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Translational Research on Amyotrophic
Lateral Sclerosis (ALS): The Preclinical SOD1
Mouse Model

Abstract

Amyotrophic Lateral Sclerosis (ALS) is the most common motor neuron disease
and is clinically defined by the degeneration of upper and lower motor neurons,
leading to paralysis and premature death. 10% of ALS patients suffer from the
familial form of the disease and research has revealed a number of responsible
mutations in specific genes and loci. Transgenic mouse models carrying human
ALS related mutations have been generated for the study of the mechanisms
involved in the disease pathogenesis and putative therapies. Mutations in the Cu/
Zn superoxide dismutase 1 (SOD1) gene, accounting for 20% of fALS and up to 5%
of sALS, were the first identified to be involved in the disease. In this review, we
focus on the first transgenic model used, the SOD1 mouse, which recapitulates
many symptoms of the human ALS pathology. SOD1 mouse models have been
extensively studied in basic and translational research, in order to unravel the
underlying mechanisms, the early signs of the disorder and potential therapeutic
interventions. In basic research this model has provided valuable information
about ALS causes and progression. In translational research, encouraging results
have emerged, but the need for better design of clinical trials is evident. This
review presents the impact of the SOD1 mouse models in ALS investigation.
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Introduction

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig's
disease, is a heterogeneous fatal neurodegenerative disease

2018

Vol.3 No.3:9

Journal of Translational Neurosciences

ISSN 2573-5349

Maria Mina'?, Eleni
Konsolaki? Laskaro
Zagoraiou*'

1 Department of Basic Sciences, Faculty
of Nursing, University of Athens, 123
Papadiamantopoulou Str., 11527, Athens,
Greece

2 Center of Basic Research, Biomedical
Research Foundation of the Academy of
Athens, 4 Soranou Ephessiou Str., 11527,
Athens, Greece

*Corresponding author:
Laskaro Zagoraiou

[=] lzagoraiou@bioacademy.gr

Tel: 00302106597514
Fax: 00302106597545

Center of Basic Research, Biomedical
Research Foundation of the Academy of
Athens, 4 Soranou Ephessiou Str., 11527,
Athens, Greece.

Citation: Mina M, Konsolaki E, Zagoraiou L
(2018) Translational Research on Amyotrophic
Lateral Sclerosis (ALS): The Preclinical SOD1
Mouse Model. J Transl Neurosci Vol.3 No.3:9

that belongs to a wider group of disorders known as motor
neuron diseases [1]. It is clinically defined by the degeneration
of both upper and lower motor neurons leading, to paralysis and
death usually within 2 to 5 years after its onset [2] , although
some individuals show protracted survival. The 90% of ALS
patients suffer from the sporadic form of the disease (sALS),
while the 10% suffer from familial ALS (fALS). The incidence
of ALS is approximately 1-2.6 per 100 000 persons per year
and its prevalence is 6 cases per 100.000 [3]. Although quite
rare in the population, ALS is the most common motor neuron
disease in adults, so research on the underlying mechanisms and
potential therapeutic interventions would be of immense clinical
importance.

Clinical Phenotypes and Genetics in ALS
Patients

Typically, the onset of the disease occurs at a mean age of 55
years, starting focally with different sets of motor neurons and
different regions of the body affected. Sporadic and familial ALS
present similar pathological and clinical profiles [4]. The current
clinical standard for diagnosis of ALS is based on the Revised “El
Escorial World Federation of Neurology Criteria”; however, no
single test confirms the diagnosis of ALS [2]. A combination of
clinical examination, neuroimaging and electrophysiological tests
aids the diagnosis. Three classes of patients could be detected
based on the onset of the disease and the type of motor neuron
affected [5,6]: i) Spinal onset (70% of the patients): involves
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weakness in the limbs attributed to degeneration of lower
motor neurons (neurons from the brainstem or spinal cord that
project to muscle) or hyperreflexia due to dysfunction of upper
motor neurons (neurons from the cortex which project to the
brainstem and the spinal cord); ii) Bulbar onset (25% of patients):
includes tongue atrophy with thickness of speech and difficulty
in swallowing due to brainstem motor neuron degeneration;
iii) Respiratory onset (5% of the patients): the least common
pattern in which the brainstem neurons and respiratory system
are affected. The respiratory muscle dysfunction represents the
terminal phase of the disease in all classes.

Research on postmortem tissues from ALS patients has revealed
many neuropathological events that lead to the degeneration of
upper and lower motor neurons and eventually to the disease
symptoms. These events take place in the motor neurons and
include cytoplasmic protein aggregates, glutamate-induced
excitotoxicity, mitochondrial abnormalities, dysfunction of axonal
transport, altered RNA processing, proteasomal dysfunction
and generation of free radicals [5]. Furthermore, astrocyte
and microglia activation has been reported [7] and may also
contribute to the loss of motor neurons by releasing toxic factors
and insufficiently removing glutamate from the synaptic cleft,
causing excitotoxicity [8]. Combination of some or all the above
events results in activation of calcium-dependent pathways and
increased oxidative stress inside the motor neuron, leading to its
final degeneration.

Many different mechanisms have been implicated to the disease
generation and no cure has been found yet, since the anti-
glutamatergic agent riluzole and the anti-oxidant edaravone may
only extend lifespan up to some months. Thus, research on the
genes accounting for ALS and possible environmental risk factors
is of high importance in order to understand the causes of the
disease. Environmental risk factors include: physical activity,
smoking and exposure to heavy metals, pesticides and chemicals
[9]. Over the last 25 years, research on ALS patients revealed a
number of genes and loci related to the disease. Mutations in
the Cu/Zn superoxide dismutase 1 (SOD1) gene were the first
identified to be involved in the disease [10], accounting for 20%
of fALS and up to 5% of sALS. SOD1 is an enzyme that breaks
down superoxide radicals, which are toxic for many cellular
components. Up to date, more than 160 missense mutations of
SOD1 gene have been found to be linked to ALS. The next gene
discovered in patients was the TARDBP/TDP-43 gene encoding
for TAR DNA-binding protein (TARDBP or TDP-43) [11,12],
mutations in which account for almost 5% of fALS cases. TDP-43
protein is normally found in the nucleus and plays a role in RNA
processing and transport [13]. At the same time, mutations of
the gene encoding for angiogenin (ANG), an RNase A involved in
angiogenesis, were found in some patients of fALS and sALS [14].
Soon after the discovery of TARDBP/TDP-43 mutations, the gene
encoding for fused in sarcoma (FUS), another RNA processing
protein, was also identified as a gene whose mutations result in
almost 4% of fALS and rare sALS cases [15,16,17]. Subsequently,
mutations of OPTN gene coding for optineurin, a protein involved
in autophagy, were also linked to some ALS cases [18]. In 2011,

2

2018

ISSN 2573-5349 Vol.3 No.3:9

the involvement of an expanded nucleotide repeat in ALS was
revealed for the first time. More specifically, expansion of a non-
coding hexanucleotide repeat (GGGGCC) in the C9ORF72 gene
was identified in 35-45% of fALS and 10% of sALS patients [19,20],
leading to reduced levels of one alternatively spliced C9ORF72
transcript. The presence of transcripts accumulation as nuclear
RNA foci though, favors a toxic RNA gain of function mechanism.
Healthy individuals carry up to 20 repeats, while the presence of
greater than 30 repeats is considered pathogenic [20]. Mutations
in several other genes have also been identified in ALS cases,
but they are quite rare and their involvement in the disease
needs further investigation. Two examples are the mutations of
ubiquilin 2 (UBQLN2) [21] and sequestosome 1 (SQSTM1 or p62)
[22] genes, both involved in the degradation of proteins by the
proteasome and in autophagy process.

Transgenic Mouse Models in ALS
Research

Several transgenic mouse models, harboring some of the known
mutations or the hexanucleotide repeat expansion in ALS
patients, have been generated for the study of the mechanisms
involved in the disease pathogenesis. The first model used was
the SOD1 mouse line carrying the human G93A mutation [23],
which was found to recapitulate many of the ALS symptoms.
Today there are more than 12 different SOD1 mouse mutants
that have several human missense mutations and result in
many ALS hallmarks, such as development of SOD1 cytoplasmic
aggregates and severe motor deficits.

The next transgenic mouse line generated was the TDP43 model,
which has been used over 20 years to provide an opportunity
to study RNA processing as a potential disease mechanism,
leading to motor neuron degeneration. Many research groups
have used mouse models overexpressing either the human wild
type TDP43 (hTDP-43WT) or one of its ALS-correlated mutated
forms that have been recognized in patients (M337V, A315T,
Q331K, G348C), under the control of mainly three different
promoters. More specifically, some transgenic mice ubiquitously
overexpress hTDP-43WT [24-27] or hTDP43 carrying the
mutations M337V [24,26,28] , A315T [24,29] , Q331K [26,27]
under the control of murine prion promoter (mPrP), which results
in higher expression in the CNS and heart, and lower at skeletal
muscle, liver and kidney [30]. In other mouse lines, human wild
type [31,32] or mutated TDP-43 (M337V) are overexpressed
in neurons, under the control of murine Thyl.2 promoter
[33,34]. The last promoter, under which the hTDP-43WT [35] is
overexpressed in the neurons of the hippocampus and cortex
of transgenic mice, is the murine CaMK2 [36]. These transgenic
TDP43 mouse models present various pathogenic characteristics
depending on the type of promoter and levels of expression,
such as dose dependent toxicity of TDP43 protein, cytoplasmic
TDP43 aggregates, progressive paralysis and death, but none of
these mice recapitulate the ALS phenotype adequately. Except
from the investigation of the effects of TDP43 overexpression,
some groups studied also the possible ALS-related phenotypes
due to loss of function of this protein. The homozygous Tdp43
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knockout mice usually die around embryonic day 7, pointing to
the importance of TDP43 protein for normal development [37-
39]. The heterozygous Tdp43 knockout mice do survive and do
not demonstrate a reduced TDP43 expression, but they develop
age-related motor and muscle dysfunction [37]. Generation of
conditional Tdp43 knockout mice showed immediate excessive
weight loss and death after the postnatal reduction of TDP43
expression (9 days after the application of tamoxifen), due to
increased fat oxidation [40]. Taken together, none of the TDP43
transgenic models appear to develop enough ALS hallmarks,
indicating that abnormal TDP43 in mice may be not sufficient for
the recapitulation of the disease.

Genetically engineered Fused in sarcoma (FUS) mice were also
generated to investigate the loss and gain of function mechanisms
leading in ALS. The first Fus knock out mice generated died
perinataly (24 hours after birth) [41]. Outbred Fus knock out mice
survive and show behavioral and pathological abnormalities,
which do not correlate to ALS [42]. However, overexpression of
human wild type FUS was found to lead to degeneration of motor
neurons and paralysis [43]. Quite recently, Sharma et al used
transgenic mice which conditionally express the human wild type
or the ALS-associated mutant (R521C or P525L) FUS and showed
that mutant FUS is the one responsible for the degeneration of
motor neurons through its toxic gain of function, without the
involvement of normal FUS [44].

Since the expansion of a specific repeat (GGGGCC) in the
C90RF72 gene was found to account for the largest percentage
of fALS cases and the patients present also elevated antisense
transcripts, mice having increased number of this hexanucleotide
repeat and expressing sense and antisense transcripts were
established. Chew et al. injected the adeno-associated virus
(AAV), expressing 66 repeats, into the CNS of mice [45]. These
mice exhibit some of the ALS features such as nuclear RNA foci,
phospho-TDP43 inclusions, dipeptide protein repeat inclusions,
motor impairment and cognitive symptoms, like anxiety and
social abnormalities. Other mouse models were generated to
harbor a bacterial artificial chromosome (BAC) carrying 500
[46] or 100-1000 [47] repeats. These mice only showed a few
pathogenic abnormalities, but not any motor or behavioral
phenotype. Recently, two more groups generated transgenic
mice, in which BACs containing 450 [48] and 500 [49] repeats
were delivered. The mice carrying 450 repeats developed some
ALS neuropathological characteristics such as RNA foci, dipeptide
protein repeat inclusions, protein accumulation and cognitive
deficits, but very mild neurodegeneration. However, the mice
carrying 500 repeats developed many of the neuropathological
hallmarks of the disease, such as severe motor neuron
degeneration and paralysis, as well as cognitive symptoms.
The difference in ALS recapitulation between the last model
and the previous ones may rely on differences in individual
BAC transgenics, in the background of mice and in transgene
transcription expression levels. Knocking out the C9orf72 gene
from mice did not have any pathological effect on motor neurons,
showing no correlation of the loss of function of this gene with
ALS [50,51]. Thus, ALS pathology can result from a toxic gain of
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function acquired from different degree of expansion of the non-
coding hexanucleotide repeat in the C9ORF72 gene. This provides
a unique causative example, since it is not a missense mutation
of a gene, like the other cases described. It opens the way for
major progress in basic and translational research in the future.

The rest of the genes whose mutations have been identified in
ALS patients, account only for minor percentage of fALS cases
and the transgenic mouse models generated for some of them
either haven’t been extensively studied yet or haven’t presented
any overt motor neuron phenotype. For example, mice carrying
the human mutated UBQLN2 gene, although presenting protein
aggregates, do not exhibit any motor neuron degeneration [52].

The present review focuses on the ongoing research on mutations
of the responsible genes for ALS pathology. The most studied
transgenic mouse models carrying mutated causative genes
are the SOD1 and TDP43 mice. Since mimicking of the disease
symptoms in TDP43 models is limited, we will focus on the SOD1
mice, the first generated animal models for ALS, which carry the
most common missense mutations of the fALS cases (20%) and
represent human ALS pathology quite well.

Superoxide Dismutase 1 (SOD1) Mouse
Models

Mutations of the SOD1 gene are considered as the largest
missense mutation yet known to account for the familial
(although only 20%) and some sporadic ALS cases in humans [10].
In fact, more than 160 missense mutations have been identified
inthe human SOD1 gene including G93A, G37R, D90A, A4V, H46R,
L84V, and G85R. Since most of the pathophysiological evidence
for patients is coming from postmortem tissues and the results
correspond mainly to the end stage of the disease, the use of
animal models is essential to unravel the responsible mechanisms
for the degeneration of motor neurons and paralysis. Due to
the conservation of molecular and cellular pathways between
humans and mice, transgenic mouse models for ALS have been
extensively used, with the SOD1%%** [23] mice being the first ones.

Atoxic gain of function of SOD1 seems to have a strong implication
to the generation of ALS. Mouse models overexpressing the
human wild type and/or the mutated SOD1 gene carrying one
of the known ALS-related mutations have been generated and
extensively used for the study of the mechanisms responsible for
ALS pathogenesis. Transgenic mouse models expressing mutated
SOD1 forms in similar or elevated levels as to the endogenous
mouse protein are found to recapitulate the ALS-phenotype in
a great extent. Up to date, more than 15 different transgenic
SOD1 mouse lines have been generated and their main features
are summarized in Table 1. Almost all of these mice develop
severe degeneration of motor neurons, leading to progressive
paralysis of the hindlimbs and forelimbs and death, as seen in
ALS human patients. They also present some of the disease main
pathophysiological characteristics seen already in postmortem
tissues from human patients, such as SOD1 cytoplasmicinclusions,
gliosis, glutamate excitotoxicity, vacuolization of mitochondria
and disrupted axonal transport. Furthermore, participation of
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Tablel Mostcommon mutantSOD1 mouse models.

Disease onset
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Disease duration

Mutation (months) Paralysis Neuropathological findings (months) References
G93A 3.4 VES motor neuron.dege_neratlon, d!sruptf-:‘d neuromuscular 12 Ginney el (2]
junctions, SOD1 inclusions
G37R 46 YES Membrane—bouno!ed vacuoles, motor neuron 13 Wong et al. [116]
degeneration, muscle atrophy
G86R** 3-4 YES motor neuron degeneration 0.5-1 Ripps et al. [117]
G85R® 8-14 YES SOD1 inclusions in astrocytes anq neurons, motor 05 Bruijn et al. [53]
neuron degeneration
L84V 5.6.5 YES overgxpressmn of the ER-resident chaperone G.RP78/ 1 Tobisawa et al. [118]
BiP before onset, motor neuron degeneration
G127X"® 8 YES motor neuron degeneration, SOD1 inclusions 0.25 Jonsson et al. [119]
H46R 5 YES TG [EMEDCEEEELen, SeD TSRS, 1 Chang-Hong et al. [120]
ubiquitin inclusions, Lewy body-like inclusions
DYOA 12 VES urinary bladder.dlstent'lonf motc'>r neuron ) Jonsson et al. [121]
degeneration, SOD1 inclusions
. . . Wang et al., Deng et al.
L126Z 7-11 YES SOD1 inclusions, motor neuron degeneration 0.75-3 (122,73]
A4V NO not defined Deng et al. [73]
A4V/SODIWT 8.5 YES motor neuron degeneration, SOD1 inclusions 3.5 Deng et al. [73]

mouse mutation
Rapid progression
°no ALS-like symptoms

glial cells in the disease pathogenesis was identified for the first
time in transgenic mice expressing mutant SOD1 as reviewed by
Philips and Rothstein, 2014. More specifically, the surrounding
astrocytes and microglia are found to provide less support and
to promote glutamate excitotoxicity in the motor neurons by
expressing reduced glutamate transporters [53]. Importantly,
overexpression of mutant SOD1 only in motor neurons [54,55]
or only in astrocytes [56] or Schwann cells [57], failed to result
in motor neuron death, indicating ALS as a non-cell autonomous
disease. Thus, expression of mutant SOD1 in motor neurons and
glial cells at the same time is required for the generation of the
disease symptoms. The recapitulation of the disease symptoms
and especially the age of onset depends on the type of SOD1
mutation, the level of its expression and the genetic background
and sex of the transgenic mouse [58].

The first transgenic mouse model established was the SOD1%%3*
overexpressing the human mutation G93A, a substitution of
glycine®™ to alanine. The SOD1%3 mouse line recapitulates
quite many symptoms of the disease and therefore it is the
most studied transgenic model for ALS [23] (Figure 1). Several
different lines of this mouse model carrying different transgene
copy numbers have been established, namely G1, G5, G12 and
G20 [23,59,60] , with G1 being the most studied. In these mice,
the disease onset takes place at around 3-4 months of age
starting with the tremor of hindlimbs and muscle weakness and
followed by more intense locomotor deficits, paralysis and death
at around 5 months of age [23]. The pathophysiological events
at the cellular level that result in the severe loss of spinal motor
neurons reported in these mice, are evident before the onset of
motor symptoms. One of the first pathological characteristics,
the mitochondrial vacuolization and dysfunction [61], is probably
caused by SOD1 accumulation inside the mitochondria [62] and is
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implicated in the ensuing motor neuron degeneration. Enhanced
oxidative stress and increased free radicals [63] and glutamate
excitotoxicity [64], major causes for motor neuron damage in
ALS, are also evident from the early disease stages in SOD16%4
mouse lines. At the same time, axonal transport is found to
be seriously disrupted [65] and neuromuscular junctions are
impaired and subsequently degenerate [66,67]. Cytosolic SOD1
aggregates present a decreased ubiquitination as the disease
progresses [68]. Additionally, activation of glial cells, mainly
astrocytes and microglia, after the onset of the symptoms causes
gliosis and contributes to an even more intense degeneration of
the neighboring motor neurons [69].

Transgenic mice expressing the human wild type SOD1
(hSOD1WT) develop neuronal defects such as mitochondrial
swelling and vacuolization, axonal degeneration predominantly
in the spinocerebellar tracts, but loss of spinal motor neurons
occurs after two years of age [70]. It is worth mentioning that
overexpression of hSOD1WT in normal mice at a level similar to
that of the mutant SOD1 in transgenic SOD1%%** models has been
found sufficient to cause ALS-like syndrome and death at around
postnatal day 370 [71]. When hSOD1WT was co-overexpressed
with a mutant form of SOD1, such as G93A [70], G85R [72] and
A4V [73], it promoted and accelerated the generation of the
disease compared to the mutant SOD1 alone.

Toxic gain of function of SOD1 is definitely related to ALS, but the
implication of loss of function of SOD1 has been also investigated.
Complete deletion of Sod1 from mice did not cause any serious
ALS-related effect. In fact, homozygous Sodl knockout mice
develop normally without any motor neuron disruption, and only
in late adulthood become vulnerable to motor neuron loss after
axonal injury [74]. Furthermore, these mice present additional
defects like age-related muscle atrophy [75], distal motor
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% SOD1%%%Atransgenic mouse model for ALS

~

aggregates from swollen

in motor mitochondria

neurons in motor
neurons

Onset End stage
P30 P40 P60 P90 P120 P140
- : : :
e
soD1 Vacuoles Motor deficits Hindlimb tremor Progressive paralysis

Motor neuron loss

Figure 1 Chronology of the main pathophysiological events and symptoms in the SOD1G93A transgenic mouse model for ALS. This model
does not present any clinical symptoms until postnatal day 90 (P90) (green line). The onset of the symptoms takes place between

K P90 and P120 (yellow line), followed by progressive paralysis and death until P140 (red line). /

axonopathy [76] and reduced fertility of the females [77] and
usually die due to liver cancer [78]. These findings suggest that
disease occurrence cannot be attributed to the loss of function
of SOD1.

Evaluation of SOD1 Models: Translation
in Humans

The SOD1 mouse model is considered as one of the preclinical
models for ALS that successfully replicates several patients’
symptoms. Biosamples from patients with ALS, such as
cerebrospinal fluid [79] and serum [80] show increased free
radical damage. Oxidative damage to RNA species, protein, lipid
and DNA has been also detected in SOD1%°** mouse models [81-
83]. miR-155 is upregulated in the spinal cord and peripheral
blood cells of ALS patients leading to an increase of pro-
inflammatory cytokine secretion and macrophage inflammatory
responses. This result was also found in SOD1%%* mice [84].
In motor cortex and spinal cord of ALS patients, progressive
dysfunction and degeneration of gray matter oligodendrocytes
has been identified. This feature was replicated in SOD16%3
mouse model as well, as extensive degeneration of gray matter
oligodendrocytes in the spinal cord was found prior to disease
onset [85]. The loss of glial glutamate transporter (EAAT2/GLT-
1) has been observed in samples from patients with familial or
sporadic ALS [86]. This loss of GLT-1 has been reported in SOD1
rodent models of ALS, too [53]. Microglia, the innate immune
cells of the nervous system, become activated in ALS [87]. This
has been also demonstrated in SOD1%%%* mice [88]. It has been
found that astrocytes derived from human ALS patients and
SOD1%%4 mice promote the reduction in expression of major
histocompatibility complex class | (MHCI) molecules in motor
neurons and render motor neurons vulnerable to astrocyte-
induced cell death [89]. Using astrocytes generated from post-
mortem tissue of both familial and sporadic ALS patients, Haidet-
Phillips and colleagues showed that these are toxic to mouse
embryonic stem cell-derived motor neurons [90]. Similarly,
rodent astrocytes expressing mutant SOD1 are toxic for mouse
primary and embryonic stem cell-derived motor neurons [91].

© Under License of Creative Commons Attribution 3.0 License

This demonstrates that ALS is a non-cell autonomous disease and
SOD1 mouse models can be used to further examine it.

The two FDA approved drugs for ALS in humans, riluzole and
edaravone, have been initially validated in the SOD1%* mouse
model. Riluzole (marketed as Rilutek and Teglutik) was first
studied in SOD1%%4 mutant mice where it prolonged survival but
did not delay disease onset [92]. It was assumed that riluzole is
only an antiglutamatergic drug but it has been shown to influence
glycine and GABA receptors and neuronal survival as well [93].
Edaravone, (marketed as Radicava and Radicut) a free-radical
scavenger used to treat stroke patients in Japan [94] , was tested
in SOD1%%A mutant mice and shown to be effective in slowing
down symptom progression and motor neurodegeneration [95].
Phase Il studies of edaravone were successful [96] and it has
been FDA approved since 2017 as a drug for ALS.

Regarding potential therapeutic drugs, mexiletine, an
antiarrhythmic, local anaesthetic [97,98], prevented motor
neuron death in experiments with SOD1%%** astrocyte conditioned
media in wild type primary spinal cultures [99]. Mexiletine was
administered to ALS patients and has already reached phase IV
[100]. Another compound, vitamin E, which reduces oxidative
damage, delayed disease onset in SOD1%%** mice but did not
prolong survival [92]. In ALS clinical trials Vitamin E, as an add-
on therapy to riluzole, resulted in a marginal trend without
reaching significance [101]. Interestingly, as reviewed by Ittner
et al., Vitamin E has reached phase lll trial [100] which should be
completed by now.

Although SOD1 mouse model based research has contributed in
drug design and development, evidence in the literature shows
that some of the drugs that are effective in SOD1 mice, do not
have similar benefits in ALS patients. For instance, ceftriaxone,
a GLT-1 translational activator, delayed loss of neurons and
increased mouse survival in SOD1%%* mice [102], but did not have
any effect in the survival of the ALS patients [103]. In particular,
patients treated with ceftriaxone in phase | and phase Il presented
slower decline but phase Il failed to show beneficial effects for
the drug. Olesoxime, a molecule with potential neuroprotective
properties, showed reduced denervation from 60% to 30%,
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delayed disease onset and improved survival in SOD1%%* mice
[104]. However, as an add-on therapy to riluzole in patients,
survival was not improved in phase II-lll trials [105]. Although
insulin-like growth factor (IgF) prolonged life and delayed disease
progression in SOD1%* mice [106], it does not change patients’
survival [107]. Gabapentin, a GABA analogue, prolonged survival
in SOD1%%** mice [92] but didn’t change the muscle strength and
survival in human trials [108]. Nowadays, as drug repurposing
is conducted, existing approved drugs for different diseases are
tested in SOD1 mice in order to detect any beneficial effects for
ALS patients. Better results could emerge if potential compounds
would be tested in two different transgenic mouse models, such
as SOD1 and C90RF72.

These differences between the effectiveness of the drugs in
SOD1 mouse models and in ALS patients could be attributed to
many factors. In mice the drug may be administered before the
symptoms onset; somethingthatis notfeasiblein humansbecause
the ALS patients participate in trials only after the diagnosis of the
disorder. Another impediment is related to the fact that ALS is a
heterogeneous disorder. Patients in clinical trials carry different
ALS-related mutations and present different disease onset. This
heterogeneity could lead to false negative results for compounds
efficient in mice pointing to the need of evaluating the drugs in
separate groups of patients. Another factor that may explain
the difference in effectiveness of drugs in SOD1 mouse models
versus ALS patients is the difference in pharmacodynamics and
pharmacokinetics between mice and humans. So, it is uncertain
whether the patient would benefit from the successful treatment
in mice. Also, confounding variables such as gender, transgene
copy number, litter, and exclusion criteria may not be considered
in preclinical experiments in SOD1 mice which may lead to false
positive results in mice [109]. In addition, uncontrolled variables
may lead to false negative results in mice, which means that
potential beneficial effects of the drugs are not detected in
mice and these compounds never reach ALS patients. Another
obstacle in SOD1 mouse models preclinical studies is the fact that
this mouse reproduce many symptoms but not all hallmarks of
human ALS [110] such as changes in RNA metabolism (which is
modelled by TDP43 mice) . Also, anatomical and physiological
differences between mice and humans may be responsible for
some of the discrepancies in drug effects and should be taken
into consideration during study design.

In light of these observations, many solutions have been
proposed to solve the differences between preclinical (mouse
models) and phase | - lll clinical trials (ALS patients). Since ALS
is a heterogeneous and multifactorial disease, compound
combinations, already found to be effective in mice, may serve as
candidate therapeutic strategy for human trials [111]. Attempts
following this strategy have already started. For instance, riluzole
and sodium phenylbutyrate (NaPB), a histone deacetylase
inhibitor which enhances astrocytic neurotrophin synthesis,
synergisticallyincreased histone acetylation and extended survival
and improved both clinical and neuropathological phenotypes in
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SOD1%%* mice [112]. In ALS patients, administration of NaPB and
riluzole or NaPB alone increased blood histone acetylation levels
[113].

Recently, the ALS Therapy Development Institute (TDI) proposed
guidelines to reduce the number of false positives in preclinical
studies such as reporting all observed changes in animal traits
during the course of treatment and variability in death occurrence
[110]. In addition, five key points have been suggested to
facilitate the transition of treatments from mice to men: the right
target, the right patient, the right tissue, the right safety and the
right commercial potential [114]. Finally, it has been proposed
that the success rate of the clinical trials might be increased if
patients are separated in different groups based on mutations
and disease onset. Effective compounds in preclinical phase on
the SOD1 mouse models, should be tested in all ALS patients but
also in a separate cohort carrying only SOD1 mutations. [115].

Conclusion

Research on ALS is of high importance for the diagnosis and
treatment of this devastating disease. Mechanisms of disease,
symptoms onset and disease progression are studied in mouse
models for ALS. Collective evidence demonstrates that SOD1
transgenic mice, which were the first generated, recapitulate
a large spectrum of the ALS symptoms. SOD1 mouse models
have been extensively used in basic and translational research
as summarized in Figure 2. In particular, they are studied to
unravel causes of the disease and explore many aspects of the
mechanisms involved in disease progression. Early signs of the
disorder and potential biomarkers identified in these models will
enable earlier diagnosis. SOD1 transgenic mice have been also
used as preclinical models for the design of drugs. Importantly,
although many effective drugs in SOD1 mice are not beneficial
or are even toxic for patients, the only two FDA approved drugs
for the ALS treatment, riluzole and edaravone, were initially
validated in SOD1 mice. Ongoing research on mouse models
for ALS will provide the opportunity to design novel genetic
and pharmacological approaches for potential therapeutic
interventions in humans.
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