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Abstract

Background

Excessive alcohol consumption is a global health issue and a leading cause of dis-
ease, disability, and mortality. This study aimed to determine the effects of a 24-hour
ethanol exposure, post-exposure withdrawal (cessation of alcohol intake), and
post-exposure withdrawal relief on the sensorimotor performance of the nematode
Caenorhabditis elegans.

Methods

A modified kinetic chemotaxis assay (commonly referred as “diacetyl race”) was con-
ducted with worm populations subjected to three different doses of ethanol
pre-exposure to assess the impact of ethanol on locomotion. Additionally, we
employed lifespan, mobility, gene expression analysis and imaging assays to eval-
uate health status and molecular alterations occurring in the worms under different
levels of ethanol exposure.

Results

Wild-type, dopamine receptor mutant and serotonin biosynthesis null mutant worms
presented different responses to ethanol in the kinetic chemotaxis assay. Further-
more, exposure to ethanol altered vesicle exocytosis in dopaminergic and sero-
tonergic neurons and the expression of a panel of genes associated with stress
responses. Additionally, 24-hour ethanol exposure differentially influenced the lifes-
pan of wild-type and mutant worms.
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Conclusions

Different responses, which may be relevant to the pathogenesis of human alcohol
use disorder, were observed in wild-type worms, a dopamine receptor mutant, and

a serotonin biosynthesis null mutant in a variety of assays performed. Furthermore,
we present a 3-step experimental model for drug tolerance, based on the well-
established kinetic chemotaxis behavioral paradigm (“diacetyl race”). This model pro-
vides new insights into the effects of alcohol in worms, particularly regarding the roles
of dopamine and serotonin neurotransmission. Importantly, this model holds potential
for investigating the effects of other addictive substances beyond alcohol.

Introduction

Excessive alcohol consumption is a significant global health challenge, contributing
to disease burden and premature mortality [1]. Despite widespread awareness of its
risks, the precise mechanisms through which alcohol induces addictive behaviors
are not completely understood. A plethora of model organisms have been employed
in the field of alcoholism, with Caenorhabditis elegans (C. elegans) emerging as a
particularly insightful model due to its unique biological characteristics and suitability
for high-resolution genetic studies [2-5].

C. elegans is a small, transparent nematode that has become one the main mod-
els used in neurobiological research owing to its simple nervous system as well as
genetic manipulation [6,7]. This nematode offers a concise yet comprehensive plat-
form for investigating complex neuropathological processes due to its fully mapped
nervous system, consisting of 302 neurons and over 7,000 chemical synapses and
gap junction connections in the hermaphroditic worm [8]. The relevance of C. elegans
to addiction research is underpinned by its physiological and behavioral responses
to addictive substances such as ethanol. Studies have shown that ethanol exposure
affects the locomotion, feeding, egg-laying and hatching behaviors of the worm in a
dose-dependent manner [9,10] with different phenotypes depending on the devel-
opmental stage and duration of the exposure to ethanol [11,12]. Despite of that, the
exact impact of these changes at the molecular and cellular levels is not fully under-
stood. Furthermore, the genes of C. elegans and humans present 60-80% homology
[13] and at least 80% homology of their proteome [14], and the resemblance between
the nervous systems of the two species can clearly be highlighted. Dopaminergic as
well as serotonergic neurons are present in their central nervous systems and play
a key role in the reward system in the context of addiction and substance tolerance
in humans and rodents, affecting it movement and behavior [15,16]. Dopaminergic
[17—19] and serotonergic [20] neurotransmission have been involved in the control of
responsiveness to ethanol and ethanol-induced behaviors. Nevertheless, the extent
to which these mechanisms are conserved in worms is unclear [8,14,21].

In this study we aim to elucidate the mechanisms underlying the effects of
extended 24-hour ethanol consumption in worms. To ascertain the impact of ethanol
consumption on the worms’ motor capacity, we conducted a 3-step modified version
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of a kinetic chemotaxis assay (“diacetyl race”) [22] using worm populations at three different degrees of ethanol pre-
exposure (no pre-exposure, medium, and high doses). By implementing this assay, we found distinct effects in wild-type,
dopamine receptor mutant, and serotonin biosynthesis null mutant animals. Moreover, ethanol consumption changed the
vesicle exocytosis of dopamine and serotonin from neurons and dysregulated the expression of a group of genes related
to stress response. Furthermore, we demonstrate that the lifespans of wild-type, dopamine receptor mutant, and serotonin

biosynthesis null mutant worms are all affected differently by long-term exposure to ethanol.

Finally, we offer a 3-step drug tolerance experimental model that is based on the established behavioral paradigm of
the kinetic chemotaxis assay (“diacetyl race”) and can be used to test the levels of response to drugs other than ethanol
in C. elegans. Tolerance assays have been proposed in previous studies for specific drugs and/or time-frames [23—-25].
Nevertheless, here we aim to define a simple and reproducible tolerance assay that will pave the way for testing different

compounds after different exposure times.

Materials and methods

Strains and transgenic lines

We followed the standard procedures for maintenance, genetic crosses, and other genetic manipulations of C. elegans
[26]. In brief, all worm strains were cultivated on Nematode Growth Media (NGM) agar plates with Escherichia coli strain
OP50 as the food source. The rearing temperature was maintained at 20°C to ensure optimal growth conditions unless
otherwise specified. Throughout the rearing period, plates were routinely inspected for fungal contamination to ensure the
exclusion of pathogen-exposed worms. The strains used in this study are listed in Table 1 [27].

Ethanol treatments

Animals were exposed to ethanol from the larval 4 (L4) stage through day 1 (D1) of adulthood. Age-matched worms (L4)
were collected in suspension and distributed in low-dose ethanol-infused plates, high-dose ethanol-infused plates, and
standard control plates. All plates contained 12 ml of NGM, with ethanol-infused plates prepared by adding 140 ul (low
dose: 200 mM) or 280 pl (high dose: 400 mM, based on [22,28]) of pure ethanol into the NGM mixtures immediately

Table 1. Experimental models: C. elegans.

Strain

Genetic background

Source

N2: wild-type

Wild-type

Caenorhabditis Genetics
Center (CGC)

BZ873: dop-3 (0k295): it lacks the D2-like receptor
gene product (DOP-3).

This strain has been
backcrossed with N2
(outcrossed).

Caenorhabditis Genetics
Center (CGC): https://cgc.
umn.edu/strain/BZ873

MT14984: tph-1(n4622): it is defective for the gene
encoding tryptophan hydroxylase, the rate-limiting

enzyme in serotonin synthesis, leading to impaired
serotonin biosynthesis.

This strain has been
backcrossed with N2
(outcrossed).

Caenorhabditis Genetics
Center (CGC): https://cgc.
umn.edu/strain/MT14984

CL2166:dvIs19[pAF15(gst-4::GFP::NLS)]. (Oxida-
tive stress-inducible GFP).

This strain has been
backcrossed with N2
(outcrossed).

Caenorhabditis Genetics
Center (CGC): https://cgc.
umn.edu/strain/CL2166

P|ph_1SNB: SEpHluorin (referred to as serotonin

superecliptic strain #3001). Based on [27].

This strain has been
generated by our group
in N2 background.

Kindly provided by Eirini
Lionaki and
Persefoni Fragkiadaki

pro,..-1SNB: SEpHIuorin (referred to as dopamine
superecliptic strain #1785). Based on [27].

This strain has been
generated by our group
in N2 background.

Kindly provided by Diony-
sia Petratou

https://doi.org/10.1371/journal.pone.0344966.t001
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before plate pouring, according to commonly used protocols for substance addition to NGM medium [29]. NGM plates
were freshly prepared each time and covered with parafilm to minimize ethanol evaporation. Furthermore, all plates
were sealed with parafilm during the 24-hour exposure period. All ethanol treatments were performed in the presence of
UV-irradiated OP50 bacteria to reduce metabolization of ethanol by E.coli. Bacteria were exposed to UV irradiation for 30
minutes, in order to induce a viable but nonculturable state.

Lifespan assays

Lifespan assays were conducted at 20°C unless otherwise specified. Synchronous animal populations were generated

by hypochlorite treatment of gravid adults, yielding tightly synchronized embryos that were allowed to develop into adult-
hood under defined conditions. Once the worms reached the L4 stage, 20-25 individuals were transferred onto NGM
plates seeded with UV-irradiated OP50 E.coli bacteria with/without ethanol, depending on the experimental group. After 24
hours of ethanol exposure, worms were washed for 1 hour with M9 and the experiment continued in NGM plates seeded
with UV-irradiated OP50 E.coli bacteria without ethanol. A total of 150-200 animals were tested per condition in each
experiment. Worms were transferred to fresh plates every 2 days and monitored daily for touch-provoked movement and
pharyngeal pumping until death. Worms that died due to internally hatched eggs, extruded gonads, or desiccation from
crawling off the edge of the plates were censored and recorded as such in the dataset. Each survival assay was repeated
three times, and the figures represent typical assays. Survival curves were generated using the Kaplan-Meier product-limit
method, and the log-rank (Mantel-Cox) test was used to assess differences between survival curves and determine p-
values. Statistical analysis and lifespan calculations were performed using the Prism software package (GraphPad Prism
8). The median survival time is defined as the time point at which the probability of survival equals 50%, meaning that the
survival curve crosses 50% survival (S1 Table).

Motility Assay: Thrashing

The thrashing, or swimming assay, is a sensitive method for detecting locomotion defects and assessing the overall health
status. In this assay, worms are treated with/without ethanol for 24 hours, washed with M9 for 1 hour and then placed in

a small NGM Petri dish overlaid with a physiological buffer (M9), and their average swimming speed is measured. The
thrashing analysis was conducted by videotaping the worms in the thrashing buffer for 2 minutes using a Zeiss Lumar V12
SteREO microscope at 20x magnification after treatment with the corresponding dose of ethanol (0 mM, 200 mM, 400

mM or 600 mM) and subsequent 1-hour post-exposure withdrawal period (M9 buffer). The video files were then analyzed
using Wormlab software (version 2022.1.1). The software semi-automatically detects the worms within the field of view
and calculates various statistics based on the movement patterns of the worms. According to the Wormlab software man-
ual, swimming metrics are defined as follows: “wave initiation rate” refers to the number of body waves initiated from either
the head or tail per minute, “brush stroke” refers to the area traced by the worm’s body during a single complete stroke,
and “activity” represents the brush stroke normalized by the time taken to perform two strokes.

Kinetic chemotaxis assay (“diacetyl race”)

Exposure was carried out as described previously (Ethanol Treatments section). Following the initial exposure period (24
hours), worms were washed off the corresponding plates [22], repeatedly rinsed, and suspended in M9 buffer in Eppen-
dorf tubes for the so called 1-hour post-exposure withdrawal period. The setup and execution of the kinetic chemotaxis
assay were adapted from [5]. Standard chemotaxis assay plates were prepared in 10 cm diameter Petri dishes with 15 ml
chemotaxis agar medium (a modified NGM medium without peptone), while re-exposure chemotaxis assay plates were
infused with a low dose of ethanol (60 mM), a concentration where motility and feeding behaviors are minimally affected,
in order to minimize confounding factors and based on previous studies [30]. All chemotaxis assay plates were freshly
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prepared within 24 hours of a kinetic chemotaxis assay to ensure consistent and precise ethanol concentrations. The
bottoms of the plates were marked at the two opposite poles, indicating a starting field and a goal area behind a finish
line, with each field covering approximately 5 cm? of the plate. Immediately before the assay, a 10 ul mixture of attractant
(1:1000 diacetyl, chemically known as 2,3-butanedione) and paralytic (100 mM sodium azide) was applied to the goal.
The suspended worms were allowed to naturally settle at the bottom of the Eppendorf tubes, after which most of the
buffer solution was drained to facilitate the collection of a concentrated drop of worms via pipette. Drops containing 25-60
worms were pipetted onto the starting fields of chemotaxis assay plates. To remove excess fluid around the worms, gentle
manual absorption with single-layered tissue paper was applied where necessary. Three independent kinetic chemotaxis
assays were conducted. The total number of worms and the number of worms that reached the goal were counted every
10 minutes over the period of 60 minutes.

Fluorescent microscopy

Fluorescence imaging of worms was conducted by mounting and paralyzing the nematodes with a 20 pl drop of 20 mM
levamisole on standard microscope slides. All animals were age-synchronized (treatment at L4 and imaging at D1) to
ensure uniform developmental stages, and photobleaching was minimized by single-exposure imaging per animal (5—10
worms/experimental condition were imaged in each session). Fluorescence imaging was conducted at room temperature
using a Zeiss LSM 900 confocal microscope with an Airyscan 2 module. We used a 40x/1.2 NA Multi-immersion objective
(LD LCI Plan-Apochromat) and set the pinhole to 1 Airy unit. Samples were excited with a 488nm laser, while acquisi-
tion parameters—including laser power, gain, and 2048 x 2048 resolution—were kept constant across all groups. Post-
acquisition processing was performed in Zen Blue, and data analysis was carried out in ImageJ/Fiji. All analyses were
conducted by an investigator who was blinded to group assignment during image evaluation.

Image analysis

To accurately represent the biological signal and account for the technical detector offset of the Airyscan 2 system (base-
line of approximately 10,000 units), we performed background subtraction. The mean background intensity was calculated
from non-fluorescent regions and subtracted from all raw measurements (Mean =Mean_ - Background). All image
quantifications were performed using ImageJ/Fiji.

adjusted w

mRNA quantification

Total RNA was extracted using TRIzol reagent, following the manufacturer’s protocol. RNA from 150 worms per
condition was collected after pre-exposure (24 hours) with the corresponding concentration of ethanol and 1-hour
post-exposure withdrawal period. RNA concentration was measured using a NanoDrop Microvolume Spectrophotom-
eter before performing cDNA. For cDNA synthesis, 1 uyg mRNA was reverse transcribed using the iScriptTM cDNA
Synthesis Kit (BioRad). Quantitative polymerase chain reaction (QPCR) was performed with the Eva Green qPCR Kit
(Biotium) according to the manufacturer’s instructions. The gPCR reactions were run on a Bio-Rad CFX96 Real-time
PCR system. All the primers used are listed in Table 2. act-1 served as the housekeeping gene. mMRNA expression
across samples was normalized using the AACt (Delta-Delta Ct) method [31]. First, data were normalized to the act-1
mMRNA levels of each condition to obtain ACt values, and then mRNA levels were normalized to the appropriate control
reference conditions.

Quantification and statistical analysis

Quantification was performed using ImagedJ software (NIH, http://imagej.nih.gov/ij/) and Volocity 6.3 software. Statistical
analyses were conducted using the Prism software package (GraphPad Software Inc., San Diego, USA) and Microsoft

PLOS One | https://doi.org/10.1371/journal.pone.0344966 March 23, 2026 5717



http://imagej.nih.gov/ij/

PLO\Sﬁ\\.- One

Table 2. Oligonucleotides.

Gene target Forward primer (5— 3’) Reverse primer (5°— 3’)

act-1 AGGCCCAATCCAAGAGAGGTATC TGGCTGGGGTGTTGAAGGTC
skn-1 TCCACCAGGATCTCCATTCG CTCCATAGCACATCAATCAAGTCG
sod-3 ATTGCTCTCCAACCAGCGC GGAACCGAAGTCGCGCTTAA
daf-2 AGCTCTCGGAACAACCACTG TGACAAGTCGAAGCCGTCTC
daf-16 GCGAATCGGTTCCAGCAATTCCAA ATCCACGGACACTGTTCAACTCGT
adh-1 GGAAAGAATGTTACTGGATGGCA ATTCGCAGTTGAGGCAGTTG
gst-4 ATGGTCAAAGCTGAAGCCAACG CTGCAGTTTTTCCAGCGAGTCC

https://doi.org/10.1371/journal.pone.0344966.t002

Office 2010 Excel (Microsoft Corporation, Redmond, WA, USA). The specific statistical tests applied for each experiment
are described in Figure legends. Results for continuous variables are expressed as mean and standard deviation in all
plots. For all experiments, at least three independent biological replicates were performed unless specified otherwise. For
the kinetic chemotaxis assay (“diacetyl race”), each experiment was conducted in tandem sets of two kinetic chemotaxis
assays, and the average percentage of worms reaching the goal was calculated for each time point. The Shapiro—Wilk
normality test was used to assess normality. Statistical significance between two groups was determined using Student’s t
test (p<0.05 unless otherwise specified). Statistical significance for more than two groups was assessed by 1-way ANOVA
(p<0.05 unless otherwise specified). 2-way ANOVA was used to test the interaction of two factors (S2 Table). In all cases,
the statistical test that has been applied is specified in the corresponding Figure legend. Multiple comparisons were cor-
rected using the Benjamini-Hochberg false discovery rate (FDR) post hoc test to control for type | error.

Results

A 24-hour exposure to ethanol reduces lifespan of wild-type worms but not of dopamine receptor and serotonin
synthesis mutants

Firstly, to assess any long-term consequences of the treatment, we conducted survival assays following 24 hours of treat-
ment with low (200 mM) and high (400 mM) ethanol concentrations, starting from the L4 stage to day 1 (D1) of adulthood.
Previous studies have shown that exposure of worms to 500 mM ethanol resulted in an internal ethanol (EtOH) concentra-
tion relevant to human consumption and disinhibition behaviour in rodents [19]. Nevertheless, this concentration extremely
inhibits crawling [32] and we thereby decided to perform our experiments at lower doses. We selected 400 mM ethanol,
which has been previously tested by others [18,22], and included a second condition where we observed mild effects in
locomotion (200 mM).

The lifespan of wild-type N2 worms did not change in response to 200mM ethanol, but significantly decreased after 24
hours of treatment with the higher dose (400mM) of ethanol (Fig 1, S1 Table). As a proof-of-concept approach we decided
to test two strains with different, complete and partial deficits in serotonergic and dopaminergic neurotransmission; a
dopamine receptor null mutant dop-3 (0k295) [33] and the serotonin biosynthesis null mutant tph-1(n4622) [34] strains. In
our experiments, the basal lifespans of both the dop-3 and {ph-1 mutant strains were reduced compared to wild-type (S1
Fig). However, their lifespan was not further decreased by 200- or 400-mM ethanol. Thus, a lifespan-shortening effect of
ethanol exposure was observed in wild-type animals but was not detected in dop-3 or {ph-1 mutants under the conditions
tested.

A 24-hour ethanol exposure does not affect worm motor activity

After assessing the long-term effects of ethanol on the lifespan of the nematodes, the short-term impact of exposure
was evaluated. For this purpose, we analyzed the motor behavior of our three strains (wild-type, dopamine mutants, and
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Fig 1. Exposure to high doses of ethanol affects the lifespan of wild-type worms but not dop-3 and tph-1 mutants. Survival curves of (A) wild-
type (N2 strain) animals, and (B) dopamine receptor (dop-3(0k295)) and (C) serotonin synthesis ({ph-1(n4622)) mutant strains from day 1 (D1) of adult-
hood, immediately after 24-hour treatment with 200 mM ethanol, 400 mM ethanol or no treatment. P-values were calculated by Log-rank/Mantel-Cox for
each graph and indicated next to the curve: *p<0.05, n.s.; non-significant. Log-rank/Mantel-Cox test was also performed for the comparison of each pair
of conditions and only statistically significant comparisons are shown: **p<0.01.

https://doi.org/10.137 1/journal.pone.0344966.9001

serotonin mutants) under three experimental conditions: no treatment, 24-hour incubation with 200 mM, and 24-hour incu-
bation with 400 mM ethanol, followed by a 1-hour recovery period. We did not observe any significant differences in the
parameters analyzed (Fig 2), indicating that the worms maintain movement after exposure.

However, as expected [10], higher doses of ethanol (600 mM), even after short exposure periods (20 minutes) reduced
the movement of the nematodes (S2 Fig), although movement was not completely impaired. Specifically, the motor activity
of wild-type worms and dop-3 mutants was more affected than that of the {ph-1 mutants following acute ethanol exposure.

Therefore, since worms preserve their locomotion after an extended exposure to 200 and 400 mM ethanol, we
employed these concentrations in further studies.

Intact dopamine and serotonin neuronal circuits are required for tolerance to ethanol

Next, we investigated the tolerance of worms to ethanol and the subsequent effects on sensorimotor performance using
a 3-step modified version of a kinetic chemotaxis assay (commonly known as “diacetyl race”) (Fig 3A, see Methods).
Briefly, the assay consists of 1) 24-hour exposure to 0 mM, 200 mM or 400 mM ethanol, 2) 1-hour post-exposure period
(cessation of alcohol intake), and 3) evaluation of the worms’ capacity to reach a goal with or without re-exposure to eth-
anol (60 mM) during the chemotaxis assay. Importantly, the 1-hour post-exposure period has been defined as withdrawal
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Fig 2. A 24-hour ethanol exposure does not affect the swimming behavior of adult worms. Panels plot worm locomotion data of (A) wild-type (N2
strain) animals, and (B) dopamine (dop-3(0k295)) and (C) serotonin ({ph-1(n4622)) mutant strains from day 1 (D1) of adulthood, after 24 hours-treatment
with 200 mM ethanol, 400 mM ethanol or no treatment, and 1 hour of post-exposure withdrawal period. Mean and standard deviation are depicted for
each group. P-values were calculated by T-test corrected using the Benjamini-Hochberg false discovery rate (FDR) post hoc test (N=3 independent
experiments).

https://doi.org/10.1371/journal.pone.0344966.9002

since internal ethanol concentration drop have previously demonstrated in the same experimental setup [5]. Based on
previous studies showing that motility and feeding behaviors are minimally affected at 60 mM ethanol, this concentration
was selected for the kinetic chemotaxis assay [5,30]. Nevertheless, the output of the chemotaxis assay is defined by mul-
tiple parameters that are affected by ethanol, such as sensory perception, neural integration or decision making, reward
and motor coordination. We found that the performance of wild-type animals was not impaired following primary exposure
to 60 mM ethanol (Fig 3B, blue). Notably, the performance of these wild-type C. elegans exposed for 24 hours to a high
dose of ethanol (400 mM), and which then underwent withdrawal, was recovered upon re-exposure to ethanol (Fig 3B,
orange, condition “0.4 M EtOH/EtOH plate” does not differ from the “0 M” conditions, whereas “’0.4 M EtOH/no EtOH
plate” does), suggesting a mechanism not related to ethanol toxicity, but a state- and experience-dependent change in
behavior. In contrast to the wild-type nematodes, dopamine and serotonin mutant strains exhibited reduced basal chemo-
taxis speed, which did not change in response to 60 mM ethanol (Fig 3B-3D, blue, and S3A Fig). Interestingly,
re-exposure to ethanol exacerbated the 1-hour post-exposure period withdrawal effects in dop-3 worms pre-conditioned
with both 200 mM and 400 mM ethanol (Fig 3C, green and blue) while ameliorating the impaired chemotaxis of {ph-1
worms (Fig 3D, green and blue). Analysis of each treatment condition separately (S3 Fig) revealed genotype-specific
effects on performance in the kinetic chemotaxis assay (“diacetyl race”) in most cases. Notably, differences were observed
in groups pre-conditioned with 200 mM or 400 mM ethanol followed by re-exposure. Interestingly, re-exposure to 60 mM
promoted a decline in the percentage of dop-3 worms reaching the goal at 30 minutes, which did not occur in wild-type
and tph-1 worms (S3B Fiq), suggesting the possibility that signalling through the dopamine D2-like receptor is required
for the maintenance of chemotaxis to diacetyl both after recovery and re-exposure. Taken together, these findings suggest
that dopaminergic and serotonergic neurons are involved in the mechanisms underlying ethanol tolerance.

Ethanol consumption increases neuronal dopamine and serotonin vesicle exocytosis

To investigate the cellular mechanisms underlying the differential performance of each strain in the chemotaxis assay,

we employed two C. elegans strains in which dopamine and serotonin vesicle fusion can be quantified via pH-dependent
green fluorescent protein (GFP) fluorescence dequenching [35]. These strains express a variant of the Rosella biosensor,
consisting of a tandem pH-sensitive GFP (pHluorin/pHn) under the control of specific dopamine or serotonin promoters.
The promoter of asic-1 and the f{ph-1 promoter drive expression of GFP upon vesicle secretion in the dopaminergic neu-
rons (CEPD, CEPV, ADE, and PDE) and the serotonergic neurons (NSM and ADF), respectively (see Methods) [27,36].
Therefore, these strains report changes in vesicle exocytosis rather than neurotransmitter concentration or release, since
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Fig 3. Intact dopamine and serotonin neuronal circuits are required for tolerance to ethanol (A) Schematic diagram of the kinetic chemotaxis
assay (“diacetyl race” paradigm). For the “pre-exposure” period, larval 4 (L4) stage worms are subjected to no treatment or treatment with 200 mM of
ethanol, or 400mM of ethanol for 24 hours (until day 1 of adulthood, D1). After the “pre-exposure” period, all the worms were removed from the ethanol
infused environment to simulate a post-exposure withdrawal setting for 1 hour. After withdrawal, worms of each pre-exposure group were divided into
standard “no EtOH” kinetic chemotaxis assay plates or 60 mM ethanol infused “EtOH” kinetic chemotaxis assay plates, all of them marked with a start
and finish line. Performance of (A) wild-type (wild-type, N2 strain) animals, (B) dopamine (dop-3(0k295)) and (C) serotonin (tph-1(n4622)) mutant strains
are depicted. P-values were calculated by 1-way ANOVA for all conditions (indicated below the legend) and by T-test for pairwise comparisons corrected
using the Benjamini—-Hochberg false discovery rate (FDR) post hoc test (at least N=3 independent experiments): *p<0.05, **p<0.01, ***p<0.001,
*#*¥0<0.0001. The results of 2-way ANOVA are shown in S2 Table.

https://doi.org/10.1371/journal.pone.0344966.9003
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vesicles with different transmitter contents would produce identical pHluorin signals. Our results demonstrate that con-
sumption of high doses of ethanol (400 mM) leads to increased dopamine and serotonin vesicle exocytosis in nematode
neurons (Fig 4). Specifically, serotonergic NSM neurons seem to be the primary neurons increasing vesicle exocytosis
upon treatment with 200 mM ethanol, whereas ADF neurons may display enhanced vesicle exocytosis at the concentra-
tion of 400 mM. Notably, dopamine vesicle exocytosis was elevated upon treatment with both doses of ethanol, whereas
serotonin secretion was significantly increased only following treatment with the higher ethanol dose (400 mM). These
findings may suggest that the activation of dopaminergic and serotonergic neuronal circuits may contribute to the effects
of ethanol observed in the chemotaxis assay. Nevertheless, due to the limitation of the reporter strains not quantifying
dopamine and serotonin release but vesicle exocytosis, these findings should be interpreted cautiously, as identical pHIu-
orin signals can arise from vesicles with different transmitter contents.

Dopaminergic and serotonergic circuits modulate ethanol-induced changes in stress gene transcription

To further elucidate the molecular mechanisms underlying the results obtained in our chemotaxis and lifespan assays, we
assessed the expression levels of genes involved in stress responses, particularly oxidative stress and ethanol metabo-
lism. We first examined the role of the master regulator of xenobiotic, oxidative and pathogen stress responses, SKN-1 (a
transcription factor orthologue to mammalian Nrf2 that is capable of activating detoxification responses), by utilizing a gst-
4 transcriptional reporter strain, as gst-4 (encoding glutathione S-transferase, involved in oxidative stress responses) is a
key target gene of SKN-1 that mediates antioxidant/detoxification responses (S4 Fig). Following 24-hour treatment with
200 mM ethanol, no statistically significant changes in gst-4:GFP expression were observed. Unfortunately, the general
health status of the GST-4::GFP worms was widely affected at 400 mM EtOH dose, precluding any analysis.

To gain a more comprehensive understanding of the genes implicated in the effects of ethanol, and the differential per-
formance between wild-type and dopamine- and serotonin-deficient mutants in the chemotaxis assay, we quantified the
expression of gst-4 (Fig 5A), sod-3 (a gene encoding superoxide dismutase, also involved in oxidative stress responses
and a target of DAF-16, a master regulator of longevity and metabolic, oxidative, pathogen stress responses) (Fig 5B),
and adh-1 (encoding the enzyme alcohol dehydrogenase 1, involved in ethanol metabolism) (Fig 5C) using qPCR.
Notably, both DAF-16 [37] and ADH-1 [38] were found to play a role in lifespan regulation. Reducing daf-2 activity allows
daf-16 to promote longevity, whereas ADH-1 exerts its effect on lifespan at least partially via metabolizing glycerol. All
three genes were downregulated in wild-type nematodes following ethanol exposure, but their expression patterns were
altered in dop-3 (0k295) and tph-1 (n4622) mutants. The expression of gst-4 was upregulated upon 400 mM treatment in
dop-3 (0k295) and tph-1 (n4622) mutants, in contrast to other 400mM-treated wild-type animals and to other treatments
(Fig 5A). A remarkable upregulation of sod-3 expression was observed in 200mM-treated tph-1 (n4622) worms, but not in
400mM-treated tph-1 (n4622) worms (Fig 5B). Possible explanations for this surprising phenomenon are tightly-regulated
expression of sod-3 expression at low ethanol concentrations, whereas higher ethanol concentrations activate other yet
unknown mechanisms. In contrast, adh-1 mRNA is downregulated upon ethanol exposure (Fig 5C). All together, these
results suggest that these genes are affected by ethanol consumption.

Discussion

In the present study, we aimed to implement a multifaceted experimental approach to determine the effects of ethanol
on C. elegans (Fig 6). According to our data, ethanol appears to act through dopamine- and serotonin-dependent neu-
romodulatory pathways and these pathways shape ethanol-related behaviour, lifespan and stress gene expression. The
behavioural effects are dependent on exposure to ethanol (prior and present) and genotype.

Ethanol exposure at the L4 stage had a negative impact on the lifespan of wild-type worms. Furthermore, exposure to
400 mM ethanol impairs lifespan and the {ph-1 and dop-3 genes contribute to the ethanol-induced shortening of lifespan
(Fig 1, S1 Fig). A possible interpretation for this phenomenon is that ethanol may reduce lifespan through dopaminergic
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Fig 4. Ethanol consumption increases dopamine and serotonin vesicle exocytosis in worm neurons. Representative images of the proximal
worm body, using day 1 (D1) adult animals of the (A) 1785[proasic-1SNB::SEpHIuorin] and the (B) 3001[Ptph-1SNB::SEpHIuorin] strains, treated

with 200 mM ethanol, 400 mM ethanol or no treatment for 24 hours prior to imaging (40x objective lens). Mean fluorescence (a.u.; arbitrary units) and
standard deviation are depicted for each group. P-values were calculated by 1-way ANOVA for all conditions (**p<0.01 for graph [A] and non-significant
for graph [B]) and by T-test for pairwise comparisons corrected using the Benjamini—-Hochberg false discovery rate (FDR) post hoc test (at least N=3
independent experiments): *p<0.05, **p<0.01.

https://doi.org/10.1371/journal.pone.0344966.9004

and serotonergic pathways, as dopamine and serotonin mutant strains seem to be resistant to the detrimental effects

of ethanol observed in wild-type worms (Fig 1). Alternatively, the shorter lifespan of these mutants might prevent the
appearance of detrimental late-life effects of ethanol. However, ethanol significantly impaired median lifespan in wild-type
animals, indicating increased mortality already in early and midlife in the wild-type, which is entirely absent in the mutants
(Fig 1, S1 Table). Moreover, lifespans of dop-3 and tph-1 mutants are comparable to those of ethanol-treated wild-type
worms, showing that mutant strains live sufficiently long to exhibit ethanol-induced effects. While our data do not formally
exclude the possibility that genotype-specific mortality masks ethanol effects in these mutants, the complete absence of
ethanol-induced lifespan shortening in both strains is more consistent with a requirement for intact dopamine and sero-
tonin signaling in mediating ethanol’s detrimental effects on longevity.
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Fig 5. Dopaminergic and serotonergic circuits modulate ethanol-induced changes in stress gene transcription. Gene expression of (A) gst-4,
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https://doi.org/10.1371/journal.pone.0344966.9005
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Importantly, according to the literature, the effects of ethanol are both time- and dose-dependent, with primarily ben-
eficial effects observed at low doses during early developmental stages [12,39,40]. Indeed, the dual role of ethanal,
with beneficial and harmful effects for a plethora of biological processes and depending on the dose and duration of the
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treatment, poses a challenge for the comparison and extrapolation of results obtained in different experimental set ups
[41-43].

Remarkably, other tph-1 loss-of-function mutations have been previously linked to increased (in the presence of FUDR,
which we do not use in the present study) [44,45], unchanged [44,46] or decreased lifespan [47], in comparison to wild-
type. Nevertheless, these results were found in slightly different experimental setups and {ph-1 lifespan is sensitive to
availability of food and FUDR treatment. In any case, the lifespan reduction in tph-1 mutants [47] is in accordance with
our data (Fig 1, S1 Fig), and we can speculate that tph-1- related lifespan reduction precludes a further detrimental effect
of alcohol treatment. Moreover, longevity of dop-3 mutants has been assessed in other studies, either showing non-
significant changes compared to wild-type [48], or results that cannot be extrapolated and compared to our findings due to
the lack of appropriate wild-type controls [49-51].

We also found that acute ethanol exposure affected the sensorimotor performance of C. elegans during the chemo-
taxis assay, as evidenced by differences in behaviour between worms on post-exposure withdrawal plates and those on
ethanol plates (Fig 3, S3 Fig and S2 Table). Notably, re-exposure to ethanol exacerbated the withdrawal effect in dop-3
mutants in a manner similar to the wild-type nematodes, but with more pronounced impairment. In contrast, re-exposure
improved the impaired locomotion performance in tph-1 mutants, indicating that serotonin plays a crucial role in mediating
the effects of ethanol. In our study, worms retained movement after ethanol treatment, and basal movement seems to be
comparable across strains (as shown by values for the untreated worms in Fig 2 and S2 Fig). Nevertheless, their behav-
ior during the chemotaxis assay was characterized by uncoordinated and “untargeted” movement, suggesting a disruption
in motor coordination, orientation or chemoattraction towards the goal. Notably, ethanol exposure has been shown to alter
multiple aspects of nervous system function and whole-body physiology in animal models, including worms [5]. Impor-
tantly, outcomes in the kinetic chemotaxis assay (“diacetyl race”) are shaped by parameters such as neural integration,
decision making, reward, locomotion and orientation, which should be considered when interpreting the results [52,53].

Many studies have shown that ethanol affects a wide range of behaviors of worms and that this regulation is, at least
partly, mediated by different components of the serotonergic and dopaminergic pathways [17-20]. While some behav-
iors are inhibited (for example headbend frequency), others are disinhibited (such as touch- and light-response, crawling
speed, and a behaviour called “foraging” that is associated with feeding) in wild-type animals upon ethanol consump-
tion and specific factors involved in dopamine synthesis and D1-like dopamine signaling (such as dop-7 and dop-4) are
required for these behaviors [19]. Despite significant differences in the experimental setup and the worm strains used, our
findings are in line with this study, since in our chemotaxis assay we observed disruption of dop-3 behavior after the 60
mM re-exposure, suggesting the involvement of the D2-like receptor in loss of motivation. We also found different gene
expression patterns of SKN-1 and DAF-16 targets, as well as adh-1, although further studies are needed to disentangle
the role of dopaminergic and serotonergic signalling in the regulation of the metabolic network of alcohol detoxification.

A central aspect of our study is the 3-step experimental design (24 hour-drug [i.e., ethanol] exposure, 1-hour post-
exposure withdrawal, chemotaxis assay) (Fig 3), a behavioral assay developed to assess the effects of previous exposure
to a specific drug (i.e., ethanol, in our study) in the navigational efficiency of C. elegans in a controlled setting. Our 3-step
tolerance experimental set-up can potentially be used to evaluate both the immediate and long-term effects of ethanol
exposure, including post-exposure withdrawal responses and potential recovery of navigational abilities upon re-exposure.
Of note, tolerance assays specifically tailored to the unique physiological traits of nematodes have been previously pro-
posed for specific drugs and/or time frames [23—25]. Nonetheless, our 3-step experimental design is particularly valuable
because it simulates behavioural paradigms commonly observed in higher vertebrates and it is versatile, i.e., it can be
used for testing tolerance to a plethora of drugs at different time points.

We employed different methods to assess ethanol-induced effects on C. elegans, including molecular changes and
behavioral outcomes. C. elegans is as an exemplary model for studying tolerance-related behavior due to its simplicity,
ease of genetic manipulation, and the extensive knowledge of its nervous system. Although further research is needed,
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this study demonstrates the strengths of C. elegans to explore the complex interplay between ethanol exposure and
tolerance-related pathways, contributing valuable insights to the broader field of alcohol research and paving the way for
new intervention strategies.

Conclusions

Three worm strains (wild-type, a dopamine D2-like receptor mutant and a serotonin biosynthesis null mutant) exhibit
different responses to ethanol in various assays. Indeed, ethanol consumption seems to alter neuronal vesicle exocytosis
of dopamine and serotonin, as well as the expression of a panel of genes associated with stress responses. Additionally,
the lifespan of wild-type and mutant worms is affected differently by extended (24-hour) ethanol exposure. Importantly,

our study takes a proof-of-concept approach, focusing on comparing two mutant strains with wild-type worms, rather than
conducting a comprehensive mutation screen. Future studies exploring additional perturbations of the dopamine and sero-
tonin pathways will be important to further validate and expand these findings. Our findings offer new insights into alco-
hol consumption, with a focus on the roles of dopaminergic and serotonergic neurotransmission. Importantly, our kinetic
chemotaxis assay (“diacetyl race”) model has potential for investigating the effects of other addictive substances beyond
alcohol.

Practical applications

Our findings on how ethanol impacts lifespan, movement patterns, and cellular and genetic structures, pave the way for
future studies shading light on mechanisms underlying ethanol-induced neuroplasticity. Therefore, here we enhance our
understanding of the biological foundations of ethanol consumption, which may ultimately lead to potential therapeutic
targets for the treatment of alcohol use disorders in humans.

Supporting information

S1 Fig. Lifespan of dop-3 and tph1 mutants is reduced in basal conditions compared to wild-type ani-
mals and exposure to ethanol differentially affects the lifespan of each strain. Survival curves of wild-type
(N2 strain) worms and dopamine (dop-3(0k295)) and serotonin (tph-1(n4622)) mutant strains from day 1 (D1) of
adulthood, in (A) basal conditions (no treatment), immediately after 24 hours-treatment with (B) 200 mM ethanol
or (C) 400 mM ethanol. P-values were calculated by Log-rank/Mantel-Cox for each graph and indicated next to
the curve: *p<0.05, ***p<0.001, n.s.; non-significant. Log-rank/Mantel-Cox test was also performed for the com-
parison of each pair of conditions and only statistically significant comparisons are shown: **p <0.05, **p <0.01,
**¥p < 0.001.

(PPTX)

S2 Fig. Short-term treatment with high doses of ethanol alters the swimming behavior of adult worms. Panels plot
worm locomotion data of wild-type (N2 strain) animals, and dopamine (dop-3(0k295)) and serotonin (tph-1(n4622)) mutant
strains from day 1 (D1) of adulthood, after 20 minute-treatment with 600 mM ethanol or no treatment, and 1 hour of
post-exposure withdrawal period. Mean and standard deviation are depicted for each group. P-values were calculated by
T-test corrected using the Benjamini—Hochberg false discovery rate (FDR) post hoc test (N =5 independent experiments)
*p<0.05, *p<0.01, **p<0.001.

(PPTX)

S3 Fig. The performance on the kinetic chemotaxis assay (“diacetyl race”) is affected by the genotype

of the worms. Performance of wild-type (wild-type, N2 strain) animals, dopamine (dop-3(0k295)) and serotonin
(tph-1(n4622)) mutant strains are depicted for each experimental condition (A) during the whole kinetic chemo-
taxis assay (“diacetyl race”) and (B) at 30 minutes. P-values were calculated by 1-way ANOVA for all conditions
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(indicated next to the curve/ bar graph) and by T-test for pairwise comparisons corrected using the Benjamini—
Hochberg false discovery rate (FDR) post hoc test (at least N=3 independent experiments): *p <0.05. The results
of 2-way ANOVA are shown in S2 Table.

(PPTX)

S4 Fig. Representative images and quantification of mean fluorescence (a.u.; arbitrary units) of the gst-4 tran-
scriptional reporter strain day 1 (D1) adult animals treated with 200 mM ethanol or no treatment for 24 hours prior
to imaging (40x objective lens). No statistically significant differences were detected using a T-test corrected using the
Benjamini—Hochberg false discovery rate (FDR) post hoc test.

(PPTX)

S1 Table. Data from the independent lifespan experiments.
(PPTX)

S2 Table. Results of 2-way ANOVA analysis for Fig 3 and S3 Fig.
(DOCX)

S1 File. Raw data.
(XLSX)

Acknowledgments

We would like to thank Eirini Lionaki for her valuable scientific advice. We are also grateful to Dionysia Petratou and
Persefoni Fragkiadaki for providing strains, and to Eleftheria Panagiotidou for her technical assistance. We thank Natalia
Diez-Revuelta for the design of the graphical abstract.

Author contributions

Conceptualization: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba
Barta.

Data curation: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Formal analysis: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Funding acquisition: Csaba Séti, Nektarios Tavernarakis, Csaba Barta.

Investigation: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Methodology: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Project administration: Teresa Rubio-Tomas, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.

Resources: Csaba Séti, Nektarios Tavernarakis, Csaba Barta.

Software: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Supervision: Teresa Rubio-Tomas, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.

Validation: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Visualization: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis, Csaba Barta.
Writing — original draft: Teresa Rubio-Tomas, Cynthia A. Hunn, Csaba Barta.

Writing — review & editing: Teresa Rubio-Tomas, Cynthia A. Hunn, Gabor Hajdu, Csaba Séti, Nektarios Tavernarakis,
Csaba Barta.

PLOS One | https://doi.org/10.1371/journal.pone.0344966 March 23, 2026 15/17



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344966.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344966.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344966.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0344966.s007

PLO\Sﬁ\\.- One

References

1.

10.
1.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24,

25.

26.
27.

GBD 2020 Alcohol Collaborators. Population-level risks of alcohol consumption by amount, geography, age, sex, and year: a systematic anal-
ysis for the Global Burden of Disease Study 2020. Lancet. 2022;400(10347):185-235. https://doi.org/10.1016/S0140-6736(22)00847-9 PMID:
35843246

Morgan PG, Sedensky MM. Mutations affecting sensitivity to ethanol in the nematode, Caenorhabditis elegans. Alcohol Clin Exp Res.
1995;19(6):1423-9.

Mitchell PH, Bull K, Glautier S, Hopper NA, Holden-Dye L, O’Connor V. The concentration-dependent effects of ethanol on Caenorhabditis elegans
behaviour. Pharmacogenomics J. 2007;7(6):411—7. https://doi.org/10.1038/s].tpj.6500440 PMID: 17325734

Mitchell P, Mould R, Dillon J, Glautier S, Andrianakis |, James C, et al. A differential role for neuropeptides in acute and chronic adaptive
responses to alcohol: behavioural and genetic analysis in Caenorhabditis elegans. PLoS One. 2010;5(5):e10422. https://doi.org/10.1371/journal.
pone.0010422 PMID: 20454655

Scott LL, Davis SJ, Yen RC, Ordemann GJ, Nordquist SK, Bannai D, et al. Behavioral deficits following withdrawal from chronic ethanol are influ-
enced by SLO channel function in Caenorhabditis elegans. Genetics. 2017;206(3):1445-58. https://doi.org/10.1534/genetics.116.193102 PMID:
28546434

Corsi AK, Wightman B, Chalfie M. A Transparent window into biology: A primer on Caenorhabditis elegans. WormBook: the online review of C.
elegans biology. 2015. pp. 1-31.

C. elegans Sequencing Consortium. Genome sequence of the nematode C. elegans: a platform for investigating biology. Science.
1998;282(5396):2012-8. https://doi.org/10.1126/science.282.5396.2012 PMID: 9851916

Hobert O. The neuronal genome of Caenorhabditis elegans - WormBook - NCBI Bookshelf. In: Wormbook [Internet]. 2013 [cited 2024 Sep 28].
Available from: https://www.ncbi.nlm.nih.gov/books/NBK154158/

Davies AG, Pierce-Shimomura JT, Kim H, VanHoven MK, Thiele TR, Bonci A, et al. A central role of the BK potassium channel in behavioral
responses to ethanol in C. elegans. Cell. 2003;115(6):655-66. https://doi.org/10.1016/s0092-8674(03)00979-6 PMID: 14675531

Mclintire SL. Ethanol. WormBook. 2010. pp. 1-6.

Davis JR, Li Y, Rankin CH. Effects of developmental exposure to ethanol on Caenorhabditis elegans. Alcohol Clin Exp Res. 2008;32(5):853—-67.
https://doi.org/10.1111/j.1530-0277.2008.00639.x PMID: 18336629

Castro PV, Khare S, Young BD, Clarke SG. Caenorhabditis elegans battling starvation stress: low levels of ethanol prolong lifespan in L1 larvae.
PLoS One. 2012;7(1):29984.

Markaki M, Tavernarakis N. Caenorhabditis elegans as a model system for human diseases. Curr Opin Biotechnol. 2020;63:118-25. https://doi.
org/10.1016/j.copbio.2019.12.011 PMID: 31951916

Lai CH, Chou CY, Ch’ang LY, Liu CS, Lin W. Identification of novel human genes evolutionarily conserved in Caenorhabditis elegans by compara-
tive proteomics. Genome Res. 2000;10(5):703-13. https://doi.org/10.1101/gr.10.5.703 PMID: 10810093

Fischer AG, Ullsperger M. An update on the role of serotonin and its interplay with dopamine for reward. Front Hum Neurosci. 2017;11:285268.

Rogers RD. The roles of dopamine and serotonin in decision making: evidence from pharmacological experiments in humans. Neuropsychophar-
macology. 2011;36(1):114-32. https://doi.org/10.1038/npp.2010.165 PMID: 20881944

Pandey P, Singh A, Kaur H, Ghosh-Roy A, Babu K. Increased dopaminergic neurotransmission results in ethanol dependent sedative behaviors in
Caenorhabditis elegans. PLoS Genetics. 2021;17:1-31.

Gayadin D, Prunty M, Fretham SJ. Role of dopamine in responsiveness to acute ethanol exposure in Caenorhabditis elegans. MicroPubl Biol.
2025;2025. https://doi.org/10.17912/micropub.biology.001675 PMID: 40672115

Topper SM, Aguilar SC, Topper VY, Elbel E, Pierce-Shimomura JT. Alcohol disinhibition of behaviors in C. elegans. PLoS One. 2014;9(3):€92965.
https://doi.org/10.1371/journal.pone.0092965 PMID: 24681782

Lee J, Jee C, Mclntire SL. Ethanol preference in C. elegans Jungsoo. Genes Brain Behav. 2009;8(6):578-85.

Kaletta T, Hengartner MO. Finding function in novel targets: C. elegans as a model organism. Nat Rev Drug Discov. 2006;5(5):387—-98. https://doi.
0rg/10.1038/nrd2031 PMID: 16672925

Davies AG, Mclntire SL. Using C. elegans to screen for targets of ethanol and behavior-altering drugs. Biol Proced Online. 2004;6:113-9. https://
doi.org/10.1251/bpo79 PMID: 15192754

Torres Valladares D, Kudumala S, Hossain M, Carvelli L. Caenorhabditis elegans as an in vivo model to assess amphetamine tolerance. Brain
Behav Evol. 2020;95(5):247-55. https://doi.org/10.1159/000514858 PMID: 33831863

Spensley M, Del Borrello S, Pajkic D, Fraser AG. Acute effects of drugs on caenorhabditis elegans movement reveal complex responses and plas-
ticity. G3 Genes|Genomes|Genetics. 2018;8(9):2941-52. https://doi.org/10.1534/93.118.200374

Dengg M, van Meel JCA. Caenorhabditis elegans as model system for rapid toxicity assessment of pharmaceutical compounds. J Pharmacol
Toxicol Methods. 2004;50(3):209—-14. https://doi.org/10.1016/j.vascn.2004.04.002 PMID: 15519907

Brenner S. The genetics of Caenorhabditis elegans. Genetics. 1974;77(1):71-94. https://doi.org/10.1093/genetics/77.1.71 PMID: 4366476

Martineau M, Somasundaram A, Grimm JB, Gruber TD, Choquet D, Taraska JW, et al. Semisynthetic fluorescent pH sensors for imaging exocyto-
sis and endocytosis. Nat Commun. 2017;8(1):1412. https://doi.org/10.1038/s41467-017-01752-5 PMID: 29123102

PLOS One | https://doi.org/10.1371/journal.pone.0344966 March 23, 2026 16 /17



https://doi.org/10.1016/S0140-6736(22)00847-9
http://www.ncbi.nlm.nih.gov/pubmed/35843246
https://doi.org/10.1038/sj.tpj.6500440
http://www.ncbi.nlm.nih.gov/pubmed/17325734
https://doi.org/10.1371/journal.pone.0010422
https://doi.org/10.1371/journal.pone.0010422
http://www.ncbi.nlm.nih.gov/pubmed/20454655
https://doi.org/10.1534/genetics.116.193102
http://www.ncbi.nlm.nih.gov/pubmed/28546434
https://doi.org/10.1126/science.282.5396.2012
http://www.ncbi.nlm.nih.gov/pubmed/9851916
https://www.ncbi.nlm.nih.gov/books/NBK154158/
https://doi.org/10.1016/s0092-8674(03)00979-6
http://www.ncbi.nlm.nih.gov/pubmed/14675531
https://doi.org/10.1111/j.1530-0277.2008.00639.x
http://www.ncbi.nlm.nih.gov/pubmed/18336629
https://doi.org/10.1016/j.copbio.2019.12.011
https://doi.org/10.1016/j.copbio.2019.12.011
http://www.ncbi.nlm.nih.gov/pubmed/31951916
https://doi.org/10.1101/gr.10.5.703
http://www.ncbi.nlm.nih.gov/pubmed/10810093
https://doi.org/10.1038/npp.2010.165
http://www.ncbi.nlm.nih.gov/pubmed/20881944
https://doi.org/10.17912/micropub.biology.001675
http://www.ncbi.nlm.nih.gov/pubmed/40672115
https://doi.org/10.1371/journal.pone.0092965
http://www.ncbi.nlm.nih.gov/pubmed/24681782
https://doi.org/10.1038/nrd2031
https://doi.org/10.1038/nrd2031
http://www.ncbi.nlm.nih.gov/pubmed/16672925
https://doi.org/10.1251/bpo79
https://doi.org/10.1251/bpo79
http://www.ncbi.nlm.nih.gov/pubmed/15192754
https://doi.org/10.1159/000514858
http://www.ncbi.nlm.nih.gov/pubmed/33831863
https://doi.org/10.1534/g3.118.200374
https://doi.org/10.1016/j.vascn.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15519907
https://doi.org/10.1093/genetics/77.1.71
http://www.ncbi.nlm.nih.gov/pubmed/4366476
https://doi.org/10.1038/s41467-017-01752-5
http://www.ncbi.nlm.nih.gov/pubmed/29123102

PLO\Sﬁ\\.- One

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Johnson JR, Rajamanoharan D, McCue HV, Rankin K, Barclay JW. Small heat shock proteins are novel common determinants of alcohol and
nicotine sensitivity in Caenorhabditis elegans. Genetics. 2016;202(3):1013-27. https://doi.org/10.1534/genetics.115.185025 PMID: 26773049

Wang L, Graziano B, Bianchi L. Protocols for treating C. elegans with pharmacological agents, osmoles, and salts for imaging and behavioral
assays. STAR Protoc. 2023;4(2):102241. https://doi.org/10.1016/j.xpro.2023.102241

Wang X, Zhang C, Chen Q, Ma Z, Liu H, Huang J. Guanylate cyclases link serotoninergic signaling to modulate ethanol-induced food intake in C.
elegans. Biochem Biophys Res Commun. 2021;567:29-34. https://doi.org/10.1016/].bbrc.2021.06.006

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Meth-
ods. 2001;25(4):402-8. https://doi.org/10.1006/meth.2001.1262 PMID: 11846609

Alaimo JT, Davis SJ, Song SS, Burnette CR, Grotewiel M, Shelton KL, et al. Ethanol metabolism and osmolarity modify behavioral responses to
ethanol in C. elegans. Alcohol Clin Exp Res. 2012;36(11):1840-50. https://doi.org/10.1111/j.1530-0277.2012.01799.x PMID: 22486589

Vidal-Gadea A, Topper S, Young L, Crisp A, Kressin L, Elbel E, et al. Caenorhabditis elegans selects distinct crawling and swimming gaits via
dopamine and serotonin. Proc Natl Acad Sci U S A. 2011;108(42):17504-9. https://doi.org/10.1073/pnas.1108673108 PMID: 21969584

Shivers RP, Kooistra T, Chu SW, Pagano DJ, Kim DH. Tissue-specific activities of an immune signaling module regulate physiological responses
to pathogenic and nutritional bacteria in C. elegans. Cell Host Microbe. 2009;6(4):321-30. https://doi.org/10.1016/j.chom.2009.09.001 PMID:
19837372

Carter M, Shieh J. Visualizing Neural Function. Guid to Res Tech Neurosci. 2015. pp. 167-83.

Petratou D, Gjikolaj M, Kaulich E, Schafer W, Tavernarakis N. A proton-inhibited DEG/ENaC ion channel maintains neuronal ionstasis and pro-
motes neuronal survival under stress. iScience. 2023;26(7):107117. https://doi.org/10.1016/].isci.2023.107117 PMID: 37416472

Kenyon C. The first long-lived mutants: discovery of the insulin/IGF-1 pathway for ageing. Philos Trans R Soc B Biol Sci. 2011;366(1561):9.

Ghaddar A, Mony VK, Mishra S, Berhanu S, Johnson JC, Enriquez-Hesles E, et al. Increased alcohol dehydrogenase 1 activity promotes longevity.
Curr Biol. 2023;33(6):1036—1046.€6. https://doi.org/10.1016/j.cub.2023.01.059 PMID: 36805847

Kaptan D, Penkov S, Zhang X, Gade VR, Raghuraman BK, Galli R, et al. Exogenous ethanol induces a metabolic switch that prolongs the sur-
vival of Caenorhabditis elegans dauer larva and enhances its resistance to desiccation. Aging Cell. 2020;19(10):e13214. https://doi.org/10.1111/
acel.13214 PMID: 32898317

Zhang X, Penkov S, Kurzchalia TV, Zaburdaev V. Periodic ethanol supply as a path toward unlimited lifespan of Caenorhabditis elegans dauer
larvae. Front Aging. 2023;4:1031161. https://doi.org/10.3389/fragi.2023.1031161 PMID: 37731965

Bilodeau M. Low Concentrations of Ethanol Promote Longevity via the Insulin Receptor and Heat Shock Factor 1 in Caenorhabditis elegans. All
Theses [Internet]. 2021. Available from: https://tigerprints.clemson.edu/all_theses/3517

Kwon JY, Hong M, Choi MS, Kang S, Duke K, Kim S, et al. Ethanol-response genes and their regulation analyzed by a microarray and comparative
genomic approach in the nematode Caenorhabditis elegans. Genomics. 2004;83(4):600—14. https://doi.org/10.1016/j.ygeno.2003.10.008 PMID:
15028283

Yu X, Zhao W, Ma J, Fu X, Zhao ZJ. Beneficial and harmful effects of alcohol exposure on Caenorhabditis elegans worms. Biochem Biophys Res
Commun. 2011;412(4):757-62. https://doi.org/10.1016/j.bbrc.2011.08.053 PMID: 21871869

Murakami H, Murakami S. Serotonin receptors antagonistically modulate Caenorhabditis elegans longevity. Aging Cell. 2007;6(4):483-8. https://
doi.org/10.1111/j.1474-9726.2007.00303.x PMID: 17559503

Sze JY, Victor M, Loer C, Shi Y, Ruvkun G. Food and metabolic signalling defects in a Caenorhabditis elegans serotonin-synthesis mutant. Nature.
2000;403(6769):560—4. https://doi.org/10.1038/35000609 PMID: 10676966

Chun L, Gong J, Yuan F, Zhang B, Liu H, Zheng T, et al. Metabotropic GABA signalling modulates longevity in C. elegans. Nat Commun.
2015;6:8828. https://doi.org/10.1038/ncomms9828 PMID: 26537867

Entchev EV, Patel DS, Zhan M, Steele AJ, Lu H, Ch’ng Q. A gene-expression-based neural code for food abundance that modulates lifespan. Elife.
2015;4:€06259. https://doi.org/10.7554/eLife.06259 PMID: 25962853

Jiang Y, Gaur U, Cao Z, Hou S-T, Zheng W. Dopamine D1- and D2-like receptors oppositely regulate lifespan via a dietary restriction mechanism in
Caenorhabditis elegans. BMC Biol. 2022;20(1):71. https://doi.org/10.1186/s12915-022-01272-9 PMID: 35317792

Saharia K, Kumar R, Gupta K, Mishra S, Subramaniam JR. Reserpine requires the D2-type receptor, dop-3, and the exoribonuclease, eri-1, to
extend the lifespan in C. elegans. J Biosci. 2016;41(4):689-95. https://doi.org/10.1007/s12038-016-9652-7 PMID: 27966489

NaR J, Kampf CJ, Efferth T. Increased stress resistance and lifespan in Chaenorhabditis elegans wildtype and knockout mutants-implications for
depression treatment by medicinal herbs. Molecules. 2021;26(7):1827. https://doi.org/10.3390/molecules26071827 PMID: 33805024

Benedetto A, Au C, Avila DS, Milatovic D, Aschner M. Extracellular dopamine potentiates mn-induced oxidative stress, lifespan reduction, and
dopaminergic neurodegeneration in a BLI-3-dependent manner in Caenorhabditis elegans. PLoS Genet. 2010;6(8):e1001084. https://doi.
org/10.1371/journal.pgen.1001084 PMID: 20865164

Margie O, Palmer C, Chin-Sang I. C. elegans chemotaxis assay. J Vis Exp. 2013;74:1-6.

Cesar L, Morud J. Enhancing reproducibility in chemotaxis assays for Caenorhabditis elegans. Curr Protoc. 2025;5(2):e70106. https://doi.
org/10.1002/cpz1.70106 PMID: 39964098

PLOS One | https://doi.org/10.1371/journal.pone.0344966 March 23, 2026 17117



https://doi.org/10.1534/genetics.115.185025
http://www.ncbi.nlm.nih.gov/pubmed/26773049
https://doi.org/10.1016/j.xpro.2023.102241
https://doi.org/10.1016/j.bbrc.2021.06.006
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1111/j.1530-0277.2012.01799.x
http://www.ncbi.nlm.nih.gov/pubmed/22486589
https://doi.org/10.1073/pnas.1108673108
http://www.ncbi.nlm.nih.gov/pubmed/21969584
https://doi.org/10.1016/j.chom.2009.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19837372
https://doi.org/10.1016/j.isci.2023.107117
http://www.ncbi.nlm.nih.gov/pubmed/37416472
https://doi.org/10.1016/j.cub.2023.01.059
http://www.ncbi.nlm.nih.gov/pubmed/36805847
https://doi.org/10.1111/acel.13214
https://doi.org/10.1111/acel.13214
http://www.ncbi.nlm.nih.gov/pubmed/32898317
https://doi.org/10.3389/fragi.2023.1031161
http://www.ncbi.nlm.nih.gov/pubmed/37731965
https://tigerprints.clemson.edu/all_theses/3517
https://doi.org/10.1016/j.ygeno.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/15028283
https://doi.org/10.1016/j.bbrc.2011.08.053
http://www.ncbi.nlm.nih.gov/pubmed/21871869
https://doi.org/10.1111/j.1474-9726.2007.00303.x
https://doi.org/10.1111/j.1474-9726.2007.00303.x
http://www.ncbi.nlm.nih.gov/pubmed/17559503
https://doi.org/10.1038/35000609
http://www.ncbi.nlm.nih.gov/pubmed/10676966
https://doi.org/10.1038/ncomms9828
http://www.ncbi.nlm.nih.gov/pubmed/26537867
https://doi.org/10.7554/eLife.06259
http://www.ncbi.nlm.nih.gov/pubmed/25962853
https://doi.org/10.1186/s12915-022-01272-9
http://www.ncbi.nlm.nih.gov/pubmed/35317792
https://doi.org/10.1007/s12038-016-9652-7
http://www.ncbi.nlm.nih.gov/pubmed/27966489
https://doi.org/10.3390/molecules26071827
http://www.ncbi.nlm.nih.gov/pubmed/33805024
https://doi.org/10.1371/journal.pgen.1001084
https://doi.org/10.1371/journal.pgen.1001084
http://www.ncbi.nlm.nih.gov/pubmed/20865164
https://doi.org/10.1002/cpz1.70106
https://doi.org/10.1002/cpz1.70106
http://www.ncbi.nlm.nih.gov/pubmed/39964098

