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FIGURE 1: The externally visible anatomy and body weight of adult zebrafish are 
not affected by Sod1 overexpression. 
 
A. This image displays the typical traits of adult zebrafish measured to compare the 

macroscopic anatomy of wtSod1 and mSod1 transgenic zebrafish with Ctrl zebrafish: 

the standard length (SL), the length between the operculum and the caudal peduncle 

(LOCP) and the height at anterior of anal fin (HAA). Scale bar: 0.5 cm 

B. Representative pictures of 12 months old zebrafish: an adult of the AB line with a short 

caudal fin (Ctrl) and zebrafish expressing either wild type Sod1 (wtSod1) or mutant 

Sod1 (mSod1) with long caudal fins. Adult mSod1 zebrafish present bright red eyes 

because of the expression of the fluorescent protein DsRed, used as reporter gene to 

identify mutant fish. Scale bar: 0.5 cm. 

C. The histograms compare the standard length, the height at anterior of anal fin, the 

length between the operculum and the caudal peduncle measured in 7 Ctrl, 6 wtSod1 

and 7 mSod1 fish and the body weight recorded in 15 Ctrl, 14 wtSod1 and 14 mSod1 

zebrafish belonging to two different generations.  

Results were statistically analyzed with One-way Analysis of Variance (ANOVA), 

Kruskal-Wallis test, and corrected with Dunn’s multiple comparison test. Means were 

considered statistically different when P < 0.05.  

There are no significant differences in the four parameters took under consideration 

among zebrafish of the three genotypes.  

Columns represent mean ± SEM of the indicated parameter. 
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FIGURE 2: Adult mSod1 zebrafish are compromised in their spontaneous swimming 
activity. 
 
A. This image shows 3 representative paths, obtained with the MTrack2 Fiji Plugin, swum 

by Ctrl (in gray), wtSod1 (in blue) and mSod1 (in red) adult zebrafish in a 10 minutes 

period of spontaneous locomotor activity monitoring. 

B. The analyses of the tracks revealed a significant reduction in the distance travelled 

and in the time spent at resting but not in the speed of mSod1 fish compared to Ctrl 

zebrafish.  

In each graph, columns represent mean ± SEM of the indicated parameter, calculated 

in 15 adult zebrafish for each genotype. Four independent experiments were 

performed with adult zebrafish belonging to two different generations.  

Measures were statistically analyzed with ordinary One-way Analysis of Variance 

(ANOVA) or Kruskal-Wallis test and corrected with Tukey’s or Dunn’s multiple 

comparison procedures, respectively.  

Means were considered statistically different when P < 0.05.  

(*, P < 0.05) 
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FIGURE 3: Adult mSod1 zebrafish show a significant reduction in the number of 
motor neurons, in the area of the spinal cord and in the caliber of white muscle 
fibers 
 
A. Illustration of the zebrafish body segmentation used for the histological analyses. To 

precisely characterize the phenotype associated to wtSod1 and mSod1 in the spinal 

cord and lateral muscle of adult zebrafish trunk, we transversely cut each animal in 5 

segments using fins (indicated with arrows) as standard anatomical references. 

Segment 1 (S1) results from a cut in correspondence of the operculum, segment 2 

(S2) goes from the operculum to the beginning of the pelvic fin, segment 3 (S3) spans 

the pelvic fin till the beginning of the anal fin, segment 4 (S4) ranges from the 

beginning to the end of the anal fin and segment 5 (S5) extends from the end of the 

anal fin to the caudal peduncle. Scale bar: 0.5 cm.  

B. Images of hematoxylin & eosin stained histological sections showing Ctrl, wtSod1 and 

mSod1 zebrafish spinal cord (S2 segment). In these sections we identified and 

counted motor neurons (one, in each sample, is indicated with an arrow head) in the 

ventral horns of the spinal cord. Scale bar: 50 µm. 

Plots show the significant reduction in the spinal cord area and in the motor neurons 

number, along the entire spinal cord, in mSod1 fish compared to both Ctrl and wtSod1 

zebrafish. 

C. Hematoxylin & eosin staining. Histological images showing white muscle fibers of Ctrl, 

wtSod1 and mSod1 zebrafish (S2 segment). They show muscular atrophy and edema 

(*) with infiltrating cells (arrow head) in mSod1 zebrafish lateral muscle.  

Scale bar: 25 µm. 

The plot displays a significant reduction in white muscle fibers caliber along mSod1 

zebrafish trunk in comparison with Ctrl zebrafish.  

 

Each point in the plots represents mean ± SEM of the indicated parameter calculated in 

each segment in at least 6 Ctrl, wtSod1 and mSod1 adult zebrafish for each genotype. 

Measures were statistically analyzed with Two-way Analysis of Variance (ANOVA) and 

corrected with Sidak’s multiple comparison test.  

Means were considered statistically different when P < 0.05.  

(*, P < 0.05; **, P < 0.01; ***, P < 0.001). 
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FIGURE 4: Twelve months mSod1 zebrafish are compromised in lateral muscle 
innervation   
 

A. These images are maximum projections of SV2A (in green) and AChRs (in red) 

confocal images covering the entire thickness (20 µm) of a Ctrl and of a mSod1 

zebrafish lateral muscle cryosection. While in Ctrl zebrafish each postsynaptic 

specialization, enriched with acetylcholine receptors, faces motor nerves terminals 

containing several vesicle clusters; in mSod1 white lateral muscles, a lot of 

postsynaptic clusters lack the association with motor presynaptic terminals (white 

dashed boxes). Scale bar: 20 µm. 

B. We measured a significant reduction in the percentage of innervation of postsynaptic 

specializations in mSod1 zebrafish compared to Ctrl. The 3D colocalization analysis, 

performed with the ImageJ plugin JACoP, on z-stacks covering the entire thickness of 

the lateral muscle sections, revealed a significant reduction in the presynaptic clusters 

density but not in postsynaptic clusters density in mSod1 fish compared to Ctrl. 

However, remaining pre and postsynaptic clusters of mSod1 zebrafish are not affected 

in their size or in the fluorescence intensity signal associated. 

 

In each graph, columns represent mean ± SEM of the indicated parameter, calculated 

in 5 Ctrl and 6 mSod1 adult zebrafish for each genotype. Measures were statistically 

analyzed with an unpaired Student-t test.  

Means were considered statistically different when P < 0.05.  

(*, P < 0.05; **, P < 0.01) 
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FIGURE 5: Transgenic zebrafish overexpressing Sod1 show reactive astrogliosis 
but not microgliosis in the spinal cord and mSod1 fish present activated 
inflammatory cells in the white lateral muscles 
 

A. Confocal images showing Gfap (astrocyte marker) and Aif1 (activated microglial 

marker) immunofluorescence staining of Ctrl, wtSod1 and mSod1 twelve months old 

zebrafish spinal cord histological sections (segment 4). Scale bar: 25 µm.  

We detected a significant increase in the fluorescence intensity of Gfap both in wtSod1 

and mSod1 zebrafish spinal cord but no differences in Aif1 signal among zebrafish of 

the three genotypes. For both markers, the ratio between the mean fluorescence 

intensity (F.I.) and the correspondent spinal cord area in µm2 in each segment was 

evaluated. 

Each point in the plots represents mean ± SEM of the indicated parameter calculated 

in each segment of 7 Ctrl, 6 wtSod1 and 7 mSod1 adult zebrafish for each genotype. 

Measures were statistically analyzed with Two-way Analysis of Variance (ANOVA) and 

corrected with Sidak’s multiple comparison test. (*, p < 0.05) 

B. Confocal images of a portion of Ctrl, wtSod1 and mSod1 zebrafish lateral muscle 

stained for Aif1 (segment 4). Scale bar: 25 µm.  

We can see how, around atrophic muscular fibers, there is an enrichment of activated 

macrophages and neutrophils in mSod1 zebrafish muscle compared to both wtSod1 

and Ctrl zebrafish.  

The graphs show that there is a significant increase both in the number of Aif1 positive 

cells and in the percentage of the area covered by Aif1 positive cells in the white 

lateral muscle of mSod1 fish in all segments of zebrafish trunk examined. 

Each point represents mean ± SEM of the indicated parameter, calculated in 3 adult 

zebrafish for each genotype. Measures were statistically analyzed with Two-way 

Analysis of Variance (ANOVA) corrected with Sidak post-test.  

Means were considered statistically different when P < 0.05.  

(***, P < 0.001; ****, P < 0.0001) 
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FIGURE 6: The expression of complex motor behaviors is associated with 
morphological and ultrastructural changes of the developing locomotor network 

 
A. We morphologically characterized zebrafish locomotor network, at specific 

developmental stages, when embryos and larvae express peculiar motor responses. 

We studied embryos 20 hpf when they undergo a transient period of alternating tail 

coilings and 48 hpf when they respond to touch with fast coilings of the trunk and 

larvae 96 hpf when they start swimming. 

B. Ctrl embryos 24 hpf show short motor axons, protruding from the spinal cord, filled 

with synaptic vesicles (green) travelling along the entire axonal length. Motor axons 

outgrowth follows a rostral to caudal developmental wave and only more rostral motor 

nerves present branches. Acetylated tubulin (gray) stains few spinal interneurons 

axonal projections. At this developmental stage, we do not detect AChRs clusters 

along muscular fibers precursors plasmamembrane. Scale bar: 20 !m. 

C. The ultrastructural analysis shows axonal projections filled with synaptic vesicles (sv), 

with immature boutons (B) facing muscular fibers precursors presenting a cytoplasm 

filled with glycogen (square box) and where the contractile apparatus is poorly 

organized. Scale bar: 500 nm. 

D. At 48 hpf, motor nerves present a well organized microtubule network along their 

entire length. They deeply protrude in the trunk along miosepta and start innervating 

muscular fiber precursors with several branches. Synaptic vesicles do not follow the 

entire axonal length but are well organized in small clusters at the tips of axonal 

branches. AChRs (red) start organizing in visible clusters on muscular fibers.  

E. Electron micrographs show presynaptic terminals, filled with vesicles (sv), mainly 

located at the periphery of myotomes. Muscle fiber precursors now display a well-

organized contractile apparatus (S). 

F. Larvae 96 hpf show well developed motor nerves, heavily branched, innervating 

muscle fibers. Synaptic vesicles are distributed in small clusters at the tips of axonal 

terminals and now face AChRs clusters on muscle fibers (their superimposition 

generate a yellow signal in the merged image).  

G. The ultrastructural analysis shows small presynaptic boutons (B) deeply penetrating 

inside the myotome and innervating well-developed muscle fibers. 
Confocal images are maximum projection of z-stacks covering half zebrafish trunk. 

Symbols: B: presynaptic bouton; AZ: Active Zone; sv: synaptic vesicle; M presynaptic mitochondria; m: 

muscular mitochondria; e: endosome; S: sarcomere. 
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FIGURE 7: The overexpression of Sod1 causes precocious motor axons alterations 
 

A. Confocal fluorescence maximum projection images showing SV2A signal (in green). 

They cover the entire Ctrl, wtSod1 and mSod1 zebrafish trunk of 24 hpf embryos in a 

region ranging from the 12th and the 16th somite. 

Since synaptic vesicles travel along the entire axonal length (traced with a dashed 

line), we can appreciate motor axons length and motor nerves branches in embryos of 

the three genotypes.  

Scale bar: 25 !m. 

B. We measured a significant reduction in the motor axons length and in the unbranched 

axonal length in both wtSod1 and mSod1 embryos compared to Ctrl fish but a 

significant increase in the number of motor nerves branches only in mSod1 embryos 

compared to both Ctrl and wtSod1 zebrafish.  

Columns represent mean ± SEM of the indicated parameter, calculated in 25 Ctrl, 17 

wtSod1 and 21 mSod1 embryos for each genotype. Measures were statistically 

analyzed with One-way Analysis of Variance (ANOVA) or Kruskal-Wallis test and 

corrected with Tuckey’s or Dunn’s multiple comparison test, respectively.  

Means were considered statistically different when P < 0.05.  

(*, P < 0.05; ***, P < 0.001; ****, P < 0.0001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



! "(#!

 



! "(%!

FIGURE 8: Sod1 overexpressing embryos do not show alterations in motor nerves 
morphology 48 hpf but those expressing G93R Sod1 present defects in synaptic 
vesicles clusterization 

 
A. This panel illustrates the morphological features of Ctrl and mSod1 motor nerves 48 

hpf. At this developmental stage, acetylated tubulin (gray) outlines spinal motor axons 

and allows the measurement of motor axons length and branches. Synaptic vesicles 

(green) do not depict the entire axonal length but are organized in big clusters along 

the main axonal path or are arranged in small clusters at the tips of axonal branches. 

AChRs (red) are organized in big clusters in muscular precursors plasmamembrane, 

both in correspondence of the myoseptum where motor axons go through, but also 

deeply inside the myotome. These are confocal fluorescence maximum projection 

images of acetylated tubulin (gray), SV2A (green), AChRs (red) and their merge 

covering half zebrafish trunk in correspondence of the 9th and the 13th somite.  

Scale bar: 25 !m. 

B. The analyses of motor nerves morphology did not reveal any alteration in motor axons 

length, unbranched axonal length (not shown) and number of branches among 

embryos of the 3 genotypes. Columns represent mean ± SEM of the indicated 

parameter, calculated in 10 Ctrl, 10 wtSod1 and 13 mSod1 embryos for each genotype. 

Measures were statistically analyzed with One-way Analysis of Variance (ANOVA) and 

corrected with Tuckey’s multiple comparison post-test. Means were considered 

statistically different when P < 0.05.  

C. D. E. The 3D object based colocalization analyses did not reveal any differences either 

in the density of total presynaptic and colocalizing presynaptic clusters (C) or in the 

density of total postsynaptic and postsynaptic colocalizing clusters (E) but showed a 

significant increase in presynaptic clusters area in mSod1 compared to Ctrl and 

wtSod1 embryos (D). Postsynaptic clusters dimension does not change (D). 

Columns represent mean ± SEM of the indicated parameter, calculated in 10 Ctrl, 9 

wtSod1 and 13 mSod1 embryos for each genotype. Measures were statistically 

analyzed with Kruskal-Wallis test and corrected with Dunn’s multiple comparison 

procedure. Means were considered statistically different when P < 0.05.  

(*, P < 0.05) 
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FIGURE 9: mSod1 larvae exhibit a severe impairment in neuromuscular junctions 
maturation 96 hpf 

 
A. These images display the phenotype of Ctrl, wtSod1 and mSod1 neuromuscular 

junctions at 96 hpf. They are confocal fluorescence maximum projection images of 

SV2A (green), AChRs (red) and their merge covering half zebrafish trunk in 

correspondence of the 10th and the 15th somite. Scale bar: 25 !m. 

B. The analyses of pre and postsynaptic clusters dimensions revealed no more 

differences in the mean area of both type of synaptic clusters at this stage of 

development. However, the 3D object based colocalization analysis showed a 

significant reduction in the density of presynaptic SV2A clusters in mSod1 larvae 

musculature compared to both Ctrl and wtSod1 larvae but not in the density of 

postsynaptic clusters. Moreover, it evidenced a significant reduction both in 

presynaptic and postsynaptic colocalizing clusters in mSod1 larvae compared to both 

wtSod1 and Ctrl fish highlighting impairments in neuromuscular junctions formation. 

Columns represent mean ± SEM of the indicated parameter, calculated in 19 Ctrl, 12 

wtSod1 and 16 mSod1 embryos for each genotype. Measures were statistically 

analyzed with Kruskal-Wallis test and corrected with Dunn’s multiple comparison 

procedure. Means were considered statistically different when P < 0.05.  

(*, P < 0.05; ***, P < 0.001) 
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FIGURE 10: The ultrastructure of mSod1 neuromuscular junctions is preserved 96 
hpf 

 
A. Electron micrographs showing the ultrastructure of Ctrl, wtSod1 and mSod1 

neuromuscular junctions of 96 hpf zebrafish larvae. Presynaptic boutons contain a lot 

of vesicles (indicated with a chevron >) widely distributed in the presynaptic terminal 

without a peculiar polarization. Some of them are fusing in correspondence of the 

active zones (AZ). Presynaptic terminals include mitochondria (m) and are separated 

from the muscle fibers by a well-defined synaptic cleft (sc). Zebrafish neuromuscular 

junctions do not present evident postsynaptic specializations. In muscle fibers we can 

observe well-organized sarcomeres (s). Scale bar: 200 nm. 

B. Morphometric analyses did not reveal any differences in the area of neuromuscular 

junctions, in the density and morphology of synaptic vesicles (diameter and circularity, 

area and perimeter –not shown-) and in the number and morphology of mitochondria 

(diameter and circularity, area and perimeter –not shown-) in the presynaptic terminals 

among larvae of the three genotypes.  

Histograms columns represent mean ± SEM of the indicated parameter. The features 

measured in the morphometric analyses were evaluated in 30 neuromuscular 

junctions belonging to 3 different animals for each genotype. Measures were 

statistically analyzed with Kruskal-Wallis test and corrected with Dunn’s multiple 

comparison procedure.  

Means were considered statistically different when P < 0.05. 
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FIGURE 11: Larvae expressing mSod1 present a significant reduction in muscle 
fibers caliber and mitochondrial area with a preservation of the sarcomere 
ultrastructure 

 
A. Maximum projection of the myosin Second Harmonic Generation (SHG) signal images 

collected from half mSod1 larva trunk in correspondence of the 12th and the 15th 

somite. Scale bar: 25 !m. 

B. Myosin SHG signal images of Ctrl, wtSod1 and mSod1 muscle fibers, acquired in 

corresponding depths of the myotome, showing the endogenous myosin signal used 

for the quantification of muscle fibers caliber. Scale bar: 20 !m. We measured a 

significant reduction in muscle fibers caliber in mSod1 larvae compared to Ctrl. 

Columns represent mean ± SEM of the indicated parameter, calculated in 17 Ctrl, 15 

wtSod1 and 18 mSod1 larvae for each genotype. Statistical analysis was performed 

with One-way Analysis of Variance (ANOVA) and Tuckey’s multiple comparison test. 

Means were considered statistically different when P < 0.05.  

(**, P < 0.01) 

C. This panel displays a detail of myosin SHG signal showing the organization of 

sarcomeres in Ctrl, wtSod1 and mSod1 muscle fibers. Scale bar: 5 !m. The measure 

of the distance between two minima (red line in graphs) in the myosin SHG signal 

intensity plot profiles obtained along the longitudinal axis of the fibers allowed us to 

assess that the length of sarcomeres do not change.  

D. Electron micrographs showing the preserved sarcomere ultrastructure in Ctrl, wtSod1 

and mSod1 larvae at 96 hpf. Scale bar: 1 !m.  

The measure of 100 sarcomeres, in 2 animals per genotype, confirmed the preserved 

sarcomere length. Measures were statistically analyzed with One-way Analysis of 

Variance (ANOVA) and corrected with Tuckey’s post-test. Means were considered 

statistically different when P < 0.05. 

E. These electron micrographs display muscular mitochondria (m) morphology in Ctrl, 

wtSod1 and mSod1 larvae. Scale bar: 1 !m. We measured a significant reduction in 

the area of muscular mitochondria but not in the perimeter and circularity in mSod1 

larvae. We analyzed 100 mitochondria in 6 Ctrl, 4 wtSod1 and 6 mSod1 larvae. 

Measures were statistically analyzed with One-way Analysis of Variance (ANOVA) and 

corrected with Tuckey’s multiple comparison tests. Means were considered statistically 

different when P < 0.05. (*, P < 0.05) 
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FIGURE 12: mSod1 embryos display an increased frequency of spontaneous tail 
coilings at 20 hpf 

 
A. Spontaneous tail coilings behavior was analyzed at 20 hpf positioning dechorionated 

embryos in niches engraved in a 3.5 mm round petri dish. 

B. We observed a significant increase in the frequency of spontaneous tail coilings in 

mSod1 embryos compared to Ctrl embryos. 

C. The 89.8% of mSod1 embryos performed multiple tail coilings (two consecutive 

repeated bends of the trunk before returning to the resting condition) compared to the 

64.6% of Ctrl and the 66.6% of wtSod1 embryos. Moreover, the percentage of multiple 

tail coilings in mSod1 embryos is significantly higher compared to both Ctrl and 

wtSod1 embryos. 

D. The 43.5% of mSod1 embryos performed complex coilings (several consecutive 

repeated bends of the trunk before returning to the resting condition) compared to the 

6.3% of Ctrl and the 2.8% of wtSod1 embryos. Even the percentage of complex 

coilings in mSod1 embryos is significantly higher compared to both Ctrl and wtSod1 

embryos. 

E. While Ctrl and wtSod1 embryos performed the same percentage of alternating left-

right bends of the entire body and tail bends on the same side of the body, mSod1 

embryos exhibited a significant higher percentage of tail coilings on the same side of 

the body. 

 

Columns represent mean ± SEM of the indicated parameter, calculated in 47 Ctrl, 36 

wtSod1 and 46 mSod1 embryos for each genotype. Measures were statistically 

analyzed with One-way Analysis of Variance (ANOVA) or Kruskal-Wallis test and 

corrected with Tuckey’s or Dunn’s multiple comparison test. The comparison of the 

relative percentage of alternate versus same side tail bends was performed with 

Student-t test. Means were considered statistically different when P < 0.05.  

(**, P < 0.01; ***, P < 0.001) 
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FIGURE 13: mSod1 embryos present aberrant touch evoked tail coilings responses 
at 48 hpf 

 
A. Ctrl, wtSod1 or mSod1 embryos at 48 hpf were embedded in a small drop of low 

melting-point-agarose and oriented with the dorsal side up and with the belly facing the 

bottom of the petri dish. When the agarose solidified, we gently removed all the 

agarose behind the yolk ball and we added a drop of water on the top of the fish. At 

least 5 tail coilings were evoked touching the trunk of the embryo above the yolk ball 

with the tip of a microloader and the duration of the responses and the maximum angle 

of tail flexion were analyzed. Scale bar: 500 !m. 

B. mSod1 embryos exhibited a significant increase in the duration of touch evoked tail 

coilings responses and a significant decrease in the maximum angle of tail flexion 

compared to Ctrl and wtSod1 embryos. 

Columns represent mean ± SEM of the indicated parameter, calculated in 19 Ctrl, 14 

wtSod1 and 16 mSod1 embryos for each genotype. Measures were statistically 

analyzed with One-way Analysis of Variance (ANOVA) and corrected with Tuckey’s 

multiple comparison test or Kruskal-Wallis test and corrected with Dunn’s post-test. 

Means were considered statistically different when P < 0.05.  

(**, P < 0.01; ***, P < 0.001; ****, P < 0.0001) 

C. These images show representative examples of the tail flexion recorded in a single 

touch evoked response in Ctrl, wtSod1 and mSod1 embryos.  
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FIGURE 14: mSod1 larvae exhibit altered touch evoked swimming activity at 96 hpf 
 

A. Schematic representation of the experimental setup used to test touch evoked 

swimming responses. Larvae at 96 hpf were individually transferred in a 10 mm petri 

dish placed on a mesh of 0.5 x 0.5 cm squares. Touch evoked swimming responses 

were elicited touching the trunk of the larvae with the tip of a microloader and recorded 

with high-resolution movies obtained with a digital camera. A representative response 

for Ctrl, wtSod1 and mSod1 larvae is drawn in red. 

B. We measured a significant increase in the duration of the evoked swimming responses 

and in the distance travelled by mSod1 larvae compared to Ctrl and wtSod1 fish. Since 

these responses, in mSod1 larvae, consist in repeated consecutive burst swimming 

events, the overall speed of mSod1 responses results significantly lower compared to 

Ctrl and wtSod1 fish.  

Histograms columns represent mean ± SEM of the indicated parameter, calculated in 

19 Ctrl, 19 wtSod1 and 19 mSod1 larvae for each genotype. Measures were 

statistically analyzed with One-way Analysis of Variance (ANOVA) or Kruskal-Wallis 

test and corrected with Tuckey’s or Dunn’s post test. Means were considered 

statistically different when P < 0.05.  

(*, P < 0.05; ***, P < 0.001; ****, P < 0.0001) 
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FIGURE 15: Riluzole treatment reverts motor phenotype at 20 hpf and normalizes 
motor axons length at 24 hpf in mSod1 embryos 

 

A. Flow chart showing the protocol followed to correlate embryos behavior at 20 hpf and 

spinal nerves morphology at 24 hpf. A mixed population of transgenic and non-

transgenic embryos, generated intercrossing heterozygous mSod1 zebrafish (A), 

where placed in the niches engraved in a petri dish and spontaneous tail coilings were 

recorded in fish water and after the addition of riluzole or vehicle solution without 

displacing the embryos from their position (B). At the end of the experiment, each fish 

was individually transferred in a tube, fixed and stained for immunofluorescence and 

then visualized at the confocal microscope (C). When the images acquisition was 

completed, each fish was singularly collected in a tube, its DNA was extracted and 

with PCR transgenic fish were identified thanks to the gene encoding the protein 

DsRed (D).  

B. Riluzole treatment significantly reduced the frequency of spontaneous tail coilings, the 

percentage of multiple coilings and the percentage of embryos performing multiple 

and complex coilings both in Ctrl and mSod1 embryos. In the case of mSod1 embryos, 

the frequency of spontaneous coiling, the percentage of multiple tail coilings and the 

type of multiple tail coilings (the relative percentage of alternating and same side tail 

bends) were brought to levels comparable to those of Ctrl embryos before riluzole 

administration. Columns in each graph represent mean ± SEM of the indicated 

parameter, calculated in 28 Ctrl and 23 mSod1 embryos before and after riluzole 

treatment. Measures were statistically analyzed with unpaired Student t test. Means 

were considered statistically different when P < 0.05.  

C. Riluzole treatment did not affect motor axons morphology of Ctrl embryos; however, it 

significantly increased motor axons length in mSod1 embryos. Columns in each graph 

represent mean ± SEM of the indicated parameter, calculated in Ctrl and mSod1 

embryos not incubated (28 and 33 respectively) or incubated with riluzole solution (10 

and 22 respectively). Measures were statistically analyzed with unpaired Student t test. 

Means were considered statistically different when P < 0.05. 

 

(*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001) 
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FIGURE 16: mSod1 spinal motor neurons show more frequent spontaneous 
depolarizations  
 
A. To test whether the aberrant motor phenotype observed in mSod1 embryos at 20 hpf, 

was associated to alterations in the spontaneous depolarizations of spinal neurons, in 

the intact spinal network, we microinjected one-cell stage embryos with the FRET-

based voltage biosensor Mermaid under the control of the pan-neuronal promoter 

HuC. The bright field image, merged with the fluorescence signal, shows the efficient 

expression of the biosensor in an individual motor neuron. Beside, the donor and 

FRET channel detected are shown. Scale bar: 10 !m. 

B. FRET Ratio map showing the FRET Ratio calculated in a motor neuron during a 

spontaneous depolarization (indicated with a red line in the FRET ratio graph in panel 

C). Scale bar: 10 !m. 

C. These plots show representative examples of the spontaneous mean FRET Ratio 

changes in a Ctrl and in a mSod1 motor neuron during a one minute recording. For 

this biosensor, the increase in FRET Ratio happens when the membrane potential 

increases. In the inset, the detailed morphology of 2 depolarization events are shown. 

D. In mSod1 motor neurons we measured a significant increase in the frequency of 

spontaneous depolarizations but no changes in the FRET basal ratio or in the 

amplitude and duration of depolarizations compared to Ctrl embryos motor neurons. 

Columns in each graph represent mean ± SEM of the indicated parameter, calculated 

in 12 Ctrl and 12 mSod1 motor neurons. Measures were statistically analyzed with 

unpaired Student t test. Means were considered statistically different when P < 0.05. 

(***, P < 0.001) 
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FIGURE 17: Riluzole administration decreases the frequency of spinal motor 
neurons spontaneous depolarizations 

 
A. These plots display representative traces showing the FRET Ratio changes recorded 

in the same Ctrl and mSod1 motor neuron before and after 5 minutes of riluzole 

administration. 

B. The statistical analyses showed that riluzole did not affect motor neurons FRET basal 

ratio and amplitude and duration of periodic depolarizations but significantly reduced 

the frequency of depolarization events in both Ctrl and mSod1 motor neurons. In 

particular, after riluzole treatment, mSod1 motor neurons undergo to spontaneous 

depolarization with a frequency comparable to that of Ctrl motor neurons before 

riluzole treatment. Histograms columns in each graph represent mean ± SEM of the 

indicated parameter, calculated in 12 Ctrl and 12 mSod1 motor neurons. Measures 

were statistically analyzed with unpaired Student t test. Means were considered 

statistically different when P < 0.05.  

(*, P < 0.05; **, P < 0.01) 
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FIGURE 18: Spinal interneurons present different patterns of membrane voltage 
changes and differently respond to riluzole treatment 

 
We recorded membrane voltage changes in Ctrl and mSod1 embryos interneurons at 20 

hpf. In both cases, we identified 3 different classes of interneurons exhibiting different 

electrical properties. A subtype of interneurons does not show periodic depolarizations 

and does not change its depolarization features after riluzole administration (Type 0); a 

group of interneurons presents periodic depolarizations in basal condition and reduces its 

frequency after riluzole treatment (Type 1) and a class of interneurons develops periodic 

depolarizations only after riluzole incubation (Type 2). 

 

A. This panel shows representative examples of FRET Ratio changes, recorded before 

and after riluzole administration, in 3 interneurons belonging to the 3 different classes 

described above in Ctrl embryos.  

Most interneurons (66%) do not show periodic depolarization and their electrical 

properties do not change after riluzole treatment (Type 0). The remaining interneurons 

display periodic depolarizations before riluzole incubation in the 75% of cases (Type 1) 

and only after riluzole administration in the 25% of cases (Type 2). 

B. This panel presents representative examples of FRET Ratio changes recorded in 3 

mSod1 embryos spinal interneurons, representative of the 3 different classes 

described, before and after riluzole incubation. 

Also in mSod1 embryos, most interneurons (67%) do not show periodic 

depolarizations either before or after riluzole treatment (Type 0). Other interneurons 

undergo to periodic depolarization before riluzole incubation in the 73% of cases and 

only after riluzole administration in the 27% of cases (Type 2). 
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FIGURE 19: mSod1 embryos spinal interneurons show more frequent spontaneous 
depolarizations that decrease after riluzole treatment 

 

A. This panel compares basal FRET ratio and spontaneous depolarizations frequency 

recorded in motor neurons (Mn) and interneurons (In) in Ctrl and mSod1 embryos 

spinal cord. We did not detect any differences in the basal ratio measured in motor 

neurons and Type 1 interneurons either before (-R) or after (+R) riluzole treatment, 

both in Ctrl and mSod1 embryos. Also the frequency of spontaneous depolarizations 

and its reduction after riluzole treatment is comparable between motor neurons and 

interneurons in Ctrl and mSod1 embryos. 

B. This panel shows the basal FRET ratio and the frequency of spontaneous 

depolarizations recorded in Type 1 and Type 2 interneurons in Ctrl and mSod1 

embryos. Ctrl and mSod1 Type 1 interneurons do not show differences in their basal 

FRET ratio before riluzole treatment and do not change their basal ratio after the drug 

administration. mSod1 Type 1 interneurons present a significant higher frequency of 

spontaneous depolarizations compared to that of Ctrl embryos. Both in the case of Ctrl 

and mSod1 Type1 interneurons, riluzole significantly reduces the frequency of 

spontaneous depolarizations. Type 2 interneurons do not display significant 

differences in the basal FRET ratio in mSod1 embryos compared to Ctrl before and 

after riluzole administration; however, riluzole treatment causes the comparison of 

spontaneous depolarizations at comparable frequency in Ctrl and mSod1 interneurons. 

C. We did not measure any differences in the amplitude and durations of spontaneous 

depolarizations in Ctrl and mSod1 Type 1 interneurons before and after riluzole 

treatment. 

 

Columns in each graph represent mean ± SEM of the indicated parameter. Measures were 

statistically analyzed with unpaired Student t test. Means were considered statistically 

different when P < 0.05.  

(*, P < 0.05; **, P<0.01) 
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