was applied on the green

channel global image (Fig 6C) to bring out the densest region of

the global image. Using the “Find Surrounding Region” module,

the spinal cord area was subtracted from the fish body area. A new

region of interest was then created using the “Modify Population”

module, corresponding to axonal region without the spinal cord.

This specific region was used to measure axonal length, width,

area, and the ratio of body length to mean axonal length

(Fig 6D(3)).

Fluorescence intensity analysis
The ImageJ contour mask tool was used to create a ROI around

three somites for each image analyzed. After subtracting the back-

ground, the ROI mask was applied and then the measure tool was

used to obtain the mean gray value (Fig EV4A and B).

Pharmacological treatment with curare and alfuzosin
Zebrafish embryos were manually arrayed into 96-well-plates as

described above. We conducted preliminary dose response for

Curare (1, 3, 5, 10mM) and Alfuzosin (1, 3, 5, 10 mM). Concentra-

tions of 3 mM Alfuzosin and 5mM Curare resulted in strong effects

and limited toxicity and were selected for further experiments.

Zebrafish embryos were pretreated with adrenergic blocker (Alfu-

zosin, Prestwick Chemical Library) or cholinergic blocker (Curare,

Sigma). After 2 h of treatment, adrenergic or cholinergic Hits identi-

fied in our screen (Oxymetazoline Hydrochloride, Xylometazoline

Hydrochloride, Aceclidine Hydrochloride, and Tropicamide) were

respectively added to the fish water at a 10 μM concentration. Plates

were incubated in an automated incubator until 48 hpf, when drugs

were automatically washed five times with E3 medium. Embryos

from each well were then analyzed at using Zebrabox at 5 dpf as

described in the “Miniaturized locomotion assay” section.

Statistics

The statistical significance of the differences between experimental

groups was determined by the R programming language (R Core

Team, 2019). The assessment of the normality of the distribution of

the data was determined with the Shapiro–Wilk test, to apply either

a parametric or nonparametric test. We used the Kruskal–Wallis test

(Hollander et al, 2014), a nonparametric test to compare the differ-

ence between experimental groups for analysis of projection

lengths, area AChR cluster, NMJ junction and overlap. When differ-

ences in variance between groups were significant according to the

Kruskal–Wallis test, we performed post hoc tests (i.e., pairwise com-

parisons using Mann–Whitney test) to identify the groups for which

the differences were significant. For pairwise comparisons, signifi-

cance values were adjusted with Holm correction for multiple testsv

(Holm, 1979). The differences between experimental groups are

deemed significant for *P≤ 0.05; **P≤ 0.01, ***P≤ 0.001, and

****P≤ 0.0001.

Study approval

Experiments on zebrafish were conducted prior 5-day postfertiliza-

tion, which corresponds to the nonautonomous stage of the animals

and does not require specific authorization accordingly to the Direc-

tive 2010/63/EU. We obtained the approval of the ethics committee

and the French ministry (reference N°036) for the creation of the

gan zebrafish line.

The paper explained

Problem
Giant axonal neuropathy (GAN) is an early onset and severe neurode-
generative disorder. Fatale in young adults, the disease first touches
the sensory and motor system, leading to the loss of sensibility and
ambulation in teens. To date, there is no cure for GAN, and the mouse
models exhibit a too mild phenotype to represent a valuable tool to
test the efficacy of any therapeutic approach. We generated the first
robust models for GAN in zebrafish, which reproduce the loss of
motility in patients (Arribat et al, 2019), hence representing the first
hope for a phenotypic-driven therapy.

Results
In our study, we conducted a pharmacological screening on our gan
zebrafish models with a repurposing strategy of small therapeutic
molecules. Thus, we developed a stepwise approach integrating
behavioral, computational, and a novel high-content imaging-based
cellular analysis. This multilevel screening pipeline allowed us to iden-
tify five Hits acting at the neuromuscular junction, restoring motility
through a beneficial action on the postsynaptic compartment.

Impact
This study identifies the first therapeutic molecules for GAN, able to
restore the motility and the related cellular defects in the robust gan
zebrafish models. Importantly, the Hits are beneficial when applied
both at pre- and postsymptomatic stages, hence offering promising
translational development for patients. Furthermore, our novel high-
content imaging methodology represents a useful automated proce-
dure for mechanistic studies and drug screening for other neuromus-
cular conditions. Altogether, we developed a multilevel pipeline and
identified therapeutic candidates for GAN that can be both impactful
to NMD, neurological diseases, and myopathies.
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Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.

Acknowledgements
We thank the Aquatic Model Platform of the CRBM institute (Univ. Montpellier,

CNRS, Montpellier) and B. Delaval for the coordination of housing and support,

P. Richard, M. Plays for zebrafish husbandry. We acknowledge the SFR

Biosciences (UMS3444/CNRS, ENS, University of Lyon) zebrafish facility,

specifically L. Bernard and R. Renard for their technical assistance. We are also

grateful to the IGF Institute (Montpellier) and especially C. Joplin and A.

Faucherre for the provision of the Zebrabox. We acknowledge the imaging

facility MRI, member of the national infrastructure France-BioImaging

supported by the French National Research Agency (ANR-10-INBS-04, “Invest-

ments for the Future”). We thank J. L. Bessereau and M. Jospin for discussion on

pharmacology and for providing curare. This work was funded by l’Institut

National de la Sant�e et de la Recherche M�edicale (INSERM) to PB, and the

Fondation pour la Recherche M�edicale to LL (FRM, fellowship PLP20170939065).

PB is supported by grants from the ATIP-Avenir program (INSERM), The French

Muscular Dystrophy Association (AFM-T�el�ethon) (grant 17654), and the Fonda-

tion Maladies Rares (FMR). We are grateful to H. Barzilai-Tutsch (INMG-MeLiS)

for critical reading and comments on the manuscript.

Author contributions
Léa Lescouzères: Data curation; software; formal analysis; investigation;

methodology; writing – original draft; writing – review and editing.

Cédric Hassen-Khodja: Resources; software; formal analysis.

Anaïs Baudot: Software. Benoît Bordignon: Resources; data curation; soft-

ware; formal analysis; methodology. Pascale Bomont: Conceptualization;

resources; data curation; supervision; funding acquisition; validation; investi-

gation; writing – original draft; project administration; writing – review and

editing.

Disclosure and competing interests statement
The authors declare that they have no conflict of interest.

References

[DATABASE] DrugBank https://go.drugbank.com/

Arribat Y, Mysiak KS, Lescouz�eres L, Boizot A, Ruiz M, Rossel M, Bomont P

(2019) Sonic hedgehog repression underlies gigaxonin mutation–induced
motor deficits in giant axonal neuropathy. J Clin Invest 129: 5312–5326

Arthur S, Cantor LB (2011) Update on the role of alpha-agonists in glaucoma

management. Exp Eye Res 93: 271–283
Asbury AK, Gale MK, Cox SC, Baringer JR, Berg BO (1972) Giant axonal

neuropathy—a unique case with segmental neurofilamentous masses.

Acta Neuropathol 20: 237–247
Aslan HE, Demir Y, Özaslan MS, Türkan F, Beydemir Ş, Küfrevio�glu ÖI (2019)

The behavior of some chalcones on acetylcholinesterase and carbonic

anhydrase activity. Drug Chem Toxicol 42: 634–640
Berg BO, Rosenberg SH, Asbury AK (1972) Giant axonal neuropathy. Pediatrics

49: 894–899
Bertone NI, Groisman AI, Mazzone GL, Cano R, Tabares L, Uchitel OD (2017)

Carbonic anhydrase inhibitor acetazolamide shifts synaptic vesicle recycling

to a fast mode at the mouse neuromuscular junction. Synapse 71: e22009

Best JD, Alderton WK (2008) Zebrafish: an in vivo model for the study of

neurological diseases. Neuropsychiatr Dis Treat 4: 567–576
Boizot A, Talmat-Amar Y, Morrogh D, Kuntz NL, Halbert C, Chabrol B,

Houlden H, Stojkovic T, Schulman BA, Rautenstrauss B et al (2014) The

instability of the BTB-KELCH protein Gigaxonin causes Giant axonal

neuropathy and constitutes a new penetrant and specific diagnostic test.

Acta Neuropathol Commun 2: 47

Bomont P (2016) Degradation of the intermediate filament family by

Gigaxonin. Methods Enzymol 569: 215–231
Bomont (2019) GAN (gigaxonin) E3 ligase and ATG16L1: master and

commander of autophagosome production. Autophagy 15: 1650–1652
Bomont P, Koenig M (2003) Intermediate filament aggregation in

fibroblasts of giant axonal neuropathy patients is aggravated in non

dividing cells and by microtubule destabilization. Hum Mol Genet 12:

813–822
Bomont P, Cavalier L, Blondeau F, Hamida CB, Belal S, Tazir M, Demir E,

Topaloglu H, Korinthenberg R, Tüysüz B et al (2000) The gene encoding

gigaxonin, a new member of the cytoskeletal BTB/kelch repeat family, is

mutated in giant axonal neuropathy. Nat Genet 26: 370–374
Bose P, Tremblay E, Maios C, Narasimhan V, Armstrong GAB, Liao M,

Parker JA, Robitaille R, Wen XY, Barden C et al (2019) The novel small

molecule TRVA242 stabilizes neuromuscular junction defects in multiple

animal models of amyotrophic lateral sclerosis. Neurotherapeutics 16:

1149–1166
Bukharaeva E, Khuzakhmetova V, Dmitrieva S, Tsentsevitsky A (2021)

Adrenoceptors modulate cholinergic synaptic transmission at the

neuromuscular junction. Int J Mol Sci 22: 4611

Cavalier L, BenHamida C, Amouri R, Belal S, Bomont P, Lagarde N, Gressin L,

Callen D, Demir E, Topaloglu H et al (2000) Giant axonal neuropathy locus

refinement to a < 590 kb critical interval. Eur J Hum Genet 8: 527–534
Cleveland DW, Yamanaka K, Bomont P (2009) Gigaxonin controls vimentin

organization through a tubulin chaperone-independent pathway. Hum

Mol Genet 18: 1384–1394
Collymore C, Rasmussen S, Tolwani RJ (2013) Gavaging adult zebrafish. J Vis

Exp 50691

Dequen F, Bomont P, Gowing G, Cleveland DW, Julien J-P (2008) Modest loss

of peripheral axons, muscle atrophy and formation of brain inclusions in

mice with targeted deletion of gigaxonin exon 1. J Neurochem 107: 253–
264

Du A, Huang S, Zhao X, Feng K, Zhang S, Huang J, Miao X, Baggi F, Ostrom

RS, Zhang Y et al (2017) Suppression of CHRN endocytosis by carbonic

anhydrase CAR3 in the pathogenesis of myasthenia gravis. Autophagy 13:

1981–1994
Ehlert FJ, Griffin MT, Glidden PF (1996) The interaction of the enantiomers of

aceclidine with subtypes of the muscarinic receptor. J Pharmacol Exp Ther

279: 1335–1344
El-Brolosy MA, Kontarakis Z, Rossi A, Kuenne C, Günther S, Fukuda N, Kikhi K,

Boezio GLM, Takacs CM, Lai S-L et al (2019) Genetic compensation

triggered by mutant mRNA degradation. Nature 568: 193–197
Finsterer J (2019) Congenital myasthenic syndromes. Orphanet J Rare Dis 14:

57

Ganay T, Boizot A, Burrer R, Chauvin J, Bomont P (2011) Sensory-motor

deficits and neurofilament disorganization in gigaxonin-null mice. Mol

Neurodegener 6: 25

Garcia N, Santaf�e MM, Salon I, Lanuza MA, Tom�as J (2005) Expression of

muscarinic acetylcholine receptors (M1-, M2-, M3- and M4-type) in the

neuromuscular junction of the newborn and adult rat. Histol Histopathol

20: 733–743

� 2023 The Authors EMBO Molecular Medicine 15: e16267 | 2023 17 of 19

Léa Lescouzères et al EMBO Molecular Medicine

 17574684, 2023, 7, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

m
m

.202216267 by C
ochrane France, W

iley O
nline L

ibrary on [26/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.15252/emmm.202216267
https://go.drugbank.com/


Giacomotto J, S�egalat L (2010) High-throughput screening and small animal

models, where are we?: high-throughput screening and small animal

models. Br J Pharmacol 160: 204–216
Haenisch B, Walstab J, Herberhold S, Bootz F, Tschaikin M, Ramseger R,

Bönisch H (2010) Alpha-adrenoceptor agonistic activity of oxymetazoline

and xylometazoline. Fundam Clin Pharmacol 24: 729–739
Hollander M, Wolfe DA, Chicken E (2014) Nonparametric statistical methods,

3rd edn. Hoboken, NJ: John Wiley & Sons, Inc

Holm S (1979) A simple sequentially rejective multiple test procedure. Scand J

Stat 6: 65–70
Jessell TM (2000) Neuronal specification in the spinal cord: inductive signals

and transcriptional codes. Nat Rev Genet 1: 20–29
Juneja M, Burns J, Saporta MA, Timmerman V (2019) Challenges in modelling

the Charcot-Marie-tooth neuropathies for therapy development. J Neurol

Neurosurg Psychiatry 90: 58–67
Kawahara G, Karpf JA, Myers JA, Alexander MS, Guyon JR, Kunkel LM (2011)

Drug screening in a zebrafish model of Duchenne muscular dystrophy.

Proc Natl Acad Sci USA 108: 5331–5336
Kinkel MD, Eames SC, Philipson LH, Prince VE (2010) Intraperitoneal injection

into adult zebrafish. J Vis Exp 2126

Kokel D, Bryan J, Laggner C, White R, Cheung CYJ, Mateus R, Healey D, Kim S,

Werdich AA, Haggarty SJ et al (2010) Rapid behavior-based identification

of neuroactive small molecules in the zebrafish. Nat Chem Biol 6: 231–237
Kuhlenb€aumer G, Timmerman V, Bomont P (2020) Giant axonal neuropathy.

In GeneReviews®, Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJ,

Stephens K, Amemiya A (eds). Seattle, WA: University of Washington

Laggner C, Kokel D, Setola V, Tolia A, Lin H, Irwin JJ, Keiser MJ, Cheung CYJ,

Minor DL, Roth BL et al (2012) Chemical informatics and target

identification in a zebrafish phenotypic screen. Nat Chem Biol 8: 144–146
Laur�a M, Pipis M, Rossor AM, Reilly MM (2019) Charcot-Marie-tooth disease

and related disorders: an evolving landscape. Curr Opin Neurol 32: 641–650
Lemmens R, Van Hoecke A, Hersmus N, Geelen V, D’Hollander I, Thijs V, Van

Den Bosch L, Carmeliet P, Robberecht W (2007) Overexpression of mutant

superoxide dismutase 1 causes a motor axonopathy in the zebrafish. Hum

Mol Genet 16: 2359–2365
Lescouz�eres L, Bomont P (2020) E3 ubiquitin ligases in neurological diseases:

focus on Gigaxonin and autophagy. Front Physiol 11: 1022

Lescouz�eres L, Bordignon B, Bomont P (2022) Development of a high-

throughput tailored imaging method in zebrafish to understand and treat

neuromuscular diseases. Front Mol Neurosci 15: 956582

Li L, Xiong W-C, Mei L (2018) Neuromuscular junction formation, aging, and

disorders. Annu Rev Physiol 80: 159–188
Ma Z, Zhu P, Shi H, Guo L, Zhang Q, Chen Y, Chen S, Zhang Z, Peng J, Chen J

(2019) PTC-bearing mRNA elicits a genetic compensation response via

Upf3a and COMPASS components. Nature 568: 259–263
MacRae CA, Peterson RT (2015) Zebrafish as tools for drug discovery. Nat Rev

Drug Discov 14: 721–731
Maggi L, Mantegazza R (2011) Treatment of myasthenia gravis: focus on

pyridostigmine. Clin Drug Investig 31: 691–701
Mahammad S, Murthy SNP, Didonna A, Grin B, Israeli E, Perrot R, Bomont P,

Julien J-P, Kuczmarski E, Opal P et al (2013) Giant axonal neuropathy–
associated gigaxonin mutations impair intermediate filament protein

degradation. J Clin Invest 123: 1964–1975
Malo N, Hanley JA, Cerquozzi S, Pelletier J, Nadon R (2006) Statistical

practice in high-throughput screening data analysis. Nat Biotechnol 24:

167–175
Masini E, Carta F, Scozzafava A, Supuran CT (2013) Antiglaucoma carbonic

anhydrase inhibitors: a patent review. Expert Opin Ther Pat 23: 705–716

Mazhar S, Herbst R (2012) The formation of complex acetylcholine receptor

clusters requires MuSK kinase activity and structural information from the

MuSK extracellular domain. Mol Cell Neurosci 49: 475–486
McGown A, Shaw DPJ, Ramesh T (2016) ZNStress: a high-throughput drug

screening protocol for identification of compounds modulating neuronal

stress in the transgenic mutant sod1G93R zebrafish model of amyotrophic

lateral sclerosis. Mol Neurodegener 11: 56

Michel C, Collins C (2020) Pediatric neuromuscular disorders. Pediatr Clin

North Am 67: 45–57
Morrison BM, Griffin JW (2009) Neuromuscular diseases. In Cerebrospinal

Fluid in Clinical Practice, pp 121–126. Baltimore: Elsevier
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