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Abstract

Neurodegenerative diseases (NDs) are a heterogeneous group of aging-associated disorders
characterized by the disruption of cellular proteostasis machinery and the misfolding of distinct
protein species to form toxic aggregates in neurons. The increasing prevalence of NDs represents a
growing healthcare burden worldwide, a concern compounded by the fact that few, if any,
treatments exist to target the underlying cause of these diseases. Consequently, the application of a
high-throughput, physiologically relevant model system to studies dissecting the molecular
mechanisms governing ND pathology is crucial for identifying novel avenues for the development
of targeted therapeutics. The nematode Caenorhabditis elegans (C. elegans) has emerged as a
powerful tool for the study of disease mechanisms due to its ease of genetic manipulation and
swift cultivation, while providing a whole-animal system amendable to numerous molecular and
biochemical techniques. To date, numerous C. elegans models have been generated for a variety of
NDs, allowing for the large-scale /n vivo study of protein-conformation disorders. Furthermore,
the comparatively low barriers to entry in the development of transgenic worm models have
facilitated the modeling of rare or “orphan” NDs, thereby providing unparalleled insight into the
shared mechanisms underlying these pathologies. In this review, we summarize findings from a
comprehensive collection of C. elegans neurodegenerative disease models of varying prevalence to
emphasize shared mechanisms of proteotoxicity, and highlight the utility of these models in
elucidating the molecular basis of ND pathologies.

1. Introduction

Aging is a universal and highly-conserved process that results in the accumulation of
physiological damage over time and increasing incidences of disease-associated
complications. As advancements in medical technology have afforded a drastic increase in
the average human lifespan, a proper mechanistic understanding of aging-associated
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diseases represents a crucial area of discovery that is necessary for addressing the growing
burden of our aging population. Of particular concern are neurodegenerative diseases (NDs),
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS), among others. Despite increasing incidence of NDs in the general
population, treatments for the majority of these disorders remain elusive due to several
factors. First is their diverse etiologies — while some NDs, such as Huntington’s disease
(HD) and spinocerebellar ataxias (SCAS) are genetic in their origin, the vast majority of NDs
have no clear singular cause. NDs are also heterogenous in their physical manifestations,
ranging from impairment in memory and cognitive processes to progressive interference in
motor functions [2]. Furthermore, symptom onset may vary drastically between individuals
afflicted by the same ND — for example, cases of ALS may first present with either limb-
onset or bulbar-onset symptoms, which differentially predict disease course and survival
outcomes [3].

Despite these seemingly vast differences in pathogenicity, NDs are uniquely characterized
by a shared hallmark of misfolded protein species, leading to aggregation and deposition of
large, misfolded protein aggregates. Due to this defining feature, these NDs are often
referred to as “proteinopathies”. Examples of ND-associated proteins discussed here include
amyloid-beta (Ap), tau, huntingtin (Htt), superoxide dismutase (SOD-1), alpha-synuclein
(a-syn), and prion protein (PrPSE), among others. In affected cells, the misfolding of theses
protein species are thought to induce “gain-of-function” toxicity characterized by failed or
improper protein trafficking, premature degradation, or activation of cell stress responses
[4-6]. Despite comprehensive knowledge of protein species implicated in NDs, and the
identification of patient mutations leading to enhanced susceptibility to aggregation, our
understanding of how to harness this knowledge in the context of disease-modifying
therapies remains limited. Consequently, research probing the molecular mechanisms
underlying aggregation of these toxic species /in vivo requires a robust and highly
manipulatable model system.

In this review, we provide a comprehensive overview of findings from currently available C.
elegans models of common neurodegenerative proteinopathies, such as AD, PD, HD, and
ALS, and touch on models of lesser-known NDs, such as Machado-Joseph disease (MJD),
prion diseases, and various tauopathies. We further highlight how key mechanistic findings
from these models have shed light on how highly conserved longevity pathways and shared
protein aggregation hallmarks influence proteotoxicity across the compendium of NDs.

1.1. Caenorhabditis elegans as a model organism for the study of protein misfolding

diseases

The nematode Caenorhabditis elegans (C. elegans) was first introduced by Sydney Brenner
in the mid-1960s as a model organism to study development and neurobiology [1]. Two of
his earlier postdoctoral fellows, John E. Sulston and H. Robert Horvitz,went on to use C.
elegansto elucidate the fundamental regulation of cell growth and controlled cell death. For
their discoveries, Brenner, Sulston, and Horvitz were awarded the 2002 Nobel Prize in
Physiology. Nowadays, C. efegans is used to study a vast array of biological processes,
including apoptosis, gene regulation, cell metabolism, cell fate regulation, embryogenesis,
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stress signaling, and aging [7]. As a model organism, the worm provides numerous
advantages. It is remarkably simple to culture in the laboratory on a diet of £. coli, and
rapidly develops within 3 days post-hatching into fertile adult animals at 20°C. A single
adult self-fertilizing hermaphrodite can produce approximately 300 offspring, rendering it
amendable to the large-scale growth of thousands of animals for high-throughput screening
[8]. Furthermore, C. elegans is transparent, and expression of fluorescent transgenes readily
allows for the live study of cellular processes. In the context of disease research, the worm is
highly amenable to genetic manipulation and features extensive sequence homology with
mammalian genes, making it a valuable system for studying human disease [9]. Both RNA
interference (RNAI) [10] and clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 technology [11] are well established in C. elegans, enabling the use of
knock-down (RNA.), knock-out, and knock-in approaches (both CRISPR/Cas9) to study the
role of individual genes and gene clusters. More recently, C. elegans became the first
organism to have every neuron and its” connections — termed “connectome” — mapped [12].
The sum of these features renders C. elegans an ideal model organism for probing the
molecular basis of protein aggregation in NDs. Maps of transgene expression in C. elegans
for each of the NDs discussed here are shown in Fig. 1, and a comprehensive summary of
these models is listed in Table 1.

1.1.1. Polyglutamine expansion disease models—Polyglutamine (polyQ) repeat
expansion diseases are a group of at least 9 inherited neurodegenerative disorders, including
Huntington’s disease (HD), spinal and bulbar muscular atrophy (SBMA),
dentatorubropallidoluysian atrophy (DRPLA), and six forms of spinocerebellar ataxia
(SCAL, 2, 3, 6, 7, and 17) [13]. The molecular basis of these pathologies lies in the aberrant
expansion of CAG codon repeats, which encode the amino acid glutamine (Q), in distinct,
yet unrelated proteins. In healthy individuals, polyQ tracts are around 35-50 repeats,
depending on the affected protein. However, in those carrying a polyQ mutation, the
resulting mutant protein may contain more than 40 repeats, reaching over 100 Qs in length
in some conditions [14].

1.1.2. Generic polyglutamine (polyQ) models—A popular approach to modeling
CAG repeat diseases in C. elegans is to fuse plain polyQ repeats to a fluorescent reporter
protein. Given that expanded polyQ tracts alone are sufficient to recapitulate many of the
hallmarks of polyglutamine aggregation, the majority of described models are limited to
expression of the polyQ tract without inclusion of additional protein sequence context [15].
A 2000 study reported the characterization of transgenic C. elegans expressing polyQ tracts
of physiological (Q19) or pathological (Q82) lengths fused to GFP or CFP fluorescent
proteins in body-wall muscle cells [16]. In agreement with other models of polyQ expression
in neurons, expression of Q82, but not Q19 led to the formation of discrete aggregates,
demonstrating that the length-dependent toxicity of polyQ proteins can be recapitulated in C.
elegans models through expression in non-neuronal cell types. Using these models, Satyal et
al. found that 1) the expression of toxic polyQ repeats altered the global proteostasis
environment of the cell, 2) Q82 expression sequestered non-toxic Q19 into aggregates, and
3) Q82 accumulation induced mislocalization of the nuclear protein HRP1 to the cytosol.
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To investigate the molecular mechanisms underlying polyQ aggregation at near-threshold
lengths, Morley et al. generated C. elegans lines in which polyQ tracts of varying lengths
(Q0, Q19, Q29, Q33, Q35, Q40, Q44, Q64, Q82) fused to YFP were expressed in body wall
muscle cells [17]. Young adult (day 3-4) animals expressing polyQ::YFP transgenes with 35
or fewer Qs showed diffuse distribution of the protein, while those longer than Q40
exhibited distinct puncta characteristic of protein aggregates. Q40-expressing animals
showed a heterogenous distribution of diffuse fluorescence alongside foci. Expression of
Q82::YFP resulted in an approximately 10-fold reduction in motility compared to control
animals, while Q40::YFP worms demonstrated an intermediate phenotype with high
variability. As worms aged, an inverse relationship between increasing aggregate numbers
and decreasing motility emerged, and near-threshold animals (e.g. Q35::YFP) showed
marked aggregate accumulation at 4-5 days of age, suggesting that the threshold for polyQ
toxicity is dynamic and modulated by factors such as organismal age. Furthermore, animals
expressing Q82 in an age-1(hx5476) longevity-enhanced mutant background showed a stark
reduction of aggregate formation in embryos compared to Q82 in the wild-type background,
with decreases in aggregation of 30-50% during larval stages. This trend of reduced
phenotypic severity continued until days 4-5 of adulthood, indicating that lifespan-
enhancing mutations may delay in the onset of polyQ toxicity.

Brignull et al., generated complementary strains with pan-neuronal expression of a range of
polyQ proteins fused to either YFP or CFP (cyan fluorescent protein) [18]. Here, Q19
worms showed diffuse polyQ expression, while Q86 animals exhibited discrete aggregates
as early as the first larval stage, as confirmed via fluorescence recovery after photobleaching
(FRAP). Neuronal polyQ expression recapitulated Q-length-dependent threshold toxicity, in
accordance with aggregation properties observed in body-wall muscle strains. Forster
resonance energy transfer (FRET) followed by FRAP further revealed the presence of two
distinct, dynamic populations of diffuse or aggregated Q40. Taken together, these data
characterized polyQ dynamics in an /in vivo, pan-neuronal setting and established FRAP and
FRET as complementary techniques to garner information on the biophysical properties
protein aggregates in a living system.

1.1.3. Huntington’s disease (HD) models—Huntington’s disease (HD) is the most
common polyglutamine expansion disease, with a prevalence of approximately 1 in 10,000
individuals in the United States and Europe [19]. At the molecular level, HD is caused by an
autosomal dominant mutation leading to a polyQ expansion in exon 1 of the huntingtin (Htt)
protein. Molecular genetics analyses of HD patients indicate that manifestation of the
disease occurs with more than 35-40 CAG repeats, and a strong inverse correlation between
repeat length and age-of-onset has been well documented [20,21]. Disease onset usually
occurs between 30 and 50 years of age, often beginning with physical symptoms manifesting
as jerky, random, and uncontrollable movements, termed “chorea” [22]. As the disease
progresses, patients experience worsening motor symptoms, as well as decreases in
cognitive performance and neuropsychiatric changes.

The first transgenic C. elegans model of huntingtin toxicity was described in 1999, in which
an N-terminal huntingtin fragment containing varying Q lengths (Q2, 23, 95, 150) was
expressed in nematode ASH chemosensory neurons [23]. ASH neurons expressing Htn-
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Q150 demonstrated progressive degeneration and accumulation of aggregates. These
findings were further validated by a later independent study utilizing C. efegans expressing
N-terminal huntingtin with either physiological (Q19) or expanded (Q88 or Q128) Qs in
mechanosensory neurons [24]. Here, polyQ toxicity was length-dependent such that Q128
animals demonstrated a significant mechanosensory defective phenotype at the tail,
accompanied by aggregated polyQ deposits and morphological abnormalities.

The C. elegans model expressing Htn-Q150 in ASH neurons was later utilized in both
chemical mutagenesis screens for mutations enhancing neuronal degeneration [25], and in a
small-molecule screens to identify pharmacological suppressors of neuronal death [26]. The
mutagenesis screen identified a loss-of-function mutation in a gene designated polyQ
enhancer-1 (pge-1). Loss of functional pge-1 in Htn-Q150 animals, but not in those
expressing physiological Q tract lengths (Htn-Q2, Htn-Q23), significantly accelerated
degeneration and death of ASH neurons, without any other overt phenotypes. The
pharmacological screen identified rotenone, an inhibitor of complex | of the mitochondrial
electron transport chain, as a strong dose-dependent suppressor of ASH neuronal loss in
Htn-Q150-expressing animals. Rotenone further mitigated ASH neuron death in L1 larval
nematodes, validating its utility independent of effects on growth or development [26].

A more recent HD model strain expresses a Htt513(Q15, Q128):YFP transgene in body wall
muscle cells [15]. The N-terminus of Htt is cleaved by caspase-3 at amino acid position 513
(Htt513) [27]. The resulting fragment, which contains the expanded polyQ repeat domain, is
proposed to trigger neuronal death through initiation of an apoptotic pathway [28,29]. In C.
elegans, muscular expression recapitulates the length-dependent toxicity associated with
polyQ expansions and also demonstrates shortened lifespan and motor defects.

1.1.4. Machado-Joseph disease (MJD) models—While HD is the most common
polyglutamine expansion disease, transgenic C. elegans have also been developed as models
of other, less common disorders in this class of NDs. At least 6 autosomal dominant forms
of spinocerebellar ataxia (SCAL, 2, 3, 6, 7, and 17) are caused by CAG repeat expansions,
the most common of these being SCA3, or Machado-Joseph disease (MJD). MJD is caused
by a CAG repeat expansion in exon 10 of the ATXN3 gene, which encodes ataxin-3 (AT3), a
ubiquitously expressed protein hypothesized to play a role in protein quality control
pathways [30]. Notably, the threshold for polyQ repeats is not identical between HD, MJD,
and other polyQ expansion diseases. While HD is caused by 37-40 or more CAG repeats,
pathological polyQ expansions in AT3 range from 61 to 87 repeat units [31].

In C. elegans, expression of full-length and C-terminal mutant AT3 in neurons induces a
canonical polyQ-length dependent aggregation phenotype, recapitulating studies expressing
polyQ-only fragments /in vivo [32]. Interestingly, however, this phenomenon was
accompanied by a neuronal sub-type specificity, such that ventral and dorsal nerve-cord
neurons were highly affected, and some lateral interneurons appeared resistant, shedding
light on how protein context might modulate polyQ-induced proteotoxicity [32].
Furthermore, reduction of insulin/insulin-like growth-factor signaling (11S) and activation of
heat shock protein 1 (HSP-1) chaperone activity reduced pathogenesis in this model,
supporting the established link between cellular aging and ND proteotoxicity. The
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expression of the C-terminal domain of AT3 with various Q lengths in body-wall muscle
cells also induced polyQ-length dependent aggregation and toxicity, resulting in motor
impairments [33]. However, in contrast to previous reports, neither organismal age nor heat-
shock induced proteotoxic stress modulated AT3 aggregation in this model [33]. The cause
for these differences remains to be addressed.

Taken as a whole, C. efegans models of disease-relevant Htt proteotoxicity validate previous
studies of polyQ tracts /n vitroand in vivo and are promising tools for high-throughput
studies to modulate aggregate toxicity in more disease-focused contexts. Results obtained
from studies utilizing generic polyQ tract and disease-specific (HD, MJD) models
highlighted several strongly conserved principles which underlie polyQ toxicity, such as
threshold-dependent aggregation and the impact of organismal age on aggregation
propensity.

1.2. Amyotrophic lateral sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease (MND) and
is characterized by progressive neuronal death in the motor cortex, brainstem, corticospinal
tracts, and spinal cord [3]. Patients present with either limb onset (80% of cases) or bulbar
onset (20% of cases) of symptoms, with each of the two sub-types having differential
disease outcomes. Limb onset cases are characterized by distal limb weakness and spasticity,
while bulbar cases generally begin with swallowing and speaking difficulties [34]. The
disease is invariably fatal as patients experience progressive paralysis, and death generally
occurs 3-5 years after symptom onset due to respiratory failure [3]. The vast majority of
cases of ALS are sporadic with no clear underlying etiology; however, approximately 10%
of cases are linked to known genetic mutations, referred to as familial ALS (fALS) [35]. Of
this 10%, approximately 20% of fALS cases arise from mutations in the gene coding for
superoxide dismutase 1 (SOD-1), while 4-5% of cases are attributed to mutations in the
RNA-binding proteins TDP-43 and FUS [34].

1.2.1. SOD-1 models—Cu/Zn superoxide dismutase 1 (SOD-1) is a ubiquitously
expressed cytosolic enzyme that, under physiological conditions, catalyzes the conversion of
superoxide anions into hydrogen peroxide [36]. It has been hypothesized that mutations in
SOD-1 result in cell death via a toxic gain-of-function effect, though the exact mechanisms
underlying this are yet to be fully understood. Over 100 disease-causing point mutations in
the gene sod-1 have been mapped to date [37], 70 of which have been linked to fALS [35].
The vast majority of disease-relevant SOD-1 mutations are autosomal dominant. Mutant
SOD-1 can be classified into two groups: Wild-type-like proteins, which exhibit metal ion
binding and dismutase activity, and mutants with impaired metal binding which show
significantly reduced dismutase activity [38]. The current prevailing model of SOD-1
toxicity proposes that SOD-1 mutations result in cell death via a toxic gain-of-function
effect [39,40], though the precise mechanisms underlying this process are yet to be fully
understood.

A number of C. elegans-based studies have implicated an association between neuronal
oxidative stress and SOD-1 mutant-linked fALS [41]. While the expression of WT SOD-1 in
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body-wall muscle cells was well tolerated, the presence of mutant SOD-1 (A4VV, G37R,
and G93A) led to increased sensitivity to oxidative damage and a significantly decreased
rate of degradation of mutant SOD-1, promoting the formation of A4V mutant SOD-1
aggregates [42]. SOD-1 (G85R) formed aggregates when expressed in neurons, triggering
severe locomotor defects [43]. Notably, the muscular expression of wild-type or mutant
SOD-1::YFP fusion proteins only induced mild cellular toxicity, despite the appearance of
SOD-1 aggregates of varying biophysical composition [44]. To study interactions between
WT and mutant SOD-1, Witan et al. created C. elegans strains with pan-neuronal expression
of genetically engineered SOD-1/SOD-1(G85R) heterodimers [45]. Aggregation of these
heterodimers was significantly increased compared to SOD-1 homodimers, but decreased in
comparison to SOD-1(G85R) homodimers. Animals expressing SOD-1(WT)/SOD-1(G85R)
heterodimers also demonstrated significantly impaired locomotion compared to SOD-1 and
SOD-1(G85R) expressing animals, indicating that interactions between wild-type and
mutant SOD-1 are more harmful to neuronal function than the presence of SOD-1(G85R)
homodimers. These findings were confirmed in /n vivo mouse studies, which showed that
co-expression of SOD-1 and SOD-1(G85R) accelerates disease [46,47]. In another study,
worms expressing SOD-1(G93A) in GABAergic motor neurons in a gaf-2Ae1370) mutant
background showed significant reductions in SOD-1 aggregation and motor dysfunction
[48]. Similarly, animals with pan-neuronal expression of SOD-1(G85R) in a daf-2e1370)
mutant background ameliorated SOD-1 aggregation and associated locomotive deficits in a
aaf-16 dependent manner [49], corroborating findings from other C. elegans ND models
suggesting a global role for longevity-enhancing mutations in attenuating proteotoxicity.

1.2.2. TDP-43 models—The TAR DNA-binding protein 43 (TDP-43) is a ubiquitously
expressed, highly conserved DNA and RNA binding protein. Under physiological
conditions, it is predominantly localized to the nucleus, where it assists in transcriptional
repression, alternative mRNA splicing, and mRNA stability [50]. However, in disease states,
TDP-43 becomes mislocalized to the cytoplasm and is identified in ubiquitinated neuronal
inclusions in patients with ALS and frontotemporal dementia (FTD) [51]. Numerous
mutations in TARDBP, which encodes TDP-43, have been linked to cases of fALS and FTD,
predominantly in exon 6 of the gene. Interestingly, mutations in TDP-43 have also been
identified in cases of sporadic ALS (SALS), and several known mutations have demonstrated
overlap between sALS and fALS, as well as between ALS and FTD. This suggests a more
global role for TDP-43 dysfunction in the pathology of ALS and related NDs [52]. However,
the molecular mechanisms underlying TDP-43-mediated neurotoxicity are unclear, and it is
unknown whether disease results from an increase, decrease, or change in TDP-43 function
and activity [53].

When expressed in C. elegans neurons, full-length human TDP-43 (hTDP-43) triggers the
development of abnormal motor synapses and motor dysfunction, resulting in a prominent
uncoordinated (unc) phenotype [53]. Deletion of either the RNA recognition domain
(RRM1/2), or the C-terminus blocked TDP-43 neurotoxicity 7 vivo, yet these species still
formed nuclear inclusions. However, fusion of TDP-43 with the C-terminus of TDP-1, the
structurally conserved C. elegans TDP-43 ortholog [54], restored toxicity, demonstrating
that overexpression of full-length TDP-43 is sufficient to induce neurotoxicity /n vivo
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resulting from the protein’s aberrant nuclear activity. Furthermore, the presence of fALS-
linked TDP-43 mutations (G290A, A315T, or M337V) exacerbated motor impairment,
resulting in partial or complete paralysis [55]. In contrast, TDP-43 containing mutations that
abolish pathological phosphorylation of serine residues 409 and 410 [51,56,57]
demonstrated marked amelioration of motor dysfunction evidenced by reduced motor
abnormalities and increased responsiveness to stimuli. Similar motor impairments were
observed in C. elegans strains with pan-neuronal expression of WT and two ALS-linked
TDP-43 mutants (Q331K, M337V) fused to the fluorescent reporter, YFP [58]. Exposure of
these animals to elevated temperatures (25 °C) exacerbated TDP-43 accumulation,
suggesting a relationship between proteostasis stress, TDP-43 misfolding, and resulting
neurotoxicity. In all cases, organismal aging exacerbated TDP-43 phenotypes, in-line with
data from other C. elegans studies which accurately recapitulate the aging hallmarks of NDs.
At the molecular level, WT and mutant TDP-43 localized in the nuclear bodies of neurons to
form insoluble aggregates. Notably, expression of neuronal WT TDP-43 in a gaf-2e1370)
mutant background significantly suppressed locomotor deficits and insoluble TDP-43
aggregate formation, following similar reports of daf-2 mediated rescue of proteotoxicity.
Taken together, these findings highlight the utility of C. elegans as a model for dissecting the
molecular basis of TDP-43 misfolding and toxicity.

1.2.3. Fused in sarcoma/translocated in sarcoma (FUS/TLS) models—At least
13 different mutations in the FUS gene, which encodes the RNA-binding protein fused in
sarcoma/translocated in sarcoma (FUS/TLS) have been linked to fALS and sporadic forms
of frontotemporal dementia (FTD) [59]. FUS is, like TDP-43, multi-functional and
expressed almost exclusively in the nucleus under physiological conditions [60]. However,
in patients with disease-causing FUS mutations, abnormal accumulations of the protein are
present in the brain and spinal cord [61]. Interestingly, the majority of known FUS mutations
are located at its C-terminus, which is hypothesized to result in disruption of the protein’s
normal nuclear localization sequence (NLS) [62]. The molecular mechanisms underlying
FUS-related pathology in ALS/FTD are unclear; however, commonalities between disease-
causing FUS and TDP-43 mutations may indicate that they exert their aberrant effects
through similar mechanisms [63].

C. elegans models for dissecting the molecular events behind FUS pathology in fALS were
first described in 2012 [64]. Wild-type and four different FUS missense mutations associated
with varying disease severity were expressed in C. elegans under the control of an
endogenous, pan-neuronal promoter [65]. Here, expression of mutant FUS, but not WT-
FUS, led to mislocalization of FUS to the cytoplasm, progressive motor dysfunction, and
reduced lifespan [64]. Importantly, the reported clinical severity of missense mutations was
directly correlated with the severity of pathology observed in the C. elegans strains, lending
supporting evidence to the relevance of studying ALS-related proteinopathy in nematodes.
Co-expression of wild-type FUS was not sufficient to rescue mutant FUS toxicity
phenotypes, though WT-FUS was predominantly cytoplasmic and was not recruited to
mutant nuclear inclusions. Overexpression of WT-FUS /n vivo was not able to rescue mutant
FUS disease phenotypes, though FUS was predominantly cytoplasmic and was not recruited
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to mutant nuclear inclusions [64]. These data suggest that mutations in FUS linked to ALS
likely induce neurotoxicity through a toxic dominant gain-of-function mechanism.

1.3. Alzheimer’s disease (AD) and related tauopathies

Alzheimer’s disease is the most common neurodegenerative disease worldwide, and
accounts for over 80% of dementia cases diagnosed in the elderly [66,67]. Often beginning
with mild impairments in learning and memory, the disease progresses to behavioral and
neuropsychiatric changes and a steady decline in the ability to perform basic activities of
daily living [68]. At a molecular level, AD is characterized by neuronal loss in the
neocortex, accompanied by the presence of amyloid-p (Ap) plaques and intracellular
neurofibrillary tangles (NFTs) composed of hyper-phosphorylated tau protein [69,70]. AB is
a small peptide (36—43 amino acids) that is generated by the step-wise proteolysis of
amyloid precursor protein (APP) by p- and y-secretases [71]. The amyloid cascade
hypothesis proposes that the abnormal accumulation of AP serves as the initial trigger for
AD pathology [72,73]. This model is supported by the identification of mutations in the
amyloid precursor protein (APP) [74], presenilin 1 (PSENL1) [75], and presenilin 2 (PSEN2)
[76] genes linked to early-onset familial forms of AD. However, the overwhelming failure of
therapeutics aimed at reducing A levels in the brain suggests the involvement of additional
key factors in AD pathology [77]. Of particular interest is tau, a protein that binds to and
stabilizes microtubules to support the neuronal cytoskeleton [78]. In AD, however, tau
becomes abnormally hyperphosphorylated, leading to its aggregation and eventual formation
of NFTs [79]. The spread of pathological tau accumulations strongly correlates with AD
progression [80], and tau pathology is evident at earlier stages of disease than AR
accumulation [81]. Furthermore, tau pathology is not exclusive to AD — other NDs
exhibiting primary tau pathology include Pick’s disease, corticobasal degeneration, and
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) [82]. Such
diseases are broadly referred to as “tauopathies”. In this section, we highlight findings from
both C. elegans models of classical amyloid hypothesis-driven proteotoxicity, and those
recapitulating primary tauopathies such as FTDP-17.

1.3.1. Amyloid-beta (AB) models—Early C. elegans models of Ap aggregation were
based on the expression of Ap1.42 peptide in body-wall muscle cells [83]. The resulting
strains exhibited amyloid deposits and an age-dependent paralysis phenotype, establishing
that expression of human A in C. elegans reliably recapitulates the abnormal structural
phenotypes associated with toxic protein aggregates. Furthermore, a role for insulin/insulin
growth factor-1-like signaling (11S), a key longevity pathway, in ameliorating Ap toxicity
was uncovered using these early models, which demonstrated increased longevity and
decreased aggregation-induced paralysis upon RNAi-induced knock-down of daf-2[84].
Work by Florez-McClure et al. further revealed that decreased daf-2signaling promotes the
autophagic degradation of AP by accelerating the maturation of autophagosomes into
autolysosomes [85], suggesting a direct link between conserved longevity pathways and key
cellular processes, such as autophagy, which become dysregulated in various NDs.

However, some of these initial C. e/egans models were later found to express a truncated
APB3.42 product, rather than the AB1.42 peptide [86]. More recent C. elegans strains express a
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modified AB1.42 version in which the original AB signal peptide was altered to contain two
additional N-terminal residues (Asp-Ala), facilitating cleavage of the proper 1-42 peptide
[87]. These animals, which express AP1.42 in body-wall muscle cells, demonstrated
accumulation of amyloid inclusions accompanied by age-progressive paralysis. Exposure of
worms to 25 °C triggered a severe, fully-penetrant paralysis within 48hrs. The robustness of
this phenotype has subsequently been exploited in high-throughput screenings of therapeutic
compounds in a whole-animal setting.

A sizeable body of evidence has implicated a role for oxidative stress and free-radicals in AR
pathogenicity [88]. In particular, the AB1.4» Met3®Cys residue has been proposed to be
critical for free-radical formation in AD models [89]. This hypothesis was tested by
assessing protein carbonyl levels in C. elegans strains expressing wild-type human Ap1.42
peptide or Ap with a Met35Cys substitution [90]. Interestingly, while wild-type AB1.4 lines
showed carbonyl levels of 176% relative to vector-only controls, those with the Ap
Met35Cys substitution showed no demonstrable increase in carbonyls, suggesting a critical
role for the Met3°Cys residue in AB oxidative stress. These results were later confirmed
utilizing a C. elegans model in which A expression in muscle cells was induced upon
shifting animals from 16 °C to 23 °C incubation, a transcriptional switch controlled by the
temperature-sensitive smg-1 system [91,92]. Notably, increased oxidative stress levels
occurred without the presence of Ap fibrils, suggesting that AP toxicity is mediated by pre-
fibrillar species.

While the majority of C. elegans Ap models express the peptide in body-wall muscle, one
inducible pan-neuronal model has been described in the literature [93]. This strain
demonstrated formation of amyloid deposits accompanied by deficits in chemotaxis
behavior and serotonin (5-HT) hypersensitivity, extending findings of Ap pathology in
muscle models to neuronal impairment.

1.3.2. Tau models—Several transgenic C. elegans models developed for the study of tau
pathology have utilized the genetic mutations found in patients with FTDP-17. This disorder
is a hereditary form of frontotemporal dementia (FTD) caused by mutations in the
microtubule-associated protein tau (MAPT) gene, located on chromosome 17. To date, 53
causative MAPT mutations have been identified across approximately 150 families, though
patients with the same mutation may vary drastically in their clinical presentations [94,95].
Due to the complex and, at times, conflicting literature on the role of tau in NDs, the genetic
basis underlying FTDP-17 pathogenesis serves as a unique tool for probing the molecular
basis of tau aggregation and toxicity.

The first set of transgenic C. elegans tau pathology models consisted of worms expressing
either wild-type (WT) or FTDP-17 mutant (V337M or P301L) tau throughout the nervous
system [96]. The resulting animals demonstrated a progressive unc phenotype accompanied
by the accumulation of insoluble tau deposits, structural abnormalities in neurons,
neurodegeneration, and cell death. Notably, this pathology was seen in all three tau forms,
but with increased severity in those expressing FTDP-17 mutations. The expression of tau in
mechanosensory neurons only modestly decreased touch response, while the presence of tau
mutants (P301L and R406W) in these neurons led to severe age-dependent impairments,
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corroborating findings of increased severity associated with FTDP-17 tau mutants [97].
Electron microscopy (EM) of affected neurons revealed neurodegenerative patterns that have
also been reported in tau models in Drosophila [98] and mice [99,100]. As such, C. elegans
models can accurately recapitulate aggregation-induced neurotoxicity observed in higher-
order animal systems, further validating their utility in the study of ND pathology.

Much controversy exists as to whether large tau neurofibrillary tangles (NFTs) are the
primary instigators of cellular toxicity, or if these inclusions instead represent a protective
mechanism intended to sequester toxic oligomers away from interfering with functional
cellular machinery. To address this question, several studies have utilized C. elegans models
expressing an aggregation enhancing FTDP-17 mutant, F3AK280, and an engineered “anti-
aggregation” form of this construct containing 1277P and 1308P (F3AK280-PP) mutations in
tau’s hexapeptide motifs [101-103]. These isoleucine-to-proline point mutations disrupt p-
sheet formation, hindering the peptide’s ability to aggregate. Consequently, while expression
of pro-aggregant F3AK280 tau is highly cytotoxic, expression of the anti-aggregant species
at comparable levels is not [104]. Pan-neuronal co-expression of the pro-aggregation
F3AK280 fragment with full-length tau VV337M resulted in significant proteotoxicity,
evidenced by uncoordinated locomotion from day 1 of adulthood, axonal defects in motor
neurons, and impaired axonal transport of mitochondria, recapitulating primary aspects of
tau pathology described in mammalian models [96,105]. Treatment with the novel tau
aggregation inhibitor cmp16, which belongs to the aminothienopyridazine (ATPZ) class of
compounds, ameliorated motility impairments and slowed the accumulation of neuronal
abnormalities. In contrast, F3AK280-PP-expressing animals showed only mild phenotypes,
with significantly reduced morphological abnormalities.

Another tau model strain expresses WT human tau (hTau) and pseudohyperphosphorylated
(PHP; 10 Ser/Thr residues replaced with Glu) tau in all neurons [106]. Worms expressing
either hTau or PHP tau demonstrated uncoordinated locomotive phenotypes, but only those
expressing PHP tau showed defects in motor neuron development.

Taken together, this work established a novel in vivo model of tau aggregation dynamics and
positioned the worm as a powerful tool for physiologically relevant, high-throughput
screens. Still, a significant limitation of current C. efegans-based tau studies is a lack of
transgenic models beyond those utilizing exceedingly rare FTDP-17 mutations.
Development of novel wild-type tau strains to investigate the impact of MAPT splice
variants (e.g. 3R/4R ratio) on neuronal health, for example, may significantly expand the
utility of tau findings from C. elegans. Notably, a recent study has implicated the low-
density lipoprotein receptor-related protein 1 (LRP1) as a key regulator of tau uptake and
spread [107]. A C. elegans tau model utilizing human LRP1 or its worm ortholog (/rp-1)
[108] may provide a window through which the molecular mechanisms underlying this
process /n vivo can be examined in unprecedented detail.

1.4. Parkinson’s disease (PD) models

Parkinson’s disease (PD) is the second most common ND, affecting approximately 2—3% of
the population over 65 years of age [109]. Clinically, PD is characterized by the presence of
four features — resting tremors, muscle rigidity, slowness of movement (bradykinesia), and
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postural instability [110]. As the disease progresses, patients experience increasing motor
dysfunction and may also develop non-motor symptoms, such as mood disturbances,
cognitive impairments, and dementia. At a cellular level, PD is caused by the selective death
of dopaminergic neurons in the substantia nigra pars compacta, a region of the basal ganglia
critical for the planning of motor functions and goal-directed behaviors. This widespread
neuronal death is accompanied by the presence of intracellular Lewy bodies — dense
aggregates primarily composed of the protein a-synuclein. Similar to other NDs, the
majority of PD cases are sporadic, though heritable forms of the disease linked to specific
genetic mutations account for an estimated 5-10% of cases. These include rare, dominant
mutations in the SCNA gene encoding a-synuclein [111], and mutations in the leucine-rich
repeat kinase 2 (LRRK?2) [112], genetic variants of which can also act of risk factors for
sporadic PD in the general population [113].

1.4.1. a-synuclein models—a-synuclein (a-syn) is a small (14 kDa) protein that,
under physiological conditions, localizes at pre-synaptic terminals, and is thought to play a
role in the regulation of neurotransmitter release and synaptic function [114,115]. The first
transgenic C. elegans model to study of a-synuclein aggregation was based on the
overexpression of WT a-syn and its A53T mutant form in all neurons, dopaminergic (DA)
neurons, or motor neurons, respectively [116]. Interestingly, motor deficits were found in
animals expressing a-syn pan-neuronally or in motor neurons, but not when expression was
limited to DA neurons. However, pan-neuronal and DA expression of WT and A53T a-syn
led to a significant loss (~30%) of neurons and dendritic breaks detectable in early larval
stages, recapitulating the cell-type specificity of synucleinopathies targeting dopaminergic
neurons. Knock-down of 4 genes related to the endocytic pathway, in worms with pan-
neuronal expression of WT, A53T, or A30P mutant a.-syn [117] induced profound growth
and motor abnormalities. Notably, apa-2knock-down promoted accumulation of
phosphorylated a.-syn in neuron cell bodies, mimicking synucleinopathy. Thus, endocytic
pathway dysfunction may play a role in a-synuclein neurotoxicity. Two C. elegans models
expressing either a-syn::GFP [118] or a-syn::YFP [119] in body-wall muscle cells have
further been utilized for RNAi-based screens of genetic modulators of a-syn aggregation.
Work with these models led to the identification of novel gene targets which protected
against a-synuclein toxicity, and highlighted the impact of both vesicle trafficking and
protein quality control systems in modulating a.-syn aggregation.

To examine whether oligomeric a.-syn or large a-syn inclusions function as the primary
instigators of toxicity in synucleinopathies and related NDs, Karpinar et al. detailed the
characterization of transgenic C. elegans lines expressing several a-syn variants with
differing aggregation dynamics [120]. These included worms expressing WT or the
engineered mutant a-syn (A30P/A56P/A76P), which shows lower aggregation propensity, in
body-wall muscle cells, as well as strains expressing WT, a-syn (A30P/A56P/A76P), a-syn
(A56P), and two disease-relevant a-syn mutants (A30P, A53T), in dopaminergic neurons.
Strikingly, mutations that hinder fibrillization were associated with reductions in dopamine
(DA) levels and impairments in DA-dependent behaviors (e.g. food response). This
relationship tracked across a// C. elegans lines investigated, as well as in 3 other validated
PD model systems (HEK293T cells, rat primary neurons, and Drosophila). Taken together,
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these data indicate an association between an increase in soluble a-syn oligomers and
increased neurotoxicity, supporting the hypothesis that these intermediate species are
primary instigators of a-syn toxicity.

1.4.2. LRRK2 models—Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are
the most frequent genetic cause of PD, accounting for approximately 4% of familial PD
cases, and 1% of sporadic PD diagnoses worldwide [121]. LRRK2 is a member of the
ROCO superfamily, characterized by the presence of a Ras-like G-domain (Roc), a C-
terminal of Roc domain (COR), and a kinase domain [122]. The exact physiological
function of LRRK2 is not known, though it has been linked to an array of diverse cellular
functions, including cytoskeletal maintenance, vesicular trafficking, neurite outgrowth, and
autophagy [123]. To date, six LRRK2 mutations have been linked to PD pathogenesis, the
most common of these being the G2019S mutation, located in the protein’s kinase domain.

The first transgenic C. elegans models of LRRK2-mediated PD pathology were based on
strains with pan-neuronal expression of WT, mutant, and kinase-dead (KD) human LRRK2
variants [124]. These included the G2019S and R1441C mutants and the KD and 1441C/KD
kinase-dead variants. LRRK2 expression led to rapid loss of dopaminergic markers
beginning in early adulthood; this phenotype was more pronounced in animals expressing
LRRK2 (G2019S). Notably, the expression of wild-type, but not mutant LRRK2 in neurons
significantly reduced toxicity of the mitochondrial complex I inhibitor, rotenone, and the
mitochondrial toxin, paraquat, suggesting a role for LRRK2 in modulating mitochondrial
function. Treatment of C. elegans strains expressing LRRK2 G2019S or R1441C with four
promising LRRK2 kinase inhibitors (LRRK2-IN1, TTT-3002, GW5074, and sorafineb)
significantly rescued dopaminergic behavioral deficits and neuron loss [125-128]. Strikingly,
for LRRK2 and TTT-3002, this effect persisted even when treatment commenced after
symptoms appeared, suggesting that LRRK2 kinase inhibition can reverse dopaminergic
degeneration. Taken as a whole, C. efegans models of LRRK2-linked PD pathology served
as critical steps to elucidating LRRK?2 inhibition as a potential pharmaceutical target for the
treatment of PD.

Prion disease models

Prion diseases are a group of rare, fatal neurodegenerative diseases affecting animals and
humans. Uniquely, these disorders are caused by an infectious misfolded protein known as a
prion (PrP), from the term “protein-only, infectious particle” [129]. The normal cellular
prion protein (PrPC) is a small cell-surface glycoprotein rich in a-helical content. Upon
exposure to an infectious prion species, PrPC adopts a pathogenic conformation with high p-
sheet character, (PrPS) [130]. According to the “seeding-nucleation” model, PrPSC catalyzes
the conversion of PrP¢ monomers, leading to the formation of large PrPSC fibrils, which are
prone to fragmentation, allowing them to break off and migrate to incite further prion
conversion [131,132]. Most prion disease cases are sporadic in origin, the most common
being sporadic Cruetzfeldt-Jakob disease (sCJD), which accounts for 85% of all CJD cases
[133]. However, they can also arise from heritable genetic mutations or acquired through
contact with infected materials, such as in cases of “Mad Cow” disease caused by
consumption of contaminated meat products from cattle suffering from Bovine Spongiform
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Encephalopathy (BSE). Autosomal dominant mutations in the PRNP gene encoding for
PrPC have been linked to inherited forms of prion disease, such as familial Cruetzfeldt-Jakob
disease (fCJD), fatal familial insomnia (FFI), and Gerstmann-Straussler-Scheinker syndrome
(GSS). Despite their rarity, prion diseases have piqued interest due to the unique infectious
nature of the PrPSC agent and its structural likeness to misfolded protein aggregates
implicated in other NDs. Consequently, research dissecting the molecular basis of prion
pathogenesis has important implications for our broader understanding of the role of protein
aggregation in NDs.

To date, five independent transgenic C. elegans prion models have been reported in the
literature. A complementary pair of model strains are based on the expression of either
human WT PrP or PG13-PrP — a mutant form linked to early-onset Gerstmann-Stréussler-
Scheinker syndrome (GSS) [134] - in mechanosensory neurons [135]. Here, worms
expressing PG13-PrP, but not WT PrP, demonstrated a progressive loss of touch, indicative
of PLM neuronal dysfunction. Furthermore, animals expressing PG13-PrP in a src-2(a C.
elegans Fyn-related kinase ortholog) null background showed a significant reduction in
neuronal dysfunction induced by mutant PrP, suggesting a role for Fyn-related kinase
signaling in mediating prion neurotoxicity. Another PrP model relies on pan-neuronal
expression of the endogenous mouse PrP [136]. Here, molecules of murine PrP were N-
glycosylated, GPl-anchored, and found on neuronal plasma membranes, consistent with
mammalian studies of PrP expression. Examining multiple lines with a spectrum of PrP-
expression levels, it was found that those expressing high levels of PrP demonstrated
significant growth impairments, abnormal body morphology, striking reductions in lifespan,
and a progressive uncoordinated phenotype. In comparison, none of these phenotypes were
observed in lines expressing low-levels of PrP. To assess the potential anti-apoptotic role of
PrPC, murine BAX was expressed in dopaminergic neurons, which are required for normal
food-sensing behavior in C. elegans [137]. While animals expressing only BAX exhibited
compromised food-sensing ability, those crossed with low-expressingric-19:: PrPworms
demonstrated normal food-sensing behavior, and microscopic analysis revealed a rescue of
BAX-induced cell death in those expressing PrPC. As such, PrPC expressing C. elegans
recapitulated neuropathological hallmarks of mammalian prion disease, and demonstrated
the first evidence of PrP’s anti-BAX activity /n vivo.

To study the cellular pathways underlying prion transmission while avoiding the
complications of utilizing infectious mammalian prions, Nussbaum-Kramer et al. generated
a transgenic C. elegans models expressing three versions of the yeast prion domain of Sup35
fused to a YFP tag in body-wall muscle cells [138]. These included the full-length wild-type
domain (NM), a deletion of the oligorepeat region (RA2-5), and a domain containing an
expansion of the oligorepeat region (R2E2). Here, aggregate formation progressed
proportionally to the length of the oligorepeat region, such that R2E2 formed inclusions
more rapidly and in higher numbers than NM, while RA2-5 remained primarily soluble.
Furthermore, R2E2 aggregates were found to be targeted for lysosomal degradation,
comprising a pool of vesicles with abnormal tubular morphology. These tubular vesicles
were found to spread to non-expressing cells by vesicular transport, and, strikingly, were
capable of inducing the aggregation of previously soluble RA2-5. As such, expression of the
yeast Sup35 prion in a multicellular system and its adaptability to transport mechanisms
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shed light on the potential utility of this system for the study of common molecular
pathways used by misfolded proteins to disseminate toxicity.

1.6. Advantages and limitations of using C. elegans to study neurodegeneration

C. elegans is a crucial animal model in the aging field and in the study of aging-associated
diseases. Numerous longevity pathways were first discovered and characterized in C.
elegans, such as the insulin-like receptor gene, daf-2. Throughout the study of worm ND
models in long-lived mutant backgrounds, extensive evidence suggests a role for this and
other highly conserved pathways in the global attenuation of proteotoxicity induced by
numerous disease-relevant protein aggregates. Due to their genetic tractability, cost-
effectiveness, and naturally short lifespan (~30 days), C. elegans models are uniquely poised
to serve as an ideal model to investigate how organismal age contributes to pathological
protein aggregation at the molecular level. Furthermore, an large percentage of C. elegans
genes are highly conserved, and proteomics analyses suggest that only 11% or less of the C.
elegans proteome contains nematode-specific genes [139], further bolstering the idea that
discoveries made in worm ND models will yield tractable information relevant to human
disease. One particularly compelling advantage of C. elegans is their unique application as
an /n vivo system to large-scale screening techniques, such as RNA interference (RNAI).
With the generation of tissue and even neuron-specific RNAI sensitive strains [140] C.
elegans offers an unique platform to elucidate the impact of individual genes on the
regulation of neuronal function and health.

The simple architecture of C. elegans also comes along with its own limitations: many
defined tissue/organ systems critically affected in NDs, in particular the CNS and brain, are
absent in worms. NDs are multifactorial diseases, and a growing body of literature supports
a role for co-morbid processes, such as inflammation, in driving their pathology. Given the
worm’s lack of an adaptive immune system, C. elegans models are not particularly suitable
to studies of this topic. Furthermore, despite their rapid growth, the worm’s small size in
comparison to other model organisms can render the task of obtaining sufficient quantities of
animals for biochemical studies difficult [141]. Nevertheless, C. elegans serves as an in vivo
model amendable to facile transgenic manipulation, vast microscopy approaches, and the
direct linking of biochemical read-outs with quantifiable behaviors renders it a key tool in
the context of NDs and other aging-associated disorders.

2. Summary

C. elegans ND models serve as powerful tools for studying the molecular pathology
governing aggregate formation and disease progression. Strikingly, worm models of NDs
recapitulate many key features of protein aggregation in humans, and the presence of worm
orthologs for proteins of interest to human disease provides further evidence that the
molecular and biochemical insights gained from these models may serve as critical
foundations for furthering our understanding of these diseases. Future experimental aims
may focus on utilizing these models for identifying key regulators of global proteostasis,
such as chaperone machinery, as targets for modulating aggregate-associated toxicity and
neurodegeneration.
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Table of definitions for abbreviations

C. elegans specific nomenclature, and technical terms used in the
manuscript

NDs Neurodegenerative diseases

AD Alzheimer’s disease

PD Parkinson’s disease

ALS Amyotrophic lateral sclerosis

HD Huntington’s disease

SCA Spinocerebellar ataxia

RNAI RNA interference

SBMA Spinal and bulbar muscular atrophy

DRPLA Dentatorubropallidoluysian atrophy

GI/CIYFP Green/cyan/yellow fluorescent protein

FRAP Fluorescence recovery after photobleaching

FRET Forster resonance energy transfer

Htt Huntingtin protein

ASH Amphid neurons, single

MJD Machado-Joseph disease

AT3 Ataxin-3

1S Insulin/insulin-like growth factor signaling

MND Motor neuron disease

fALS Familial amyotrophic lateral sclerosis

SOD-1 Cu/Zn superoxide dismutase 1

TDP-43 TAR DNA-binding protein 43

SALS Sporadic amyotrophic lateral sclerosis

Unc Uncoordinated
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FUS/TLS Fused in sarcoma/translocated in sarcoma
NFT Neurofibrillary tangles
FTDP-17 Frontotemporal dementia and parkinsonism linked to

chromosome 17

FTD Frontotemporal dementia

MAPT Microtubule-associated protein tau

ATPZ Aminothienopyridazine

LRRK?2 Leucine-rich repeat kinase 2

sCJD Sporadic Cruetzfeldt-Jakob disease

fCJD Familial Cruetzfeldt-Jakob disease

BSE Bovine spongiform encephalopathy

FFI Fatal familial insomnia

GSS Gerstmann-Stréussler-Scheinker syndrome
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At a glance:

Neurodegenerative diseases (NDs) are among the most devastating and least
understood aging-associated disorders, and pose a substantial and growing
burden on healthcare systems worldwide.

Despite decades of intensive research, few, if any, treatments exist for these
disorders. The availability of high-throughput model systems for
manipulation are crucial to dissecting the molecular pathways regulating
protein aggregation /7 vivo and identifying potential targets for intervention.

First put forward in the 1970s! as a model for the study of neurodevelopment
and developmental cell biology, the nematode Caenorhabditis elegans (C.
elegans) has emerged as a powerful tool for examining the molecular basis of
ND pathology.

C. elegans models of polyglutamine expansion diseases point to abnormal
CAG repeats present in Huntington’s disease and related disorders as
disruptors of global proteostasis and define age and threshold toxicity as key
modulators of aggregate formation.

Models of ALS-linked patient mutations in RNA binding proteins TDP-43
and FUS hypothesize toxic gain-of-function as a dominant feature of familial
and sporadic ALS pathologies.
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A. Polyglutamine disease models
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« myo-3:SOD-1(WT, A4V, GITR, G93A)
AM23, 265: unc-54:S0D-1(WT, GB5R.

G934, 127%)

« Munc-54:Sup35(RAZ-5, NM, R2E2)

e 7-PrPIWT, PG13)

- mec-7:au(WT, P3OTL, R06W)

Fig. 1.

SLRRK2(WT, G20195,
RI441C, KD, R1441C/KD)

Anatomical map of ND model transgene expression.
Avreas of transgene expression in C. elegans ND models. (A) Polyglutamine disease models.
(B) Alzheimer’s and tauopathy models. (C) ALS and prion disease models. (D) Parkinson’s

disease models.
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