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Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disorder characterized by the loss of upper
and lower motor neurons. In general, patients succumb to respiratory insufficiency due to respiratory muscle
weakness. Despite many promising therapeutic strategies primarily identified in rodent models, patient trials
remain rather unsuccessful. There is a clear need for alternative approaches, which could provide directions
towards the justified use of rodents and which increase the likelihood to identify new promising clinical can-
didates. In the last decades, the use of fast genetic approaches and the development of high-throughput screening
platforms in the nematode Caenorhabditis elegans, in the fruit fly (Drosophila melanogaster) and in zebrafish (Danio
rerio) have contributed to new insights into ALS pathomechanisms, disease modifiers and therapeutic targets. In
this mini-review, we provide an overview of these alternative small animal studies, modeling the most common
ALS genes and discuss the most recent preclinical discoveries. We conclude that small animal models will not

replace rodent models, yet they clearly represent an important asset for preclinical studies.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegener-
ative disease for which no cure is currently available. It is characterized
by the death of upper and lower motor neurons in the motor cortex,
brainstem and spinal cord, leading to muscle weakness [1]. ALS affects
1-2 individuals per 100,000 every year [2] and the lifetime risk is
estimated at 1 in 400 [3]. This dreadful disease results in death on
average 2 to 4 years post-diagnosis, mostly due to respiratory problems
[4]. The clinical manifestation of ALS is characterized by a large vari-
ability, in terms of disease onset, progression and patient survival. This
variability, present even within families with the same genetic cause,
suggests the existence of crucial modifying factors [5].

ALS has a very diverse etiology, with both genetic and largely un-
known environmental factors that could contribute to the risk of
developing ALS. In 5 to 10% of cases, ALS is a familial disease, with an,
in most cases, identified monogenetic cause [6]. However, the vast
majority of patients suffer from the sporadic form of the disease. The so
far identified mutations are mostly inherited in an autosomal dominant
manner, and are present in more than 20 ALS-associated genes [7].

Approximately 40% of ALS patients in the Western world have a hex-
anucleotide repeat expansion in the C9ORF72 (chromosome 9 open
reading frame 72) gene [8,9]. Other common and widely studied ALS
mutations are found in the SOD1 (Superoxide Dismutase 1), TARDBP
(Transactive Response DNA-binding protein 43) and FUS (Fused in
Sarcoma) genes accounting for 2%, 0.9% and 0.7% of total ALS patients,
respectively [7].

On a cellular level, axonal retraction and denervation of the muscle
appears to be one of the first events, accompanied by microgliosis and
astrogliosis, as well as proteinaceous inclusions in the remaining neu-
rons [2]. A pathological hallmark of ALS, present in ~ 97% of all pa-
tients, are cytoplasmic inclusions of TDP-43, the protein encoded by the
TARDBP gene [10].

Riluzole and Edaravone are the only two FDA-approved drugs used
to treat ALS, which target excitotoxicity and oxidative stress, respec-
tively [11]. Nonetheless, these drugs have a limited effect on disease
progression and/or patient survival. As a consequence, symptom care,
such as respiratory and nutritional support, is the main way to battle the
disease. Hence, employing animal models in the laboratory to investi-
gate and to identify new disease-causing mechanisms is necessary to
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develop new and better therapeutic strategies.
2. Disease modeling in ALS

Elucidating ALS pathogenic mechanisms and developing new ther-
apeutic strategies can only be achieved by modeling the disease. The
discovery of genes which are involved in or causative for ALS paved the
way for the development of different animal models, including rodents,
fruit fly (Drosophila melanogaster), zebrafish (Danio rerio) and a nema-
tode (Caenorhabditis elegans). By employing these models, it became
evident that the molecular pathways involved in ALS are a lot more
divergent than originally thought. Proposed disease mechanisms range

Table 1
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from impaired RNA and protein metabolism to mitochondrial dysfunc-
tion, failure of DNA repair mechanisms and intracellular transport de-
fects [2]. Mouse studies played a major role in providing these insights.
Mice overexpressing mutant SOD1 exhibit motor neuron loss and reca-
pitulate many aspects of the human disease [12-17]. Moreover, several
rodent models overexpressing wild-type (WT) or mutant FUS or WT or
mutant TDP-43 display phenotypes partially overlapping with the clin-
ical presentation in ALS patients [16-20]. Of note, depletion of TDP-43
caused age-dependent progressive motor neuron degeneration in
various mouse models as well [21-23], while FUS deficiency developed
behavioral pathological abnormalities distinct from ALS [24,25]. In
addition to ALS, the hexanucleotide repeat expansion in the C9ORF72

Overview of genetic models in Caenorhabditis elegans. Studies modeling ALS-disease related genes COORF72, SOD1, TARDBP, FUS and others in C. elegans. For each
model, the approach and transient or stable genetic manipulation technique are summarized. Cellular pathological hallmarks and, when present, motor phenotype (i.e.
locomotion defects), neurodegenerative (i.e. GABAergic degeneration) and other phenotypes (e.g. reduced survival) are indicated. Legend: orange, present or affected;
green, not present or not affected. Abbreviations: KD, knockdown; KO, knockout; Arg, arginine; MN, motor neuron; NMJ, neuromuscular junction; WT, wild-type. (*)
EMS mutagenesis; ethyl methanesulfonate. (**) UV/TMP mutagenesis, trimethylpsoralen with ultraviolet light.
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gene is associated with the neurodegenerative disease frontotemporal
dementia (FTD) [26]. Both disorders are part of a complex disease
spectrum [26]. C9ORF72 mutations are characterized by clinical and
pathological heterogeneity [5], which renders them the most chal-
lenging known ALS mutations to model in mice. Several attempts led to
the generation of multiple COORF72 mouse models displaying patho-
logical features (i.e. RNA foci and dipeptide repeat proteins (DPRs)
generated by the non-ATG mediated translation of the repeats). How-
ever, most of these transgenic mice lack clinical ALS hallmarks, i.e.
motor neuron degeneration and muscle wasting [27,28]. At least two
groups seem to have successfully established C9 mouse models with
degenerative phenotype [29,30], although there are some concerns
regarding the reproducibility of the phenotypes in the C9-BAC mouse
model [31]. Altogether, these attempts illustrate that developing rele-
vant rodent models is not only labor-intensive and time-consuming,
sometimes questions can also be raised about the validity of these ro-
dent models. Hence, more and more researchers alter their view on the
use of rodent models and start to pursue alternative approaches, not only
to overcome modeling difficulties, but also for ethical reasons and to
gain more comprehensive insights into pathways leading to ALS. In this
review, we will discuss the most recent alternative small animal model
developments in ALS. We specifically focus on advances in studies using
C. elegans, Drosophila melanogaster and Danio rerio, which are presented
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in order of increasing complexity.

2.1. Caenorhabditis elegans

Due to the well-developed nervous system, the small nematode
C. elegans is a widely used animal model in neurodegenerative disease
studies [32,33]. Next to the ease of growth, the short life cycle (3.5 days)
and life expectancy (around 3 weeks) make C. elegans worms interesting
to utilize in genetic studies [32,33]. Its genome contains 60-80% genes
that are homologous to humans with 42% of them comprising disease-
causing genes [34,35]. The ease of modeling genetics is one of the
greatest assets of C. elegans, which allows for the use of diverse genetic
manipulation methods [36,37] and the deciphering of genetic in-
teractions [32,38]. In this chapter, we list the most recent approaches
and findings in C. elegans regarding the most frequently occurring ALS
mutations (Table 1).

In the presented C. elegans models, motility was measured by
observing the curling behavior and by using a “thrashing assay”, which
is based on counting body bends that worms make within a certain time
frame (Fig. 1) [39]. The body movement of C. elegans is controlled by
both excitatory (acetylcholine (ACH), glutamate) and inhibitory
(gamma-aminobutyric acid (GABA)) inputs. However, predominantly
GABAergic and cholinergic motor neurons, and to a lesser extent
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Fig. 1. Phenotypic and genetic aspects of alternative animal models Caenorhabditis elegans, Drosophila melanogaster and Danio rerio. In C. elegans, (1) a reduced
amount of thrashes point to locomotion defects and (2) impaired GABAergic neurotransmission is often accompanied by (3) GABAergic neurodegeneration. In
Drosophila melanogaster, the most commonly observed phenotypes in adults include (4) climbing defects, (5) eye degeneration and (6) motor neuron death. Additional
phenotypes in ALS fly models include (7) reduced eclosion of sick pupae and (8) crawling defects of the larvae. In Danio rerio larval studies, the most used phenotypic
readouts include (9) abnormal swimming behavior measured by touch-evoked escape response (TEER) and (10) an axonal phenotype with decreased axonal length
and increased abnormal branching. Adult Danio rerio phenotypes comprise (11) motor neuron degeneration and (12) abnormal neuromuscular junctions. Important
genetic and other facts of each model are shown as well, such as the homology percentage of each model to human in general and specific for disease-associated
genes, the orthologs of human ALS-associated genes and information on the life cycle and lifespan. Abbreviations: MN, motor neuron.
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glutamatergic neurons, are observed to assess neurodegeneration
[40,41].

2.1.1. C90RF72

The most common genetic cause of ALS is a GGGGCC hexanucleotide
repeat expansion in the C9ORF72 gene [8,9]. This repeat expansion
could cause pathology by three non-mutually exclusive mechanisms,
which are C9ORF72 loss-of-function [42], RNA toxicity [43-45] and
DPR toxicity [46]. Modeling all three mechanisms was enabled by the
existence of ALFA-1, a well-conserved homolog of COORF72 in C. elegans
[47]. Interestingly, ALFA-1 was found to be a key player in endolyso-
somal pathways [48], confirming its functional similarity to human
CI90RF72 [49,50]. Moreover, a recent study in C. elegans associated
CI90RF72 with the activity of transcription factor EB (TFEB), regulating
stress-sensitive metabolic homeostasis [51]. Upon ALFA-1 depletion in
worm embryos, age-dependent locomotion defects, paralysis, and de-
fects in yolk storage and transport were apparent [47,48]. As well as
modeling C9ORF72 loss-of-function, introducing C9ORF72 hex-
anucleotide repeats or DPRs also resulted in neurotoxic effects and
dysregulated motor function [52,53]. Of the different overexpressed
RNA and protein molecules, overexpression of larger repeat lengths and
arginine-rich DPRs produced the strongest ALS-like phenotypes [52,53].
Chemical and genetic screens are a classical and a rapid tool to identify
novel therapeutic targets. This is illustrated by the fact that the C. elegans
ortholog of VAMP-associated membrane protein B (VAPB), F57A10.2, and
the enzyme acid phosphatase 4 (acp-4) were recently discovered as
suppressor genes of the phenotypes in C. elegans models expressing 9 or
29 C90RF72 hexanucleotide repeats [52]. In particular, loss-of-function
of these proteins suppressed the neurodegenerative and motor pheno-
types, which were accompanied by reduced brood sizes and survival
rates [52]. As both COORF72 and VAP, the fly homolog of F57A10.2/
VAPB, have been functionally linked to Rab proteins, the observed
repeat-induced detrimental effects in C. elegans might be instigated by a
dysregulated Rab pathway [52,54-57].

2.1.2. SOD1

SOD1, the first gene that was associated with ALS [58,59], has also
been studied in C. elegans. Stable overexpression of mutant SOD1-G93A
resulted in degeneration of GABAergic motor neurons [60], whereas
CRISPR/Cas9-mediated expression of a single copy of the same mutation
in the endogenous sod-1 gene solely caused cholinergic and gluta-
matergic neurodegeneration upon oxidative stress induction [61].
Cytoplasmic aggregates and locomotion defects are a common theme in
both WT and mutant SOD1 (i.e. A4V, G37R, G85R and G93A) C. elegans
overexpression models [60-63]. Additionally, these studies resulted in
the identification of some modifying factors. For instance, reducing the
insulin-like growth factor receptor Daf-2 in the SOD1-G85R C. elegans
model led to decreased SOD1 aggregates and significantly improved
locomotion [64], suggesting that the DAF-2 Insulin/Insulin-like growth
factor 1 signaling pathway could be a therapeutic target for ALS [65].
Later, Jablonski et al. identified RAD-23, a protein functional in auto-
phagy and DNA repair, as modifier in both mutant SOD1 and TDP-43
C. elegans models [66]. More specifically, depletion of RAD-23 resul-
ted in suppression of the locomotor phenotype, possibly mediated by the
stabilization of aggregation-prone proteins [66]. Of note, an automated
microfluidic-based screening platform for the monitoring of protein
aggregation in C. elegans was developed to aid in the identification of
pharmaceutical compounds specifically targeting aggregative pro-
pensities [67]. As the formation of aggregates is a common phenomenon
in the ALS pathology [68], this high-throughput and multifunctional
platform could be an interesting tool in ALS research [67].

2.1.3. TARDBP

Hyperphosphorylation, ubiquitination, truncation and aggregation
of TDP-43, the protein encoded by TARDBP, is a well-studied phenom-
enon in C. elegans. Illustrating this, loss of endogenous tdp-1, the
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C. elegans equivalent of TDP-43, attenuated toxicity of aggregation-
prone proteins, such as the C-terminal TDP-43 fragments [69].
Furthermore, phosphorylation of TDP-43 at serine residues 409/410
promoted the neurotoxic phenotype induced by overexpressing WT and
mutant TDP-43 in C. elegans [70]. Notably, C. elegans studies also
demonstrated that TDP-43 pathology is preceded by calcium upregula-
tion and is aggravated upon cellular stress induction, suggesting that the
stress response and regulation of intracellular calcium might be of
importance [71,72]. The TARDBP mutations A315T, M337V, Q331K
and G290A resulted in worse locomotion defects than WT over-
expression and, interestingly, led to highly phosphorylated TDP-43
deposited in distinctive cytoplasmic aggregates [70,73,74]. Multiple
therapeutic compounds, including different neuroleptic and antiepi-
leptic drugs, have been identified by chemical screens performed in
C. elegans [75-77]. As an illustration, a-methyl-a-phenylsuccinimide,
the active metabolite of the approved antiepileptic drug methsuximide,
ameliorated TDP-43 toxicity and, more specifically, reduced the number
of neuronal breaks and cell body losses in GABAergic motor neurons
[76].

2.1.4. FUS

Distinctive features of mutant FUS C. elegans models (i.e. R514G,
R521G, R522G and P525L) comprise cytoplasmic mislocalization, for-
mation of FUS aggregates, age-dependent motility defects, and paralysis
as well as impaired GABAergic neurotransmission [74,78,79]. Recently,
it was demonstrated that the FUS low-complexity domains drive phase
separation and the formation of aggregates in C. elegans [80]. Of note,
these aggregates were associated with the sequestration of important
regulatory RNA-binding proteins [80]. Moreover, Markert et al. used
innovative techniques to elucidate the impact of the FUS C-terminal
pathological form (FUS501) on motor neuron health [78]. In particular,
ultrastructural and electrophysiological approaches revealed reduced
transmission from motor neurons to muscle tissue, suggesting a role for
FUS in the organization of synaptic vesicles and neurotransmission [78].
In addition, the regulation of miRNA-mediated gene silencing was
discovered to be involved in the functionality of FUS as well, and genetic
analyses demonstrated that this function was well conserved for fust-1,
the C. elegans ortholog of FUS [81]. Using a chemical genetic screening
platform, Vaccaro et al. identified methylene blue as a potent modifier of
both mutant FUS and mutant TDP-43 toxicity [82]. Moreover, treatment
with methylene blue alleviated motor deficits and oxidative stress trig-
gered by ALS mutations in both C. elegans and zebrafish [82]. These
findings were validated in human cellular models in which methylene
blue inhibited TDP-43 aggregation [83].

2.1.5. Other ALS genes

The effect of two additional genes associated with ALS were tested in
C. elegans studies: the coil-helix-coiled-coil-helix domain containing protein
10 (CHCHD10), involved in oxidative phosphorylation, and the motor
protein-encoding dynactin 1 (DCTN1) [84-87]. First, shRNA-induced
knockdown of the DCTN1 C. elegans ortholog, dnc-1, resulted in loco-
motion defects, cholinergic neurodegeneration and disrupted axonal
transport [88]. Further support for the implication of this gene in ALS
was provided by the recent zebrafish study displaying functional
impairment of neuromuscular junctions and additional ALS-relevant
phenotypes upon dctnla depletion (see below) [89]. Next, Woo et al
showed that C. elegans modeling CHCHD10 loss-of-function mutations
gave rise to mitochondrial and synaptic defects, paralysis, reduced
survival and cytoplasmic TDP-43 accumulation, suggesting a link be-
tween mitochondrial and synaptic toxicity with TDP-43 pathology [90].
These findings were confirmed in mammalian cell lines, primary neu-
rons and mouse brains [90]. Finally, silencing of unc-13, the ortholog of
the recently identified ALS susceptibility gene UNCI13A, suppressed
motor neuron degeneration caused by mutant TDP-43 proteins in
C. elegans [91,92].
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2.2. Drosophila melanogaster

For more than a century now, fruit flies (Drosophila melanogaster)
have been widely used in biological research as a major model organism,
and have led to groundbreaking discoveries [93]. The advantages of
Drosophila are numerous, including a short lifespan and generation time,
allowing for fast progression of experimental work [94]. Moreover, fruit
flies are easy and cheap to maintain in the lab, and large-scale experi-
ments are favored since fruit flies can give rise to a large number of
genetically identical progeny [95]. Finally, the complete fly genome has
been sequenced, revealing that ~ 75% of human disease genes have a fly
ortholog [96], and striking structural similarities exist between human
and fly genes [97].

The tremendous amount of knowledge about Drosophila has led to
the development and availability of a large repertoire of genetic tools,
establishing flies as a prime model for ALS research and for the inves-
tigation of disease mechanisms of many ALS-associated genes (Table 2)
[98]. Transgenic flies can be easily generated by either random insertion
or, more importantly, by insertion of a human transgene in a ‘safe
harbour’, which allows to evaluate the effects of overexpressed genes on
a cellular and physiological level [99]. Moreover, RNA interference
(RNAI) lines are readily available in public stock repositories and can be
used to knock down specific ALS-related genes [99]. An extremely
efficient technology is the UAS-GAL4 system, allowing for expression or
knockdown of a gene in specific cell types [100,101], as well as CRISPR/
Cas9 technology, for functional gene inactivation [102]. These tech-
nologies have led to the creation of multiple ALS-related Drosophila
models, some of which are mentioned below (Table 2).

2.2.1. C90RF72

Mechanisms of toxicity induced by the GGGGCC hexanucleotide
repeat expansion in C9ORF72 are being extensively studied in
Drosophila, and as there is no known C9ORF72 ortholog in flies, mainly
the gain-of-function mechanisms are under investigation [103-105].
Hence, multiple transgenic flies have been generated showing expres-
sion of the expanded repeat and the presence of DPRs [106,107].
Interestingly, studies in Drosophila identified a direct relationship be-
tween the presence of hexanucleotide repeats and the TDP-43 protein-
opathy, showing that the presence of these repeats could cause
cytoplasmic TDP-43 mislocalization in salivary gland cells [108]. In
addition, C9 ALS Drosophila models revealed that accumulated cyto-
plasmic TDP-43 caused Karyopherin pathology, including cytoplasmic
mislocalization of Karyopherin-alpha (KPNA), thus relating C9 ALS to
nucleocytoplasmic transport deficits [100,107,108]. Moreover, DPRs
encoded by the C9ORF72 expanded gene, were shown to directly bind to
Nucleoporins in a C9 ALS Drosophila model [109], and knockdown of
Karyopherin-alpha3 in flies enhanced DPR toxicity [110]. The C9-
induced TDP-43 pathology, as well as the KPNA pathology were
confirmed in post-mortem material from C9 ALS patients [100,111],
suggesting that nucleocytoplasmic transport could be an interesting
therapeutic target in ALS. Recently, a novel mechanism was identified
using flies, suggesting a link between expression of the repeats of
C90RF72 and tau accumulation [112]. It was demonstrated that
downregulation of the Drosophila tau ortholog (dtau) rescued motor
impairment and increased the lifespan of the C9 flies. Neuro-
degeneration in C9ORF72 repeat-expressing flies was rescued as well. It
was also discovered that the presence of expanded repeats increased tau
accumulation and promoted pathology [112]. Of note, polyglutamine
repeat expansions seem to play a role in the pathophysiology of ALS,
since ATXN1 repeat expansions have been found to confer a risk for ALS,
and cause cytoplasmic mislocalization of TDP-43 in a C9 ALS Drosophila
model [113]. Moreover, a recent study found that arginine-rich DPRs
reduced the number of Golgi outposts and dendritic branches in the fly
neurons [114]. Last but not least, arginine-rich DPRs have been found to
interact with ribosomal proteins, which led to translation inhibition, an
event rescued upon expression of the eukaryotic translation initiation
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factor 1A (eIF1A) [115]. Altogether, findings in C9 ALS Drosophila
models suggest that toxicity is especially linked to the expression of the
arginine-rich DPRs, and not the other DPRs or hexanucleotide repeat
RNA [106,114,115].

2.2.2. SOD1

In Drosophila, many attempts have been made to study SOD1 loss-
and gain-of-function. For instance, SOD1 null mutation resulted in
infertility of adult flies and reduced lifespan [116]. Overexpression of
human SOD1 in adult motor neurons of Drosophila, did not only rescue
the lifespan of a Sod null mutant, but also extended the normal lifespan
of flies by up to 40% [117], suggesting that enhancement of the reactive
oxygen metabolism can have beneficial results in fly aging and lifespan.
Moreover, ubiquitous expression of SOD1 extended lifespan, but did not
forestall age-related locomotor impairments (ARLI) in flies, whereas
ubiquitous SOD1 knockdown accelerated ARLI and shortened lifespan
[118]. These general effects of SOD1 expression compromised signifi-
cantly the use of Drosophila as a model to study the effect of SOD1
mutations. There are a few exceptions. One study showed that expres-
sion of WT or mutant human SOD1 (A4V and G85R) in fly motor neurons
caused climbing deficits in flies, progressing over time [119]. Moreover,
defects were observed in the neural circuit accompanied by a stress-
response in glial cells and focal accumulation of SOD1 in the motor
neurons [119]. Another study used homologous recombination to
genetically engineer four human SOD1 mutations (G85R, H71Y, H48R
and G37R) in the endogenous fly SOD1 (dsod), and analyzed behavioral
and biochemical phenotypes. Homozygous G85R, H71Y and H48R
mutations resulted in reduced survival, eclosion defects, as well as larval
and adult locomotor deficits due to axonal retraction from muscle, an
important characteristic of ALS [120].

2.2.3. TARDBP

Mutations in the TARDBP gene have been identified in a subset of
ALS patients. However, nuclear loss and cytoplasmic accumulation of
TDP-43, is a pathological hallmark of ALS in general [10]. The TDP-43
fly ortholog is called trans-active response DNA-binding protein homo-
logue (TBPH), and has been widely studied [121]. TBPH deletion caused
lethality in larvae and reduction in the levels of histone deacetylase 6
(HDACS®), a cytoplasmic regulator of protein aggregation and degrada-
tion [122]. Moreover, inhibition of HDACI, a crucial transcriptional
regulator, ameliorated the WT or mutant TDP-43-induced toxicity in
flies and cells [123]. Of note, hypomorphic TBPH alleles caused loco-
motor deficits and reduction in the flies’ lifespan, mainly attributed to
neuromuscular junction (NMJ) perturbations in the larval stage
[124,125]. Diaper et al. discovered that TDP-43 pathology led to im-
pairments of pre-synaptic transmission and defective motor control, as
TBPH loss- or gain-of-function resulted in affected pre-synaptic efficacy
in larvae and loss of neurons mediating motor functions in adults [126].
Recently, TDP-43 was found to promote neuromuscular synapse for-
mation in flies by regulating expression of Disc-large (DIg), an obser-
vation that was validated in iPSC-derived motor neurons from patients
[127]. A particularly useful experimental technique to understand the
level of neurodegeneration and toxicity induced after expression of a
gene, is expression in the fly eyes using the GMR-gal4 driver [128].
Transgenic Drosophila selectively expressing human WT TDP-43 in the
eye presented with notable ommatidia loss and neurodegeneration
[128]. Furthermore, expression of hTDP-43 in motor neurons caused
remarkable loss of axons and neuronal death [128]. In another TDP-43
fly model, the splicing factors SF2, Sf3b1 and Rbp1, were identified as
modulators of TDP-43 production through autoregulation, establishing
the TDP-43 autoregulatory system as a novel potential therapeutic target
[129]. Due to the large heterogeneity that characterizes ALS, genetic
modifiers have been suggested to play a crucial role in disease
[130,1311, and Drosophila is an ideal model to investigate this. In line
with this, heterogeneous nuclear ribonucleoproteins (hnRNPs) were
identified as modifiers of TDP-43 pathology in flies, which was also
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confirmed in human neuronal cells [132]. Ataxin-2 was also identified
as a modifier of TDP-43 toxicity in Drosophila, as the severe degenerative
phenotype in the fly eye caused by TDP-43 expression was rescued by
ataxin-2 null mutation and was further enhanced by ataxin-2 upregu-
lation [133]. These results in flies seem to relate to the human situation,
as ataxin 2 cytoplasmic inclusions were observed in ALS spinal neurons
[133] and intermediate expansions in ataxin 2 conferred an increased
susceptibility to ALS [134,135]. Finally, TDP-43 was shown to regulate
stathmin-2 expression in human cells and tissues, and loss of stathmin-2
has been identified as a hallmark of TDP-43 pathology in flies as well
[136]. Overall, there is no consistent evidence that the TDP-43 effects
are mutant-specific, since expression of either WT or mutant TDP-43
often leads to ALS-related phenotypes in flies [128,137]. However,
advanced techniques for fly work are constantly emerging, such as the
recent optogenetic models of TDP-43 that were created [138]. More-
over, available engineering tools allow for targeted replacement of
endogenous TBPH by the hTDP-43 gene (WT and mutant). As such, the
issue of overexpression phenotypes in flies can be overcome by
expressing the gene in normal levels under the native promoter [139].

2.2.4. FUS

FUS is structurally and functionally related to TDP-43 and common
pathological mechanisms were suggested [140]. Similar to TDP-43, the
FUS gene also regulated transmission in the NMJ of Drosophila
[141,142] and deficits in synaptic transmission preceded the degener-
ation and loss of motor neurons [143]. The nucleocytoplasmic transport
proteins Exportin-1 (XPO1) and Nucleoporin 154 were identified as
modifiers of FUS toxicity, as their downregulation prevented FUS-
induced toxicity and rescued the apoptosis of neurons in the ventral
nerve cord [144]. Similarly, muscleblind has been identified as a mod-
ifier of FUS-mediated neurodegeneration in flies, where it regulates the
mislocalization of mutant FUS in the cytoplasm and its accumulation
into stress granules [145]. In addition, the molecular interactions of FUS
domains can also be studied in flies. The prion-like N-terminal domain of
FUS together with the C-terminal arginine-rich domains act synergisti-
cally to mediate FUS aggregation and maturation in stress granules
[146]. Several unbiased genome-wide screens were performed using
Drosophila models of FUS. In particular, several genes were identified as
modifiers of both FUS-R521C and TDP-43-M337V fly models, suggesting
that the phospholipase D pathway is an important mechanistic player in
FUS and TDP-43 pathology, an argument further corroborated by mouse
and human studies [147]. Unraveling a role of FUS in autophagy,
Marrone and colleagues found that enhancement of autophagy reduced
cytoplasmic FUS, restored homeostasis of RNA-binding proteins and
rescued motor function in flies [148].

2.2.5. Other ALS genes

Fly models also exist for other ALS-associated genes, such as Valosin-
Containing Protein (VCP), coding for a protein involved in proteasomal
degradation [149]. Expression of human VCP rescued deficits induced
after loss of fly VCP, connecting autophagy and lysosomal dysfunction to
VCP-related disorders [150]. TBPH was also found to interact with VCP
and to suppress VCP-induced degeneration in flies [151]. Moreover,
mutation in Senataxin (SETX), a gene with RNA helicase activity, can
cause a dominant form of ALS, called ALS4 [152]. An ALS4 Drosophila
model showed that NMJ integrity and plasticity were modulated by
SETX through the TGFp pathway, paving the way towards a better un-
derstanding of this type of disease and to the development of novel
therapeutic approaches [152]. ALS8, caused by a mutation in VAPB was
modelled in flies as well [153]. Expression of the mutation dVAP33A led
to impediment of BMP signaling pathways at the level of the NMJ, hence
identifying a novel mechanism underlying ALS8 pathology [153]. More
recently, a mechanistic interplay between SOD1, ROS and the mTOR
pathway was found to regulate VAPB aggregation in a novel ALS8 fly
model [154] and VAPB was also found to interact with Eph receptors
[155].
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2.3. Danio rerio

Over the last decade, the zebrafish (Danio rerio) has significantly
gained popularity in biomedical research [156,157]. Next to being a
vertebrate, its assets of translucency, ease of genetic manipulation and
fast reproduction rate enable rapid screening of ALS disease-related
genes [157,158]. Moreover, the ~70% homology between the human
and zebrafish genome, and the fact that more than 80% of disease-
relevant genes has at least one zebrafish ortholog, renders the use of
this small animal model appealing for genetic ALS studies [157,158].

Moreover, the expanding variety of genetic strategies in zebrafish
increases the possibilities for testing ALS hypotheses. In zebrafish, the
genetic manipulation of a specific gene can be achieved in a transient or
stable manner (Table 3) [159-162]. On one hand, morpholino-mediated
knockdown or microinjection of DNA and RNA in zebrafish oocytes
yields a short-term overexpression or downregulation, which allows fast
genetic screenings [159,160]. On the other hand, (stable) transgenic
zebrafish models can be created by chemical mutagenesis (e.g. ENU) or
emerging targeted genetic manipulations, such as CRISPR/Cas9 and
transposon-mediated BAC transgenesis [163-165]. These approaches
have led to the generation of numerous zebrafish models presenting with
ALS-relevant phenotypes (Fig. 1). Excitingly, many of these established
models are currently being used for therapeutic compound screenings
(see infra) [166].

2.3.1. C9ORF72

Similar to C. elegans and Drosophila, Danio rerio models were used to
investigate the three possible C9 ALS-causing mechanisms (i.e.
C90RF72 loss-of-function, RNA toxicity and DPR toxicity). Interest-
ingly, these zebrafish studies generally led to a patient-relevant neuro-
degenerative and motor phenotype. In particular, morpholino-mediated
CI90RF72 knockdown [167] or the introduction of arginine-rich DPRs in
zebrafish embryos [168,169] yielded a decreased length of ventral root
projections (e.g. primary motor neuron axons) and behavioral abnor-
malities, including reduced swimming distance, lower average velocity
and compromised overall mobility, measured in a touch-evoked escape
response assay (TEER) [167-170]. Moreover, the relevance of pure RNA
toxicity, without the interference of DPR toxicity, was demonstrated by
the presence of an ALS-relevant axonal phenotype upon micro-injection
of hexanucleotide repeat RNA in zebrafish oocytes [170], which is in
contrast to findings in Drosophila [106]. Also interesting, the cardinal C9
ALS pathological hallmarks, including RNA foci and repeat-associated
non-ATG (RAN)-translated DPR species were detected in zebrafish
models [169-171], while TDP-43 pathology was absent or, in some
models, not assessed [167,172]. To elucidate potential synergistic ef-
fects of different ALS-related genes, Ciura et al. showed that the toxicity
caused by C9ORF72 silencing was increased in the presence of ATXN2
with intermediate repeat lengths [173]. It is clear that the identification
of disease modifiers in these models represents a promising path towards
the development of novel therapeutic targets. For example, the RNA
metabolism-regulator ELP3 and the RNA-binding protein Pur-alpha
were found to rescue the axonal phenotype in the zebrafish model
specific for RNA toxicity [170,174]. Additionally, chemical screens
revealed C9ORF72 DPR toxicity-limiting compounds, which were
shown to alleviate nucleolar stress induced by poly-PR and to restore
nucleolus-related functions, including mRNA splicing and translation
[175].

2.3.2. SOD1

Of the more than 150 identified missense mutations in the first
discovered ALS-causative gene SOD1 [58,59], at least four have been
modeled in zebrafish in a transient and/or stable manner: G93A, G37R,
A4V and T70I [176-179]. All these mutations are believed to cause a
gain-of-function, resulting in toxic proteins, mitochondrial dysfunction
and/or ER stress. The T70I point mutation, induced by TILLING chem-
ical mutagenesis, provides mutant sod1 proteins at physiological levels
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Table 2

Overview of genetic models in Drosophila melanogaster. Studies modeling ALS-disease related genes C9ORF72, SOD1, TARDBP, FUS and others in fruit flies.
The specific approach for genetic manipulation is summarized for each model. Cellular pathological hallmarks and, when present, motor phenotypes (i.e.
climbing and crawling defects), neurodegenerative (i.e. motor neuron loss) and other phenotypes (e.g. reduced survival, eye degeneration) are indicated.
Legend: orange: present or affected; green: not present or not affected. Abbreviations: KD, knockdown; MN, motor neuron; SG, salivary glands; CNS, central
nervous system; NMJ, neuromuscular junction; VNC, ventral nerve cord; CCAP, crustacean cardioactive peptide, AG, anterior ganglia.
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in zebrafish [179]. This is advantageous and more patient-relevant,
especially compared to the overexpression levels in rodents and other
zebrafish models. Overall, the majority of the SOD1 zebrafish models
showed both behavioral and structural deficits comparable to the C9
ALS zebrafish phenotypes [176-180]. Moreover, characteristic for these
models, and analogous to patients, are the abnormal formation of
neuromuscular junctions, sensitivity to oxidative stress and dysfunc-
tional mitochondria [177-180]. It was discovered that, in addition to
rescuing the C9 ALS zebrafish model, ELP3 had neuroprotective effects
on the mutant SOD1-A4V zebrafish model as well [174]. Furthermore,
genetic and pharmacological downregulation of EphA4, a receptor in
the ephrin axonal guidance system, showed beneficial effects in SOD1
zebrafish bearing the mutations A4V, G93A or G37R, which was also
confirmed in rodent models and patient samples [181]. A class of neu-
roleptics, identified in a C. elegans library screen, stabilized neuromus-
cular transmission, alleviated motility defects and prolonged survival in
SOD1 transgenic zebrafish models, as well as in TDP-43 and FUS
transgenic zebrafish models [75]. Additionally, a chemical screen
identified the small molecule, TRVA242, which significantly improved
defects in SOD1, but also in C9ORF72 and TDP-43 zebrafish models
[182]. Interestingly, TRVA242 also stabilized deficits in a SOD1-G37R
mouse model. Altogether, these interesting pharmacological findings
increase the relevance of the zebrafish as an alternative animal model, as
zebrafish data can be extrapolated to rodent models. This was further
corroborated by a study showing that Riluzole alleviated the motor
phenotype in mutant SOD1-G37R zebrafish embryos [183].

2.3.3. TARDBP

Both gain- and loss-of-function mechanisms are believed to play a
role in TDP-43-related ALS [184-187]. However, to what extent each
mechanism contributes to the disease is still unclear. In zebrafish, two
orthologs for the human TARDBP were identified, i.e. tardbp and tardbpl
[188]. Introducing TARDBP point mutations (i.e. A315T, G348C,
A382T) or knocking down zebrafish tardbp resulted in similar swim-
ming and degenerative phenotypes [189], reinforcing the possibility of
synergistic mechanisms to be at play in TDP-43 ALS patients. Moreover,
depleting both tardbp and tardbpl simultaneously caused a harsher
zebrafish phenotype, comprising weight loss, reduced survival and
muscle atrophy on top of the swimming and motor deficits, which were
already present upon a tardbp-only KO [188,190,191]. Recently,
zebrafish experiments showed that neurofilament splicing, essential for
proper axonal transport and overall motor neuron health, was regulated
by TDP-43, suggesting that both factors might be biologically and
pathologically associated [192]. Further substantiation of zebrafish
transgenic lines as assets for the investigation of TDP-43 ALS was found
by performing comparative sequencing analyses. In particular, tran-
scriptomic changes found in the G348C zebrafish model, were in line
with transcriptomic data obtained from TDP-43 knock-in mouse models
[187,193].

2.3.4. FUS

As mentioned before, the RNA-binding proteins TDP-43 and FUS
have similar functions in RNA metabolism, suggesting that they could be
involved in similar pathogenic mechanisms [194,195]. This idea was
corroborated upon modeling both mutant FUS overexpression (i.e. gain-
of-function) and depletion of endogenous fus (i.e. loss-of-function),
which were in first instance similar to findings in the TDP-43 zebra-
fish models and also corresponded to aspects of the clinical and patho-
logical presentation of ALS patients [196,197]. The FUS mutations
(P525L, H517Q, R521G, R495X and G515X) in zebrafish overexpression
models resulted in cytoplasmic mislocalization of the FUS protein
[198,199]. The extent of mislocalization correlated with the clinical
severity of the mutation in patients and was in some cases triggered
upon heat shock [199]. Additionally, zebrafish overexpressing the
human FUS mutant R521H or zebrafish depleted from endogenous fus
showed both behavioral defects, decreased axonal length and

Neuroscience Letters 759 (2021) 136041

abnormally branched axons. Apart from the thorough investigation of
single disease-relevant genes, combinatorial effects of multiple ALS-
related genes were analyzed as well. To illustrate this in the context of
FUS, mutant SOD1 exacerbated the ALS phenotype when co-expressed
with mutant FUS [196]. Moreover, the motor phenotype in zebrafish
embryos caused by knockdown of tardbp was rescued upon over-
expression of WT FUS, suggesting a common pathogenic pathway for
these RNA-binding proteins [196]. Evidence for this association was also
found in Drosophila and in iPSC-derived cellular models, which could
further support the validity of zebrafish models in the context of ALS
[200,201].

2.3.5. Other ALS genes

Models of less frequently occurring ALS-related genes have also been
established. For example, the depletion of dynactin, a cofactor of the
motor protein dynein, [89] and the endoplasmic reticulum ATPase VCP
[202] resulted in ALS-associated phenotypes, including touch-evoked
escape response deficits, axonal abnormalities and impairments of
autophagy and neuromuscular junctions. The link between ALS and
several other proteins implicated in the cytoskeleton formation and
maintenance, such as the motor proteins KIF5A and KIF1Bg, is currently
being investigated in zebrafish [203,204]. This suggests that also axonal
transport and protein homeostasis might play a crucial role in the ALS
pathogenesis.

3. To be, or not to be alternative, that is the question

Several ALS studies suggest that not one, but a combination of
multiple genetic variations and/or disease modifying factors could at
least partially explain the lack of correlation between phenotypes in
disease models and clinical observations [4,205]. Moreover, this helps
to explain the diversity between patients, even those with the same
genetic mutation [5]. Hence, combining several causative genes into a
single model organism might be necessary to recapitulate better the
human situation. This oligogenicity makes ALS modeling a difficult task.
Especially in rodents, this is challenging. The lack of oligogenic models
could be part of the reason why many treatments, effective in monogenic
mouse models, failed to show benefit in patient studies [206]. Never-
theless, preclinical studies are necessary to provide directions for guid-
ing patient trials. Rodent models fulfill this critical role to a reasonable
extent.

On the other hand, the small-animal models described in this review
seem to be very valuable to identify modifying factors in ALS. Large
unbiased genetic screens already identified new ALS-related modifiers
that could help to explain the heterogeneity and to dissect new patho-
genic mechanisms [52,66]. A large repertoire of innovative tools is
currently available to maximally exploit the capabilities of these small
animal models. Automated high-throughput screening platforms are
gaining in popularity, which is especially the case for studies using
C. elegans [67]. In comparison to other models, flies have a complex
enough brain to be relevant, but a small enough nervous system
compared to rodents, to allow for easy and thorough analysis [207]. In
flies, the ease of genetic manipulation and the state-of-the-art in vivo
imaging techniques which have been developed during the last decade
are a powerful research tool [208]. In zebrafish, emerging metabolomics
tools [209], reversible optogenetic models [210], in vivo live imaging
measuring nucleocytoplasmic transport [211], axonal transport [212]
and excitatory postsynaptic potentials (EPSCs) using whole-cell patch
clamp recordings [213] provided new insights into the pathogenesis of
ALS. Overall, better insights into modifying factors, into disease path-
ways and into causative genes from several multicellular models is of
utmost importance. Especially because of ethical reasons and the fast
experimental turnover, small animal models can accomplish a large part
of this requisite.

Nevertheless, several limiting factors indicate that Danio rerio,
Drosophila melanogaster and C. elegans are not irrefutable as models for
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Table 3

Overview of genetic models in Danio rerio. Studies modeling ALS-disease related genes COORF72, SOD1, TARDBP, FUS and others in zebrafish. The specific approach
and transient or stable genetic manipulation technique are summarized for each model. Cellular pathological hallmarks and, when present, motor phenotype (i.e.
swimming defects), neurodegenerative (i.e. axonal deficits) and other phenotypes (e.g. reduced survival) are indicated. Legend: orange, present or affected; green, not
present or not affected. Abbreviations: MO, morpholino; KD, knockdown; KO, knockout; Arg, arginine; MN, motor neuron; NMJ, neuromuscular junction. (*) TILLING
mutagenesis, targeting induced local lesions in genomes. (**) ZFN mutagenesis, zinc finger nucleases. (***) ENU mutagenesis, N-ethyl-N-nitroso-ureum.
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ALS. First, the whole-genome duplication that occurred in the zebrafish
lineage especially complicates the modeling of gene silencing, as one
human gene could have multiple orthologs in zebrafish (e.g. tardbp and
tardbpl). Second, even though the zebrafish is the only vertebrate
reviewed here, and thereby, has the highest complexity, its distinctive
physiology and environmental conditions compared to humans still
need to be taken into consideration. Third, Drosophila may lack ortho-
logs for some important genes to be studied, i.e COORF72. Nevertheless,
this problem can be overcome by integration and expression of the
human genes. In support of this, key biological pathways were discov-
ered in fly models, and later validated in iPSC-motor neurons and mice,
suggesting that flies are an important and reliable model [110,214].
Finally, C. elegans nematodes have a simple body plan and lack multiple
organs compared to humans, which also impedes the direct translation
of findings to ALS patients.

Altogether, studies using small animal models do not replace rodent
studies. Nevertheless, they can diminish the number of rodents needed.
More specifically, small animal models can act as multi-systemic plat-
forms providing promising candidates and directions that can be sub-
sequently tested in other model systems and could lead to the discovery
of new therapeutic targets for ALS.

4. Conclusion

Summarizing the last decades of ALS research highlights the large
amount of available animal models, with C. elegans, Drosophila mela-
nogaster, zebrafish (Danio rerio) and rodents being the best-established
ones. The majority of these models recapitulate some aspects of the
pathology seen in patients, including cytoplasmic accumulation of
disease-associated proteins and neuronal loss. Nevertheless, the trans-
lation of findings observed in these models to the clinic is not straight-
forward. In particular, many therapies effective in rodent-based studies
have subsequently failed in clinical trials, which might be partially due
to the heterogeneity typical for ALS. However, great advances have been
made, and in particular small animal models constitute a powerful
additional tool for the dissection of pathogenic mechanisms involved in
ALS, as well as for the investigation of disease modifiers. The further
implementation of these small animal models will certainly help to in-
crease our understanding of the mechanisms associated with disease-
associated genes and they could establish a platform to discover new
treatment options for ALS patients.
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