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Introduction: The pathogenesis of amyotrophic lateral sclerosis (ALS), a fatal 
neurodegenerative disease caused by the demise of motor neurons has been 
linked to excitotoxicity caused by excessive calcium influx via N-methyl-
D-aspartate receptors (NMDARs), suggesting that uncompetitive NMDAR 
antagonism could be a strategy to attenuate motor neuron degeneration. REL-
1017, the dextro-isomer of racemic methadone, is a low-affinity uncompetitive 
NMDAR antagonist. Importantly, in humans REL-1017 has shown excellent 
tolerability in clinical trials for major depression.

Methods: Here, we tested if REL-1017 improves the disease phenotypes in the 
G93A SOD1 mouse, a well-established model of familial ALS, by examining 
survival and motor functions, as well as the expression of genes and proteins 
involved in neuroplasticity.

Results: We  found a sex-dependent effect of REL-1017  in G93A SOD1 mice. 
A delay of ALS symptom onset, assessed as 10%-decrease of body weight 
(p < 0.01 vs. control untreated mice) and an extension of lifespan (p < 0.001 vs. 
control untreated mice) was observed in male G93A SOD1 mice. Female G93A 
SOD1 mice treated with REL-1017 showed an improvement of muscle strength 
(p < 0.01 vs. control untreated mice). Both males and females treated with REL-
1017 showed a decrease in hind limb clasping. Sex-dependent effects of REL-
1017 were also detected in molecular markers of neuronal plasticity (PSD95 and 
SYN1) in the spinal cord and in the GluN1 NMDAR subunit in quadricep muscles.

Conclusion: In conclusion, this study provides preclinical in vivo evidence 
supporting the clinical evaluation of REL-1017 in ALS.
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1 Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative 
disease caused by the demise of motor neurons. Globally, the 
estimated prevalence of ALS cases in 2020 was 121,028 (1). 
Approximately 90% of ALS cases have no family history (sporadic 
ALS), while 10% are due to inherited mutations.

Numerous lines of evidence indicate the involvement of 
excitotoxicity in the pathogenesis of ALS (2), suggesting that reducing 
excessive Ca2+ influx via NMDA receptors could postpone or prevent 
motor neuronal death. Excitotoxicity can be induced by excessive 
synaptic glutamate, due to either increased release of glutamate or 
impaired glutamate uptake; excitotoxicity can also be  induced by 
endogenous or exhogenous molecules acting as competitive agonists 
at the glutamate site or molecules acting as positive allosteric 
modulators of the NMDARs. Excessive stimulation of NMDARs can 
cause intracellular excessive Ca2+ influx and neuronal dysfunction 
and death. A role for the dysregulation of glutamate homeostasis in 
ALS-mediated neurodegeneration has long been established by in 
vitro and in vivo studies, which demonstrated that motor neurons are 
markedly vulnerable to glutamate excitotoxicity (3, 4). However, 
while studies have often investigated the role of α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid receptors (AMPARs) (5–7), they 
have rarely focused on NMDARs.

In the CNS, NMDARs are expressed in both neuronal and 
non-neuronal cells; Ca2+ influx via NMDARs regulates numerous 
functions, including neurotransmission, neuronal development, and 
plasticity, and also participate in neurodegenerative processes (8, 9). 
Moreover, drugs antagonizing NMDAR activity have been recently 
approved for neurodegenerative and neuropsychiatric diseases (e.g., 
memantine for AD and ketamine for depression). Therefore, the 
NMDAR could be considered a potential therapeutic target for ALS.

REL-1017 (esmethadone), the dextro-isomer of racemic 
methadone, is a low-affinity uncompetitive NMDAR antagonist 
which blocks channels co-expressing NMDAR1 and NMDAR2 
subunits with a preference for GluN2D subtypes (10, 11), REL-1017 
has a 20–40 fold lower affinity for the mu opioid receptor compared 
to the levo-isomer (12, 13) and no clinically meaningful opioid 
agonist effects (14–17). REL-1017 has mTOR- and brain derived 
neurothrophic factor (BDNF)-dependent synaptogenic properties 
in cultured neurons and stimulates dendritic spine growth in vivo 
(13, 18). Interestingly, REL-1017 appears to modulate BDNF (18, 
19) a neurotrophin with pleiotropic functions, including neural 
development and plasticity, as well as oxidative stress responses 
(20). This finding could be relevant to ALS, since numerous studies 
have reported increased oxidative stress in ALS postmortem tissues, 
particularly in the spinal cord and motor cortex (21, 22). Taken 
together, this evidence suggests that the unique pharmacological 
properties of REL-1017 could be beneficial in ALS.

Mutations in superoxide dismutase 1 (SOD1) account for 
approximately 20% of familial ALS cases and 2% of total cases (23) 
and nearly 150 mutations in SOD1 have been associated with 
inherited ALS (24). The antisense oligonucleotide Tofersen targeting 
SOD1 mRNA has recently been approved in the USA for the therapy 
of ALS in adults carrying SOD1 mutations. Although the Toferesen 
clinical trial showed a decrease of SOD1 and NfL, a biomarker of 
neuronal degeneration, there were no measurable clinical 
improvements (25), suggesting that additional therapeutic measures 
may need to be implemented in people with SOD1 ALS. Transgenic 

mice expressing high levels of G93A mutant human SOD1 gene 
(G93A SOD1) manifest very aggressive motor neuron degeneration, 
which leads to paralysis and early death (26, 27); therefore, this 
mouse model recapitulates key features of ALS. SOD1 mutant mice 
show hallmarks of excitotoxicity, neuroinflammation, and oxidative 
stress (28–31), suggesting that NMDAR modulation by REL-1017 
could represent a potential therapeutic strategy in this mouse model 
of SOD1 ALS.

In this study, to obtain in vivo preclinical evidence on the 
potential use of REL-1017 for ALS treatment, we tested REL-1017 
efficacy in the G93A SOD1 mouse by evaluating its effects on survival 
and motor phenotype, as well as on the expression of genes involved 
in neuroplasticity.

2 Materials and methods

2.1 In vivo studies

All experimental protocols involving animals were authorized by 
the Animal Care and Use Ethics Committee of the University of 
Padova (OPBA) and the Italian Ministry of Health (Auth No. 
681/2019-PR). G93A SOD1 female and male mice (n = 8 per group) 
were purchased from the Jackson Laboratories [B6SJL-Tg 
(SOD1 × G93A)1Gur/J] and treated with subcutaneous daily 
injections of different doses of REL-1017, starting at 45 days of age, 
before the onset of symptoms (26, 32). A control group for each sex 
(n = 8) was treated daily with saline (vehicle). Male mice were treated 
either with 3 or 6 mg/kg of REL-1017, whereas females were treated 
with 10 or 20 mg/kg. Lower doses in males were used because chronic 
treatment with REL-1017 s.c. at 20 mg/kg/day can cause skin 
alterations in male mice (data not shown). The treatment was 
performed every day until sacrifice.

2.2 Motor function analyses

Motor function analyses were performed weekly, starting at 
60 days of age. Prior to each test, animals underwent one week 
of training.

For the grip test, a horizontal dynamometer (Bioseb BIO-GS3; 
Vitrolles, France) was used to assess neuromuscular function as 
maximal peak of strength of the animal forelimbs. Animals were 
allowed to grab the dynamometer and then gently pulled by tail with 
a constant strength to measure forelimb grip strength.

In the clasping test, the animals were lifted by the tail and the 
hindlimb position was observed for 10 s. A score was assigned to the 
degree of hindlimb splay (0 to 3), where 0 is absence of hindlimb 
clasping and 3 is maximum splay for 5 s or more.

In the rotarod test, performed for the assessment of motor 
coordination and balance, mice were placed onto the rotating rod 
(Ugo Basile, Milano, Italy) at constant speed of 28 rpm for a maximum 
of 5 min, and the latency to fall from the rod was measured.

2.3 Body weight

The body weight of males and females was weekly assessed 
starting from 45 days of age till the experimental endpoint.
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2.4 Tremor

The severe progressive denervation of the hindlimb muscles 
reported in G93A SOD1 mice is known to be associated with the onset 
of mild and severe tremors (33). Female and male mice were daily 
monitored to establish the first day from the onset of severe tremors.

2.5 Survival criteria

The disease progression in G93A SOD1 mice is associated with 
many debilitating symptoms, ranging from body weight decrease to 
motor dysfunctions of hindlimbs and consequent paralysis due to 
motorneuron death (34). To evaluate any influence of pharmacological 
treatment on mice worsening of ALS-like symptoms, the experimental 
endpoint was reached when the animals were completely unable to 
right themselves after being placed on their side.

2.6 Ex vivo studies

2.6.1 Total RNA extraction from spinal cord and 
quadriceps

Total RNA was extracted from spinal cord and quadriceps after 
homogenization and purified with the SV Total RNA Isolation System 
(Promega Corporation, Madison, WI, United States), as described 
previously (35). Spinal cord tissue was homogenized in lysis buffer and 
mRNA was purified by means of silica-gel-based columns, according 
to the manufacturer’s instructions. A DNAse treatment was used 
during RNA extraction to prevent genomic DNA contamination. 
Purified RNA was eluted in a final volume of 100 μL RNAse-free water. 
Aliquots were stored at −80°C until use.

2.6.2 qRT-PCR analyses
qRT-PCR was carried out by using the commercial One Step SYBR 

PrimeScript RT-PCR Kit (Takara, Mountain View, CA, United States) 
(36). The RNA was amplified and quantified by qRT-PCR. The samples 
were diluted to obtain 180 ng per wells, and then 1.8 μL of samples were 
added in a 48-well microplate for PCR together with 3.2 μL of 
Mastermix, containing 2X One Step TB Green RT-PCR Buffer III, 
PrimeScript RT enzyme Mix II, and ROX Reference Dye II (One Step 
SYBR PrimeScript RT-PCR kit II; Takara; Japan).

The qRT-PCR thermal program was as follows: 15 min at 50°C 
and 2 min at 95°C for the reverse transcription, 40 cycles of 15 s at 
95°C and 60 s at 60°C for the PCR reaction, and then 15 s at 95°C, 15 s 
at 55°C and 15 s at 95°C for the dissociation curve. During the 
exponential phase, the fluorescence signal threshold was calculated, 
and the cycle threshold (Ct) was ascertained. The Ct values were used 
to calculate the relative mRNA expression, according to the Pfaffl 
mathematical quantification method (37). All samples were tested in 
triplicate and β-actin mRNA was used for normalization.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)

GluN1 TGCGCGTCTACAACTGGAAC CATAGGACAGTTGGTCGAGGT

SYN1 TTGTGGCTCATGCCAATGGT TCCATTACGTGCCATGCTGA

PSD95 TACCAAGATGAAGACACGCCC TTCCGTTCACCTGCAACTCAT

β-actin ATGTGGATCAGCAAGCAGGA AAGGGTGTAAAACGCAGCTCA

2.6.3 Total protein extraction from quadriceps 
and western blot analyses

Protein lysates were obtained from quadriceps after 
homogenization with IKA T-25 digital Ultra-Turrax in modified RIPA 
buffer with the addition of a cocktail of protease inhibitors (cOmplete 
Mini, Roche Diagnostics GmbH, Mannheim, Germany). Aliquots 
were stored at −80°C until use. The levels of GluN1 subunit of NMDA 
receptor were estimated by western blot of 30 μg of total protein (anti-
GluN1 antibody diluted 1:1000, ab68144; Abcam, Cambridge, 
United Kingdom). The signal intensity of the immunoreactive bands 
was analyzed with the Quantity One software (Bio-Rad Laboratories; 
Hercules, CA, United States) and normalized to that of the GAPDH, 
as previously described (38).

2.7 Statistical analyses

Statistical analyses were performed by GraphPad Prism software, 
ver. 10.0.3 (GraphPad Software Inc., San Diego, CA, United States). 
Data were compared by one-way or two-way ANOVA, as appropriate. 
ANOVA was followed up by the Dunnett’s or Tukey’s post-hoc tests. A 
p-value of p < 0.05 was considered statistically significant. Unless 
otherwise stated, data are expressed as means ± S.E.M.

3 Results

3.1 REL-1017 effect on body weight and 
lifespan

Only one male mouse had adverse skin effects to REL-1017 at the 
dose of 6 mg/kg, showing hair loss and dermal ulceration that required 
topical antibiotic treatment.

In G93A SOD1 mice, the onset of ALS symptoms was assessed 
by the appearance of severe tremor and body weight loss. 
We  considered a 10% loss of body weight as the beginning of 
symptoms. In G93A SOD1 mice, REL-1017 treatment had no effect 
on the onset of tremor (Supplementary Figure S1), which 
we considered as the first motor ALS symptom. G93A SOD1 mice 
had significantly lower body weight compared to wild-type mice 
(p < 0.01 for the interaction time X genotype calculated with two-way 
ANOVA) from week 14 in females (Figure 1A) and from week 12 in 
males (Figure  1B). The body weight of wild-type mice was not 
affected by REL-1017 administration (data not shown). In both sexes, 
we observed a trend for attenuation of the body weight loss in G93A 
SOD1 mice treated with the highest doses of REL-1017 (10 mg/kg for 
females, 6 mg/kg for males), but this difference was not statistically 
significant. However, a significant increase of the time needed to lose 
10% of maximum body weight was observed in G93A SOD1 males 
with the highest dose of REL-1017 (Figure 1C). This effect was not 
observed in female mice (Figure 1D).

A small but significant increase of lifespan was observed in G93A 
SOD1 male mice treated with 6 mg/kg REL-1017. The Mantel_Cox 
log-rank test indicated a significant difference between survival curves 
(p < 0.0001), with median survivals of 129 days in vehicle-treated and 
3 mg/kg-treated male mice and of 134.5 days in mice treated with 
6 mg/kg (Figures  2C,D). This effect was not observed in females, 
where no significant difference could be  demonstrated between 
survival curves, with a median survival of 135 days for vehicle-treated 

https://doi.org/10.3389/fneur.2024.1384829
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Colognesi et al. 10.3389/fneur.2024.1384829

Frontiers in Neurology 04 frontiersin.org

female mice and 133.5 days for REL-1017 treated mice with both 
tested doses (Figures 2A,B).

3.2 REL-1017 effects on motor function

Disease progression in G93A SOD1 mice is associated with a 
decline of muscle strength and coordination. High-dose treatment 
with REL-1017 did not improve forelimb grip strength in G93A SOD1 
mice compared to vehicle. However, 5 mg/kg/day REL-1017 improved 
grip strength in females (Figure  3A). No beneficial effects were 
observed in G93A SOD1 males (Figure 3B).

In our hands, G93A SOD1 mice showed a significantly worse 
rotarod performance compared to wild-type mice as early as 8 weeks 
of age. Female mice treated with 10 mg/kg REL-1017 tended to 
improve their performance with respect to vehicle-treated females 
(Figure 4A), although the statistical significance could not be reached, 
and male mice treated with 3 mg/kg REL-1017 preformed better than 
vehicle-treated mice (Figure 4B).

G93A SOD1 mice showed typical clasping by 14 weeks of age 
(p < 0.0001), and REL-1017 treatment at the highest dose led to a 
moderate reduction of clasping in mutant mice (Figures 5A,B).

3.3 REL-1017 modulation of neuroplasticity 
gene PSD95 in spinal cord

Mice were euthanized when they were unable to right themselves 
after being placed on their side. Spinal cords were dissected for mRNA 
and protein studies of neuroplasticity genes. G93A SOD1 female mice 

showed a significant decrease of the PSD95 (Figure 6A) and SYN1 
(Figure 6B) mRNA expression with respect to wild-type female mice. 
REL-1017 treatment counteracted the decrease of PSD95 in a dose-
dependent manner, while it had no effect on the decrease observed in 
SYN1 mRNA. Interestingly, 3 mg/kg REL-1017 increased PSD95 and 
SYN1 mRNA levels in male G93A SOD1 relative to vehicle treated 
G93A SOD1 males (Figures 6C,D).

3.4 REL-1017 modulation of GluN1 mRNA 
and protein expression in quadriceps

Quadricep muscle was dissected for protein analyses. Since 
glutamate released at the neuromuscular junction can exert its effects 
by activating the postsynaptic NMDAR containing the GluN1 subunit 
expressed in the postsynaptic membranes of skeletal muscles (39), and 
we  previously observed that REL-1017 treatment can modulate 
NMDAR expression, we evaluated GluN1 expression in quadriceps. 
In female G93A SOD1 mice, an increase in GluN1 expression at the 
mRNA and protein levels was observed with the highest doses of 
REL-1017 (Figures 7A,B), whereas no significant effect in male mice 
was exerted by the treatment (Figures 7C,D).

3.5 REL-1017 modulation of NOX4 mRNA 
expression in quadriceps

Since NMDAR excessive activation by glutamate can result in an 
oxidative stress increase due to the NADPH-oxidase isoform 4 
(NOX4), which produces oxygen peroxide and consequrntly acrive 
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oxygen species (40), we evaluated NOX4 expression in quadriceps. In 
both female and male G93A SOD1 mice, NOX4 mRNA expression 
was significantly reduced by the treatment with the lowest dose of 
REL-1017 (Figures 8A,B).

4 Discussion

ALS is a rapidly progressing and debilitating neurodegenerative 
disease, characterized by loss of upper and lower motor neurons, 
leading to death. Although an increasing incidence of ALS has been 
reported worldwide (41), to date only few therapeutic approaches are 

available, including the AMPAR modulator Riluzole, the antioxidant 
Edaravone, and the combination of tauroursodeoxycholic acid and 
sodium phenylbutyrate (AMX0035) (42).

Much evidence suggests a pivotal role for NMDAR-mediated 
excitotoxicity in the pathogenesis of ALS (2, 3); for this reason 
we investigated the in vivo effect of the NMDA receptor antagonist 
REL-1017 on ALS onset and progression in the G93A SOD1 mouse.

Body weight assessment, first symptoms onset, as well as motor 
tests were used as parameters to evaluate the in vivo progression of 
ALS. Wild-type mice, treated either with vehicle or with high-dose of 
REL-1017 (10 mg/kg and 20 mg/kg), did not show any significant 
effects on body weight and motor performance (data not shown). On 
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the other hand, we  found a moderate dose-dependent trend 
indicating a protective effect on body weight loss in the last weeks of 
life in the G93A SOD1 mice treated with REL-1017. Considering that 
body weight decrease is regarded as prognosis factor for shorter 
survival of patients with ALS (43, 44), we decided to evaluate the 10% 
loss of body weight relative to the maximum weight reached, and 
we detected a significant increase of the time required for the onset 
of this symptom in male mice treated with 6 mg/kg/day REL-1017. 
The results correlated with an increase of survival in male mice. 
Another important parameter associated with ALS phenotype is the 
progressive loss of motor function. REL-1017 treatment delayed 
hindlimbs clasping reflex in male mice, whereas G93A SOD1 females 
treated with the highest dose improved significantly both forelimb 
the grip strength and the clasping score compared to placebo, 
indicating an effect of REL-1017 on motor function. We observed a 
trend towards improvement of rotarod performance, although not 
statistically significant in female mice treated with the highest 
REL-1017 dose and in male mice treated with the lowest 
REL-1017 dose.

Next, we focused on the effect of REL-1017 on molecular markers 
of ALS in spinal cord and skeletal muscle, as these are the main tissues 
targeted by ALS pathology (45). Considering the previously reported 
modulation of neuroplasticity after treatment with REL-1017 (13, 18, 
19, 46), and the importance of neuroplasticity in ALS (47, 48) 
we evaluated the mRNA expression of PSD95 and SYN1 in end-stage 
spinal cord, two synaptic plasticity genes known to be altered in ALS 

(49). We observed a significant decrease of PSD95 and SYN1 mRNA 
levels in G93A SOD1 female mice. Interestingly, the decrease of 
PSD95 expression was prevented by REL-1017 in a dose-dependent 
manner. In male G93A SOD1 mice, we observed a trend for increase 
of these mRNAs in mice treated with the lowest dose, suggesting a 
modulatory role of REL-1017.

Finally, we evaluated the effect of REL-1017 on mRNA and 
protein levels of the GluN1 subunit of NMDA receptor in 
quadricep, which is needed for a functional channel. The highest 
dose of REL-1017 caused a significant increase of GluN1 
expression in G93A SOD1 female mice. Although further studies 
will be needed to assess the role of NMDAR in skeletal muscles 
and the effect of REL-1017, increased NMDAR expression in 
specific brain areas was shown to boost neuroplasticity (50), and 
this putative mechanism has been suggested also as a 
neuroprotective effect of REL-1017 (19, 51).

An intriguing observation in this study is the potential effect of 
REL-1017 and NMDAR antagonist in general on reduction of 
oxidative stress, as suggested by decreased expression of Nox4, which 
is known to be  involved in oxidative stress processes linked to 
NMDAR activation (40). Riluzole is an inhibitor of glutamate release 
with antioxidant properties found to be effective for ALS. Interestingly, 
Rammes et  al. (52) suggested the combined use of riluzole with 
NMDAR uncompetitive antagonists, to potentially gain an additive or 
synergistic effect from the use of the two different NMDAR 
modulating drugs in ALS treatment. Therefore, it could 
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Rotarod test. The graphs show the effect of time and treatment on the rotarod test for female (A) and male (B) mice. *p  <  0.05 vs. vehicle, two-way 
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Clasping test. Effect of time and treatment on the clasping score for female (A) and male (B) mice. *p  <  0.05 vs. vehicle, by two-way ANOVA with 
correction.
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be hypothesized that NMDAR antagonists may exert protective effects 
in G93A SOD1 mice by reducing oxidative stress, although further 
studies are needed to test this hypothesis.

In summary, in this study we report sex-dependent effects of 
REL-1017  in a well-established genetic model of familial ALS, 
whereby a delay of ALS symptom onset and an extension of lifespan 

FIGURE 6

Effect of REL-1017 treatment on mRNA expression in spinal cord of two genes involved in neuroplasticity. mRNA expression of PSD95 in females 
(A) and males (C), SYN1 (panels B and D, females and males repectively), Data are presented as mean  ±  S.E.M. *p  <  0.05, ****p  <  0.0001 vs. WT mice, 
#p  <  0.05 vs. vehicle, by one-way ANOVA with correction (n  =  6).
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Effect of REL-1017 treatment on mRNA (A,C) and protein (B,D) of GluN1 subunit in muscle of G93A SOD1 mice. Data are presented as mean  ±  S.E.M. 
*p  <  0.05 vs. vehicle-treated mice (n  =  3 mice per group). Representative images of the immunoreactive bands are reported in panels B and D. V, 
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was observed in male G93A SOD1 mice, whereas females showed 
improved motor performance. Notably, we  also observed 
sex-dependent effects of REL-1017 on molecular markers of 
neuronal plasticity and NMDAR subunits. Therefore, also 
considering the excellent tolerability of REL-1017 demonstrated in 
clinical trials for major depression (15, 16), this study provides 
preclinical in vivo evidence supporting the clinical evaluation of 
REL-1017 in ALS.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by Organismo Preposto al 
Benessere degli Animali (University of Padova) and Italian Ministry 
of Health. The study was conducted in accordance with the local 
legislation and institutional requirements.

Author contributions

MC: Data curation, Formal analysis, Investigation, 
Methodology, Validation, Writing – original draft. AS: Data 
curation, Formal analysis, Investigation, Validation, Writing – 
original draft. DG: Data curation, Formal analysis, Investigation, 
Writing – review & editing. HK: Formal analysis, Investigation, 
Writing – original draft. PM: Conceptualization, Project 
administration, Writing – review & editing. GM: 
Conceptualization, Formal analysis, Project administration, 
Supervision, Writing – review & editing. SM: Data curation, 

Formal analysis, Funding acquisition, Project administration, 
Resources, Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. The study was 
sponsored by Relmada Therapeutics, Incorporated.

Conflict of interest

PM is an employee of Relmada Therapeutics.
The authors declare that this study received funding from 

Relmada Therapeutics. The funder was involved in study design 
and in the writing of this article. The funder was not involved in 
the collection, analysis, interpretation of data, or the decision to 
submit it for publication.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1384829/
full#supplementary-material

References
 1. Brown CA, Lally C, Kupelian V, Flanders WD. Estimated prevalence and incidence 

of amyotrophic lateral sclerosis and SOD1 and C9orf72 genetic variants. 
Neuroepidemiology. (2021) 55:342–53. doi: 10.1159/000516752

 2. Shibuya K, Otani R, Suzuki Y, Kuwabara S, Kiernan MC. Neuronal hyperexcitability 
and free radical toxicity in amyotrophic lateral sclerosis: established and future targets. 
Pharmaceuticals. (2022) 15:433. doi: 10.3390/ph15040433

 3. Armada-Moreira A, Gomes JI, Pina CC, Savchak OK, Gonçalves-Ribeiro J, Rei N, 
et al. Going the extra (synaptic) mile: excitotoxicity as the road toward neurodegenerative 
diseases. Front Cell Neurosci. (2020) 14:90. doi: 10.3389/fncel.2020.00090

 4. Ra D, Sa B, Sl B, Js M, Sj M, Da D, et al. Is exposure to BMAA a risk factor for 
neurodegenerative diseases? A response to a critical review of the BMAA hypothesis. 
Neurotox Res. (2021) 39:81–106. doi: 10.1007/s12640-020-00302-0

0.0

0.5

1.0

1.5

N
O

X4
m

R
N

A
ex

pr
es

si
on

(fo
ld

va
ria

tio
n

vs
ve

hi
cl

e)

****

Vehicle
REL-1017 5 mg/kg

REL-1017 10 mg/kg

0.0

0.5

1.0

1.5

N
O

X4
m

R
N

A
ex

pr
es

si
on

(fo
ld

va
ria

tio
n

vs
ve

hi
cl

e)

**
REL-1017 6 mg/kg

REL-1017 3 mg/kg

Vehicle

A B

FIGURE 8

Effect of REL-1017 treatment on mRNA of NOX4 subunit in muscle of female (A) and male (B) G93A SOD1 mice. Data are presented as mean  ±  S.E.M. 
**p  <  0.01, ****p  <  0.0001 vs. vehicle-treated mice (n  =  5 mice per group).

https://doi.org/10.3389/fneur.2024.1384829
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1384829/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1384829/full#supplementary-material
https://doi.org/10.1159/000516752
https://doi.org/10.3390/ph15040433
https://doi.org/10.3389/fncel.2020.00090
https://doi.org/10.1007/s12640-020-00302-0


Colognesi et al. 10.3389/fneur.2024.1384829

Frontiers in Neurology 09 frontiersin.org

 5. Akamatsu M, Yamashita T, Hirose N, Teramoto S, Kwak S. The AMPA receptor 
antagonist perampanel robustly rescues amyotrophic lateral sclerosis (ALS) pathology 
in sporadic ALS model mice. Sci Rep. (2016) 6:28649. doi: 10.1038/srep28649

 6. Patai R, Nógrádi B, Engelhardt JI, Siklós L. Calcium in the pathomechanism of 
amyotrophic lateral sclerosis—taking center stage? Biochem Biophys Res Commun. 
(2017) 483:1031–9. doi: 10.1016/j.bbrc.2016.08.089

 7. Selvaraj BT, Livesey MR, Zhao C, Gregory JM, James OT, Cleary EM, et al. 
C9ORF72 repeat expansion causes vulnerability of motor neurons to Ca2+-permeable 
AMPA receptor-mediated excitotoxicity. Nat Commun. (2018) 9:347. doi: 10.1038/
s41467-017-02729-0

 8. Boldrini M, Canoll PD, Klein RS. How COVID-19 affects the brain. JAMA 
Psychiatry. (2021) 78:682–3. doi: 10.1001/jamapsychiatry.2021.0500

 9. Hansen KB, Yi F, Perszyk RE, Furukawa H, Wollmuth LP, Gibb AJ, et al. Structure, 
function, and allosteric modulation of NMDA receptors. J Gen Physiol. (2018) 
150:1081–105. doi: 10.1085/jgp.201812032

 10. Bettini E, De Martin S, Mattarei A, Pappagallo M, Stahl SM, Bifari F, et al. The 
N-methyl-D-aspartate receptor blocker REL-1017 (esmethadone) reduces calcium 
influx induced by glutamate, quinolinic acid, and gentamicin. Pharmaceuticals. (2022) 
15:882. doi: 10.3390/ph15070882

 11. Bettini E, Stahl SM, De Martin S, Mattarei A, Sgrignani J, Carignani C, et al. 
Pharmacological comparative characterization of REL-1017 (esmethadone-HCl) and 
other NMDAR channel blockers in human heterodimeric N-methyl-D-aspartate 
receptors. Pharmaceuticals. (2022) 15:997. doi: 10.3390/ph15080997

 12. Codd EE, Shank RP, Schupsky JJ, Raffa RB. Serotonin and norepinephrine uptake 
inhibiting activity of centrally acting analgesics: structural determinants and role in 
antinociception. J Pharmacol Exp Ther. (1995) 274:1263–70.

 13. Fava M, Stahl SM, De Martin S, Mattarei A, Bettini E, Comai S, et al. Esmethadone-
HCl (REL-1017): a promising rapid antidepressant. Eur Arch Psychiatry Clin Neurosci. 
(2023) 273:1463–76. doi: 10.1007/s00406-023-01571-4

 14. Bernstein G, Davis K, Mills C, Wang L, McDonnell M, Oldenhof J, et al. Characterization 
of the safety and pharmacokinetic profile of d-methadone, a novel N-methyl-d-aspartate 
receptor antagonist in healthy, opioid-naive subjects: results of two phase 1 studies. J Clin 
Psychopharmacol. (2019) 39:226–37. doi: 10.1097/JCP.0000000000001035

 15. Fava M, Stahl S, Pani L, De Martin S, Pappagallo M, Guidetti C, et al. REL-1017 
(esmethadone) as adjunctive treatment in patients with major depressive disorder: a 
phase 2a randomized double-blind trial. Am J Psychiatry. (2022) 179:122–31. doi: 
10.1176/appi.ajp.2021.21020197

 16. Fava M, Stahl SM, Pani L, De Martin S, Andrew JC, Maletic V, et al. Efficacy and 
safety of esmethadone (REL-1017) in patients with major depressive disorder and 
inadequate response to standard antidepressants: a phase 3 randomized controlled trial. 
J Clin Psychiatry. (2024)

 17. Shram MJ, Henningfield JE, Apseloff G, Gorodetzky CW, De Martin S, Vocci FL, 
et al. The novel uncompetitive NMDA receptor antagonist esmethadone (REL-1017) has 
no meaningful abuse potential in recreational drug users. Transl Psychiatry. (2023) 
13:192. doi: 10.1038/s41398-023-02473-8

 18. Fogaça MV, Fukumoto K, Franklin T, Liu R-J, Duman CH, Vitolo OV, et al. 
N-methyl-D-aspartate receptor antagonist d -methadone produces rapid, mTORC1-
dependent antidepressant effects. Neuropsychopharmacology. (2019) 44:2230–8. doi: 
10.1038/s41386-019-0501-x

 19. De Martin S, Gabbia D, Folli F, Bifari F, Fiorina P, Ferri N, et al. REL-1017 
(esmethadone) increases circulating BDNF levels in healthy subjects of a phase 1 clinical 
study. Front Pharmacol. (2021) 12:671859. doi: 10.3389/fphar.2021.671859

 20. Wang D, Li H, Du X, Zhou J, Yuan L, Ren H, et al. Circulating brain-derived 
neurotrophic factor, antioxidant enzymes activities, and mitochondrial DNA in bipolar 
disorder: an exploratory report. Front Psychiatry. (2020) 11:514658. doi: 10.3389/
fpsyt.2020.514658

 21. Chang Y, Kong Q, Shan X, Tian G, Ilieva H, Cleveland DW, et al. Messenger RNA 
oxidation occurs early in disease pathogenesis and promotes motor neuron degeneration 
in ALS. PLoS One. (2008) 3:e2849. doi: 10.1371/journal.pone.0002849

 22. Smith RG, Henry YK, Mattson MP, Appel SH. Presence of 4-hydroxynonenal in 
cerebrospinal fluid of patients with sporadic amyotrophic lateral sclerosis. Ann Neurol. 
(1998) 44:696–9. doi: 10.1002/ana.410440419

 23. Andersen PM. Amyotrophic lateral sclerosis associated with mutations in the 
CuZn superoxide dismutase gene. Curr Neurol Neurosci Rep. (2006) 6:37–46. doi: 
10.1007/s11910-996-0008-9

 24. Gill C, Phelan JP, Hatzipetros T, Kidd JD, Tassinari VR, Levine B, et al. SOD1-
positive aggregate accumulation in the CNS predicts slower disease progression and 
increased longevity in a mutant SOD1 mouse model of ALS. Sci Rep. (2019) 9:6724. doi: 
10.1038/s41598-019-43164-z

 25. Blair HA. Tofersen: first approval. Drugs. (2023) 83:1039–43. doi: 10.1007/
s40265-023-01904-6

 26. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD, et al. 
Motor neuron degeneration in mice that express a human Cu, Zn superoxide dismutase 
mutation. Science. (1994) 264:1772–5. doi: 10.1126/science.8209258

 27. Philips T, Rothstein JD. Rodent models of amyotrophic lateral sclerosis. Curr 
Protoc Pharmacol. (2015) 69:5.67.1–5.67.21. doi: 10.1002/0471141755.ph0567s69

 28. Durand J, Filipchuk A. Electrical and morphological properties of developing 
motoneurons in postnatal mice and early abnormalities in SOD1 transgenic mice In: MJ 
O’Donovan and M Falgairolle, editors. Vertebrate motoneurons. Cham: Springer 
International Publishing (2022). 353–73.

 29. Shibata N. Transgenic mouse model for familial amyotrophic lateral sclerosis with 
superoxide dismutase-1 mutation. Neuropathology. (2001) 21:82–92. doi: 
10.1046/j.1440-1789.2001.00361.x

 30. Son M, Elliott JL. Mitochondrial defects in transgenic mice expressing Cu, Zn 
superoxide dismutase mutations, the role of copper chaperone for SOD1. J Neurol Sci. 
(2014) 336:1–7. doi: 10.1016/j.jns.2013.11.004

 31. Turner B, Talbot K. Transgenics, toxicity and therapeutics in rodent models of 
mutant SOD1-mediated familial ALS. Prog Neurobiol. (2008) 85:94–134. doi: 10.1016/j.
pneurobio.2008.01.001

 32. Hegedus J, Putman CT, Gordon T. Time course of preferential motor unit loss in 
the SOD1G93A mouse model of amyotrophic lateral sclerosis. Neurobiol Dis. (2007) 
28:154–64. doi: 10.1016/j.nbd.2007.07.003

 33. Joyce PI, Mcgoldrick P, Saccon RA, Weber W, Fratta P, West SJ, et al. A novel 
SOD1-ALS mutation separates central and peripheral effects of mutant SOD1 toxicity. 
Hum Mol Genet. (2015) 24:1883–97. doi: 10.1093/hmg/ddu605

 34. Vinsant S, Mansfield C, Jimenez-Moreno R, Moore VDG, Yoshikawa M, 
Hampton TG, et al. Characterization of early pathogenesis in the SOD1G93A mouse 
model of ALS: part I, background and methods. Brain Behav. (2013) 3:335–50. doi: 
10.1002/brb3.143

 35. Gabbia D, Pozza AD, Albertoni L, Lazzari R, Zigiotto G, Carrara M, et al. Pregnane 
X receptor and constitutive androstane receptor modulate differently CYP3A-mediated 
metabolism in early- and late-stage cholestasis. World J Gastroenterol. (2017) 23:7519–30. 
doi: 10.3748/wjg.v23.i42.7519

 36. De Martin S, Gabbia D, Albertin G, Sfriso MM, Mescoli C, Albertoni L, et al. 
Differential effect of liver cirrhosis on the pregnane X receptor-mediated induction of 
CYP3A1 and 3A2  in the rat. Drug Metab Dispos. (2014) 42:1617–26. doi: 10.1124/
dmd.114.058511

 37. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res. (2001) 29:45e–445e. doi: 10.1093/nar/29.9.e45

 38. Floreani M, Gabbia D, Barbierato M, De Martin S, Palatini P. Differential inducing 
effect of benzo[a]pyrene on gene expression and enzyme activity of cytochromes P450 
1A1 and 1A2 in Sprague-Dawley and Wistar rats. Drug Metab Pharmacokinet. (2012) 
27:640–52. doi: 10.2133/dmpk.DMPK-12-RG-035

 39. Colombo & Francolini. Glutamate at the vertebrate neuromuscular junction: from 
modulation to neurotransmission. Cells. (2019) 8:996. doi: 10.3390/cells8090996

 40. Ha JS, Lee JE, Lee J-R, Lee C-S, Maeng J-S, Bae YS, et al. Nox4-dependent H2O2 
production contributes to chronic glutamate toxicity in primary cortical neurons. Exp 
Cell Res. (2010) 316:1651–61. doi: 10.1016/j.yexcr.2010.03.021

 41. Longinetti E, Fang F. Epidemiology of amyotrophic lateral sclerosis: an update of 
recent literature. Curr Opin Neurol. (2019) 32:771–6. doi: 10.1097/
WCO.0000000000000730

 42. Johnson SA, Fang T, De Marchi F, Neel D, Van Weehaeghe D, Berry JD, et al. 
Pharmacotherapy for amyotrophic lateral sclerosis: a review of approved and upcoming 
agents. Drugs. (2022) 82:1367–88. doi: 10.1007/s40265-022-01769-1

 43. Janse van Mantgem MR, van Eijk RPA, van der Burgh HK, Tan HHG, Westeneng 
H-J, van Es MA, et al. Prognostic value of weight loss in patients with amyotrophic 
lateral sclerosis: a population-based study. J Neurol Neurosurg Psychiatry. (2020) 
91:867–75. doi: 10.1136/jnnp-2020-322909

 44. Ngo ST, Steyn FJ, McCombe PA. Body mass index and dietary intervention: 
implications for prognosis of amyotrophic lateral sclerosis. J Neurol Sci. (2014) 340:5–12. 
doi: 10.1016/j.jns.2014.02.035

 45. Wijesekera LC, Nigel Leigh P. Amyotrophic lateral sclerosis. Orphanet J Rare Dis. 
(2009) 4:3. doi: 10.1186/1750-1172-4-3

 46. Stahl SM, De Martin S, Mattarei A, Bettini E, Pani L, Guidetti C, et al. Esmethadone 
(REL-1017) and other uncompetitive NMDAR Channel blockers may improve mood 
disorders via modulation of synaptic kinase-mediated signaling. Int J Mol Sci. (2022) 
23:12196. doi: 10.3390/ijms232012196

 47. Gulino R. Synaptic dysfunction and plasticity in amyotrophic lateral sclerosis. Int 
J Mol Sci. (2023) 24:4613. doi: 10.3390/ijms24054613

 48. Poujois A, Schneider FC, Faillenot I, Camdessanché J-P, Vandenberghe N, 
Thomas-Antérion C, et al. Brain plasticity in the motor network is correlated with 
disease progression in amyotrophic lateral sclerosis: functional cerebral reorganization, 
disease progression, and ALS. Hum Brain Mapp. (2013) 34:2391–401. doi: 10.1002/
hbm.22070

 49. Yokoi S, Udagawa T, Fujioka Y, Honda D, Okado H, Watanabe H, et al. 3′UTR 
length-dependent control of SynGAP isoform α2 mRNA by FUS and ELAV-like proteins 
promotes dendritic spine maturation and cognitive function. Cell Rep. (2017) 
20:3071–84. doi: 10.1016/j.celrep.2017.08.100

 50. Forsyth JK, Bachman P, Mathalon DH, Roach BJ, Asarnow RF. Augmenting 
NMDA receptor signaling boosts experience-dependent neuroplasticity in the adult 
human brain. Proc Natl Acad Sci U S A. (2015) 112:15331–6. doi: 10.1073/
pnas.1509262112

https://doi.org/10.3389/fneur.2024.1384829
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1038/srep28649
https://doi.org/10.1016/j.bbrc.2016.08.089
https://doi.org/10.1038/s41467-017-02729-0
https://doi.org/10.1038/s41467-017-02729-0
https://doi.org/10.1001/jamapsychiatry.2021.0500
https://doi.org/10.1085/jgp.201812032
https://doi.org/10.3390/ph15070882
https://doi.org/10.3390/ph15080997
https://doi.org/10.1007/s00406-023-01571-4
https://doi.org/10.1097/JCP.0000000000001035
https://doi.org/10.1176/appi.ajp.2021.21020197
https://doi.org/10.1038/s41398-023-02473-8
https://doi.org/10.1038/s41386-019-0501-x
https://doi.org/10.3389/fphar.2021.671859
https://doi.org/10.3389/fpsyt.2020.514658
https://doi.org/10.3389/fpsyt.2020.514658
https://doi.org/10.1371/journal.pone.0002849
https://doi.org/10.1002/ana.410440419
https://doi.org/10.1007/s11910-996-0008-9
https://doi.org/10.1038/s41598-019-43164-z
https://doi.org/10.1007/s40265-023-01904-6
https://doi.org/10.1007/s40265-023-01904-6
https://doi.org/10.1126/science.8209258
https://doi.org/10.1002/0471141755.ph0567s69
https://doi.org/10.1046/j.1440-1789.2001.00361.x
https://doi.org/10.1016/j.jns.2013.11.004
https://doi.org/10.1016/j.pneurobio.2008.01.001
https://doi.org/10.1016/j.pneurobio.2008.01.001
https://doi.org/10.1016/j.nbd.2007.07.003
https://doi.org/10.1093/hmg/ddu605
https://doi.org/10.1002/brb3.143
https://doi.org/10.3748/wjg.v23.i42.7519
https://doi.org/10.1124/dmd.114.058511
https://doi.org/10.1124/dmd.114.058511
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.2133/dmpk.DMPK-12-RG-035
https://doi.org/10.3390/cells8090996
https://doi.org/10.1016/j.yexcr.2010.03.021
https://doi.org/10.1097/WCO.0000000000000730
https://doi.org/10.1097/WCO.0000000000000730
https://doi.org/10.1007/s40265-022-01769-1
https://doi.org/10.1136/jnnp-2020-322909
https://doi.org/10.1016/j.jns.2014.02.035
https://doi.org/10.1186/1750-1172-4-3
https://doi.org/10.3390/ijms232012196
https://doi.org/10.3390/ijms24054613
https://doi.org/10.1002/hbm.22070
https://doi.org/10.1002/hbm.22070
https://doi.org/10.1016/j.celrep.2017.08.100
https://doi.org/10.1073/pnas.1509262112
https://doi.org/10.1073/pnas.1509262112


Colognesi et al. 10.3389/fneur.2024.1384829

Frontiers in Neurology 10 frontiersin.org

 51. De Martin S, Colognesi M, Inturrisi C, Mattarei A, Bettini E, Pappagallo M, et al. 
Esmethadone (REL-1017) restores NMDA receptor 1 subunit expression in an in vitro 
model of glutamatergic excitotoxicity. Biol Psychiatry. (2021) 89:S383–4. doi: 10.1016/j.
biopsych.2021.02.953

 52. Rammes G, Zieglgänsberger W, Parsons CG. The fraction of activated N-methyl-
d-aspartate receptors during synaptic transmission remains constant in the presence of 
the glutamate release inhibitor riluzole. J Neural Transm. (2008) 115:1119–26. doi: 
10.1007/s00702-008-0059-y

https://doi.org/10.3389/fneur.2024.1384829
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1016/j.biopsych.2021.02.953
https://doi.org/10.1016/j.biopsych.2021.02.953
https://doi.org/10.1007/s00702-008-0059-y

	Sex-dependent effects of the uncompetitive N-methyl-D-aspartate receptor antagonist REL-1017 in G93A-SOD1 amyotrophic lateral sclerosis mice
	1 Introduction
	2 Materials and methods
	2.1 In vivo studies
	2.2 Motor function analyses
	2.3 Body weight
	2.4 Tremor
	2.5 Survival criteria
	2.6 Ex vivo studies
	2.6.1 Total RNA extraction from spinal cord and quadriceps
	2.6.2 qRT-PCR analyses
	2.6.3 Total protein extraction from quadriceps and western blot analyses
	2.7 Statistical analyses

	3 Results
	3.1 REL-1017 effect on body weight and lifespan
	3.2 REL-1017 effects on motor function
	3.3 REL-1017 modulation of neuroplasticity gene PSD95 in spinal cord
	3.4 REL-1017 modulation of GluN1 mRNA and protein expression in quadriceps
	3.5 REL-1017 modulation of NOX4 mRNA expression in quadriceps

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

