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L. Agulló d, V.J. Yuste g,1, A. Laromaine a,1, E. Dalfó d,g,h,*,1 
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A B S T R A C T   

Patients with Parkinson’s disease (PD) display non-motor symptoms arising prior to the appearance of motor 
signs and before a clear diagnosis. Motor and non-motor symptoms correlate with progressive deposition of the 
protein alpha-synuclein (Asyn) both within and outside of the central nervous system, and its accumulation 
parallels neurodegeneration. The genome of Caenorhabditis elegans does not encode a homolog of Asyn, thus 
rendering this nematode an invaluable system with which to investigate PD-related mechanisms in the absence of 
interference from endogenous Asyn aggregation. CED-10 is the nematode homolog of human RAC1, a small 
GTPase needed to maintain the function and survival of dopaminergic neurons against human Asyn-induced 
toxicity in C. elegans. Here, we introduce C. elegans RAC1/ced-10 mutants as a predictive tool to investigate 
early PD symptoms before neurodegeneration occurs. Deep phenotyping of these animals reveals that, early in 
development, they displayed altered defecation cycles, GABAergic abnormalities and an increased oxidation 
index. Moreover, they exhibited altered lipid metabolism evidenced by the accumulation of lipid droplets. 
Lipidomic fingerprinting indicates that phosphatidylcholine and sphingomyelin, but not phosphatidylethanol
amine or phosphatidylserine, were elevated in RAC1/ced-10 mutant nematodes. These collective characteristics 
reflect the non-motor dysfunction, GABAergic neurotransmission defects, upregulation of stress response 
mechanisms, and metabolic changes associated with early-onset PD. Thus, we put forward an easy-to-manipulate 
preclinical animal model to deepen our understanding of early-stage PD and accelerate the translational path for 
therapeutic target discovery.   

1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegen
erative disorder after Alzheimer’s and has become one of the leading 
causes of disability worldwide (Feigin et al., 2017). The clinical 

diagnosis of PD is based on motor symptoms, which can appear between 
three and six years after the onset of neuronal degeneration entailing the 
depletion of 60–80% of the brain’s dopaminergic neurons (Gaig and 
Tolosa, 2009). Besides the motor symptoms, PD patients also show 
disturbances in the autonomic non-motor system arising during early 
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phases, and often predating the motor manifestations. Constipation is 
the most prevalent non-motor symptom, which is often coincident with 
anxiety and Rapid Eye Movement (REM) sleeping behavior (Camerucci 
et al., 2023). Both motor and non-motor symptoms correlate with the 
progressive accumulation of the protein alpha-synuclein (Asyn) in the 
brain as part of proteinaceous structures named Lewy bodies, which are 
implicated in PD pathophysiology (Winner et al., 2011). For this reason, 
PD is considered a proteinopathy (Fanning et al., 2020). In addition, 
lipid accumulation leads to increased lipid peroxidation products that 
are neuropathological hallmarks of different synucleinopathies, 
damaging different brain structures (Dalfó and Ferrer, 2008). Thus, for 
this, PD is also considered a lipidopathy (Fanning et al., 2020). 

Altered unsaturated lipids underlie PD in affected brains (Fu et al., 
2022), and plasma polyunsaturated fatty acid (PUFA) levels are 
abnormal at the early stages of the disease, independent of food intake 
(15). The abundance of unsaturated lipids increases susceptibility to 
lipid peroxidation, a process of oxidative degradation of cellular lipids 
which is an important factor in the pathogenesis of neurodegenerative 
diseases. In particular, patients with early stages of Parkinsonian 
neuropathology showed elevated indicators of lipoxidative damage in 
the Substantia nigra, amygdala, and frontal cortex, compared with 
age-matched controls (Dalfó and Ferrer, 2008). 

Caenorhabditis elegans (C. elegans) has been established as an 
important model organism for neuroscientific research (reviewed in 
(Roussos et al., 2023)). Many molecules involved in neuronal signaling 
and metabolism are conserved between nematodes and humans, and 
C. elegans experimental models have been predictive of results for 
human diseases (Roussos et al., 2023; Coppa et al., 2020). In the case of 
PD, two C elegans models have been widely employed to investigate 
dopaminergic neuronal death (strain UA196) and Asyn accumulation 
(strain NL5901). Both, dopaminergic loss and Asyn aggregates amelio
rate after overexpression of CED-10, the C. elegans homolog to human 
RAC1 (Kim et al., 2018). For this reason, worms with a non-null altered 
function mutation in ced-10 has also been successfully employed to 
investigate PD (Kim et al., 2018). The C. elegans genome does not 
contain an ortholog of Asyn, which makes the nematode an invaluable 
organism for investigating Asyn-related pathologies (synucleino
pathies), such as PD, without the influence of endogenous Asyn 
expression. Still, transgenic strains of C. elegans expressing human Asyn 
from a multicopy transgene array recapitulate the progressive, 
age-dependent dopaminergic neurodegeneration observed in PD. 

RAC1/CED-10 is a small GTPase controlling cytoskeletal dynamics 
(Hall and Lalli, 2010) and its activity is mainly associated with cellular 
processes involving the regulation of actin polymerization such as cell 
migration, lamellipodia extension or phagocytosis of dead cells (Kinchen 
et al., 2005). Hence, alterations in RAC1 activity have been involved in a 
wide range of cellular mechanisms, such as governing changes in 
neuronal morphology (Banka et al., 2022). 

Here, we show that RAC1/ced-10 mutant nematodes display early 
developmental alterations in GABAergic axons and altered defecation 
behavior. In addition, these mutants display lipid alterations such as an 
increase in the amount of lipid droplets (LD) amount and in the lip
oxidation index, and an altered lipidome fingerprint. These same phe
notypes are also characteristic of patients with incidental causes of 
idiopathic PD. Therefore, we explore the suitability of RAC1/ced-10 
mutants as a new model for the investigation of the early stages (of PD 
and related synucleinopathies. 

2. Materials and methods 

2.1. C elegans strains 

Nematodes were maintained using standard procedures (Brenner, 
1974). The information about the strains used in this study is summa
rized in Supplementary Table 1. 

We obtained the strains NL5901 (named Asyn::YFP in the main 

manuscript), unc-119(ed3) III; [pkIs2386 (Punc-54::α-SYN::YFP; unc-119 
(+))], CZ1200 juIs76 [Punc-25:: GFP], SJ4005, zcIs4 V [hsp-4::GFP] and 
SJ4100, zcIs13 V [Phsp-6::GFP + lin-15(+)] from the Caenorhabditis 
elegans Genetic Center (CGC). The strain BR3579, ced-10(n3246), named 
rac1/ced-10 in the main manuscript, was a generous gift from Dr. Ralf 
Baumeister (Albert-Ludwing University, Freiburg/Breisgau, Germany). 

The strain BR3579 was crossed with NL5901 animals to generate the 
strain EDC101, unc-119(ed3) III; pkIs2386 [Punc-54::α-SYN::YFP; unc- 
119(+)]; ced-10(n3246) (Kim et al., 2018) (Sup. Fig. S1). 

The strain used for rescuing Asyn aggregation was named UA282 and 
genotyped baEx167 [Pced-10::CFP::ced-10; rol-6(su1006)]; sid-1 
(pk3321); baIn33 [Pdat-1::sid-1, Pmyo-2::mCherry]; baIn11[Pdat-1::α- 
SYN; Pdat-1::GFP]. The generation of these rescue strains was widely 
described in (Kim et al., 2018). 

To analyze the axonal damage, males from the strain CZ1200 were 
crossed with ced-10(n3246) hermaphrodites to generate the strain 
EDC073, genotyped juIs76 [Punc-25:: GFP]; ced-10(n3246) (Sup. 
Fig. S1). 

N2 (Bristol) was used as the C. elegans wild-type (wt) strain. Her
maphrodites were used throughout of the study. 

2.2. Worm culture and maintenance 

Worms were cultured and maintained at 22 ◦C on standard nematode 
growth media (NGM) seeded with E. coli OP50 bacteria. Worm syn
chronization was carried out using a standard protocol as previously 
described (Stiernagle, 2006). In brief, gravid hermaphrodites were 
collected by washing them off the NGM plates and reconstituted to total 
3.5 ml using M9 buffer. The worm solution was mixed with a fresh 
mixture of 0.5 ml 10 N NaOH and 1 ml bleach to achieve a complete 
release of eggs from the worm body through a repeated 
shaking-and-vortexing step every 2 min for a total of 8–10 min. The eggs 
were washed by M9 for five times and then seeded onto NGM plates with 
proper density. The L4 stage was verified by visual inspection under a 
microscope and collected at 47- 48 h after egg treatment at 20 ◦C. We 
observed that rac1/ced-10 mutant nematodes showed developmental 
defects. This fact implied a delay of approximately 12 h compared to 
wild-type to reach the L4 larval stage. 

For lipidomic analysis, samples were collected and processed by the 
former company Biópolis, now part of the ADM company (https://www. 
adm.com/). 90 plates were collected wild types and 150 plates for the 
RAC1/ced-10 mutant worms to achieve 100 mg of dried pellet per strain. 
Considering the hatching defects displayed by RAC1/ced-10 mutant 
worms, the number of plates was increased to obtain the same biomass. 
The harvested worms were stored at − 80 ◦C until use. 

2.3. Blinding of experiments and replicates 

All behavioral experiments were carried out with the experimenter 
being blind of the worms’ genotype. Another lab member assigned letter 
codes to the strains, and the code was not revealed until all the dupli
cates for a particular assay were finished. We carried out a minimum of 
three biological replicates of each assay per strain. 

2.4. Visualization of engulfment defects 

Unengulfed apoptotic cell corpses were visualized directly in the 
heads of young larvae (L1) as refractile disks using Nomarski differential 
interference contrast (DIC) microscopy (Leica DM 6000 microscope) 
(Cabello et al., 2014). 

2.5. Aggregate quantification 

The quantification of aggregates was performed as previously 
described (Kim et al., 2018), (Van Ham et al., 2008). Briefly, 
NL5901animals without and with ced-10(n3246) mutation and at the 

A. Muñoz-Juan et al.                                                                                                                                                                                                                           

https://www.adm.com/
https://www.adm.com/


Progress in Neurobiology 234 (2024) 102572

3

indicated developmental stage, together with the EDC101 and the 
rescue strain, were age-synchronized by bleaching with NaOCl and left 
overnight to hatch. L1 animals were transferred onto individual NGM 
plates seeded with Escherichia coli. Aggregates were counted for each 
animal staged at L1 and L4, separately. Images were captured using a 
Leica SP5 confocal microscope with a × 40 oil immersion lens (HCX PL 
APO CS). The number of Asyn aggregates was determined in the head of 
each anima. Aggregates were defined as discrete, bright structures, with 
boundaries distinguishable from surrounding fluorescence. Measure
ments on inclusions were performed using ImageJ software taking into 
consideration the area dimensions. 

2.6. Thrashing assay 

The repetitive pattern of activity known as thrashing involves the 
worm oscillating side to side around its midline. A thrash is the move
ment through the middle and back. The thrashing assay was performed 
blindly and in liquid medium as described previously (Coppa et al., 
2020). A drop of 2% agarose was poured over the glass slide and allowed 
to dry. After adding 20 μl of M9, L4 synchronized animals were placed 
on the drop and left for 2 min. Thrashes were counted for 30 s, and every 
animal was counted three consecutive times to obtain an average. This 
value was multiplied by two to obtain an estimate per minute. A single 
thrash was defined as a complete change in the direction of the body 
down the midline. Animals who were motionless for 10 s were discarded 
from the analysis. 

2.7. Quantification of GABAergic-associated abnormalities 

Worms were grown at 20 ◦C for at least two generations before the 
experiments. Animals were transferred daily to avoid mixing pop
ulations. After synchronization, F1 hermaphrodite animals were main
tained at 20 ◦C until reaching L4 larval stage. 

On the actual day of the experiment, worms at L4 were washed, 
anaesthetized in 10 mM sodium azide on 6% agar pads and subsequently 
mounted for image analysis. The worms were scored for the number of 
GABAergic neurons, gaps in the ventral cord, gaps in the dorsal cord and 
defects in axonal morphology (Coppa et al., 2020). The applied formula 
used to quantify axonal damage is: % of axonal damage = [((number of 
commissural abnormalities + number of gaps/animal))/number of 
axons detected) x100]. The experiment was performed blindly and by 
different investigators to guarantee the reliability of the obtained 
measurements. 

2.8. Synchrotron radiation µfourier-transform infrared spectroscopy (SR- 
µFTIR) 

L3 worms were grown in NGM plates with OP50 at 20 ◦C. Several 
washing steps with MQ water were performed to remove the excess of 
OP50 and salts that could interfere with the measurements. Cleaned 
worms were transferred to a CaF2 window and dried at RT in vacuum 
conditions for 24 h. Samples were maintained in vacuum conditions and 
4 ◦C until they were measured. For SR-μFTIR data acquisition a Hype
rion 3000 Microscope coupled to a Vertex 80 spectrometer (Brucker, 
Billerica, MA) equipped with 36x magnification objective was used at 
MIRAS beamline at Synchrotron ALBA (Cerdanyola del Vallés, Barce
lona, Spain). The spectra collection was performed in transmission mode 
at 4 cm-1 spectral resolution, 8 × 8 µm aperture dimensions using a MCT 
detector. For each spectrum, 128 scans were co-added, and the 
measuring range was 900–4000 cm -1. FTIR spectra were acquired in 10 
worms of each type at different locations of the worm (from head to tail 
with an average of 6 points per worm). 

SR-μFTIR data was analyzed using OPUS 7.5 (Bruker), Unscrambler 
X 10.5, MATLAB R2010b, and GraphPad Prism 9 version. Spectra pre
senting high RMies scattering, that usually appears in biological sam
ples, were eliminated, and the rest of the spectra were corrected using a 

mathematical algorithm described by (Bassan et al., 2010). For data 
analysis the second derivative of the spectra (Savitsky-Golay algorithm, 
13-point filter, and polynomial order of two) was calculated to avoid 
baseline contribution and to improve the band resolution (Benseny-
Cases et al., 2014). In this project, we studied lipid oxidation in 
wild-type and RAC1/ced-10 C. elegans. The carboxyl group (-COOH) has 
a characteristic absorption band at 1740 cm-1 that has been normalized 
by the addition of the intensities of the methylene group (-CH2) ab
sorption band at 2920 cm-1 and the methyl group (-CH3) absorption 
band as a reference for lipids in worms (Benseny-Cases et al., 2014) in 
order to compare between the two strains. 

2.9. Oil red O staining 

Oil red O stock solution (5 mg ORO/ml Isopropanol) is diluted to 
60% with distilled water and filtered with 0.22 µm filter to obtain ORO 
work solution. Young adult worms were cleaned with M9 and fixed 15 
min in a 50% isopropanol solution. Fixed worms were centrifuged at 
7000 rpm for 1 min and the supernatant was replaced by 900 μl of ORO 
work solution. After 17 h at RT in a rocking movement, stained worms 
were cleaned with three rounds of PBS and three rounds PBST (0.01% 
TritonX). Each round consists of 2 min-centrifugation at 7000 rpm and 
replacing the supernatant with fresh solution. Worms were mounted in 
2% agarose pads and images were taken in the same light exposure 
conditions. Images were obtained with the microscope Olympus 
RXSITRF 52787 MAB INDUSTRIAL and the intensity of the stain was 
evaluated using the ImageJ-Fiji software. Each assay was performed in 
triplicate. Unpaired t-test within a confidence level of 95% was per
formed using Graphpad prism 9 version. 

2.10. Microscopy and imaging 

Microscopy an imaging are described differently for each experiment 
in the corresponding section. 

For mitochondrial stress response (mtUPR) and unfolded protein 
response (UPR) measurements, animals were placed in a 5 μl drop of 10 
mM solution of levamisole (Sigma-Aldrich, Madrid, Spain). For each 
independent experiment, between 20 and 30 L4 worms of each strain 
were examined under a Nikon EclipseTE2000-E epifluorescence micro
scope equipped with a monochrome camera (Hamamatsu ORCA-ER) 
coupled to the Metamorph software (Molecular Devices Corp., Sunny
vale, CA). The system acquires a series of frames at specific Z-axis po
sition (focal plane) using a Z-axis motor device. 

2.11. Lipidomic profiling 

The lipid profile was obtained from the analysis performed by OWL- 
metabolomics (https://owlmetabolomics.com/) and based on the lip
idomic platform number 2 (complex lipids diacylglycerides, tryacyl
glycerides, sphingolipids and glycerophospholipids; following the 
protocol described in (Martínez-Arranz et al., 2015). Briefly, lipids were 
extracted using a two-step chloroform/methanol procedure (Ejsing 
et al., 2009). Dried extracts were reconstituted in acetronitrile / iso
propanol (1:1), resuspended for 10 min, centrifuged (16,000 x g for 5 
min), and transferred to vials for UHPLC-MS analysis that was done as 
described (Martínez-Arranz et al., 2015). 

SM (d18:1/6:0), PE (17:0/17:0), PC (19:0/19:0), TAG (13:0/13:0/ 
13:0), TAG (17:0/17:0/17:0), Cer (d18:1/17:0) and ChoE (12:0) were 
considered as internal standards and used for internal response correc
tion. Additionally, two different types of quality control (QC) samples 
were used to assess the data quality (Martínez-Arranz et al., 2015). The 
QC samples are reference serum samples, which are evenly distributed 
over the batches and extracted and analyzed at the same time as the 
individual samples. QC Calibration sample were used to correct the 
different response factors between and within batches. QC Validation 
sample were used to assess how well data pre-processing procedure 
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improved the data quality. Randomized sample injections were per
formed, with each of the QC calibration and validation extracts uni
formly interspersed throughout the entire batch run. 

All data were processed using the TargetLynx application manager 
for MassLynx 4.1 software (Waters Corp., Milford, USA). A set of pre
defined retention time, mass-to-charge ratio pairs, Rt-m/z, correspond
ing to metabolites included in the analysis are fed into the program. 
Associated extracted ion chromatograms (mass tolerance window =
0.05 Da) are then peak-detected and noise-reduced in both the LC and 
MS domains such that only true metabolite related features are pro
cessed by the software. A list of chromatographic peak areas is then 
generated for each sample injection. Normalization factors were calcu
lated for each metabolite by dividing their intensities in each sample by 
the recorded intensity of an appropriate internal standard in that same 
sample, following the procedure described by (Martínez-Arranz et al., 
2015). 

Data analysis including peak smoothing and integration of areas 
under the curves for each ion was performed by Masslynx 4.1 software. 
The semi-quantitation of individual metabolites was normalized with 
the respective internal standards, and calculated with the formula as 
follows. Analyte Conc.(μg/ml) in Worm Sample = Area (analyte MRM 
peak) × Standard Conc.(μg/ml) / Area (Standard MRM peak). 

2.12. Multivariate data analysis 

Once normalized, the dimensionality of the complex data set was 
reduced to enable easy. 

visualization of any metabolic clustering of the different groups of 
samples. This was achieved by multivariate data analysis, including the 
non-supervised principal components analysis (PCA), and supervised 
orthogonal partial least-squares to latent structures (OPLS-DA) ap
proaches as described previously (Barba et al., 2008). Briefly, in PCA the 
data matrix is reduced to a series of principal components (PCs), each a 
linear combination of all metabolite peak areas. Each successive PC 
explains the maximum amount of variance possible, not accounted for 
by the previous PCs. OPLS-DA, on the other hand, organizes the dataset 
variance in order to maximize the difference between groups and 
minimize intragroup variance. OLPS-DA models were validated using 
CV-ANOVA (doi: 10.1002/cem.1187). Variables relevant to the 
discriminant models were selected using S-plots and (Variable impor
tance in the projection) VIP analysis (Lema et al., 2020). 

3. Results 

3.1. RAC1/ced-10 mutants exhibit decreased accumulation of Asyn 
before reaching adulthood in C. elegans. 

We have previously shown that RAC1/ced-10 loss of function ac
celerates Asyn deposition in aged worms, using a nematode model of PD 
expressing Asyn in muscle (Kim et al., 2018). In this context, our initial 
focus was on determining if the aggregation of Asyn induced by 
RAC1/ced-10 loss-of-function occurs prior to adulthood. This inquiry is 
crucial for establishing the baseline in the examination of early events 
associated with PD. Consequently, we explored the impact of 
RAC1/CED-10 function during the early stages of development. In 
C. elegans development, there are four larval stages before adulthood, 
named L1-L4. L1 is the first stage after hatching, and L4 is the phase 
before development into gravid adults (Fig. 1). 

We analyzed the influence of RAC1/ced-10 mutation in Asyn accu
mulation at L1 and L4 larval stages because they are the most un
equivocally defined stages of development, and both are the most 
extended periods in fed animals at 20ºC (12 h vs 9 h observed at L2 and 
L3 wild type worms). The effect of RAC1/CED-10 altered function on 
Asyn accumulation was investigated in the strain EDC101 harboring the 
ced-10(n3246) mutation in which ASyn is fused to Yellow Fluorescence 
Protein (YFP) under the control of the muscle-specific unc-54 promoter, 
transgene pkIs2386 [Punc-54::Asyn::YFP] (Kim et al., 2018) (Sup. 
Fig. S1). Muscle expression has been used successfully to model 
protein-misfolding diseases and to identify modifier genes without 
considering neuronal effects (Van Ham et al., 2008), (Hamamichi et al., 
2008). ced-10(n3246) mutation is a G-to-A transition resulting in a 
change of glycine at amino acid position 60 of CED-10 to arginine 
(G60R) which results in non-null altered function, affecting GTP hy
drolysis (Cabello et al., 2014). For simplicity, ced-10(n3246) mutants 
are named ced-10, when referring to nematode results obtained for the 
present manuscript, or RAC1/ced-10, all other cases, throughout the 
manuscript. 

RAC1/ced-10 mutant animals at L1 can be distinguished using DIC- 
Nomarski microscopy by the presence of non-engulfed apoptotic cells 
in the head in comparison to control animals, without the mutation ((9) 
and Fig. 2A). Asyn aggregation was not observed at L1 in any of the 
genotypes. Nevertheless, at L4 the ced-10 mutation almost doubles the 
apparent density of Asyn aggregates compared with control animals (42 

Fig. 1. RAC1/ced-10 C. elegans development cycle. Development stages in worms are divided into four larval stages before arriving at adulthood. Embryo devel
opment and hatching occurs in 10 h, and they only develop further once the food is introduced to the system. After adding food, wild-type L1 worms grown at 20 ◦C 
will develop to the L2 stage in 15 h, then in 9 h to the L3 stage, and finally in 10 h to the L4 stage, the last before the adult stage is achieved 12 h later. Total lifespan 
lifespan is about 3 weeks. Usually, PD related symptoms are studied at day 5th or 7th of adulthood. In this article, we propose the interval of larval stages to study 
early PD-related traits, considering the absence of Asyn in the worm; wt is wild-type and ced-10 is the nematode RAC1/ced-10 mutant, genotyped ced-10(n3246). 
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Fig. 2. : Asyn inclusions are observed in C. elegans at L4. (A) Confocal fluorescence (left) and DIC (right) images of freshly hatched L1 larvae containing the array 
pkIs2386 [Punc-54:: Asyn::YFP] expressing Asyn in body wall muscle with and without the ced-10 mutation. Magnification bar is 20 µm as indicated. (B) CED-10 
decreases Asyn inclusions in C. elegans. Representative confocal pictures obtained from animals containing the genomic array pkIs2386 [Punc-54:: Asyn::YFP] 
expressing Asyn in body wall muscle cells at L4 days of development. Green fluorescence in all figures represents Asyn::YFP inclusions in muscle cells. A repre
sentative area was highlighted and expanded in each panel, to better visualize the Asyn::YFP accumulation. (B, first panel, up left) Asyn inclusions were detected in a 
C. elegans model of Asyn misfolding in which Asyn is expressed under the control of the unc-54 promoter. (B, second panel, bottom left) Asyn apparent aggregates are 
increased in ced-10 mutant nematodes. (B, third panel, up right) CFP::CED-10 expression (array baEx167 [Pced-10::CFP::CED-10]) decreased the number of Asyn 
inclusions in a ced-10 mutant background. (B, fourth panel, bottom right). The cyan fluorescence marker (CFP) represented the endogenous expression of CED-10 in a 
ced-10 background for rescuing Asyn accumulation. Magnification bar is 10 µm. (C) Quantification of the number of Asyn inclusions per area at L4. Data are mean 
± SEM. Between 30–35 animals were analysed per genotype. Three different transgenic lines expressing CFP::CED-10 were generated and analysed independently. 
Statistics: One-way ANOVA with a Tukey post hoc test. *** P ≤ 0.005. 
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± 9% vs 26 ± 7%, respectively ***P < 0.001) (Fig. 2B-C). These results 
indicated a deleterious effect of the ced-10 mutation in the generation of 
Asyn aggregates at this larval stage. Importantly, the increase in Asyn 

apparent aggregates was abolished in transgenic ced-10 mutants 
expressing the CFP::CED-10 fusion protein (Kim et al., 2018) (array 
baEx167[Pced-10::CFP::ced-10]) (12 ± 5% in worms expressing CED-10 

Fig. 3. RAC1/ced-10 mutant worms display both altered defecation and GABAergic morphology before the adult stage. Part A, (A-B) C. elegans defecation cycle 
studies. A) We performed a protocol based on (Bassan et al., 2010) with slight modifications. Wild type and ced-10 mutant worms were cultured in NGM plates with 
OP50 until they reached the L4 stage. Afterward, worms were cleaned with M9 buffer thrice (1 min at 4400 rpms). Worms were individually transferred to 12-well 
plates with seeded OP50. After 1 h for worms to adapt to the new plate, defecation cycles were recorded for 15 min (~15 cycles). B) C. elegans defecation cycle in 
images. At the beginning of defecation, the digestive tract in the anterior part is relaxed, then is contracted, relaxed, and finally, it employs to expulse the undigested 
substances. (C-D) ced-10 mutant worms displayed slow defecation rate compared to wild types. (E) Representative fluorescence images of GFP-labeled GABAergic 
neurons showing axonal abnormalities at the indicated genotypes. Yellow asterisks indicate axonal abnormalities. All worms are oriented with the anterior end left 
and ventral side down. Scale bars are 50 µm and 25 µm for whole worms and enlarged, respectively; ced-10 mutation increases the number of axonal abnormalities 
(bottom panels) in comparison to controls, without the ced-10 mutation, (upper panels) (n = 30 for each phenotype). (F) Quantification of axonal abnormalities. 
n = 30 worms per genotype. Data represent the mean ± standard deviation (SD). Statistical analysis was carried out with Student’s t-test, (*P < 0.05; **P < 0.01; 
***P < 0.001). (G) Thrashing behavior analyzed at L4 (n = 30 for each phenotype). Individual worms were located on a microscope slide, containing an agar pad and 
one drop of M9 buffer. After 2 min of habituation, the movement was analyzed. Data represent the mean ± standard deviation (SD). Statistical analysis was carried 
out with Student’s t-test, (*P < 0.05; **P < 0.01; ***P < 0.001). 
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wild type vs. 42 ± 9% in rac1/ced-10 mutant worms ***P < 0.001) 
(Fig. 2B-C) Then, Asyn accumulation was already influenced by a 
decrease in the activity of CED-10 at young stages of development. 

3.2. RAC1/ced-10 mutant worms display both altered defecation 
program and impaired GABAergic morphology before reaching the adult 
stage 

Constipation can be detected as early as two decades before the 
diagnosis of motor-PD, making it one of the initial recognizable signs 
indicating the onset of the disease. 

Yu et al. (2018). The defecation motor program in C. elegans consists 
of rhythmic cycles regulated by a complex genetic network (BRANICKY 
and HEKIMI, 2006) in which Rho/rac GTPases take part, and 
RAC1/CED-10 is among them. Specifically, RAC1/CED-10 is involved in 
the downstream cascade that keeps the cycle going every 45 s (BRAN
ICKY and HEKIMI, 2006). As such, we evaluated if our C. elegans model 
had the defecation program altered at L4. Following the protocol 
described in (BRANICKY and HEKIMI, 2006) and summarized in Fig. 3 
(Fig. 3, A-B), wild-type and ced-10 worms, both at L4, were transferred 

to 12 well-plates with an overnight OP50 lawn and individually recor
ded for 15 cycles (~15 min). 

As illustrated in Fig. 3C, ced-10 mutant animals had longer defeca
tion cycles (55 ± 12 s) than wild type worms (45 ± 5 s, ***P < 0.001) 
(Fig. 3C). The defecation cycle in C. elegans is characterized by its reg
ularity (BRANICKY and HEKIMI, 2006). Consequently, we measured the 
cycle variation by calculating the mean coefficient of variation (CV), 
which correlates with cycle regularity (BRANICKY and HEKIMI, 2006). 
We observed that ced-10 mutants had almost doubled the mean CV in 
comparison with wild-type worms (11 ± 6% vs 6 ± 2% *P < 0,05). 
Altogether these results indicated that the defecation cycle was longer 
and more irregular in ced-10 mutants compared with wild type worms at 
L4. 

Defecation cycles in C. elegans require the coordination of specific 
muscles, a couple of neurons, and the neurotransmitter GABA (BRAN
ICKY and HEKIMI, 2006). Indeed, the defecation behavior depends on 
the integrity of GABAergic neurons (Mclntire et al., 1993). As GABA 
regulates the defecation program in mammals and in C. elegans 
(Mahoney et al., 2008; Murueta-Goyena et al., 2019), and considering 
that GABA signaling is altered in PD (Murueta-Goyena et al., 2019), we 

Fig. 3. (continued). 
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examined the GABAergic morphology using our RAC1/ced-10 mutant 
nematodes. GABAergic cell bodies and axons in C. elegans can be visu
alized using the reporter strain CZ1200 juIs76 [Punc-25::GFP] to inves
tigate neurodegeneration in the nematode (Coppa et al., 2020). The 
unc-25 gene encodes the human glutamic acid decarboxylase (GAD) 
orthologous gene, glutamate decarboxylase 1. In worms expressing this 
reporter, the GFP fluorescence is observed along the ventral cord axons 

and in the GABAergic cell bodies (Coppa et al., 2020). To explore the 
influence of ced-10, first on GABAergic morphology, juIs76 [Punc-25:: 
GFP] animals were crossed with ced-10 (n3246) mutant worms, strain 
EDC073 (see methods and Sup. Fig S1) and the percentage of axonal 
defects in the resulting progeny was quantified, as described in (Coppa 
et al., 2020). Neuronal deficits were barely observed in wild-type worms 
without the mutation (27 ± 7%) (Fig. 3E and F). In contrast, the ced-10 

Fig. 4. RAC1/ced-10 mutant worms analyzed by SR-µFTIR displayed increased lipid unsaturation and peroxidative damage (A) C. elegans wild type and ced-10 dried 
over CaF2 for SR-µFTIR measurements at L3 stage of development. FT-IR spectra were obtained for 10 worms at 5–6 different locations along the worm. As an 
example, some yellow points are drawn along the worms. Scale bar= 30 µm. (B) 2nd derivative of the mean SR-µFTIR spectra of wild type (gray) and RAC1/ced10 
(black) L3 worms. The inset shows the amplification of the carbonyl group at 1740 cm -1. C) Lipid unsaturation ratio (C––C / (CH2 +CH3) A3012 / A(2920 +2960) of 
all spectra acquired for wild type and ced-10. *** p < 0.001 In box plots, the bars indicate the maximum and minimum values, the horizontal line represents the 
average and each point represents one spectrum. D) Lipid oxidation ratio (COOH/(CH2 +CH3)(A1740 / A(2920 +2960) of all spectra, for both strains. 
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mutation increased almost twice the GABAergic damage at L4 (49 ± 8%, 
***P < 0001) (Fig. 3E, F). The loss or injury of GABAergic neurons alters 
locomotion (Mclntire et al., 1993). The motility was evaluated by the 
thrashing assay, in which nematodes were placed in liquid, and the 
frequency of lateral swimming or thrashing movements was estimated 
(see methods). Thrashing was reduced in ced-10 mutant animals 
compared to wild-type (Fig. 3G) 156 ± 15 thrashes per minute in con
trols vs 114 ± 15 in worms containing the mutation, ***P < 0001. Thus, 
altered RAC-1/CED-10 activity disrupted the defecation cycle, and led to 
aberrant GABAergic axonal morphology and function. 

3.3. Increased lipid unsaturation and peroxidation characterize young 
RAC1/ced-10 worms 

Altered unsaturated lipids underlie brain synucleinopathies, 
including PD (Fu et al., 2022). In particular, plasma polyunsaturated 
fatty acid levels are aberrant at the early stages of the disease, inde
pendently of food intake (Yoo et al., 2021). To evaluate lipid unsatu
ration in C. elegans, we used synchrotron Fourier-Transform Infrared 
spectroscopy (sFT-IR). Infrared spectra were collected at different lo
cations of ced-10 mutant and wild-type nematodes at L3 (yellow dots in  
Fig. 4A), because L4 worms were too thick to be analysed by sFT-IR (16). 

Fig. 5. RAC1/ced-10 mutant worms display lipid accumulation. (A) ORO staining of wild type and ced-10 L4 animals. Images were taken using the same light 
exposure. Scale bar is 50 µm (B) ORO intensity factor, relative to wild type and ced-10 worms. n = 120 and N = 3. (C) Mitochondrial stress response without and with 
the RAC1/ced-10 mutation (left and right panels respectively). Scale bar is 100 µm. Mid panels and bottom panels correspond to higher magnification images to 
better visualize the fluorescence with the corresponding bright filed photomicrographs. Scale bar is 40 µm. (D) Quantification (fold increase) of the mitochondrial 
stress response indicated as GFP internal intensity. 30 worms were used, and the experiment was repeated three times. 
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The absorption bands assigned to the lipid groups were analyzed using 
the second derivative of the spectra to avoid baseline contribution and to 
ensure a better resolution of the maximum of each band. The second 
derivative of the averaged spectra for both conditions is shown in 
Fig. 4B. 

To study lipid unsaturation levels, we focused on the analysis of the 
carbon double bonds (C––C) in the infrared (IR) absorption spectrum, 
which absorb at 3012 cm-1 (Benseny-Cases et al., 2014). Lipid unsatu
ration levels were computed by normalizing the absorption of unsatu
rated C––C bonds by the total lipid content (sum of the absorption of 
chemical groups C-H of CH2 and C-H of CH3, with band absorptions at 
2920 cm-1 and 2960 cm-1, respectively (17)) to avoid the influence of 
sample thickness. As shown in Fig. 4C, ced-10 mutant worms displayed 
increased levels of unsaturated bonds compared with the wild-type an
imals at the same stage (Fig. 4C). The abundance of unsaturated lipids 
increases susceptibility to lipid peroxidation, a process of oxidative 
degradation of cellular lipids that contributes to the pathogenesis of 
neurodegenerative diseases (5). Since lipid carbonyls could be formed as 
consequence of lipid oxidation from unsaturated lipids (14), we hy
pothesized that an increase in unsaturated lipids could be translated as 
an increase in lipid peroxidation. Carbonyl groups (-CHO) could be 
formed as a oxidation product of the carbonate chain resulting in the 
formation of carbonyl groups in the carbonate chain or as oxidation 
products such as 4-hidroxynonenal. This carbonyl groups have a clear 
band at 1740 cm-1 in the IR spectrum (17). The inset in the second de
rivative of the average spectrum of each condition (Fig. 4B) shows a 
higher intensity of the band-specific of carbonyls at 1740 cm-1 in ced-10 
mutants than in wild-type worms. The ratio of carbonyl bands was 
normalized to total lipid content. Fig. 4D shows increased lipoxidative 
damage in RAC1/ced-10 mutants compared with wild-type worms 
(p < 0.001) (Fig. 4D). 

3.4. RAC1/ced-10 mutant animals display lipidomic abnormalities before 
adulthood 

One of the consequences of lipoxidative damage is the formation of 
lipid droplets (LD) (reviewed in (Islimye et al., 2022)). We investigated 
the presence of LD in ced-10 mutants compared to wild type worms at 
the L4 stage + 1 day of development. Animals were grown at 20ºC and 
stained with Oil Red O (ORO) to quantify overall neutral lipid content in 
the intestine and the hypodermis (O’Rourke et al., 2009). ced-10 mutant 
worms showed increased ORO staining in comparison with wild type 
(Figs. 5A and 5B). 

Fat accumulation leads to mitochondrial damage (21). Similarly, 
mitochondrial dysfunction contributes to the formation of LD (Lee et al., 
2013). Dysfunction of mitochondrial homeostasis induces the mito
chondrial unfolded protein response (UPRmt), which alters cellular 

metabolism. HSP-6 in C. elegans is a homolog of the human 
mitochondrial-specific heat shock protein 70, HSP-70, and has been 
established as an indicator of the UPRmt (Nargund et al., 2012; Yoneda 
et al., 2004). ced-10 animals were crossed with the reporter strain 
Phsp-6::GFP and we monitored the UPRmt elicited by the RAC1/ced-10 
mutation. As shown in Fig. 5C, the UPRmt is induced in the mutants and 
not in the wild-type worms (Fig. 5C). RNAi knockdown of RAC1/ced-10 
activated Phsp-6::GFP expression and also, although less significantly, 
the expression of Phsp-4::GFP (Sup. Fig. S2). These results confirmed 
that a reduction in the expression levels of RAC1/CED-10 contributed to 
the triggering of the UPRmt (by the activation of Phsp-6::GFP) and the 
ER stress response, as indicated by the reporter strain Phsp-4::GFP (Hou 
et al., 2014). 

To ascertain the specific lipid species accumulated in young mutant 
worms, we performed a lipidomic analysis at L4. To this end, we 
compared the non-targeted UPLC-HRMS lipidomic profiles from whole 
homogenates of wild-type and ced-10 mutant nematodes. Raw data from 
the lipidomic analysis showed a general increase in lipid species 
compared with wild-type (Fig. 6A). This was in agreement with the LD 
accumulation observed in ced-10 mutants (Fig. 5A-B). To unbias the 
effect of the total lipid content, we normalized the results by dividing the 
raw data by the sum of the lipid content in each genotype (Fig. 6B). 

The principal component analysis (PCA), an unsupervised and un
biased approach, showed a tendency towards clustering between the 
rac1/ced-10(green) and wild type (red) nematodes (Sup. Fig. S3A). The 
first two components (PC1 and PC2) accounted for 28,8 and 13,6% of 
the variation respectively. This clustering was confirmed by a discrim
inant model (Sup Fig. S3B) OPLS-DA (Q2 =0.645; p = 0.01) further 
supporting the fact that mutant worms have different metabolic network 
than wild type ones. A general heat map comparing both genotypes 
showed a general increase (intense red color in Fig. 7A) in different lipid 
metabolites, including some triacylglycerides (TAG), phosphatidylcho
lines (PC) and sphingomyelins (SM) (Fig. 7A). Only PC and SM are 
significantly altered as indicated by the gray line. A detailed heat map of 
PC and SM species revealed that those with significant changes were PC 
(O-18:0/18:2) and SM (31:1) (Fig. 7B). Altogether, RAC1/ced-10 nem
atodes could serve as a promising tool to determine specific lipid al
terations often attributed to early PD. 

4. Discussion 

Here, we present RAC1/ced-10 mutant nematodes as a promising 
model for investigating early stage, focusing on non-motor symptom
atology. These mutants mimic constipation (by an impairment in the 
defecation cycle) and GABAergic abnormalities before adulthood. In 
addition, these nematodes show impaired lipid metabolism compared 
with wild-types. In particular, RAC1/ced-10 worms exhibit increased 

Fig. 6. : Analysis of the lipid profiling. Volcano plots of the raw data (A) shows an increase in many lipid metabolites in ced10 mutants consistent with the increase in 
total lipid composition. When data are normalized for the total lipid amount, the resulting volcano plot (B) shows increased and decreased metabolites between wild- 
type and control worms. 
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unsaturation and lipoxidation indices, together with an increase in lipid 
droplet content. Lipidomic fingerprinting reveals that PC and SM are the 
most significantly increased lipid species. 

ced-10 mutant worms show a decrease in dopaminergic function and 
an increase in autophagic vesicles. Through experiments using these 
worms, it was revealed that CED-10 has a protective role in dopami
nergic neurons within transgenic nematodes that overexpress human 
Asyn, mitigating Asyn-induced toxicity. Moreover, the expression of 
RAC1 in PD-derived dopaminergic neurons rescues Asyn accumulation, 

cell death, and autophagy impairment (Kim et al., 2018). This suggests a 
cell-autonomous mechanism wherein RAC1/ced-10 activity impacts 
dopaminergic neurons. However, considering the cell non-autonomous 
mechanisms implicated in PD pathogenesis (Panicker et al., 2021), the 
possibility of a non-cell-autonomous action of RAC1/ced-10 
loss-of-function cannot be dismissed. Several PARK proteins, such as 
PARKIN and LRRK2, known to contribute to non-cell-autonomous 
mechanisms of neuron death, interact with RAC1 (Cabello et al., 
2014) and (Chan et al., 2011) respectively). PARKIN, which functions as 

Fig. 7. RAC1/ced-10 nematodes display an altered lipidomic fingerprint. A) General heat map showing lipid species ordered according to their carbon number and 
the acyl chain degree of unsaturation. For each comparison, log transformed ion abundance ratios are depicted, as represented by the scale. The heat map color scale 
denotes to the relative content of lipid species in ced-10 mutant vs wild-type nematodes. Dark red indicates the highest increases, dark green indicates the most 
pronounced decreases. Gray lines correspond to significant fold-changes of individual metabolite levels, darker gray colors have been used to stress higher signif
icance. (P ≤ 0.05, Student’s t-test). B) Specific heat map showing PC and SM species ordered according to their carbon number and the acyl chain unsaturation 
degree. For each comparison, log transformed ion abundance ratios are depicted, as represented by the scale. The heat map color scale denotes to the relative content 
of lipid species in ced-10 mutant vs wild type. Dark red indicates the highest increases, dark blue indicates the most pronounced decreases. Asterisks correspond to the 
significant fold-change of individual metabolite levels (P ≤ 0.05, corrected for multiple comparisons). 
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an E3 ligase, regulates RAC1 expression (Cabello et al., 2014) while the 
interaction between LRRK2 and Rac1 modulates neurite retraction 
(Chan et al., 2011). Since these PD-associated proteins are expressed in 
various cell types within or outside the central nervous system, they may 
amplify harmful signaling. As such, it is tempting to speculate that 
RAC1/ced-10 could potentially modulate non-cell-autonomous pro
cesses associated with PD, through interactions with these (or other yet 
unidentified) proteins expressed in diverse cell types (Hinkle et al., 
2019) and (Kam et al., 2020). 

Asyn accumulation is one of the main hallmarks of PD, and it par
allels neurodegeneration. Nevertheless, whether Asyn seeding is a cause 
or consequence of neurodegeneration remains controversial. The exis
tence of an animal model to study the timepoint at which Asyn starts to 
accumulate, may help to investigate the initiation and progression of PD. 
C. elegans models have been developed to investigate the mechanisms of 
Asyn aggregation (Van Ham et al., 2008; Hamamichi et al., 2008; Kim 
et al., 2018) and have been widely and successfully employed for the 
investigation of late PD. Unfortunately, none of these has been used to 
investigate the changes linked to earlier stages. These stages cover a long 
latent phase of PD and, as such, represents an opportunity for early 
recognition of incipient PD. Because strain EDC101 (Sup. Fig. S1) has 
human Asyn expression and harbors the ced-10 mutation (Kim et al., 
2018), we can delineate several traits that are independent of Asyn 
accumulation. This has two main advantages. First, it allows for the 
study of early events linked to Asyn aggregation induced by 
RAC1/ced-10 altered function. Second, it also enables exploration of 
early phenomena linked to PD. We established L4 as the first larval stage 
in which we observe incipient accumulation of Asyn without affecting 
regular movement (data not shown). In addition, the dopaminergic 
function is also altered in RAC1/ced-10 mutants at L4 (Kim et al., 2018). 
Together with the lipoxidative alterations observed, this marks the L3 to 
L4 + 1 day interval of development as the most suitable larval stage for 
investigating early stages of PD in C. elegans. 

PD is a multi-systemic disorder with a heterogeneous early phases 
showing a broad range of non-motor symptoms (Schapira et al., 2017). 
Constipation is among the first incipient manifestations, occurring up to 
20 years prior to the first motor symptoms (Yu et al., 2018). In addition, 
early constipation predicts faster onset of dementia in PD (Camacho 
et al., 2021). RAC1 variants that affect GTP hydrolysis have been asso
ciated with constipation in some neurodevelopmental disorders in 
humans (Banka et al., 2022). The ced-10(n3246) mutation character
izing our model results in a non-null altered function that affects GTP 
hydrolysis (Kim et al., 2018). We showed here that RAC1/ced-10 mu
tants displayed an altered defecation motor program, namely shortened 
cycles and slow defecation rates. This agrees with the role of RAC1 in 
defecation, described in other animal models (Martínez-Sánchez et al., 
2023; Barbosa et al., 2020). The defecation motor program in C. elegans 
is regulated by GABAergic signaling. Indeed, the GABAergic neuron AVL 
participates in controlling the simultaneous contraction of dorsal and 
ventral anterior body-wall muscles (aBoc) once anterior calcium levels 
return to baseline (Mahoney et al., 2008). In addition, neuropeptides 
released from the intestine depolarize the GABAergic DVB motoneuron, 
which, in turn, stimulates the contraction of the enteric muscle to pro
duce expulsion (Mahoney et al., 2008). We showed that RAC1/ced-10 
mutants displayed altered GABAergic neurons and axons at the L4 stage. 
Therefore, we are tempted to speculate that the impairment in the 
defecation motor program observed in the nematode might be a 
consequence of altered GABAergic neurons and their projections. In this 
sense, impairment of intestinal motility in PD is partially due to dysre
gulation of GABAergic signaling (Auteri et al., 2015). Therefore, we are 
confident that RAC1/ced-10 mutants might be a useful tool to investi
gate other PD symptoms in which GABA signaling is altered. 

Considering the role of dysregulated GABA signaling in seizure dis
orders, it is significant that a recent clinical report on early PD etiology, 
people with epilepsy have a 2.5 times greater chance of developing PD in 
their lifetimes than those in the general population (Simonet et al., 

2022). Conversely, people diagnosed with PD are at greater risk of 
experiencing seizures (Gruntz et al., 2018). Interestingly, we previously 
reported that a ced-10 (n3246) gain-of-function allele that displays 
axon-pathfinding defects similar to those resulting from multiple Rac 
loss-of-function mutations, led to increased susceptibility to an 
GABA-dependent epileptic-like convulsion behavior in C. elegans (Locke 
et al., 2009). Given the function of RAC1 in modulating cytoskeletal 
dynamics, including synaptic vesicle trafficking, polymorphisms in this 
and related genes might represent a source of aberrant neuronal 
hyperexcitation with a contribution to early events in PD. An increased 
application of C. elegans to accelerate functional annotation of human 
genomic variations of unknown significance might prove useful in this 
scenario (Mew et al., 2022). 

Growing evidence demonstrates that PD shows lipid alterations and, 
hence, is also considered a “lipidopathy” (Fanning et al., 2020). How
ever, it is unclear whether the misfolding of Asyn precludes lipid alter
ations. Thus, it is controversial whether PD is a protein-induced 
lipidopathy or a lipid-induced proteinopathy. Recent advances point to 
the first option, because the main neurotoxic process is an imbalance in 
cellular lipid metabolism, in which Asyn dyshomeostasis is the trigger 
(Fanning et al., 2020). C. elegans does not have a homolog of Asyn. As 
such, the PD-like phenotypes in young RAC1/ced-10 mutants shown 
here, appeared without the influence of Asyn. Therefore, this organism 
provides us the opportunity to identify potential synergisms between 
Asyn and lipid metabolism at early stages when Asyn starts to 
accumulate. 

In the present work, we demonstrated that RAC1/ced-10 mutants 
displayed an increased unsaturation index, suggesting an increase in the 
content of polyunsaturated fatty acid (PUFA), and lipoxidative damage. 
Recently, it has been described that, in human PD, some unsaturated 
fatty acids are specifically elevated in the amygdala, where Asyn is 
commonly accumulated, correlating with an increase in lip
operoxidation (Fu et al., 2022). Interestingly, in the cerebral cortex of 
asymptomatic patients at early stages of parkinsonian neuropathology, 
where Asyn deposits are not yet observed, both lipoxidative damage and 
PUFA ω-3 content are elevated (Dalfó and Ferrer, 2008). As such, 
RAC1/ced-10 mutants, in which Asyn is absent, recapitulate several 
lipidomic traits observed at early timepoints PD. 

Phosphatidylcholine (PC), phosphatidylethanolamine, phosphati
dylserine, and sphingomyelin (SM) are unsaturated fatty acids that are 
increased in the amygdala of late PD patients (Fu et al., 2022)Among 
these, PC and SM, but not phosphatidylethanolamine or phosphati
dylserine, were elevated in the RAC1/ced-10 mutant nematodes. The 
specific increase in these two lipid species prompted us to speculate that 
they may be altered at the beginning of PD. SM accumulation could be 
also a consequence from an increase in PC levels. SM is synthesized by 
SM-synthase using both PC, as donor of a phosphorylcholine group, and 
free ceramide. Accordingly, the elevated PC content as main cause for 
the higher levels of SM observed in RAC1/ced-10 mutant worms is the 
most plausible explanation. 

PC and SM are in the core of Lewy bodies observed in postmortem 
samples of PD patients (den Hartog Jager, 1969). It is worth mentioning 
that Lewy bodies are already present in brain areas of asymptomatic PD, 
indicating that PC and SM metabolism could be impaired before neu
rodegeneration appears. In addition, both PC and SM are implicated in 
PD pathogenesis favoring Asyn aggregation. In this sense, PC modifies 
the secondary structure of Asyn oligomers formed in vitro at the early 
stages of protein aggregation (den Hartog Jager, 1969). In the case of 
SM, the relationship is more indirect. The lack of glucocerebrosidase 1 
and the resultant increase in ceramides and SM, promotes the formation 
of abnormal oligomers of Asyn. In turn, elevated levels of Asyn species 
result in reduced glucocerebrosidase 1 activity, which further stabilizes 
Asyn oligomers (Nuzhnyi et al., 2015). Asyn-lipid binding, and its sub
sequent oligomerization, is dependent on the composition of membrane 
phospholipids with preferential binding to regions enriched in sphin
golipids, such SM (Makasewicz et al., 2021). Considering that C. elegans 
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does not express Asyn, but RAC1/ced-10 mutation increases Asyn ag
gregates in the Asyn-expressing strain Punc-54::Asyn at L4, we are 
tempted to speculate that PC and SM contribute to Asyn seeding at early 
stages of the disease. 

PC and SM are not the only lipid species augmented in the RAC1/ced- 
10 lipidome, but a general increase in the lipid content is detected as 
revealed by the lipidomic profile and the LD quantification. LD are major 
players in PD progression because of their relevance in neuronal activity 
(Islimye et al., 2022). Here, we show that the ced-10 mutation led to an 
increase in the LD content, which could be a consequence of mito
chondrial dysfunction. In this sense, RAC1/ced-10 mutants display a 
higher ratio of mtDNA mutations (Flowers et al., 2023). Then, we are 
tempted to speculate that mutations in mtDNA should lead to mito
chondrial ROS, impairing mitochondrial metabolism pathways such as 
lipid beta-oxidation. Interestingly, mtDNA mutations are considered an 
important factor responsible for the development of mitochondrial 
dysfunction and neurodegeneration in PD (reviewed in (Buneeva et al., 
2020)). Moreover, this is supported by our finding that the UPRmt is 
strongly upregulated in RAC1/ced-10 animals. These results, reinforce 
the utility of RAC1/ced-10 C. elegans mutants as a valuable model to go 
deeply into the physiopathology of PD. 

5. Conclusions 

The alterations described in RAC1/ced-10 young nematodes reca
pitulate some disturbances observed at asymptomatic stages of PD. 
Concretely, these worms show slow intestinal cycles, decreased defe
cation rate, GABAaergic neuronal damage and alteration in the lip
idome. Then, RAC1/ced-10C. elegans mutants emerge as an easy-to- 
manipulate and suitable animal model to go deeply into the knowl
edge of asymptomatic PD, helping to better manage PD patients and 
delay neurodegeneration. Therefore, it is tempting to conclude that this 
nematode model could serve as a tool for establishing a timeline of traits 
that represent predictive signals of PD, which will contribute to the 
evaluation of novel therapies and drugs to ameliorate symptoms of PD. 

CRediT authorship contribution statement 
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Formal analysis, Methodology, Validation, Visualization. A. Lar
omaine: Funding acquisition, Resources, Supervision, Validation, 
Visualization. V.J. Yuste: Data curation, Formal analysis, Writing – 
original draft, Writing – review & editing. E. Dalfó: Conceptualization, 
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