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INaP selective inhibition reverts 
precocious inter- and motorneurons 
hyperexcitability in the Sod1-G93R 
zebrafish ALS model
Lorena Benedetti1, Anna Ghilardi2, Elsa Rottoli1, Marcella De Maglie3, Laura Prosperi2, 
Carla Perego4, Mirko Baruscotti2, Annalisa Bucchi2, Luca Del Giacco2,*, & Maura Francolini1,*

The pathogenic role of SOD1 mutations in amyotrophic lateral sclerosis (ALS) was investigated using 
a zebrafish disease model stably expressing the ALS-linked G93R mutation. In addition to the main 
pathological features of ALS shown by adult fish, we found remarkably precocious alterations in the 
development of motor nerve circuitry and embryo behavior, and suggest that these alterations are 
prompted by interneuron and motor neuron hyperexcitability triggered by anomalies in the persistent 
pacemaker sodium current INaP. The riluzole-induced modulation of INaP reduced spinal neuron 
excitability, reverted the behavioral phenotypes and improved the deficits in motor nerve circuitry 
development, thus shedding new light on the use of riluzole in the management of ALS. Our findings 
provide a valid phenotype-based tool for unbiased in vivo drug screening that can be used to develop 
new therapies.

Amyotrophic lateral sclerosis (ALS) is a highly debilitating disease caused by the progressive degeneration of 
upper and lower motor neurons. This gradual failure of the neuromuscular system leads to progressive paralysis 
and, eventually, death due to respiratory failure1. ALS may be sporadic (SALS, about 90% of cases) or familial 
(FALS, about 10%), and mutations in the SOD1 gene account for 12–20% of the cases of FALS and 1–7% of the 
cases of SALS2–4. There is currently no cure, although the drug riluzole can prolong the life of a subset of patients 
by 2–4 months, albeit without reducing the symptoms5.

As it is not possible to take repeated real-time biopsy samples of nervous tissue from ALS patients safely, it is 
difficult to clarify how, why and when motor neurons are damaged in the various stages of the disease. Moreover, 
as almost all autoptic samples come from end-stage patients, they are not very useful for developing new thera-
pies. Consequently, the use of animal models is the only means of studying cell and molecular processes, identify-
ing key pathways for intervention, and assessing multiple candidate therapies over short periods of time. Rodent6, 
fruit fly7 and nematode worm models8 have been used to investigate the neurobiological basis of ALS, and have 
shown that it is a non-cell-autonomous multifactorial disease in which a whole range of cell types could contrib-
ute to the maintenance of motor neurons9.

The high degree of conservation of the genes involved in neurodegenerative diseases makes zebrafish a pow-
erful means of studying nervous system disorders10,11, the molecular, electrophysiological, and behavioral aspects 
of which can be revealed by the fish’s stereotypical movement patterns and tactile responses12,13. Furthermore, 
the discovery that their spontaneous alternating side-to-side trunk contractions (coiling), which start 17 hours 
post-fertilization (hpf), are not myogenic and solely originate from the activity of three types of interneurons 
and the commissural primary ascending motor neurons is particularly relevant12,14,15. These neurons show 
rhythmic membrane potential oscillations (periodic depolarizations giving rise to spontaneous coiling), which 
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are insensitive to the neurotransmitter receptor blockade14 being dependent on the persistent sodium current 
INaP. The administration of 5 μM riluzole abolishes the periodic depolarizations, inhibiting INaP and, as the same 
amount also blocks coiling, it has been suggested that INaP drives coiling activity16.

Transgenic G93R (mSod1) and wild-type (wtSod1) zebrafish are respectively characterized by the ubiquitous 
over-expression of G93R mutated Sod1 and the wild-type Sod117; the G93R substitution affects an evolutionarily 
conserved amino acid that is mutated in FALS18. After characterizing the disease phenotype in adult zebrafish 
over-expressing mSod1 or wtSod1 by studying all of the main pathological events occurring in ALS, we looked 
for precocious hallmarks of ALS in transgenic embryos/larvae by analyzing the development of spinal motor neu-
rons and the maturation of neuromuscular junctions (NMJ). These analyses were paralleled by behavioral tests 
designed to associate changes in motor activity with specific anatomical defects in neuromuscular connections. 
Finally we revealed and pharmacologically modulated alterations in the electrical properties of mSod1 spinal 
neurons.

Results
Adult Sod1 G93R zebrafish show the typical neuromuscular features of ALS.  As the clinical sig-
natures of ALS (i.e. weakness and muscular atrophy) appear in adulthood, we searched for signs of motor impair-
ment associated with disease progression by studying spontaneous locomotor activity in 12-month-old zebrafish. 
Analyses of their swimming movements showed that the mSod1 fish covered a significantly shorter distance and 
rested for significantly longer than the wtSod1 and control (Ctrl) fish, whereas there was no difference in the 
swimming speed of the three genotypes (Fig. S1).

As there were no differences in the external macroscopic features of the three groups (Fig. S2), we looked for 
possible motor neuron loss and spinal cord and muscle atrophy in the trunk of the transgenic fish (Fig. 1), and 
found a significant reduction in spinal cord area and the number of motor neurons in mSod1, and a substantial 
decrease in mean white fibre calibre, which was particularly severe in the most caudal portion of the body (Fig. 1). 
White muscle innervation was evaluated by fluorescence staining (Fig. 2A) as the percentage of post-synaptic 
clusters facing pre-synaptic vesicle clusters, after which the density of pre- and post-synaptic clusters was meas-
ured in lateral muscle. There was a significant reduction in the percentage of mSod1 white lateral muscle innerva-
tion, but only the pre-synaptic puncta showed a significant decrease in density (Fig. 2B); the fluorescence intensity 
and size of both the pre- and post-synaptic clusters were unaffected (Fig. S3A). Despite the extent of denervation, 
ultrastructural analyses of the remaining NMJs showed that the pre-synaptic boutons in the lateral muscle of 
mSod1 were identical to those observed in control, and there were no alterations in the fine structural organiza-
tion of sarcomeres (Fig. S3B).

Adult mSod1 zebrafish present reactive astrogliosis in the spinal cord and activated inflam-
matory cells infiltrate lateral muscles.  As reactive astrogliosis and microgliosis are specific hallmarks 
of ALS in patients and rodent models, we analyzed the distribution of GFAP and Aif1 in adult fish (Fig. S4). The 
GFAP signal was significantly stronger in the spinal cord of wtSod1 and mSod1, and particularly pronounced in 
the last segment of mSod1, but no changes were detected in the Aif1 signal (Fig. S4A). Finally, the lateral muscles 
of the trunk showed a significant increase in Aif1 labelling, thus implying the presence of inflammatory cells in 
this district (Fig. S4B).

Mutant Sod1 expression precociously affects locomotor network architecture.  As mSod1 adults 
present the hallmarks of ALS, we used whole embryo fluorescence staining to compare the developing locomotor 
network of Ctrl, wtSod1 and mSod1 embryos and larvae (Fig. S5) in a search for the alterations associated with 
the earliest stages of the disease.

Preliminary investigation of motor nerve development at 24 hpf showed that synaptic vesicle clusters travel 
along the motor axons (Fig. S5), and so we used SV2A fluorescence to track these structures in confocal fluores-
cence maximum projections (Fig. 3A) and measured motor axon length, unbranched axonal length (the distance 
between the site of axon emergence from the spinal cord and the first branching point), and the number of axonal 
branches. In comparison with Ctrl, motor axon length and unbranched axonal length were reduced in both 
transgenic groups, but only the mSod1 embryos showed an increase in the number of axonal branches (Fig. 3B).

The same measurements were made in confocal maximum projection images of acetylated tubulin immu-
nofluorescence at 48 hpf (Fig. 4A and Fig. S5), but there were no significant between-genotype differences in 
motor axon length, the number of branches (Fig. 4B), or unbranched axonal length (not shown). At this stage 
of development, synaptic vesicles accumulate at the tips of motor nerve branches, whereas AChRs cluster into 
discernible puncta on the plasma membrane of muscle precursors, and so we used 3D object-based colocalization 
analysis to evaluate the density of total and co-localizing pre- and post-synaptic clusters in the muscles of the 
corresponding portion of the trunk. There were no differences in the density of total or co-localizing pre-synaptic 
or post-synaptic clusters, but there was a significant increase in the area of pre-synaptic clusters in the mSod1 
embryos, which showed significantly larger SV2A-positive puncta without any difference in the size of AChR 
clusters (Fig. 4B and Table 1).

The analyses of pre- and post-synaptic clusters at 96 hpf (Fig. 4C) showed a significant reduction in the density 
of pre-synaptic clusters in mSod1 larvae (Fig. 4D and Table 1). Moreover, although the density of AChR clusters 
was similar in the three genotypes, there was a substantial decrease in co-localising pre- and post-synaptic clus-
ters in mSod1 larvae, similar to that observed in adult mutants (Fig. 4D and Table 1), thus suggesting impaired 
NMJ formation. However, there were no major differences in synaptic vesicle pool or the size of the AChR clus-
ters, as confirmed by ultrastructural analyses of the NMJs (Fig. S6). The small pre-synaptic boutons in the NMJs 
of zebrafish larvae contained tens of vesicles randomly distributed in the pre-synaptic terminal and mitochondrial 
profiles, with individual boutons being separated from muscle fibres by a well-defined synaptic cleft. Furthermore, 
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morphometric analyses did not reveal any difference in the area of the NMJ profiles, the overall size of the synap-
tic vesicle pool, or the size and shape of individual synaptic vesicles. Similarly, the number and characteristics of 
the pre-synaptic mitochondrial profiles were unchanged (Fig. S6A).

Muscle precursors complete their differentiation at 96 hpf, and appear as individual fibres with a well-organized 
contractile apparatus. We analyzed muscle fibre calibre and sarcomere organization in a significant portion of lat-
eral muscle using second harmonic generation (SHG) signal microscopy, and ultrastructurally characterized the 
sarcomeres and muscle mitochondria using transmission electron microscopy (EM). After acquiring Z-stacks of 
the myosin SHG signals in the trunk of the larvae (Fig. 5A), we measured fibre calibre in single-plane images of 
the signals acquired at different depths inside the myotomes, and the length of sarcomeres in a number of differ-
ent fibres. There was a significant reduction in muscle fibre calibre in mSod1 larvae (Fig. 5B), but no alterations 
in sarcomere length, and the fine sarcomere structure was equally unaffected (Fig. 5C,D). Interestingly, the EM 
quantitative analysis of muscle mitochondria showed a significant reduction in the area of mitochondrial profiles 
(Fig. S6B).

Figure 1.  Spinal cord and lateral muscle histological analyses. Each adult fish was transversely cut into five 
segments (S1–S5) using the fins as anatomical references (see Supp. Figure S2). (A) Hematoxylin & eosin-
stained histological sections of the S2 segment of the spinal cord (upper panels; scale bar: 50 μm) and white 
muscle fibres (lower panels; scale bar: 25 μm) in control (Ctrl), wtSod1 and mSod1 zebrafish. Muscular atrophy 
and edema (*) with infiltrating cells (arrowhead) are visible in mSod1 lateral muscle. (B) The plots show the 
significant reduction in spinal cord area and the number of motor neurons throughout the spinal cord, and a 
significant reduction in the calibre of white muscle fibres along the mSod1 fish trunk. Each point in the plots 
shows the mean value ±  SEM of the indicated parameter in each segment of seven animals for each genotype. 
The measures were statistically analyzed using two-way ANOVA, and corrected by means of Sidak’s multiple 
comparison test (*P <  0.05; **P <  0.01; ***P <  0.001).
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Sod1 G93R expression leads to precocious motor abnormalities.  As the expression of mSod1 is 
associated with precocious alterations in locomotor network architecture and morphology, we used behavioral 
tests to assess whether such abnormalities were associated with changes in motor responses. The progressive 
refinement of locomotor network circuits during the development of zebrafish is accompanied by the appear-
ance of stereotyped motor responses: i) a transient period of alternating spontaneous tail coiling between 17 and 
24 hpf; ii) an active response to touch starting from 24 hpf; and iii) the establishment of organized swimming by 
96 hpf13.

The frequency of spontaneous tail coiling, the percentage of double and multiple (more than two) bends 
of the trunk before resting, and the relative percentage of double/multiple coilings consisting of contralateral  
(C, left-right) or ipsilateral (I, same side) tail bends were evaluated at 20 hpf (Fig. 6A, Table 2, and Supplementary 
movies S1 and S2), when the frequency of spontaneous coiling was significantly higher in mSod1 embryos than in 
Ctrl, but not in wtSod1 embryos. However, the number and rate of double coilings was greater in mSod1 embryos 
than in either of the other genotypes, and the differences were even more marked in the case of multiple tail coil-
ings. Interestingly, Ctrl and mSod1 embryos executed C and I bends with the same frequency, whereas the mSod1 
embryos executed more double and multiple I than C bends.

Starting from 24 hpf, when the developing sensory and motor systems integrate, embryos respond to touch 
with fast, over-the-head coiling of the trunk. An increase in the duration of the touch-evoked responses and a 
reduction in the maximum angle of tail flexion were observed in 48 hpf mSod1 embryos (Fig. 6B, Table 3, and 
Supplementary movies S3–S5), and there was an increase in the duration of touch-evoked swimming responses 
and the distance travelled after every stimulus in 96 hpf mSod1 larvae, as well as a reduction in swimming speed 
(Fig. 6C, Table 3 and Supplementary Fig. S7).

Figure 2.  Twelve-month-old mSod1 zebrafish show compromised lateral white muscle innervation. (A) 
Maximum projections of confocal images of synaptic vesicle protein 2A (SV2A, green) and muscle acetylcholine 
receptors (AChRs, red) covering the entire thickness (20 μm) of a Ctrl and mSod1 zebrafish lateral muscle 
cryostat section. In the Ctrl zebrafish, each post-synaptic specialization enriched with acetylcholine receptors 
faces motor nerve terminals containing vesicle clusters, whereas many of the post-synaptic clusters in the 
mSod1 section lack an association with motor pre-synaptic terminals (white dashed boxes). Scale bar: 20 μm. 
(B) The percentage of innervation of post-synaptic specializations is significantly reduced in the mSod1 
zebrafish (57.48 ±  8.69% vs 95.94 ±  0.84%), and three-dimensional co-localization analysis of z-stacks covering 
the entire thickness of the sections revealed a significant reduction in pre-synaptic cluster density (5.76 ±  0.09 
vs 8.69 ±  0.06 ×  10−4 clusters/μm2) but not in post-synaptic cluster density (9.96 ±  0.05 vs 9.04 ±  0.06 ×  10−4 
clusters/μm2). The columns in each graph indicate the mean value ±  SEM of the indicated parameter in five Ctrl 
and six mSod1 zebrafish. The measures were statistically analyzed using an unpaired Student t-test (*P <  0.05; 
**P <  0.01).
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Riluzole treatment (5 μM) reverts the motor phenotype in 20 hpf mSod1 embryos and normal-
izes motor axon length by 24 hpf.  The only four types of spinal neurons active by 20 hpf are synchronized 
in a spinal network solely by means of electrical coupling, and undergo periodic depolarizations that depend on 
the persistent INaP sodium current, which is selectively inhibited by riluzole16. We therefore tested whether the 
aberrant spontaneous coiling phenotype of mSod1 embryos was related to alterations in the activity of this cur-
rent by studying the effects of 5 μM riluzole on locomotor phenotypes and locomotor network architecture16,19. To 

Figure 3.  Sod1 overexpression causes motor nerve alterations at 24 hpf. (A) Confocal fluorescence 
maximum projection images showing SV2A signals (green) in the 12–16th somite region of the entire trunk 
of control (Ctrl), wtSod1 and mSod1 zebrafish embryos at 24 hpf (the same analysis was made in the 17–21st 
somite region with comparable results, data not shown). As synaptic vesicles travel the entire axonal length, it is 
possible to observe the length of embryonal motor axons and motor nerve branches. Scale bar: 25 μm. (B) Both 
wtSod1 (78.9 ±  2.8 μm) and mSod1 embryos (73.1 ±  3.5 μm) showed significantly shorter motor axons than 
the Ctrl (95.6 ±  2.4 μm) and a significant decrease in unbranched axonal length (55.0 ±  3.5 and 38.0 ±  4.3 μm 
vs 73.0 ±  2.8 μm), but only the mSod1 embryos showed a significant increase in the number of motor nerve 
branches: 3.8 ±  0.4 vs 1.9 ±  0.2 (Ctrl) and 2.4 ±  0.3 (wtSod1). The columns indicate the mean value ±  SEM of 
the indicated parameter in at least five motor nerves of each of 25 Ctrl, 17 wtSod1, and 21 mSod1 embryos. The 
measures were statistically analyzed using one-way ANOVA or the Kruskal-Wallis test, respectively corrected by 
means of Tukey’s or Dunn’s multiple comparison test (*P <  0.05; ***P <  0.001).

Synaptic cluster area (μm2) Presynaptic cluster density clusters/μm2 Postsynaptic cluster density clusters/μm2

Pre Post Total Colocalizing Total Colocalizing

48 hpf

Ctrl 
(n =  10) 2.64 ±  0.43(1) 0.94 ±  0.16 3.39 ±  0.74 ×  10−4 0.62 ±  0.18 ×  10−4 3.20 ±  0.80 ×  10−4 0.56 ±  0.15 ×  10−4

wtSod1 
(n =  10) 2.48 ±  0.39(1) 1.68 ±  0.44 2.99 ±  0.40 ×  10−4 0.86 ±  0.24 ×  10−4 3.88 ±  0.49 ×  10−4 0.72 ±  0.19 ×  10−4

mSod1 
(n =  13) 4.02 ±  0.39(1) 1.48 ±  0.29 3.11 ±  0.40 ×  10−4 0.74 ±  0.19 ×  10−4 2.50 ±  0.39 ×  10−4 0.69 ±  0.18 ×  10−4

96 hpf

Ctrl 
(n =  19) 6.46 ±  0.34 5.15 ±  0.22 1.25 ±  0.02 ×  10−3 (2) 0.46 ±  0.01× 10−3 0.79 ±  0.01 ×  10−3 (3) 0.45 ±  0.01 ×  10−3 (3)

wtSod1 
(n =  12) 7.33 ±  0.39 6.09 ±  0.28 1.26 ±  0.01 ×  10−3 (2) 0.59 ±  0.11 ×  10−3 0.86 ±  0.11 ×  10−3 (3) 0.58 ±  0.01 ×  10−3 (3)

mSod1 
(n =  16) 6.24 ±  0.43 5.09 ±  0.40 0.84 ±  0.01 ×  10−3 (2) 0.19 ±  0.01 ×  10−3 0.84 ±  0.01 ×  10−3 (3) 0.19 ±  0.01 ×  10−3 (3)

Table 1.  Characterisation of pre- and post-synaptic clusters in 48 and 96 hpf embryos. Mean values ±  SEM. 
The measures were statistically analyzed using one-way ANOVA, and corrected by means of Tukey’s multiple 
comparison post-test or the Kruskal-Wallis test and Dunn’s multiple comparison procedure. (1)*p =  0.0093. 
(2)*p =  0.0145. (3)***p <  0.0001. n =  number of embryos/larvae.
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Figure 4.  mSod1 embryos and larvae show defects in the clustering of synaptic vesicles and the maturation 
of neuromuscular junctions. (A) Confocal analysis of the 9–13th somite trunk region at 48 hpf. Scale bar: 
25 μm. (B) There were no differences among the control (Ctrl), wtSod1 and mSod1 embryos and larvae in 
terms of motor axon length (respectively 147.2 ±  5.2 μm, 139.3 ±  4.6 μm, and 135.1 ±  5.5 μm), the number of 
branches (18.1 ±  2.5, 19.7 ±  2.1, and 22.1 ±  1.8), or unbranched axon length (28.9 ±  4.8 μm, 6.6 ±  2.1 μm, and 
7.9 ±  2.2 μm) (data not shown). The measurements were made in at least four motor nerves of a minimum 
of 10 embryos for each genotype. Three-dimensional (3D) object-based co-localization analysis (numerical 
data given in Table 1) did not reveal any differences in the densities of total pre-synaptic or pre-synaptic co-
localizing clusters, or in the densities of total post-synaptic or post-synaptic co-localizing clusters, but there 
was a significant increase in the area of pre-synaptic (but not post-synaptic) clusters in the mSod1 embryos. 
(C) Confocal analysis of the 10–15th somite trunk region at 96 hpf. Scale bar: 25 μm. (D) Although the mean 
area of the pre- and post-synaptic clusters in the different genotypes remained unchanged, 3D object-based co-
localisation analysis showed a significant reduction in the density of presynaptic (but not post-synaptic) SV2A 
clusters in mSod1 NMJs, and a significant reduction in co-localizing pre- and post-synaptic clusters in mSod1 
larvae (numerical data given in Table 1).
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do this, we developed a protocol that allowed us to correlate 20 hpf behavioral responses and 24 hpf spinal nerve 
morphology in the same embryo (Fig. 7).

After intercrossing heterozygous mSod1 zebrafish to generate a mixed population of transgenic and 
non-transgenic embryos, we measured spontaneous tail coilings by placing 20 hpf embryos in numbered niches 
carved in a petri dish and exposing them to riluzole or vehicle solution. Afterwards, each embryo was fixed at 
24 hpf and stained for immunofluorescence, and examined through a confocal microscope before being identified 
by means of PCR on the basis of the presence of the transgene (Fig. 7A). Riluzole treatment significantly reduced 
the frequency of spontaneous tail coiling in both Ctrl and mSod1 embryos, and reduced the number and rate of 
double and multiple coilings (Fig. 7B and Table 4); it also balanced the relative percentages of C and I tail bends 
in the mSod1 embryos, which otherwise preferentially bend their tails on the same side of the body (Fig. 7B). 
Riluzole therefore brought global spontaneous coiling frequency, the percentage of double tail coilings and the 
type of double/multiple tail coilings (the relative percentage of C and I bends) of mSod1 embryos to levels that are 
comparable with those recorded in Ctrl embryos before riluzole administration (Fig. 7B).

Finally, confocal fluorescence maximum projection images showing SV2A signals were used to measure 
axon length, unbranched axonal length and the number of branches. Although riluzole treatment did not affect 
Ctrl embryos, its administration significantly increased mSod1 motor axon length, but did not change the other 
parameters (Fig. 7C).

Figure 5.  mSod1 larvae show a significant reduction in the calibre of muscle fibres with a preserved 
sarcomere ultrastructure. (A) Maximum projection of myosin second harmonic generation (SHG) signal 
images in the 12–15th somite region of the trunk of mSod1 larvae. Scale bar: 25 μm. (B) Myosin SHG signal 
images of Ctrl, wtSod1 and mSod1 muscle fibres showing the endogenous myosin signal to quantify muscle 
fibre calibre (scale bar: 20 μm), which was significantly reduced in the mSod1 than in the control (Ctrl) or 
wtSod1 larvae (5.13 ±  0.16 μm vs 6.28 ±  0.26 μm and 5.82 ±  0.30 μm). The columns indicate the mean value ±  
SEM in 17 Ctrl, 15 wtSod1 and 18 mSod1 larvae. The data were statistically analyzed using one-way ANOVA 
and Tukey’s multiple comparison tests (**P <  0.01). (C) Detail of myosin SHG signal showing sarcomere 
organization in Ctrl, wtSod1 and mSod1 muscle fibres. Scale bar: 5 μm. No difference in the length of the 
sarcomeres in the Ctrl, wtSod1 and mSod1 fibres has been detected. (D) Electron micrographs showing the 
preserved sarcomere ultrastructure in Ctrl, wtSod1 and mSod1 larvae at 96 hpf. Lack of variation in sarcomeres 
length was confirmed by measuring 100 sarcomeres in two fish per genotype (respectively 1.89 ±  0.03 μm, 
1.85 ±  0.03 μm, and 1.90 ±  0.04 μm). The measures were statistically analyzed using one-way ANOVA, corrected 
by means of Tukey’s post-test.
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Figure 6.  mSod1 embryos and larvae show increased locomotor activity. (A) In comparison with controls 
(Ctrl), mSod1 embryos showed a significant increase in the frequency of spontaneous tail coiling behavior at 
20 hpf. The mSod1 embryos showed a significantly higher percentage of both double and multiple coiling in 
comparison with the Ctrl and wtSod1 embryos. The Ctrl and wtSod1 embryos showed the same percentage of 
contralateral (C) and ipsilateral (I) bends of the entire body, whereas the mSod1 embryos showed a significant 
higher percentage of I coilings (numerical data given in Table 2). (B) The maximum angle of tail flexion 
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Spinal neurons in mSod1 embryos show more frequent spontaneous depolarizations.  As 
riluzole-induced INaP inhibition can revert the motor phenotype of mSod1 embryos and partially recover their 
altered motor nerve morphology, we looked for potential alterations in INaP-mediated spontaneous depolariza-
tions in the intact spinal network of living embryos using the Mermaid FRET-based voltage biosensor20. Fertilized 
one-cell eggs microinjected with a vector encoding the biosensor under the control of the pan-neuronal promoter 
HuC21 made it possible to obtain sufficient biosensor mosaic expression in a limited population of identifiable 
20 hpf neurons (Fig. S8A), and assess their electrical behavior in terms of FRET ratio changes (Fig. S8B).

Spontaneous depolarizations of spinal motor neurons in mSod1 fish and their non-transgenic siblings were 
recorded by measuring the basal FRET ratio, the frequency of spontaneous depolarizations, and the duration and 
amplitude of each depolarization (Fig. 8). The analyses showed a significant increase in the frequency of spon-
taneous depolarizations in mSod1 embryo motor neurons, whereas no difference in the basal FRET ratio, or in 
duration or amplitude of spontaneous depolarizations was detected (Fig. 8A,C). Furthermore, riluzole also signif-
icantly reduced the frequency of spontaneous depolarizations in the motor neurons of Ctrl embryos (Fig. 8B,C).

The embryo’s spinal interneurons were classified into three different groups on the basis of their spontaneous 
depolarization patterns (Fig. S9): type 0, which did not show any spontaneous depolarization before or after rilu-
zole treatment; type 1, which showed spontaneous depolarizations under basal conditions that were negatively 
regulated by riluzole treatment; and type 2, which did not show any spontaneous depolarizations under basal 
conditions but developing electrical activity after drug incubation. We concentrated on type 1 interneurons (T1) 
as they represented the only subtype showing spontaneous activity at such an early developmental stage, and 
found that they showed significantly more frequent spontaneous depolarizations than Ctrl interneurons but, once 
again, there was no difference in the basal FRET ratio, amplitude or duration of depolarization. As in the case of 
motor neurons, riluzole administration significantly reduced the frequency of depolarizations in both mSod1 and 
Ctrl embryos (Fig. 9A).

Given these similarities, we compared the electrical behavior of interneurons and motor neurons of 
riluzole-treated and untreated Ctrl and mSod1 embryos. Although it had no effect on the basal FRET ratio, 
treatment equally affected the frequency of depolarization of both neuron types in both genotypes. In particular, 
the frequency of spontaneous depolarizations was comparable in both neuron types in both genotypes before 
and after riluzole administration (Fig. 9B), thus suggesting that changes in the depolarization pattern in mSod1 
embryos affected the entire spinal network, and that riluzole reduced spinal neuron depolarization frequency by 
acting on the entire neuronal network regardless of genotype.

Discussion
In this study we characterized a mutant Sod1 G93R zebrafish (mSod1) that shares the pathogenic hallmarks of 
ALS patients and murine models bearing SOD1 mutations. The fish’s ALS-like phenotype was traced back to 
embryonic/larval stages, which indicated precocious alterations in motor nerve circuitry development that were 
reverted by 5 μM of riluzole.

Locomotor impairments, spinal cord and muscular atrophy, motor neuron degeneration and NMJs loss, 
accompanied by alterations in nerve terminals and muscles, are the main traits of the model17. Twelwe-month-old 
fish show the significant alterations in spontaneous locomotor activity previously observed in other SOD1 zebraf-
ish models22,23.

The onset of clinical symptoms in mutant mice comes with the significant loss of spinal cord somatic motor 
neurons24 and, although the number of spinal motor neurons in mSod1 zebrafish embryos is normal, adult fish 
are characterized by a reduced number and spinal cord atrophy throughout the trunk. These alterations are 
accompanied by a significant loss of neuromuscular connections in lateral white muscle and manifest themselves 
as impaired spontaneous swimming activity, which seems to be due to the degeneration and/or retraction of 
pre-synaptic terminals as the significant reduction in density is not paralleled by the loss of muscle AChR clusters. 
Interestingly, as in the case of SOD1G93A mice25,26, the remaining NMJs of mSod1 zebrafish are apparently no 
different from those of controls, and so the reason why such a pronounced loss of pre-synaptic terminals is asso-
ciated with relatively mild locomotor impairment may be the polyinnervation of zebrafish lateral white muscle 
fibres11, which means that probably fewer than 50% of the individual white muscle fibres completely lack nervous 
input.

A number of studies have shown that glial cells may play a crucial role in the pathogenesis of mammalian 
ALS, and it is worth noting that we found a significant increase in GFAP in the spinal cords of mSod1 and wtSod1 
adult zebrafish, which in line with the gradual increase in astrogliosis that parallels disease progression in mice 
expressing mSOD1 or wtSOD125.

During the later stages of the disease, the spinal cord of patients and rodent ALS models is characterized by 
a microglial reaction9. We found no difference in the expression of the microglial marker Aif1 in the spinal cord 
of our transgenic adults, thus supporting previous findings showing that the spinal cords of transgenic mice 
expressing G93A or wtSOD1 present astrocytosis but not microgliosis in the early stages of disease progression25.

(scale bar: 500 μm) and the duration of touch-evoked responses at 48 hpf. Touch-evoked tail coiling responses 
lasted significantly longer in the mSod1 embryos, and the maximum angle of tail flexion was significantly less 
(numerical data given in Table 3). (C) Schematic representation of the experimental set-up used to test touch-
evoked swimming responses in larvae at 96 hpf, showing a representative response in red. The mSod1 larvae 
showed significantly longer-lasting evoked swimming responses and travelled significantly further; as these 
responses consisted of repeated consecutive burst swimming events, the average speed was significantly lower 
(numerical data given in Table 3).
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Skeletal muscle is one of the tissues affected in ALS patients26 (and references therein) and, in line with the loss 
of motor neuron nerve endings, there was a significant and widespread reduction in the mean calibre of the white 
fibres of our mSod1 zebrafish, which was particularly severe in the most caudal portion of the body. However, it 
is interesting that the reduction in fibre diameter was not associated with ultrastructural defects in the contractile 
apparatus.

The motor axon degeneration and extensive macrophage infiltration of nerve ventral roots, sciatic nerves, and 
muscles of mice carrying SOD1 mutations27 (and our unpublished results) induced us to look for the the presence 
of activated macrophages and neutrophils around the white lateral muscle fibres of adult mSod1 zebrafish. These 
were enriched in activated macrophages and neutrophils, which led us to hypothesize that the motor nerve end-
ing retraction and/or degeneration may also determine peripheral macrophage activation in mSod1 zebrafish.

Short and abnormally branching spinal motor neuron axons have been found in zebrafish embryos tran-
siently expressing mutated SOD122,28, and it has been shown that the knockdown of C9orf72 and transient 
over-expression of mutant TARDBP or FUS cause aberrant branching and a significant reduction in the total and 
unbranched axonal length of embryonic motor nerves10,29–31. We observed a similar phenotype in 24 hpf wtSod1 
and mSod1 embryos, but only the latter showed a significant increase in the number of branches. Although the 
reduction in motor axon length was comparable with that found in previous analyses of mSod1 embryos28, the 
increase in the mean number of branches per motor nerve was less. This discrepancy may be due to differences 
in the analyzed time points and/or protein expression levels in the two models (stable transgenesis vs transient 
misexpression). The fact that wtSod1 embryos also showed an aberrant phenotype suggests that a surplus of pro-
tein may have a toxic effect on motor axon outgrowth, as previously proposed22,28, and it is worth noting that, like 
wtSOD1 transgenic mice and drosophilae6,32, adult wtSod1 zebrafish also show a slight reduction in locomotor 
performance and white muscle fibre calibre.

Having found that muscle fibre denervation was associated with a reduction in the density of pre-synaptic 
inputs in mSod1 adults, we analyzed NMJs in mSod1 embryos by focusing on the establishment of synaptic 
contacts between motor axons and muscle fibres. We did not observe any differences between the embryos of 
the three genotypes in terms of the density of migrating vesicle clusters along spinal motor axons, the density 
of post-synaptic AChR clusters, or the density of co-localizing pre- or post-synaptic clusters, but the mSod1 
embryos showed a significant increase in the size of migrating vesicle clusters, which may be due to a perturbation 
in anterograde axonal transport leading to an increase in the persistency of vesicles along the axons and newly 
formed branches. Interestingly, similar phenotypes showing defects in organelle accumulation at pre-synaptic 
terminals have been reported in other mSOD1 models33.

This precocious phenotype worsened as development proceeded: at 96 hpf, the difference in the size of syn-
aptic vesicle clusters disappeared, but there was a significant reduction in their density, accompanied by a cor-
responding reduction in the association of pre- and post-synaptic clusters. Similar results have been obtained 
in FUS-deficient zebrafish larvae and larvae transiently expressing a mutant FUS protein34. This wealth of data 
supports the hypothesis that mSod1 has a very early toxic effect on the establishment of zebrafish neuromuscular 

Frequency of 
spontaneous coiling (Hz)

Double coiling 
(%)

Embryos showing 
double coiling (%)

Type of double/multiple 
coiling (%) Multiple coiling 

(%)
Embryos showing 

multiple coiling (%)Ipsilateral Contralateral

Ctrl 
(n =  47) 0.39 ±  0.04 23.24 ±  3.75 64.7 56.5 43.5 1.67 ±  1.11 6.3

wtSod1 
(n =  36) 0.5 ±  0.06 21.44 ±  5.2 66.7 53.8 46.2 0.8 ±  0.8 2.8

mSod1 
(n =  46) 0.61 ±  0.05**(1) 40.84 ±  4.01**(2) 89.8 63.7***(4) 36.3 ***(4) 11.04 ±  2.84***(3) 43.5

Table 2.   Frequency and characterisation of spontaneous tail coiling in zebrafish embryos at 20 hpf. Mean 
values ±  SEM. The measures were statistically analyzed using one-way ANOVA or the Kruskal-Wallis test, 
and corrected by means of Tukey’s or Dunn’s multiple comparison test. The relative percentage of contralateral 
vs ipsilateral bends was calculated using Student’s t-test. (1)**p =  0.0066 vs Ctrl. (2)**p =  0.0075 vs Ctrl. 
(3)***p <  0.0001. (4)***p =  0.0005 (ipsilateral vs contralateral). n =  number of embryos.

48 hpf touch-evoked response 96 hpf touch-evoked burst swimming

Genotype Duration (sec) Angle (°) Genotype Duration (sec) Distance (cm) Speed (cm/sec)

Ctrl 
(n =  19) 0.93 ±  0.13 (1) 86.49 ±  1.67 

(3) Ctrl (n =  19) 0.75 ±  0.09 (4) 1.64 ±  0.22 (5) 2.48 ±  0.11 (6)

wtSod1 
(n =  14) 0.88 ±  0.05 (2) 90.70 ±  2.73 

(3) wtSod1 (n =  19) 0.77 ±  0.19 (3) 1.25 ±  0.15 (3) 2.82 ±  0.19 (3)

mSod1 
(n =  16) 3.06 ±  1.03 (1) 69.47 ±  4.17 

(3) mSod1 (n  =  19) 3.47 ±  0.94 (4) 3.47 ±  0.61 (5) 1.88 ±  0.14 (6)

Table 3.   Touch-evoked motor responses at 48 and 96 hpf. Mean values ±  SEM. The measures were 
statistically analyzed using one-way ANOVA or the Kruskal-Wallis test, and corrected by means of Tukey’s or 
Dunn’s post test. (1)*** p <  0.001. (2)**p =  0.0053. (3)***p < 0.0001. (4)**p =  0.0057. (5)*p =  0.02. (6)*p =  0.0147. 
n = number of embryos/larvae.
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Figure 7.  Riluzole treatment reverts the motor phenotype and normalizes motor axon length in mSod1 
embryos. (A) Protocol used to correlate embryonic behavior (20 hpf) and spinal nerve morphology (24 hpf). 
Transgenic and non-transgenic embryos from heterozygous mSod1 adults (1) were placed in a petri dish, 
and spontaneous tail coiling was recorded with (+ R) and without riluzole (− R) (2). The embryos were then 
stained for immunofluorescence, visualized by means of confocal microscopy (3), and PCR-genotyped in 
order to distinguish the transgenic and control fish (4). (B) Riluzole significantly reduced the frequency of 
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contacts. On the other hand, the size of the AChR clusters, whose formation in this developmental phase is inde-
pendent of any neuronal inputs33 (and references therein), was comparable in all of the embryos.

Given the precocious defects in motor axon outgrowth and NMJ maturation, we investigated whether muscle 
fibres themselves may be an early primary target of the pathogenic effects of mSod1, and found that mSod1 larvae 
showed a significant reduction in the calibre muscle fibres which, as in adult fish, was accompanied by the pre-
served fine structure of the contractile apparatus. Nevertheless, there was a reduction in the size of mSod1 mito-
chondrial profiles, which suggests that mitochondria may be a disease target even in early developmental stages.

To the best of our knowledge, this is the first study systematically investigating the maturation of motor neu-
ron/muscle fibre contacts that suggests that mutant Sod1-mediated toxicity plays a role in the early development 
of the apparatus.

Recent studies have shown that the expression of ALS-related genes in zebrafish causes developmental 
motor impairments10,31,34,35, and we found that mSod1 alters the typical stereotyped motor behavior repertoire 
of embryos and larvae. We hypothesized that the motor phenotype at 20 hpf may be initiated by changes in the 
electrical properties of spinal neurons and, after measuring the membrane potential of spinal motor neurons and 
interneurons at this stage, found a significant increase in the frequency of spontaneous depolarizations. This is 
in line with the findings of various other studies showing pre-symptomatic cortical hyperexcitability in FALS 
patients36–38 and wobbler mouse39, altered electrical properties in the spinal cord neurons of transgenic SOD1 
G93A mice40–44 and the iPSC generated by ALS patients carrying SOD1, C9orf72 or FUS mutations45, and in 
zebrafish embryos transiently expressing mutant FUS34. This hyperexcitability may also be responsible for the 
increase in the duration of touch responses at 48 and 96 hpf, although the mutants’ angle of tail flexion (48 hpf) 
and average speed (96 hpf) were significantly lower and suggest an alteration in trunk muscle activity. Despite this 
wealth of data supporting the role of hyperexcitability in ALS, a recent study reports that human iPSC-derived 
motor neurons harbouring ALS-linked mutations exhibit an initial hyperexcitability that progresses into hypoex-
citability46. Even though it is not possible to directly compare iPSCs to in-vivo models, such peculiar behavior is 
worth further analyses, and we strongly believe that the mSod1 zebrafish model represents a powerful system to 
monitor, in future studies, spinal network excitability during neuronal development/ageing.

The increased frequency of spontaneous depolarizations in mSod1 embryonic motor neurons and interneu-
rons suggests that the entire locomotor network is characterized by a high degree of intrinsic electrical excitabil-
ity, which may have contributed to the observed impairment in neuromuscular development, as has also been 
suggested in the case of the inhibitory glycinergic interneurons in Sod1 G93R embryos47. It has recently been 
demonstrated that ipsilateral caudal (IC) interneurons generate intrinsic spontaneous depolarizations depending 
on INaP, a persistent pacemaker sodium current that is selectively inhibited by riluzole16. We therefore investigated 
whether an alteration in INaP activity underlies the increased neuronal excitability by studying the effect of riluzole 
administration on neuronal spontaneous depolarzations, behavioral responses, and motor nerves morphology. 
Riluzole reduced the frequency of depolarization events in the spinal cord motor neurons and interneurons at 
20 hpf both in Ctrl and mSod1 zebrafish, with the frequency in the latter reaching a value that was similar to that 
observed in untreated Ctrl fish. As previously hypothesized42, this strongly suggests that INaP is directly involved 
in mSod1 embryo neuronal hyperexcitability. Interestingly, it has been previously found that riluzole reduces 
INaP and rapidly decreases firing frequency in control and mutant Sod1-expressing neurons40,42. Although INaP 
accounts for only 0.8–1% of total neuronal current, it can profoundly affect the behavior of neurons and the neu-
ronal network by enhancing neuronal excitability to near the firing threshold and also because it is essential for 
spike generation during sustained inputs19. As INaP can be activated at values close to cell resting potential, even 
small increases can enhance intrinsic cell excitability, alter spike initiation, and amplify the firing rate19,48.

The role played by INaP is extremely important in modulating the development of the zebrafish embryo loco-
motor network under normal conditions because, during the coiling stage (20–25 hpf), the basal membrane 
potential of IC interneurons is not significantly different from the INaP threshold, thus suggesting that INaP pace-
making activity regulates IC depolarization16. As IC interneurons directly impinge on a number of motor neurons 
along the same spinal cord hemi-segment, the increased INaP activity and IC firing rate in mSod1 neurons led to 
a higher percentage of multiple ipsilateral tail coilings, a distinctive feature of mSod1 embryos. Furthermore, the 
fact that riluzole rescued the motor phenotype strongly suggests a direct correlation between neuronal hyperex-
citability and this abnormal behavior, and so the increase in the motility of mutant embryos and larvae may be 
associated with the persistent increase in locomotor network excitability.

spontaneous tail coiling, the percentage of double coiling, and the percentage of double and multiple coiling 
in both genotypes (Table 4), bringing the frequency of spontaneous coilings, the percentage of multiple tail 
coilings and the type of multiple tail coilings (the relative percentage of contralateral [C] and ipsilateral [I] tail 
bends [39.5% C and 60.5% I before and 46.13% C and 53.87% I after riluzole treatment]) to levels comparable 
with those of the control (Ctrl) embryos before riluzole administration. The columns in each graph indicate 
the mean value ±  SEM of the indicated parameter in 28 Ctrl and 23 mSod1 embryos before and after riluzole 
treatment. (C) Riluzole treatment did not affect motor axon length (91.5 ±  3.3 μm before and 88.5 ±  3.6 μm 
after), unbranched axon length (68.6 ±  3.6 μm before and 57.9 ±  4.7 μm after) or the number of branches 
(2.0 ±  0.2 before and 1.9 ±  0.3 after) in the 12–16th somite trunk region of Ctrl embryos, but significantly 
increased motor axon length (71.44 ±  2.9 μm before and 82.4 ±  3.8 μm after) without affecting unbranched axon 
length (34.6 ±  2.9 μm before and 34.04 ±  3.4 μm after) or the number of branches (4.0 ±  0.2 before and 4.1 ±  0.3 
after) in the same region of mSod1 embryos. The columns in each graph indicate the mean value ±  SEM of 
the indicated parameter in 11 Ctrl and 22 mSod1 embryos treated with riluzole, and respectively 28 and 33 
untreated embryos. The measures were statistically analyzed using an unpaired Student t-test (see Table 4).
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Given the numerous parallels between neuronal electrical properties and morphology41,44,49, we also investi-
gated whether the motor axon alterations in mSod1 embryos may be due to their abnormal excitability and firing 
pattern. Using riluzole to control motor neuron excitability during development, we partially reverted the axonal 
phenotype as it restored mSod1 motor axon length to control values. This suggests that neuronal excitability plays 
a role in shaping the neuromuscular apparatus and that riluzole offers a potential pharmacological treatment for 
aberrant motor nerve morphologies, a result that paves the way to the new field of investigation we are currently 
pursuing.

In conclusion, our data strongly support the view that zebrafish are a powerful means of studying the mech-
anisms underlying ALS as they provide a series of ALS-like embryonic phenotypes that can be used to set up 
unbiased drug screening platforms to identify chemicals that can improve (or exacerbate) them. Our findings 
also shed light on a new potential mechanism by means of which riluzole may slow disease progression because, 
together with those of other recent studies5, indicate that increased excitability and impaired neuronal activity can 
be observed very early during development. These early impairments may induce a pathophysiological cascade of 
events that cannot be reversed by later riluzole treatment, thus explaining the modest increase in patient survival 
and the lack of effect on disease onset in drug-treated SOD1 G93A mice and suggesting that alternative riluzole 
treatment protocols should be considered.

Methods
Zebrafish (Danio rerio) lines.  The transgenic sod1 zebrafish lines used in this study were provided by Dr. 
Christine E. Beattie of the Centre for Molecular Neurobiology and Department of Neuroscience, Ohio State 
University, Columbus, USA. The two stable transgenic zebrafish lines respectively express wild-type Sod1 (the 
os4 line, here referred to as wtSod1) and the G93R mutant of Sod1 (the os10 line, here referred to as mSod1)17. 
In order to be able to identify the construct-positive embryos, the transgenes also carried the zebrafish heat shock 
protein 70 (hsp70) promoter driving the expression of the red fluorescent protein DsRed. In all of the experiments 
involving embryos and larvae, we studied the transgenic progeny generated by inter-crossing wtSod1 or mSod1 
heterozygous adult zebrafish, and identified the transgenic embryos over-expressing wtSod1 or mSod1 by eval-
uating DsRed expression at 48 hpf (those younger than 48 hpf were identified by means of PCR genotyping). The 
non-transgenic progeny were used as controls (Ctrl).

Fish and embryo maintenance.  The fish were maintained at 28 °C on a 14-hour light/10-hour dark 
cycle; the embryos were collected by means of natural spawning and staged according to Kimmel et al.50. The 
embryos used in the whole-mount immunofluorescence experiments were raised in 0.003% 1-phenyl-2 thiourea 
(Sigma-Aldrich) in order to avoid pigmentation.

Our facility strictly complies with the relevant Italian laws, rules and regulations (Legislative Decree No. 
116/92), as confirmed by the authorization issued by the municipality Milan (Art. 10 of Legislative Decree No. 
116, dated 27.1.1992). This project was approved by the Italian National Ministry of Health (Animal Welfare 
Office, Approval No. 162/2015-PR, Legislative Decree No. 26/2014), and all of the procedures were carried out in 
accordance with the relevant guidelines and regulations.

Monitoring adult spontaneous locomotor activity.  Twelve-month-old wtSod1, mSod1 and Ctrl 
zebrafish were individually put in a 10.1 ×  17.4 cm breeding tank (Tecniplast, Buguggiate, Italy) filled with enough 
water to guarantee unrestrained swimming of the animal while preventing vertical movements (Fig. S1A). During 
the 10-minute recording, we measured: the distance travelled by each zebrafish; the time spent resting, evaluated 
as the percentage of time during which the distance travelled was less than 1 pixel (distance d was calculated using 
the formula: d =  √ (x2 −  x1)2 +  (y2 −  y1)2, considering (x1, y1) the coordinates of the fish at time 1, and (x2, y2) the 
coordinates at time 2); and speed, calculated as the ratio between the total distance travelled and the time of effec-
tive motion obtained by subtracting the time spent resting from the total time of locomotor activity monitoring 
(Fig. S1B).

Externally visible anatomy and body weight evaluation.  Twelve-month-old transgenic and Ctrl fish 
were weighted, photographed and measured, and the typical traits of the zebrafish anatomy were compared: 
standard length (SL), length between the operculum and caudal peduncle (LOCP), and breadth at the anterior of 
the anal fin (HAA) (Fig. S2A).

Histological analyses.  Twelve-month-old wtSod, mSod1 and Ctrl zebrafish were anaesthetized using 
0.6 mM tricaine (Sigma-Aldrich) in fish water. Their body cavity was opened along the belly, and then fixed in 
10% neutral buffered formalin solution (Sigma-Aldrich) for 24 hours. The fish were decalcified in acid-free EDTA 

Riluzole

Frequency of spontaneous 
coiling (Hz) Double coilings (%)

Embryos showing 
double coiling (%)

Embryos showing 
multiple coiling (%)

− + − + − + − +

Ctrl (n =  23) 0.41 ±  0.05 0.22 ±  0.06***(1) 25.6 ±  4.88 1.3 ±  0.84***(3) 75 17.9 7.1 3.6

mSod1 (n =  28) 0.77 ±  0.07 0.51 ±  0.11**(2) 49.8 ±  5.56 25.7 ±  6.61**(2) 91.3 60.9 56.5 21.7

Table 4.   Frequency of spontaneous tail coiling in embryos at 20 hpf, before and after riluzole 
administration. Mean values ±  SEM. The measures were statistically analyzed using an unpaired Student t-test. 
(1)***p =  0.0005(−vs + riluzole). (2)**p <  0.01 (−vs + riluzole). (3)***p <  0.0001. n =  number of embryos.
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10%, pH 7.2–7.4 (AMRESCO LLC, Solon, OH, USA) for four days, and then transversely sectioned into five 
segments using their fins as standard anatomical references (Fig. S2B). The first segment (S1) was obtained by 
making a cut at the level of the operculum; the second segment (S2) went from the operculum to the beginning of 
the pelvic fin; the third segment (S3) from the pelvic fin to the beginning of the anal fin; the fourth segment (S4) 
from the beginning to the end of the anal fin; and the fifth segment (S5) from the end of the anal fin to the caudal 
peduncle. All of the segments were embedded in paraffin in a cranial to caudal orientation, except for the first 

Figure 8.  Riluzole treatment reduces spontaneous high-frequency depolarizations in the spinal motor 
neurons of mSod1 embryos. (A) Representative examples of spontaneous mean FRET ratio changes in a control 
(Ctrl) and mSod1 motor neuron during a one-minute recording (the biosensor FRET ratio increases when 
membrane potential increases). Insets: detailed morphology of two depolarizing events. (B) Representative  
traces showing the FRET ratio changes recorded in the same Ctrl and mSod1 motor neurons before and after five 
minutes’ riluzole administration. (C) In comparison with Ctrl, the mSod1 motor neurons showed a significant 
increase in the frequency of spontaneous depolarizations (Ctrl: 0.12 ±  0.02 Hz; mSod1: 0.24 ±  0.03 Hz), but there 
was no difference in the basal FRET ratio (Ctrl: 1.21 ±  0.14; mSod1: 1.54 ±  0.23), or the amplitude (Ctrl: 0.34 ±  0.05; 
mSod1: 0.34 ±  0.06) or duration of depolarization (Ctrl: 791 ±  44 ms; mSod1: 863 ±  86 ms). The statistical analyses 
showed that riluzole did not affect the motor neurons’ basal FRET ratio (Ctrl: 1.18 ±  0.26; mSod1: 1.49 ±  0.31), or 
the amplitude (0.22 ±  0.05 in Ctrl; mSod1 0.27 ±  0.06) or duration of periodic depolarizations (Ctrl: 889 ±  219 ms; 
mSod1: 1094 ±  215 ms), but significantly reduced the frequency of the depolarizing events (Ctrl 0.04 ±  0.02 Hz; 
mSod1 0.12 ±  0.02 Hz). The columns in each graph represent the mean value ±  SEM of the indicated parameter 
in 12 Ctrl and 12 mSod1 motor neurons before and after riluzole administration. The measures were statistically 
analyzed using an unpaired Student t-test (*P <  0.05; **P <  0.01; ***P <  0.001).
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segment, which was embedded in a caudal to rostral orientation. The samples were processed using an automated 
tissue processor (Leica Microsystem, Wetzlar, Germany). Each block containing all five segments of a fish was 
cut into 4 μm sections using a microtome (Leica Biosystems, Nussloch GmbH, Germany), which were stained 
with hematoxylin and eosin (Mayer’s Hematoxylin, and Eosin G, Diapath, Martinengo, Italy), visualized through 
an optical microscope, and acquired by means of a digital camera (Leica Microsystem). One or more partially 
overlapping images covering the entire spinal cord of each fish and four fields containing the white muscle fibres 
in segments S2–S5 (3–5 sections of each segment) were acquired using a 20x objective, and subsequently fused 
using Fiji software and the Stitching plugin, an all of the images were analyzed using ImageJ64 software. The area 
of the spinal cord, the number of the spinal motor neurons, and Feret’s diameter of at least 100 white muscle fibres 
(the longest distance between any two points along the boundary drawn around transversally cut fibres) were 
measured in all of the segments of the trunk of each fish (Fig. S2C,D).

Immunofluorescence of paraffin sections.  Formalin-fixed, paraffin-embedded 4 μm sections were dep-
araffinised in xylene, rehydrated by means of a graded ethanol series, and rinsed in bi-distilled water. Antigens 
were retrieved using citrate buffer pH 6 1x (Diapath) in a pressure cooker (EMS -Electron Microscopy Sciences, 
Hatfield, PA, USA). The slides were rinsed, treated with PBS 1x (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
2 mM KH2PO4) containing 10% normal goat serum (Diapath) for 30 minutes in order to reduce non-specific 
background staining, and then incubated for one hour at RT with rabbit polyclonal anti-GFAP (glial fibrillary 
acidic protein, an astrocyte marker) 1:500 (Dako, Glostrup, Denmark) or rabbit polyclonal anti-Aif1 (allo-
graft inflammatory factor 1, a marker of activated macrophages and neutrophils) 1:500 (Wako Pure Chemical 
Industries Ltd, Osaka, Japan), after which the secondary antibody (AlexaFluor 488 F(ab′ )2 Fragment of Goat 
Anti-Rabbit IgG (H +  L), Molecular Probes, Life Technologies Europe BV, Monza, Italy) was added for 30 min-
utes. Negative controls for each sample were prepared by replacing the primary antibody with PBS 1x containing 
10% normal goat serum, and known positive control sections were included in each immunolabelling assay. The 

Figure 9.  Riluzole treatment reduces spontaneous high-frequency depolarizations in the spinal 
interneurons of mSod1 embryos. (A) The basal FRET ratio, and the frequency amplitude and duration of 
the depolarizations recorded in type 1 interneurons (T1) in riluzole-treated (+ R) and untreated (− R) Ctrl 
and mSod1 embryos. There were no differences in the basal FRET ratio of T1 in Ctrl and mSod1 embryos 
before (1.01 ±  0.05 vs 1.83 ±  0.39) or after riluzole administration (Ctrl: 1.22 ±  0.28; mSod1: 1.83 ±  0.52). 
Before riluzole treatment, the T1 in mSod1 embryos showed significantly higher-frequency spontaneous 
depolarizations than those in Ctrl embryos (0.22 ±  0.03 Hz vs 0.11 ±  0.03 Hz), but the frequency was reduced 
in both after riluzole treatment (mSod1: 0.12 ±  0.03 Hz; Ctrl 0.01 ±  0.01 Hz), although there was no difference 
in amplitude (Ctrl: 0.37 ±  0.07 [− R] and 0.22 ±  0.01 [+ R]; mSod1: 0.33 ±  0.08 [− R] and 0.23 ±  0.07 
[+ R]) or duration (Ctrl: 692.4 ±  56.8 ms [− R] and 557.7 ±  47.02 ms [+ R]; mSod1: 759.8 ±  131.9 ms [− R] 
and 821.4 ±  114.2 ms [+ R]). (B) Comparison of the basal FRET ratio and spontaneous depolarization 
frequency recorded in embryonal spinal cord motor neurons (Mn) and interneurons (In). There was no 
difference in the basal Ctrl and mSod1 motor neuron and T1 interneuron ratio with (+ R) or without riluzole 
(− R), and no difference between the motor neurons and interneurons of Ctrl and mSod1 embryos in 
spontaneous depolarization frequency or its reduction after treatment. The basal FRET ratio and frequency 
(Hz) of spontaneous depolarizations were measured in five Ctrl and 16 mSod1 T1 before and after riluzole 
administration, and their amplitude (FRET Ratio) and duration (ms) were measured in five Ctrl and five 
mSod1 T1 with (+ R) or without riluzole (− R). The columns in each graph indicate the mean value ±  SEM of 
the indicated parameter. The measures were statistically analyzed using an unpaired Student t-test (*P <  0.05; 
**P <  0.01).
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immunofluorescence-stained sections were acquired using a TCS SP5 confocal microscope (Leica Microsystems) 
with a 40x oil-immersion objective, and the images were analysed using ImageJ64 software. The ratio between 
mean fluorescence intensity in the spinal cord (arbitrary units, a.u.) and the area of the same spinal cord section 
(μm2) was calculated for each GFAP- and Aif1-stained segment. The inflammatory infiltrate in zebrafish lateral 
muscle was quantitatively measured using ImageJ software in order to calculate the ratio between the surface 
occupied by the fluorescence signal and the total area under investigation, as well as the ratio between the number 
of Aif1-positive cells and the total area.

Immunofluorescence of frozen sections.  After sacrifice, the head of each adult fish was removed and the 
trunk was transversally cut at the level of the pelvic fin, and the two segments obtained were embedded together 
in Optimal Cutting Temperature (OCT, Tissue-tek, Sakura Finetek Europe B.V. KvK, Leiden, The Netherlands) 
in a rostral to caudal orientation, and then snap-frozen in liquid nitrogen. The frozen blocks were cryostat cut 
into transversal sections of 20 μm each (Reichert-Jung 2700-frigocut, Buffalo, NY, USA), and fixed with 2% para-
formaldehyde in PBS 1x for 15 minutes at RT, before being permeabilized with PBS-TT (PBS 1x, 0.2% TWEEN20 
(Sigma-Aldrich), 0.2% TritonTM X-100 (Sigma-Aldrich), and incubated at RT for 30 minutes in a blocking solu-
tion consisting of 3% bovine serum albumin (Sigma-Aldrich) in PBS-TT. The sections were incubated at RT 
for two hours with the primary rabbit polyclonal antibody anti-SV2A (synaptic vesicle glycoprotein 2A), which 
stains synaptic vesicles in the pre-synaptic terminal (Sigma-Aldrich, 1:1000 in blocking solution). After rinsing 
with PBS-TT, the sections were incubated at RT for one hour with the secondary antibody: Alexa Fluor 488 
F(ab’)2 Fragment of Goat Anti-Rabbit IgG (H +  L) 1:200 and α -Bungarotoxin-Alexa Fluor 555 conjugate 1:500 
(Molecular Probes) in blocking solution. After further rinsing with PBS-TT, the stained sections were mounted in 
ProLong Gold antifade reagent and mounting medium (Molecular Probes), and stored at 4 °C. Negative controls 
for each sample were prepared by replacing the primary antibody solution with blocking solution.

Z-stacks containing the entire depth of the cryostat section of each sample were acquired using a TCS SP5 
confocal microscope with a 63x oil-immersion objective, with 10–15 fields of view of the lateral white muscle of 
the trunk (containing 7–13 NMJs) being collected for each animal. The z-stacks were analyzed using ImageJ64 
software in order to evaluate the percentage of innervation of white fibres in the lateral muscles of the trunk, 
and the density and size of the pre- and post-synaptic clusters. At least 100 NMJs were analyzed in each ani-
mal. In the merged image, we counted the total number of NMJs, the number of post-synaptic clusters facing 
pre-synaptic clusters in each field and, subsequently, the percentage of innervation and the density of the pre- and 
post-synaptic specializations.

Electron microscopy.  After sacrifice, the adult fish were rapidly sectioned, and each segment was fixed in 
3% glutaraldehyde (EMS), 2% paraformaldehyde in 0.05 M sodium cacodylate (EMS) buffer with 1% sucrose 
and 1 mM MgSO4 (Sigma-Aldrich) for two hours at RT. Subsequently, the lateral muscle of each segment was 
dissected into small pieces, and further fixed for 48 hours at 4 °C. The samples were rinsed with sodium caco-
dylate buffer 0.1 M, and post-fixed in 2% osmium tetroxide (EMS) in 0.1 M cacodylate buffer for one hour. After 
multiple rinses with 0.1 M cacodylate buffer and bi-distilled water, the samples were stained en bloc with a satu-
rated solution of uranyl acetate (Sigma-Aldrich) in 20% ethanol for 45 minutes in the dark, and then gradually 
dehydrated using an ethanol series and propylene-oxide (Sigma-Aldrich), and embedded in an Epon-Spurr resin 
mixture prepared in accordance with manufacturer’s specifications (TED PELLA Inc., Redding, CA, USA).

Whole zebrafish embryos (24 and 48 hpf) and larvae (96 hpf) were fixed in 2% glutaraldehyde and 2% par-
aformaldehyde in 0.1 M sodium cacodylate buffer for 12 hours at 4 °C, and then processed following the same 
protocol. The resin-embedded samples were cut using an ultramicrotome (Leica Microsystem) with a diamond 
knife (DiATOME, Switzerland), collected on copper grids (EMS), and counter-stained with uranyl acetate solu-
tion for 20 minutes, and 1% lead citrate (EMS) for seven minutes, before being observed through a transmission 
electron microscope (Philips, Eindhoven, The Netherlands). The images acquired using a digital camera (Morada, 
Olympus, Münster, Germany) were used to make quantitative ultrastructural analyses of adult zebrafish muscle 
mitochondria in the lateral muscles of the segments S4 and S5. The area, perimeter and circularity of about 100 
mitochondria in each animal were measured on electron micrographs acquired at 10500x and 13500x using 
ImageJ64 software.

The morphological and morphometric analyses of the NMJs at 96 hpf were made using ImageJ64 software 
and electron micrographs of zebrafish larvae trunk muscle acquired at 34000x. The area of synaptic boutons, 
the number, density and distribution of synaptic vesicles, and number and morphological features of the mito-
chondria were evaluated, and the area, perimeter and circularity of NMJ synaptic vesicles and mitochondria 
were measured25. Electron micrographs acquired at 10500x and 13500x were used for the ultrastructural analysis 
of zebrafish larvae muscles, in which sarcomere length was measured as the distance between two consecutive 
H-bands in approximately 100 sarcomeres in each fish, and the same micrographs were used to measure the area, 
perimeter and circularity of about 100 mitochondria.

Embryo/larva whole-mount immunofluorescence staining.  Zebrafish embryos (24 and 48 hpf) 
and larvae (96 hpf) were fixed in 4% paraformaldehyde and 1% DMSO (Sigma-Aldrich) in PBS 1x, treated with 
1 mg/ml collagenase (Sigma-Aldrich) for respectively seven, 15 and 90 minutes at RT, and incubated for at least 
12 hours at 4 °C with α -Bungarotoxin-AlexaFluor 555 1:100 in 3% BSA and PBS-TT. After rinsing with PBS 1x, 
the samples were incubated in acetone (Sigma-Aldrich) at − 20 °C for 30 minutes, further washed in PBS-TT, 
post-fixed with 4% paraformaldehyde in PBS 1x at RT, and then quenched with 50 mM NH4Cl (Sigma-Aldrich). 
After several washes with PBS-TT and three hours’ incubation in blocking solution (3% BSA in PBS-TT), the 
samples were incubated over night at 4 °C with the primary antibodies, rabbit polyclonal anti-SV2A 1:200 and 
mouse monoclonal anti-acetylated tubulin (Sigma-Aldrich) 1:500 in blocking solution and, after washing in 
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PBS-TT, incubated over night at 4 °C with the secondary antibodies, AlexaFluor 488 (1:200) and AlexaFluor 633 
(1:200) (Molecular Probes) before being washed with PBS 1x and stored at 4 °C. The embryos and larvae were 
mounted in 1% Low Melting Point Agarose (Sigma-Aldrich) in PBS 1x onto the glass of a 35 mm, glass-bottomed 
imaging dish (Ibidi, Planegg/Martinsried, Germany), and oriented in order to obtain a lateral view of the trunk. 
Z-stack images of selected regions of the trunk were acquired using a Leica TCS SP5 confocal microscope and a 
20x objective in order to assure the morphological comparison of homogenously developed spinal motor nerves 
and NMJs. The 24 hpf acquisitions included the region of the trunk ranging from the 12th to the 16th somite above 
the yolk tube, and then the immediately subsequent region from the 17th to 21st somite; at 48 hpf, we acquired 
z-stacks of the trunk between the 9th and 13th somite above the yolk tube; and at 96 hpf, the portion of the trunk 
between the 10th and 15th somite.

Second harmonic generation (SHG).  The second-harmonic generation (SHG) signal was detected in 
96 hpf zebrafish larvae stained and mounted as described above using a Leica TCS SP5 confocal microscope 
equipped with a multi-photon excitation set-up, and a tuneable, pulsed infrared Ti:Sapphire laser (ChameleonTM 
Ultra family, Coherent, Milano, Italy) with a wavelength of 900 nm. The signals were collected using an opened 
pinhole (600 μm) and setting the PMT bandwidth to between 380 nm and 400 nm, and averaged by setting the 
line average at 3. Z-stacks of each channel were acquired in the order described above using the stack-by-stack 
mode, a 20x objective, 0.7 numerical aperture (NA) and a 2.5 zoom in order to acquire z-stacks of 310 ×  310 μm 
fields (1024 ×  1024 image format, pixel size 303 ×  303 nm) with a z-step size of 0.84 μm. The mean fibre calibre 
of Ctrl, wtSod1 and mSod1 zebrafish larvae was evaluated in 30–60 randomly selected fibres running along the 
entire stack, and the length of the sarcomeres was calculated as the distance between two minima in the intensity 
plot profile obtained by tracing a line perpendicularly to the main axis of the fibre (29–60 sarcomeres in several 
fibres).

Analysis of the length and axonal branches of spinal motor nerves in 24 and 48 hpf zebrafish 
embryos.  The length, unbranched axonal length (UAL), and number of branches of the motor nerves in 
segments 9–16 and 17–21 were measured in 24 hpf zebrafish embryos using maximum projections of the SV2A 
channel and ImageJ64 software. As synaptic vesicles are clustered at motor axon terminals in 48 hpf zebrafish 
embryos, the same parameters were measured using merged images of the maximum projections obtained from 
both the SV2A and AcTub z-stacks. The AcTub signal was used to trace the path followed by the motor axons, and 
SV2A in order to be able to visualize the nerve endings clearly and identify axonal branches.

Three-dimensional co-localization, and synaptic vesicle and AChR cluster size analyses.  The 
degree of development of NMJs in 48 hpf Ctrl, wtSod1 and mSod1 zebrafish embryos and 96 hpf larvae was 
evaluated using three-dimensional (3D) co-localization analysis, and synaptic vesicle and muscle AChR cluster 
density (including the percentage of co-localizing SV2A and AchR clusters) were measured using object-based 
co-localization analysis with the ImageJ64 Plugin JACoP. The SV2A and AChR stacks were cropped in order to 
isolate a muscle portion of the acquired volume (aided by SHG myosin signal in the case of the 96 hpf larvae) and, 
after removing the fluorescence signal due to the developing sensory system, a mean 0.5 filter was used to remove 
noise. The object-based co-localization analysis was made by working on centre-particle coincidence, in which 
cluster centres are identified as centres of mass, and the mean size of SV2A and AChRs clusters was calculated.

Spontaneous tail coiling analysis.  Spontaneous tail coiling behavior was evaluated in 20 hpf embryos, 
after testing each for the lack of a touch-evoked coiling response by means of gentle sensory stimulation. Five 
embryos at a time were dechorionated and transferred to fish water in a 3.5 mm round petri dish with five niches. 
Tail coiling was detected at RT during a 5-minute videorecording (time resolution 45 frames/sec) obtained using 
a digital camera mounted on a stereomicroscope (Leica Microsystems) and for each embryo, a record was made 
of the frequency of spontaneous tail coiling, the percentage of multiple or complex coilings (i.e. coilings consisting 
of two or more repeated bends of the trunk before returning to the resting position) and the relative percentages 
of multiple/complex coilings consisting of contralateral left-right bends of the entire body or ispilateral bends. 
The effect of riluzole (Sigma-Aldrich) or vehicle (DMSO) on spontaneous tail coilings was tested by gently remov-
ing the fish water in order to keep the embryos in the same position, and then adding fish water containing 5 μM 
riluzole or 0.2% DMSO for five minutes before recording another 5-minute video and making the same analyses.

Touch-evoked coiling response analysis.  Forty-eight hpf Ctrl, wtSod1 or mSod1 zebrafish embryos were 
transferred to a 10 mm round petri dish in 1% low-melting-point agarose in fish water at 37 °C and oriented with 
the dorsal side up and belly facing the bottom of the petri dish. When the agarose solidified, all of the agarose 
behind the yolk ball was gently removed, and a drop of water was added on the top of the fish. At least five tail 
coilings were evoked by touching the trunk of each embryo above the yolk ball with the tip of a microloader. The 
fast coilings of the trunk over the head evoked by touch in an embryo were videorecorded at RT (time resolution 
45 frames/sec) using a digital camera mounted on a stereomicroscope (Leica Microsystems), and the duration of 
response and angle of maximum amplitude of tail flexion in each embryo was measured using ImageJ software.

Touch-evoked burst swimming analysis.  Ninety-six hpf zebrafish larvae were transferred to a 10 mm 
petri dish placed on a 0.5 ×  0.5 cm mesh at RT, and their burst swimming responses (fast forward swim with large 
bend angles) were evoked by touching the trunk behind the head with the tip of a microloader and videorecorded 
using the high-resolution digital camera of iPhone5 (Apple Inc., Cupertino, CA, US). The duration of response 
and the distance swum was measured in at least five responses for each embryo.
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Correlations between embryo behavior at 20hpf and spinal nerve morphology at 24hpf.  As 
the use of DsRed fluorescence to identify wtSod1 and mSod1 embryos is only feasible starting from 48 hpf, we 
developed an experimental procedure that makes it possible to identify the embryos at 20 hpf and allows aber-
rant motor phenotype to be correlated with the morphology of the spinal nerves at 24 hpf. Dechorionated 20 hpf 
embryos were individually placed in a 3.5 mm petri dish with five niches , and each embryo was tested for sponta-
neous tail coiling in fish water containing 0.2% DMSO (vehicle) and then in fish water containing 5 μM riluzole. 
Subsequently, 24 hpf, embryos were fixed in 4% paraformaldehyde in PBS 1x over night at 4 °C, and individu-
ally processed for immunofluorescence staining as described above. After confocal microscope image acquisi-
tion, each embryo was gently collected from agarose and placed in a 1.5 ml Eppendorf tube for salting-out DNA 
extraction. The transgenic wtSod1 and mSod1 embryos were identified by means of PCR using a pair of prim-
ers spanning a 200 bp region of the DsRed (DsRedFF: 5′ -GTAATGCAGAAGAAGACTATGGGCTGGGAG-3′ ;  
DsRedRR: 5′ -A TGTCCAGCTTGGAGTCCACGTAGTAGTAG-3′ ). The presence of DNA in each sam-
ple was confirmed by PCR using primers specifically amplifying 18S ribosomal subunit DNA (18S_sense 
5′ -ACCTCACTAAACCATCCAATC-3′ ; 18S_antisense 5′ -AGGAATTCCCAGTAAGCGCA-3′ ). All of the PCRs 
were performed using the Mastermix GoTaq G2 master (Promega Italia, Milan, Italy), with 0.4 μM of each primer 
following a two-step protocol: two minutes of denaturation at 95 °C, and then 35 cycles of 15 seconds’ denatur-
ation (92 °C) and 30 seconds of primer annealing and elongation (55 °C). Unless otherwise indicated, all of the 
reagents were purchased from Sigma-Aldrich.

Measurement of membrane voltage of zebrafish embryo spinal neurons using the Mermaid 
FRET-based voltage biosensor.  The Mermaid fluorescence resonance energy transfer (FRET)-based volt-
age biosensor20 (kindly provided by Dr. Hideaki Tsutsui, Laboratory for Cell Function Dynamics, Brain Science 
Institute, RIKEN, 2–1 Hirosawa, Saitama 351–0198, Japan) was used to measure the spontaneous depolarization 
of spinal neurons in the intact spinal network of living embryos, with the Mermaid ORF being cloned under the 
zebrafish HuC pan neural promoter in order to establish the biosensor’s neuron-specific expression21. Briefly, the 
ORF was PCR amplified from the pCS4+  Mermaid plasmid using Pfu Ultra HQ DNA polymerase and the T3 
Universal primer and the Mermaid Universal SmaI primer (5′ TATCCCGGGATTCGACGGTTCAGATTTTA),  
and the specific PCR product was cloned into the pCMV-SC blunt vector (Strataclone, Agilent Technologies, 
West Cedar Creek, TX, US). One positive clone (pCMV-SC_Mermaid) was SmaI linearized for subsequent 
insertion of the HuC promoter upstream of the Mermaid ORF. The promoter was synthesized by means of 
PCR using Pfu Ultra HQ DNA polymerase and zebrafish genomic DNA as template and a pair of HuC-specific 
primers (HuCprom-forw1_SalI: 5′ -GTAGTCGACCAGACTTGTCAAAAGGGTCCA and HuCprom-rev1: 
5′ -TCCATTCTTGACGTACAAAGATG) spanning a 3150 bp region upstream of the ATG, and the band was 
cloned into the SmaI-linearized pCMV-SC_Mermaid plasmid in order to obtain the final pHuC_Mermaid con-
struct used for the subsequent FRET analysis.

Imaging set-up for Mermaid biosensor visualization in living embryos: simultaneous detection 
of donor and acceptor signals.  The yolk of one-cell fertilized eggs from mSod1 and Ctrl zebrafish was 
microinjected with 200 pg of pHuC_Mermaid DNA using a Femtojet microinjector (Eppendorf, Parkway, NY, 
US). The zygotes were incubated at 28 °C in fish water. At 20 hpf, embryos were mounted in 1% low-melting-point 
agarose in fish water at 37 °C onto the glass of a 35 mm glass-bottomed imaging dish and gently oriented on 
their sides. When the agarose solidified at RT, the fluorescence signal was detected using the resonant scanner 
of a confocal microscope. The fluorescent proteins of the FRET biosensor were simultaneously excited by means 
of a 488 nm laser line, and the emitted fluorescence (donor channel) was detected between 495 nm and 525 nm 
in order to collect only the mUKG signal, and the fluorescence emitted by the FRET channel (the fluorescence 
emitted by the acceptor when the donor is excited) was simultaneously detected between 550 nm and 650 nm. 
The image fields of 512 ×  64 pixels were acquired at a scan speed of 8000 Hz. The changes in spinal neuron voltage 
under basal conditions were recorded in embryos kept in fish water at RT by acquiring a single xy plane every 
30 ms for one minute. The effect of riluzole on membrane depolarization was evaluated in the same neuron five 
minutes after the addition of fish water containing 5 μM riluzole. In all the acquisitions, gain and offset were 
optimized at the beginning of the experiment and kept constant throughout the session. At the end of the acqui-
sition, the embryos were checked for the presence of the DsRed DNA by means of a PCR as described above; the 
negative embryos were considered controls.

The FRET analysis was made using the ImageJ macro Biosensor_FRET created by Robert Bagnell, Pathology 
& Lab Med UNC-CH in 2010 (www.med.unc.edu/microscopy/resources/imagej-plugins-and-macros/
biosensor-fret). The average intensity of an appropriate background region was calculated and subtracted from 
every pixel of every image and used to process both the donor and FRET stack, after which the images were 
masked, setting the grey-scale threshold in such a way that the background intensity was zero. The plug-in subse-
quently started photobleaching correction based on the ratio of the change in the mean brightness of the thresh-
olded parts of the cells over time. The mean FRET and donor fluorescence intensity values were normalized to the 
first value in each set, and the ratio of the normalized values was calculated for every time point using the formula 
(FRET mean)tx/(FRET mean)t1/(Donor mean)tx/(Donor mean)t1. Subsequently, the raw FRET/Donor ratio stack 
was calculated, each image was multiplied by the inverse of the curve value at its respective time point in order to 
correct for the amount of photobleaching, and then the final FRET/Donor ratio was calculated and photobleach-
ing correction was applied in order to obtain a curve showing the normalized FRET ratio changes (y-axis) over 
time (x-axis), and a double exponential curve was fitted to the data. The normalized FRET ratio calculated for 
each time point and the fitting curve were then multiplied by the effective FRET ratio calculated at t1 as follows: 
(FRET mean - FRET background)/(Donor mean - Donor background), where FRET and Donor mean intensity 
is the mean fluorescence intensity calculated in the same region of interest (ROI) drawn around the cell, and 

http://www.med.unc.edu/microscopy/resources/imagej-plugins-and-macros/biosensor-fret
http://www.med.unc.edu/microscopy/resources/imagej-plugins-and-macros/biosensor-fret
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the FRET and Donor background is the mean fluorescence intensity calculated in a ROI of the field without the 
fluorescent sample. The basal membrane ratio of each neuron was calculated as the mean ratio value calculated 
from the fitting curve, and the frequency, amplitude and duration of depolarization in those presenting periodic 
depolarizations were calculated using GraphPad Prism® 6.0c software.

Statistical analyses.  The results were statistically analyzed using GraphPad Prism 6.0c software. 
Comparisons of two groups were made using an unpaired Student t test. When more than two groups were 
compared, one-way analysis of variance (ANOVA) was used and then corrected by means of Tukey’s or Dunn’s 
post-test depending on whether the distribution of the values was Gaussian or not. Two-way ANOVA and 
Bonferroni’s post-test were used to study the effect of mSod1 expression on spinal cord area, and motor neuron 
number and fibre calibre along the zebrafish trunk. Mean values were considered statistically different when 
P <  0.05.

References
1.	 Simon, N. G. et al. Quantifying Disease Progression in Amyotrophic Lateral Sclerosis. Ann Neurol. 76, 643–657 (2014).
2.	 Renton, A. E., Chiò, A. & Traynor, B. J. State of play in amyotrophic lateral sclerosis genetics. Nat Neurosci. 17, 17–23 (2014).
3.	 Vucic, S., Rothstein, J. D. & Kiernan, M. C. Advances in treating amyotrophic lateral sclerosis: insights from pathophysiological 

studies. Trends Neurosci. 37, 433–442 (2014).
4.	 Marangi, G. & Traynor, B. J. Genetic causes of amyotrophic lateral sclerosis: New genetic analysis methodologies entailing new 

opportunities and challenges. Brain Res. 1607, 75–93 (2015).
5.	 Bellingham, M. C. A review of the neural mechanisms of action and clinical efficiency of riluzole in treating amyotrophic lateral 

sclerosis: what have we learned in the last decade? CNS Neurosci Ther. 17, 4–31 (2011).
6.	 Turner, B. J. & Talbot, K. Transgenics, toxicity and therapeutics in rodent models of mutant SOD1-mediated familial ALS. Prog 

Neurobiol. 85, 94–134 (2008).
7.	 Casci, I. & Pandey, U. B. A fruitful endeavour: Modeling ALS in the fruit fly. Brain Res. 1607, 47–74 (2014).
8.	 Therrien, M. & Parker, J. A. Worming forward: Amyotrophic Lateral Sclerosis toxicity mechanisms and genetic interactions in 

Caenorhabditis elegans. Front Genet. 17, 5:85 (2014).
9.	 Philips, T. & Rothstein, J. D. Glial cells in amyotrophic lateral sclerosis. Exp Neurol. 262(B), 111–120 (2014).

10.	 Kabashi, E., Champagne, N., Brustein, E. & Drapeau, P. In the swim of things: recent insights into neurogenetic disorders from 
zebrafish. Trends Genet. 26, 373–381 (2010).

11.	 Babin, P. J., Goizet, C. & Raldúa, D. Zebrafish models of human motor neuron diseases: advantages and limitations. Prog Neurobiol. 
118, 36–58 (2014).

12.	 Drapeau, P. et al. Development of the locomotor network in zebrafish. Prog Neurobiol. 68, 85–111 (2002).
13.	 Brustein, E. et al. Steps during the development of the zebrafish locomotor network. J Physiol Paris. 97, 77–86 (2003).
14.	 Saint-Amant, L. & Drapeau, P. Motorneuron activity patterns related to the earliest behavior of the zebrafish embryo. J Neurosci. 20, 

3964–3972 (2000).
15.	 Saint-Amant, L. & Drapeau, P. Synchronization of an embryonic network of identified spinal interneurons solely by electrical 

coupling. Neuron. 31, 1035–1046 (2001).
16.	 Tong, H. & McDearmid, J. R. Pacemaker and plateau potentials shape output of a developing locomotor network. Curr Biol. 22, 

2285–2293 (2012).
17.	 Ramesh, T. et al. A genetic model of amyotrophic lateral sclerosis in zebrafish displays phenotypic hallmarks of motorneuron 

disease. Dis Model Mech. 3, 652–662 (2010).
18.	 Elshafey, A., Lanyon, W. G. & Connor, J. M. Identification of a new missense point mutation in exon 4 of the Cu/Zn superoxide 

dismutase (SOD-1) gene in a family with amyotrophic lateral sclerosis. Hum Mol Genet. 3, 363–364 (1994).
19.	 Urbani, A. & Belluzzi, O. Riluzole inhibits the persistent sodium current in mammalian CNS neurons. Eur J Neurosci. 12, 3567–3574 

(2000).
20.	 Tsutsui, H., Karasawa, S., Okamura, Y. & Miyawaki, A. Improving membrane voltage measurements using FRET with new 

fluorescent proteins. Nat Methods. 5, 683–685 (2008).
21.	 Park, H. C. et al. Analysis of upstream elements in the HuC promoter leads to the establishment of transgenic zebrafish with 

fluorescent neurons. Dev Biol. 227, 279–293 (2000).
22.	 Sakowski, S. A. et al. Neuromuscular effects of G93A-SOD1 expression in zebrafish. Mol Neurodegener. doi: 10.1186/1750-1326-7-44 

(2012).
23.	 Da Costa, M. M. et al. A new zebrafish model produced by TILLING of SOD1-related amyotrophic lateral sclerosis replicates key 

features of the disease and represents a tool for in vivo therapeutic screening. Dis Model Mech. 7, 73–81 (2014).
24.	 Chiu, A. Y. et al. Age-dependent penetrance of disease in a transgenic mouse model of familial amyotrophic lateral sclerosis. Mol Cell 

Neurosci. 6, 349–362 (1995).
25.	 Cappello, V. et al. Analysis of neuromuscular junctions and effects of anabolic steroid administration in the SOD1G93A mouse 

model of ALS. Mol Cell Neurosci. (1–2), 12–21 (2012).
26.	 Vinsant, S. et al. Characterization of early pathogenesis in the SOD1(G93A) mouse model of ALS: part II, results and discussion. 

Brain Behav. 3, 431–457 (2013).
27.	 Chiu, I. M. et al. Activation of innate and humoral immunity in the peripheral nervous system of ALS transgenic mice. Proc Natl 

Acad Sci USA 106, 20960–20965 (2009).
28.	 Lemmens, R. et al. Overexpression of mutant superoxide dismutase 1 causes a motor axonopathy in the zebrafish. Hum Mol Genet. 

16, 2359–2365 (2007).
29.	 Kabashi, E. et al. Gain and loss of function of ALS-related mutations of TARDBP (TDP-43) cause motor deficits in vivo. Hum Mol 

Genet. 1, 671–683 (2010).
30.	 Kabashi, E. et al. FUS and TARDBP but not SOD1 interact in genetic models of amyotrophic lateral sclerosis. PLoS Genet. 7(8), 

e1002214 (2011).
31.	 Ciura, S. et al. Loss of function of C9orf72 causes motor deficits in a zebrafish model of amyotrophic lateral sclerosis. Ann Neurol. 

74, 180–187 (2013).
32.	 Watson, M. R., Lagow, R. D., Xu, K., Zhang, B. & Bonini, N. M. A drosophila model for amyotrophic lateral sclerosis reveals motor 

neuron damage by human SOD1. J Biol Chem. 283, 24972–24981 (2008).
33.	 De Vos, K. J. et al. Familial amyotrophic lateral sclerosis-linked SOD1 mutants perturb fast axonal transport to reduce axonal 

mitochondria content. Hum Mol Genet. 16, 2720–2728 (2007).
34.	 Armstrong, G. A. & Drapeau, P. Loss and gain of FUS function impair neuromuscular synaptic transmission in a genetic model of 

ALS. Hum Mol Genet. 22, 4282–4292 (2013).
35.	 Kabashi, E. et al. Investigating the contribution of VAPB/ALS8 loss of function in amyotrophic lateral sclerosis. Hum Mol Genet. 22, 

2350–2360 (2013).



www.nature.com/scientificreports/

20Scientific Reports | 6:24515 | DOI: 10.1038/srep24515

36.	 Vucic, S., Nicholson, G. A. & Kiernan, M. C. Cortical hyperexcitability may precede the onset of familial amyotrophic lateral 
sclerosis. Brain. 131, 1540–1550 (2008).

37.	 Vucic, S., Ziemann, U., Eisen, A., Hallett, M. & Kiernan, M. C. Transcranial magnetic stimulation and amyotrophic lateral sclerosis: 
pathophysiological insights. J Neurol Neurosurg Psychiatry. 84, 1161–70, doi: 10.1136/jnnp-2012-304019 (2013).

38.	 Menon, P., Kiernan, M. C. & Vucic, S. Cortical hyperexcitability precedes lower motor neuron dysfunction in ALS. Clin Neurophysiol. 
126, 803–809 (2015).

39.	 Thielsen, K. D. et al. The Wobbler mouse model of amyotrophic lateral sclerosis (ALS) displays hippocampal hyperexcitability, and 
reduced number of interneurons, but no presynaptic vesicle release impairments. PLoS One. 8, e0082767 (2013).

40.	 Kuo, J. J. et al. Hyperexcitability of cultured spinal motorneurons from presyntomatic ALS mice. J Neurophysiol. 91, 571–575 (2004).
41.	 Van Zundert, B. et al. Neonatal neuronal circuitry shows hyperexcitable disturbance in a mouse model of the adult-onset 

neurodegenerative disease amyotrophic lateral sclerosis. J Neurosci. 28, 10864–10874 (2008).
42.	 Pieri, M., Carunchio, I., Curcio, L., Mercuri, N. B. & Zona, C. Increased persistent sodium current determines cortical 

hyperexcitability in a genetic model of amyotrophic lateral sclerosis. Exp Neurol. 215, 368–379 (2009).
43.	 Schuster, J. E., Fu, R., Siddique, T. & Heckman, C. J. Effect of prolonged riluzole exposure on cultured motorneurons in a mouse 

model of ALS. J Neurophysiol. 107, 484–492 (2012).
44.	 Martin, E., Cazenave, W., Cattaert, D. & Branchereau, P. Embryonic alteration of motorneuronal morphology induces 

hyperexcitability in the mouse model of amyotrophic lateral sclerosis. Neurobiol Dis. 54, 116–126 (2013).
45.	 Wainger, B. J. et al. Intrinsic membrane hyperexcitability of amyotrophic lateral sclerosis patient-derived motor neurons. Cell Rep. 

7, 1–11 (2014).
46.	 Devlin, A.-C. et al. Human iPSC-derived motoneurons harbouring TARDBP or C9ORF72 ALS mutations are dysfunctional despite 

maintaining viability. Nat Commun. 6, 5999 (2015).
47.	 McGown, A. et al. Early interneuron dysfunction in ALS: insights from a mutant sod1 zebrafish model. Ann Neurol. 73, 246–258 

(2013).
48.	 Van Zundert, B., Izaurieta, P., Fritz, E. & Alvarez, F. J. Early pathogenesis in the adult-onset neurodegenerative disease amyotrophic 

lateral sclerosis. J Cell Biochem. 113, 3301–3312 (2012).
49.	 Amendola, J. & Durand, J. Morphological differences between wild-type and transgenic superoxide dismutase 1 lumbar 

motorneurons in postnatal mice. J Comp Neurol. 511, 329–341 (2008).
50.	 Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B. & Schilling, T. F. Stages of embryonic development of the zebrafish. Dev 

Dyn. 203, 253–310 (1995).

Acknowledgements
The authors are profoundly indebted to Christine Beattie for generously sharing the Sod1 transgenic fish lines 
with us, and Simona Rodighiero for her priceless support and helpful discussion. We thank Hidekazu Tsutsui 
(Laboratory for Cell Function Dynamics, Brain Science Institute, RIKEN, 2–1 Hirosawa, Saitama 351-0198, 
Japan) for providing the Mermaid FRET-based voltage biosensor, and Dario Parazzoli and Massimiliano 
Garrè (FIRC Institute of Molecular Oncology–IFOM Milan, Italy) for help with the two-photon microscopy 
experiments.

Author Contributions
L.B., L.D.G. and M.F. designed the project, performed the experiments and wrote the article. A.G. and 
L.P. obtained, microinjected and genotyped the embryos. E.R. performed the electron microscopy/
immunofluorescence experiments and morphological analyses. M.D.M. contributed by providing adult zebrafish 
samples for histology. C.P. provided analytical tools. A.B. and M.B. performed the canonical electrophysiology 
recordings to validate the FRET measurements. All of the authors have read and approved the final version of the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Benedetti, L. et al. INaP selective inhibition reverts precocious inter- and motorneurons 
hyperexcitability in the Sod1-G93R zebrafish ALS model. Sci. Rep. 6, 24515; doi: 10.1038/srep24515 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	INaP selective inhibition reverts precocious inter- and motorneurons hyperexcitability in the Sod1-G93R zebrafish ALS model ...
	Results

	Adult Sod1 G93R zebrafish show the typical neuromuscular features of ALS. 
	Adult mSod1 zebrafish present reactive astrogliosis in the spinal cord and activated inflammatory cells infiltrate lateral  ...
	Mutant Sod1 expression precociously affects locomotor network architecture. 
	Sod1 G93R expression leads to precocious motor abnormalities. 
	Riluzole treatment (5 μM) reverts the motor phenotype in 20 hpf mSod1 embryos and normalizes motor axon length by 24 hpf. 
	Spinal neurons in mSod1 embryos show more frequent spontaneous depolarizations. 

	Discussion

	Methods

	Zebrafish (Danio rerio) lines. 
	Fish and embryo maintenance. 
	Monitoring adult spontaneous locomotor activity. 
	Externally visible anatomy and body weight evaluation. 
	Histological analyses. 
	Immunofluorescence of paraffin sections. 
	Immunofluorescence of frozen sections. 
	Electron microscopy. 
	Embryo/larva whole-mount immunofluorescence staining. 
	Second harmonic generation (SHG). 
	Analysis of the length and axonal branches of spinal motor nerves in 24 and 48 hpf zebrafish embryos. 
	Three-dimensional co-localization, and synaptic vesicle and AChR cluster size analyses. 
	Spontaneous tail coiling analysis. 
	Touch-evoked coiling response analysis. 
	Touch-evoked burst swimming analysis. 
	Correlations between embryo behavior at 20hpf and spinal nerve morphology at 24hpf. 
	Measurement of membrane voltage of zebrafish embryo spinal neurons using the Mermaid FRET-based voltage biosensor. 
	Imaging set-up for Mermaid biosensor visualization in living embryos: simultaneous detection of donor and acceptor signals. ...
	Statistical analyses. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Spinal cord and lateral muscle histological analyses.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Twelve-month-old mSod1 zebrafish show compromised lateral white muscle innervation.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Sod1 overexpression causes motor nerve alterations at 24 hpf.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ mSod1 embryos and larvae show defects in the clustering of synaptic vesicles and the maturation of neuromuscular junctions.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ mSod1 larvae show a significant reduction in the calibre of muscle fibres with a preserved sarcomere ultrastructure.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ mSod1 embryos and larvae show increased locomotor activity.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Riluzole treatment reverts the motor phenotype and normalizes motor axon length in mSod1 embryos.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Riluzole treatment reduces spontaneous high-frequency depolarizations in the spinal motor neurons of mSod1 embryos.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Riluzole treatment reduces spontaneous high-frequency depolarizations in the spinal interneurons of mSod1 embryos.
	﻿Table 1﻿﻿. ﻿ Characterisation of pre- and post-synaptic clusters in 48 and 96 hpf embryos.
	﻿Table 2﻿﻿. ﻿  Frequency and characterisation of spontaneous tail coiling in zebrafish embryos at 20 hpf.
	﻿Table 3﻿﻿. ﻿  Touch-evoked motor responses at 48 and 96 hpf.
	﻿Table 4﻿﻿. ﻿  Frequency of spontaneous tail coiling in embryos at 20 hpf, before and after riluzole administration.



 
    
       
          application/pdf
          
             
                INaP selective inhibition reverts precocious inter- and motorneurons hyperexcitability in the Sod1-G93R zebrafish ALS model
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24515
            
         
          
             
                Lorena Benedetti
                Anna Ghilardi
                Elsa Rottoli
                Marcella De Maglie
                Laura Prosperi
                Carla Perego
                Mirko Baruscotti
                Annalisa Bucchi
                Luca Del Giacco
                Maura Francolini
            
         
          doi:10.1038/srep24515
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24515
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24515
            
         
      
       
          
          
          
             
                doi:10.1038/srep24515
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24515
            
         
          
          
      
       
       
          True
      
   




