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Spinal Muscular Atrophy (SMA) is a neurodegenerative disorder affecting lower motor neurons (MNs) 
and leading to muscle atrophy, due to mutation of the SMN1 gene, which encodes SMN protein. 
Experimental studies also demonstrated the upper MN impairment. The available approved drugs 
for SMA increase the SMN protein production. Although effective, outcomes are dependent upon 
treatment timing and disease severity. Drug repositioning may represent a valid strategy to identify 
new treatments by repurposing FDA/EMA-approved drugs that, combined with the available ones, 
could delay neurodegeneration. To this aim, for the first time we used primary cortical neurons derived 
from the SMNΔ7 mice as defective in vitro disease model, to preliminary assess drug efficacy on 
neuronal survival and morphology. Under basal conditions, SMA cortical neurons showed significantly 
reduced vitality and altered morphology compared to WT neurons. All the parameters were rescued 
after treatment with known compounds (Valproic Acid, 4-aminopyridine and N-acetylcysteine), 
already tested in either preclinical or clinical context for SMA. We then investigated for the first time in 
SMA pathology the efficacy of 10H-phenothiazine (10H-PTZ), known to exert neuroprotection and to 
target altered mechanisms in Parkinson’s and Alzheimer’s disease. Its administration to SMA cortical 
neurons induced significant protective effects on both neuronal survival and morphology that were 
further confirmed in vivo, in a C. elegans SMA model. Overall, our results provide valuable insights, 
both in vitro and in vivo, into the potential of 10 H-PTZ repurposing for SMA, although additional 
functional studies will be required.
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Spinal Muscular Atrophy (SMA) is a genetic disorder characterized by the progressive degeneration of lower 
motor neurons (MNs), leading to muscle wasting and weakness. Interestingly, a selective decrease in the number 
of layer V pyramidal neurons (upper MNs) in the motor cortex has been also reported1, making the SMA 
pathogenesis more complex than previously described. SMA is primarily caused by mutations or deletions in 
the Survival of Motor Neuron 1 (SMN1) gene, which results in insufficient levels of the SMN protein, crucial for 
MN survival and function2. This autosomal recessive disease presents with various forms, from severe (Type I) 
to mild (Type IV), depending on the extent of SMN protein deficiency and the presence of the SMN2 gene, a 
nearly identical copy of SMN1 that produces a limited amount of functional SMN protein3. Current therapeutic 
approaches for SMA aim to increase the production of functional SMN protein. The first FDA-approved 
treatment, Nusinersen (Spinraza), is an antisense oligonucleotide that modulates the splicing of SMN2 pre-
mRNA to increase the production of full-length SMN protein4. Another therapy is Onasemnogene abeparvovec 
(Zolgensma), a gene therapy that delivers a functional copy of the SMN1 gene via an adeno-associated virus 
vector, effectively restoring SMN protein levels5. Additionally, Risdiplam (Evrysdi) is an orally administered 
small molecule that promotes SMN2 exon 7 inclusion, enhancing SMN protein synthesis6.

Although highly effective when early administered, the efficacy of the currently approved therapeutic 
approaches drastically decreases when administered in advanced stages of the disease7. Moreover, the three 
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available “disease-modifying therapies” do not assure a tunable SMN production, as occurs in physiological 
conditions8, and in some cases could even triggers SMA-like pathogenic events through toxic gain of function 
mechanism9. Therefore, identifying combinatorial treatments that, in association with the SMN-dependent 
therapies, could delay MNs’ degeneration by targeting other molecular pathways, such as oxidative stress, 
apoptosis, mitochondrial dynamics, known to be altered in SMA10, may represent a pivotal therapeutic strategy 
for those patients who currently poorly benefit from Spinraza, Zolgensma or Evrysdi.

In light of this, to develop a complementary approach, we followed a drug repositioning (DR) strategy. This 
method leverages the known safety profiles, pharmacokinetics and manufacturing processes of established 
medications, thereby reducing the time, cost, and risk associated with drug development. By identifying 
novel applications for drugs that are already FDA/EMA-approved or in clinical use, we aim to accelerate the 
development of complementary treatments for patients.

Therefore, following this strategy and selecting drugs of potential interest, we tested a known small molecule, 
10H-phenothiazine (10H-PTZ, which derivatives are FDA approved), which has never been previously tested 
in experimental and clinical contexts for SMA. 10H-PTZ and its derivatives are commonly administered as 
antipsychotics, antiviral and analgesic agents11. However, 10H-PTZ itself12 or complexed with other molecules 
(such as 10-carboxamide or Donepezil) also showed neuroprotective effects in Parkinson’s disease (PD)13,14 and 
Alzheimer’s disease (AD), also exerting brain protection from oxidative stress15–17. Therefore, they might be of 
potential interest for SMA.

First, we tested 10H-PTZ in primary cortical neurons derived from the SMNΔ7 mice, a severe experimental 
SMA model. To the best of our knowledge, we used for the first time SMA-derived primary cortical neurons as 
a defective in vitro disease model, demonstrating its reliability for preliminary drug efficacy screening for cells 
viability and morphology. To further validate the cell model, we used three compounds known to exert positive 
effects in SMA context: Valproic acid (VPA), evaluated in clinical trial, alone or in combination with Carnitine 
or L-Carnitine – NCT01033331, NCT00481013, NCT00374075, NCT00661453, NCT00227266, NCT01671384; 
https://www.clinicaltrials.gov/)18,19; 4-aminopyridine (4-AP; undergone in clinical trial – NCT01645787 – 
https://www.clinicaltrials.gov/ - and studied in different SMA experimental works)20–22; and N-acetylcysteine 
(NAC; evaluated in preclinical SMA studies, but never in clinical trials)23,24.

Finally, the 10H-PTZ has been evaluated in an in vivo model, Caenorhabditis elegans (C. elegans), a small 
model system that preserves in a whole-animal context intact cell-to-cell communications and many aspects of 
the animals’ metabolism, ideal for preliminary drug validation.

Thanks to this work, we confirmed the reliability of cortical neuron culture as a valid SMA in vitro model for 
screening therapeutic treatments and we demonstrated the potential of 10H-PTZ for drug repurposing for SMA. 
Further studies, including direct functional assays in mammalian models, will be necessary to fully support 
10H-PTZ use for SMA patients.

Results
Primary cortical neurons of SMA mice show a defective neuronal morphology
First, we studied the phenotype of primary cortical neurons derived from newborn wild-type (WT) and SMA 
mice in vitro. At day in vitro (div) 7, neurons were mature, and neurite branching and complexity were evident. 
At this time point, we first evaluated the cell viability by MTT assay in basal conditions: we observed a reduced 
survival for SMA neurons compared to WT, as sign of the expected neurodegeneration due to the lack of SMN 
protein (Fig. 1A).

To assess cell morphological parameters such as cell body area, length and branching of neuronal processes, 
cortical neurons have been immunostained with anti-SMI31 antibody, a neuronal marker labeling cell axons, 
dendrites and soma (Fig. 1B). The analysis of morphological parameters revealed that the cell body area, and 
the neurite length and branching of SMA cortical neurons were significantly reduced compared to WT (Fig. 
1C-E). Furthermore, we evaluated the signal intensity and distribution of synapsin in SMA compared to WT 
cultures, since the synaptic vesicle distribution can be a noteworthy indicator of cell maturation and complexity 
of neuronal network25. We did not observe statistically significant differences in the synapsin corrected total 
cell fluorescence (CTCF) between WT and SMA (Fig. 1F); however, interestingly, we observed a different 
distribution of the fluorescent signal, with synapsin retained close to the cellular bodies in SMA neurons, while 
uniformly distributed all along neuronal processes in WT cells (Fig. 1G). Since synapsin is involved in neuronal 
development, synaptogenesis and in the modulation of neurotransmitters’ release, its absence at neuronal active 
zones could support the incomplete neuronal maturation observed above. Moreover, its role in synaptic vesicle 
dynamics could possibly impact the functionality of the neuronal network26.

Altogether, our results indicate that primary cortical neurons from SMA mice show evident phenotypic 
defects compared to WT cells, supporting their use as a reliable in vitro model for a preliminary therapeutic 
screening in SMA. Once validated viability and morphological differences between SMA and WT cortical 
neurons, we studied a possible rescue of disease-related impairments using three drugs already known to be 
effective in SMA models, serving as positive controls: VPA, 4-AP and NAC18,22,23. Each drug was administered 
at different concentrations to SMA cortical neurons, to exclude toxic doses (Table 1). The cell viability was 
measured by MTT assay, as shown in Fig. 2A-C. The results showed that for all the controls, none of the tested 
doses was toxic. Moreover, we observed that the higher concentrations of VPA and NAC (respectively 0.1mM-
0.5mM-1mM, and 2.5mM-5mM) (Fig. 2A-C), and the lower concentrations of 4-AP (100 µM–250 µM–500 
µM) (Fig. 2B) were able to significantly enhance cell viability. However, for NAC, we observed an unusually 
rapid formation of formazan crystals during the reaction, which we interpreted as a potential false positive in 
the MTT assay.

Based on these findings, we also studied some neuronal morphological parameters (soma size, neurite length 
and branching) after 48  h of treatment, using the best concentrations of VPA, 4-AP and NAC that resulted 
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significantly active in the MTT assay (0.1 mM, 250 µM and 5 mM, respectively). As expected, both 0.1mM 
VPA and 250µM 4-AP significantly improved all the morphological parameters analyzed compared to vehicle 
(VHL)-treated SMA cells (Fig. 2D-K). Concerning NAC, we did not observe relevant differences with the 5mM 
concentration (Fig. S1), probably due to the MTT assay results above-mentioned. However, by testing a lower 
NAC concentration (500 µM), all the morphological parameters analyzed were significantly increased, compared 
with to VHL-treated SMA cells (Fig. 2L-O).

Fig. 1.  Primary cortical neurons of SMA mice show a defective phenotype. (A) Cell viability was evaluated 
in WT and SMA primary cortical neurons by MTT assay. Results are represented as mean ± SD of three 
independent experiments. Unpaired Student t-test SMA vs. WT *p < 0.05. (B) Primary cultures of WT and 
SMA cortical neurons immunolabeled with anti-SMI31 antibody (green). Scale bar = 50 μm. (C–E) WT e 
SMA morphological parameters were measured using Neurolucida and NeuroExplorer software. Results are 
represented as mean ± SD of five independent experiments (n ≥ 10 neurons for each experiment). Unpaired 
Student t-test SMA vs. WT *p < 0.05, ***p < 0.001. (F) Quantification of synapsin signal as the corrected 
total cell fluorescence (CTCF) shows a trend to the reduction in SMA neurons compared to WT. (G) 
Primary cultures of WT and SMA cortical neurons were immunolabeled by anti-synapsin antibody (red). A 
magnification of the cropped area (indicated by a white rectangle) is also shown, displaying the merged signals 
of the anti-SMI31 antibody (green) and the anti-synapsin 1 antibody (red). The orange/yellow signal represents 
the colocalization of the two markers. Scale bar = 50 μm. Magnification: scale bar = 10 μm.
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Evaluation of the efficacy of the candidate compound in rescuing viability and morphology of 
SMA cortical neurons
After validating the use of cortical neuron cultures as a valid model for testing drug efficacy, we treated the cells 
with the candidate molecule: 10H-PTZ. Different concentrations of the compound were administered to SMA 
cortical neurons in order to determine their possible toxicity (Table 1). The MTT results showed that all the 

Fig. 2.  Cell viability and morphological analysis after treatment with positive controls (VPA, 4-AP and NAC). 
(A–C) SMA primary cortical neurons were treated with different concentrations of each compound: the cell 
viability was evaluated after 48 h by MTT assay, and compared to SMA neurons with the vehicle. Results 
are represented as the mean ± SD. One-way ANOVA followed by Tukey’s multiple comparison test: treated 
SMA vs. vehicle *p < 0.05, **p < 0.01 and ***<0.001. (D,H,L) SMA primary cortical neurons were treated 
and immunolabeled by anti-SMI31 antibody (green). Scale bar = 50 μm. (E–G, I–K, M–O) Morphological 
parameters of treated SMA cells measured using Neurolucida and NeuroExplorer software. Results are 
represented as mean ± SD of four independent experiments (n ≥ 10 neurons for each experiment). Student 
t-test: treated SMA vs. vehicle *p < 0.05, **p < 0.01.

 

Compound Concentration for MTT Concentration for IF Solvent

Valproic acid (VPA) 0.5 µM, 5 µM, 50 µM, 0.1mM, 0.5mM, 1mM 0.1mM, 1mM H2O

4-aminopyridine (4-AP) 100 µM, 250 µM, 500 µM, 1mM, 2mM, 5mM 250 µM, 2mM DMSO

N-acetylcysteine (NAC) 100 µM, 250 µM, 500 µM, 1mM, 2.5mM, 5mM 500 µM, 5mM H2O

10H-phenothiazine (10H-PTZ) 1nM, 10nM, 100nM, 10 µM, 20 µM, 50 µM 10nM, 20 µM DMSO

Table 1.  List and concentrations of the compounds tested for 3-[4,5-dimethylthiazol-2-yl]-2,5 Diphenyl 
tetrazolium bromide (MTT) assay and immunofluorescence.
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concentrations tested were not toxic (Fig. 3A) and the lower concentrations of 10H-PTZ (1nM and 10nM) were 
able to significantly support cell viability.

We then selected both a low and a high concentration, and we analyzed the morphological parameters of 
treated cells for 48 h: interestingly, the lowest concentration (10nM) was able to improve the general phenotype 
of SMA cortical neurons, significantly increasing cell body area, neurite length and branching compared to 
VHL-treated SMA cells (Fig. 3B–E). Instead, 20 µM 10H-PTZ showed only a significant effect on the cell body 
area compared to VHL-treated SMA neurons (Fig. 3F–I).

Synaptic vesicle distribution is affected by candidate compound treatment
To further assess the effects of the most effective concentrations, for each candidate and control drug we 
analyzed the synapsin-positive vesicles distribution and the CTCF. All the tested drugs were able to rescue a 
uniform vesicle distribution throughout the entire cell (Fig. 4A). Moreover, by analyzing the CTCF, we observed 
a significant increase of synapsin signal in SMA treated cortical neurons compared to VHL SMA neurons only 
after treatment 4-AP (Fig. 4B). This indicates that the treatment is stimulating the expression of one of the major 
integral membrane proteins of synaptic vesicles, synapsin 1, involved in neurotransmitters’ release.

Neuroprotective effects of candidate compounds in a C. elegans model of SMA
Finally, to validate also in vivo the effect of 10H-PTZ, we exploited the C. elegans animal model. To specifically 
assess its neuroprotective effect in the SMA context, we used the transgenic model where smn-1 is specifically 
silenced only in 19 D-type MNs27, thus avoiding the pleiotropic effect of smn-1 depletion in all the organism 
(that on the contrary occurs in SMA patients). In this model, it is possible to evaluate the apoptotic death of MNs 
in living animals by using a fluorescent cell death marker. As positive control drug, we employed NAC. By testing 
different concentrations of NAC and 10H-phenothiazine, we observed a dose-dependent effect in rescuing MN 
death of NAC with the lower concentrations tested (0.5, 2 and 5 mM) (Fig. 5A) and with both concentrations 
of 10H-phenothiazine (1 and 10 µM) (Fig. 5B). Moreover, in order to follow the initial stages of MN loss, we 
studied in C. elegans the early events of neurodegeneration by monitoring the number of visible/viable MNs using 
double transgenic animals that also express the GFP in the same MNs27. This phenotype has been demonstrated 

Fig. 3.  Cell viability and morphological analysis after 10H-PTZ treatment. (A) SMA primary cortical neurons 
were treated with different compound concentrations: the cell viability was evaluated after 48 h by MTT assay, 
and compared to SMA neurons with the vehicle. Results are represented as the mean ± SD. One-way ANOVA 
followed by Tukey’s multiple comparison test: treated SMA vs. vehicle *p < 0.05, **p < 0.01 and ***<0.001. 
(B, F) SMA primary cortical neurons were treated and immunolabeled by anti-SMI31 antibody (green). 
Scale bar = 50 μm. (C–E, G–I) Morphological parameters of treated SMA cells measured using Neurolucida 
and NeuroExplorer software. Results are represented as mean ± SD of four independent experiments (n ≥ 10 
neurons for each experiment). Student t-test: treated SMA vs. vehicle *p < 0.05, **p < 0.01.
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to precede the appearance of the apoptotic marker. Therefore, we choose the most effective doses of NAC and 
10H-phenothiazine to test their efficacy also on the earliest neurodegenerative phenotype. Interestingly, we 
observed a significantly higher number of visible/viable MNs after treatment with both molecules (Fig. 5C, D).

Thus, we can conclude that 10H-PTZ exerts a neuroprotective effect in a SMA C. elegans models, consistent 
with the other beneficial effects obtained on cortical neurons.

Discussion
Currently, it is evident that the approved therapeutic approaches for SMA treatment might not address the 
global neurodegenerative process that causes progressive functional decline beyond childhood in less severe 
SMA types28. Patients treated with actual SMN-based therapies might simply present delayed instead of rescued 
symptoms, if recovery of the neuromuscular system is incomplete. Moreover, a large number of older patients 
living with chronic symptoms might not benefit from SMN-inducing treatments. Additionally, they do not allow 
precise, tunable control of SMN expression and might even trigger SMA-like pathogenic events through toxic 
gain of function mechanism9. Finally, the long-term effects are still unknown: indeed, it has been demonstrated 
that a prolonged AAV9-mediated SMN overexpression in mice induces dose-dependent, late-onset motor 
dysfunctions associated with neurodegeneration9.

In this framework, the drug repurposing (DR) strategy appears an interesting approach to provide alternative 
therapeutic options, potentially targeting SMN-independent mechanisms. Moreover, compared to de novo drug 
development, DR minimizes the time and cost of drug commercialization29. Indeed, the development of new 
molecules usually involves several phases that may require up to 10–17 years and it requires preclinical and 
clinical phases I and II30. The reduction in time and costs of DR represents a great advantage and makes DR 
an increasingly used approach in neurodegenerative diseases, including SMA31,32. Our work aims to address 
this challenge, by providing a new experimental in vitro model applied for the first time in the context of DR 
strategies for SMA field.

We have previously demonstrated that neuronal degeneration in SMA involves cortical regions of SMNΔ7 
mice1. Therefore, we cultured primary cortical neurons as a novel cellular model to study neurodegeneration 
in SMA and to serve as a platform for testing drug efficacy. Indeed, primary cortical neurons represent a long-
established in vitro setting to study neuronal maturation for many different models of neurodegenerative 
disease33,34.

Interestingly, we observed that in terms of cell viability, morphological parameters and synaptic vesicle 
distribution there is a significant impairment in cortical neurons from SMA mice compared to WT cells. The 
impaired phenotype has been rescued after treatment with compounds already known to be active on SMA and 
used here as positive controls (VPA, 4-AP and NAC). Although SMA is commonly reported to affect the lower 
MNs, our data, together with several other studies showing the lethal consequences of SMN1 loss on the whole 
organism, including patient’s brain35–37, support the currently established concept that SMA is a multisystemic 
disease38.

We show here that the candidate molecule, 10H-PTZ, was capable to rescue the morphological defects 
of SMA primary cortical neuron cultures. These results, for the first time associated to SMA pathology, are 
consistent with the existing literature of the positive effect of 10H-PTZ treatment for different neurodegenerative 
diseases39. In addition, 10H-PTZ had a positive effect on the synaptic vesicle distribution in our in vitro model 
for SMA. Although CTCF quantification only showed significant results in cells treated with 4-AP (used as 
positive control), we observed a redistribution of synaptic vesicles to neurites in cells treated with the candidate 

Fig. 4.  Synapsin distribution after treatments. (A) Images of the synapsin vesicle distribution in SMA treated 
vs. vehicle neurons. Vehicle for VPA and NAC is H2O; vehicle for 10H-PTZ and 4-AP is DMSO. Scale bar 
= 100 μm. (B) Quantification of the corrected total cell fluorescence (CTCF) for all the compounds. Results 
are represented as mean ± SD of four independent experiments (n ≥ 10 neurons for each experiment). One way 
ANOVA, Dunnet Post Hoc Test treated SMA vs. vehicle *p < 0.05.
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compound indicating an increased availability at the synaptic terminals with possible consequences in neuronal 
activity40–44. However, additional investigation to confirm the improved functional activity would be important 
to fully capture the efficacy of the pharmacological treatment. Concerning NAC (the only among the control 
compounds that did not reach yet the clinical trial stage for SMA), we confirmed its neuroprotective effect in 
SMA cultured cortical neurons, extending the previous findings in the context of other neurodegenerative and 
MN diseases23,24,45.

To further investigate the effects of 10H-PTZ in vivo in a whole organism, we tested it in a C. elegans model of 
SMA, using NAC as positive control. Being an invertebrate, C. elegans implements the principles of replacement, 
reduction and refinement (3Rs), thus being a first screening step prior to the use of in vivo mammalian models 
on much more restricted questions. The model organism C. elegans has been very helpful in elucidating some 

Fig. 5.  In vivo effect of neuroprotective molecules on a C. elegans model of SMA. (A) Quantification of the 
number of dying MNs per animal after treatment with vehicle (H2O) and increasing concentrations of NAC 
0.5, 2, 5 and 10 mM. (B) Quantification of the number of dying MNs per animal after treatment with vehicle 
(DMSO 1%) and increasing concentrations of 10H-PTZ 1 and 10 µM. One-way ANOVA Kruskal-Wallis 
Dunn’s multiple comparison test ****p < 0.0001. A and B. Bar represents the mean and each dot corresponds to 
the number of dying MNs scored in a worm. (C) Quantification of the number of visible MNs expressing GFP 
per animal after treatment with vehicle (H2O) and NAC 2 mM. (D) Quantification of the number of visible 
MNs expressing GFP per animal after treatment with vehicle (DMSO 1%) and 10H-PTZ 1 µM. Mann Whitney 
t-test ****p < 0.0001; **p < 0.05. C and D. Bar represents the mean and each dot corresponds to the number of 
visible MNs expressing GFP scored in a worm. n is the number of animals analysed in all panels.
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of the molecular mechanisms underlying SMA. The simplicity of its nervous system, coupled with well-
characterized genetics, makes it an ideal system for studying neuromuscular diseases. Notably, C. elegans 
possesses a homolog of the human SMN gene, known as smn-1, which is essential for motor neuron function 
and animal viability46–48. Additionally, knock-out or hypomorphic alleles of the smn-1 gene have facilitated 
the identification of genetic and chemical modifiers of SMA phenotypes49. We developed transgenic animals 
silenced in smn-1 in a subclass of 19 D-type motor neurons (MNs) that present some key features of SMA, 
in particular, impaired locomotion, neuronal degeneration and neuronal death27. Although this model does 
not fully recapitulate the human disease (where the SMN lack affects multiple tissues and cell types, not just 
the MNs), it has the advantage to discriminate the specific neuroprotective effect of 10H-PTZ on MNs. These 
animals are viable and fertile, so we largely used them to identify SMA genetic modifiers through candidate50–53 
and unbiased genetic screenings54,55, or to find modifying compounds that partially prevent neuronal death56, 
including valproic acid, which was successfully used in other models of SMA18,27,57. Interestingly, 10H-PTZ 
showed the capability to significantly increase the number of visible MNs after treatment in the C. elegans model 
of SMA, to an extent comparable to that observed with NAC. Functional tests to measure how 10H-PTZ affects 
biological and physiological processes in mammalian models for SMA are essential to support its use for SMA 
patients. Further studies in mammalian models to determine absorption, distribution, metabolism, excretion 
aspects, and the drug specific pharmacokinetics/pharmacodynamics, would help the transition to identify a 
relevant dose for humans.

Altogether, these findings may represent valuable insight into the potential neuroprotective role of 10H-PTZ 
in SMA. Moreover, this work confirms that cortical neuron cultures represent a reliable in vitro SMA model for 
drug testing.

Materials and methods
Mouse model and genotyping
The SMNΔ7 mice (Stock No. 005025, The Jackson Laboratory https://www.jax.org/strain/005025), which 
recapitulate a severe model of SMA, are homozygous for both human transgenes hSMN2 and SMNΔ7, so that 
mice that are also homozygous null for mouse Smn (Smn−/−) survive to the end of the second postnatal week. 
Heterozygous mice for Smn deletion (Smn+/−, carrier) are fully viable and their interbreeding is required to 
maintain the colony. The pups were genotyped by PCR assays to assess the presence of two human transgenes 
and the three possible genotype variants of the mouse Smn locus (Smn+/+, Smn−/− and Smn+/−)58. Data were 
obtained from knock-out SMA (Smn−/, SMA) and wild type (Smn+/+, WT) mice. Both male and female mice 
were used for the following experiments and were sacrificed at postnatal day 1 (P1).

All the experimental procedures were performed in strict accordance with institutional guidelines in 
compliance with national (D.L. N.26, 04/03/2014) and international laws, rules and policies (new directive 
2010/63/EU). In addition, the experimental procedures were also in accordance with ARRIVE guidelines. The 
study was approved by the Italian Ministry of Health (protocol #160/2020-PR). Additionally, the ad hoc Ethical 
Committee of the University of Turin approved this study. All efforts were made to minimize the number of 
animals used and their suffering.

Primary neuronal cultures
Primary cultures of cortical neurons were prepared from P1 WT and SMA newborns, as previously described59. 
Briefly, the pups were deeply anesthetized by hypothermia: they were then rapidly decapitated, and their brains 
were collected. Cortices were dissected in Neurobasal medium supplemented with 2% v/v B-27 medium, with 
0.5 mM L-glutamine and with penicillin–streptomycin (50 mg/ml of each) and immediately digested with a 
trypsin solution (220 unit/mg) containing DNAse (1 mg/ml) at 37 °C for 3 min. After removal of the trypsin/
DNAse solution, cortices were further dissociated in Neurobasal medium supplemented with DNAse (0.5 mg/
ml). Cells were plated in culture dishes pre-treated with 10 µg/ml poly-L-lysine in PBS. Before each treatment, 
cells were cultured for 5 days in vitro in Neurobasal medium supplemented with 2% v/v B-27 medium, with 
0.5 mM L-glutamine and with penicillin–streptomycin (50 mg/ml of each) and were maintained at 37 °C in a 
5% CO2 atmosphere. Under these conditions, neuronal cells display high differentiation (in terms of neurite 
development and complexity) and survival rate. At day in vitro 5 (div5) neurons have been treated for 48 h with 
3 positive controls (VPA, 4-AP and NAC) or a candidate compound (10H-PTZ) at different concentrations, as 
shown below (Table 1) and analyzed at div7 for the following analyses. Indeed, at this time point, neurons are 
mature and neuronal networks are clearly established. Each condition has been compared to non-treated cells 
with the respective vehicles (solvent) as follows: H2O for VPA and NAC-, or dimethylsulfoxide (DMSO) for 
4-AP and 10H-PTZ.

Cellular viability after treatment
Neuronal viability after treatments has been tested by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide (MTT) assay (Table 1). To this aim, primary cortical neurons have been plated in 96-wells plates (3 × 104 
cells/cm2) and treated at div5 for 48 h. At div7 cells have been processed for the colorimetric assay following the 
manufacturer’s instructions [Cell Proliferation Kit I (MTT), Roche] and the absorbance has been quantified by 
a spectrophotometer (Tecan Infinite m nano) at 550 nm.

Immunofluorescence
For immunofluorescence (IF) analysis, primary cortical neurons were seeded at the density of 8 × 104 cells/
cm2. 48 h after treatment, cells have been washed with Hanks’ Balanced Salt Solution (HBSS) and fixed with 
4% paraformaldehyde (PFA) for 10 min as previously described33. Permeabilization and blocking of unspecific 
sites were performed in PBS/ 5% NDS/ 0.25% Triton-X100. Antibodies were incubated in PBS/ 5% NDS/ 0.1% 
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Triton-X100. Primary antibodies used were: mouse anti-SMI31 (Biolegend, 1:1,000), rabbit anti-Synapsin (Sigma 
Aldrich, 1:1,000). Secondary antibodies used were: goat anti-mouse Alexa Fluor-488 (1:200) and goat anti-rabbit 
Alexa Fluor-594 (1:200). The slides were then coverslipped with anti-fade mounting medium Mowiol/Dabco.

Morphological analysis
Morphometric analyses have been performed by Neurolucida software and the associated data analysis software 
NeuroExplorer (MBF Bioscience, Williston, VT): we evaluated soma size, neurite length and branching of 40 
SMI31-positive neurons, (n = 10 per each experiment).

We also evaluated the signal intensity and distribution of synapsin labeling in 40 neurons (n = 10 per each 
experiment). Pictures at 40X magnification were taken by Eclipse E600 (Microfire Camera 2-Megapixel Color 
Imaging, 1600 × 1200): images were then identically thresholded for all the conditions and corrected total cell 
fluorescence (CTCF) was analyzed with ImageJ software.

In vivo experiments in C. elegans
Nematodes have been grown and handled following standard procedures under uncrowded conditions on 
nematode growth medium (NGM) agar plates seeded with Escherichia coli strain OP50 60. Strains used in this 
work are: NA1330 gbIs4 [GBF109 unc-25p::smn-1(RNAi); GB301 chs-2p::GFP] III; NA1355 gbIs4 III, oxIs12 
[unc-47p::GFP; lin-15(+)] X27.

NAC (Sigma Aldrich A7250) was dissolved in H2O and 10H-PTZ (Sigma Aldrich 88580) was dissolved in 
DMSO (Sigma Aldrich D-5879) and then added to molten NGM agar to obtain the desired final concentrations 
when poured into Petri dishes. Control plates contained the appropriate vehicle (H2O or DMSO) at similar 
volumes or final concentration. Animals have been treated from fertilization until young adult stage. Ten L4 
larvae were left for 24 h to lay eggs and then removed from the plates, so that their F1 animals were scored at 
young adult stage. The phenotypes of dying MNs were scored by counting the number D-type MNs in the ventral 
cord acquiring autofluorescence as sign of apoptosis27. The death of neurons is detectable as the accumulation 
of apoptotic-related fluorescence in dying MNs, whose nature has been confirmed using cell death markers and 
genetic mutants (Gallotta et al., 2016). In wild-type worms there are no dying MNs. The degenerative phenotype 
was scored by counting the number of viable and therefore visible D-type MNs expressing GFP61. Animals 
were immobilized in 0.01% tetramisole hydrochloride (Sigma-Aldrich) on 4% agar pad and visualized using a 
Zeiss Axioskop microscope equipped with epifluorescence and DIC/Nomarski optics, and images were collected 
with an AxioCam digital camera. To discriminate dying MN fluorescence from endogenous autofluorescence, a 
Zeiss filter set 09 was used. This setting allowed the observation of intestinal cell autofluorescence in yellow and 
apoptotic fluorescence positive dying cells in green.

Statistical analysis
In vitro data are shown as mean ± standard deviation (SD) of at least three independent cultures. In vivo data are 
shown as single dots for each animal adding mean ± standard error of the mean (SEM) of at least three independent 
experiments. Statistical analysis has been conducted by using: Unpaired Student t-test (morphometric analyses 
and synapsin signal intensity analysis); One-way ANOVA followed by Tukey’s multiple comparison test (MTT 
assay) One-way ANOVA followed by Dunnet Post Hoc Test (synapsin signal intensity analysis); unpaired non 
parametric Student t-test Mann-Whitney (quantification of the number of viable/visible MNs in C. elegans); 
unpaired non parametric One-way ANOVA Kruskal-Wallis Dunn’s multiple comparison test (quantification 
of the number of dying MNs in C. elegans). Statistical analysis has been performed using GraphPad Prism 8.0 
software and GraphPad Prism version 10.1.2 for Windows (GraphPad Software, Boston, Massachusetts USA, 
http://www.graphpad.com). The number of experiments, the number of replicates within each experiment (n) 
and the statistical test are indicated in the figure legends. Differences were considered to be significant when 
P < 0.05.

Data availability
Raw data were generated at Neuroscience Institute Cavalieri Ottolenghi, Department of Neuroscience “Rita Levi 
Montalcini”, University of Turin, Turin, Italy and Institute of Biosciences and BioResources (IBBR), National 
Research Council (CNR), Naples, Italy. Derived data supporting the findings of this study are available from the 
corresponding authors and can be provided upon reasonable request.
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