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SUMMARY
Learning andmemory are essential for animals’ well-being and survival. The underlyingmechanisms are ama-
jor task of neuroscience studies. In this study, we identified a circuit consisting of ASER, RIC, RIS, and AIY, is
required for short-term salt chemotaxis learning (SCL) in C. elegans. ASER NaCl-sensation possesses are re-
modeledby salt/food-deprivation pared conditioning.RIC integrates the sensory information ofNaCl and food
availability. It excitesASERand inhibitsAIYby tyramine/TYRA-2andoctopamine/OCTR-1signalingpathways,
respectively.By thesalt conditioning,RICNaClcalciumresponse toNaCl isdepressed, thus, theRICexcitation
of ASER and inhibition of AIY are suppressed. ASER excites RIS by FLP-14/FRPR-10 signaling. RIS inhibits
ASER via PDF-2/PDFR-1 signaling in negative feedback. ASER sensory plasticity caused by RIC plasticity
andRIS negative feedback are required for both learning andmemory recall. Thus, the sensation plasticity en-
codes the information of the short-term SCL that facilitates animal adaptation to dynamic environments.
INTRODUCTION

Learning andmemory (L&M) are essential for animals’ well-being

and survival in complex and dynamic environments. There are

multiple forms of L&M.Differentmodules of L&M involve different

neural structures and different mechanisms.1 The neural struc-

tures or brain regions and circuits involved in learning memory

activities may differ in different species of animals. However,

the basic molecular, cellular, and circuital mechanisms of L&M

are highly conserved in the animal kingdom.2–4

L&M being complex neural activities, involve sensation, neural

signal transmission and its plasticity,3,5,6 analytic integration of

neural signals in neural circuits,7,8 formation of new synapses or

neural circuits, andchanges in system-level activity.9,10 For exam-

ples, habituation (the simplest form of implicit learning) involves

activity-dependent presynaptic depression of synaptic transmis-

sion, sensitization and classical conditioning involve the presyn-

aptic facilitation of synaptic transmission, long-term L&M involves

the growth of new synaptic connections.11–13 However, whether

sensory plasticity functions in L&M remains an open issue.

The nematode Caenorhabditis elegans exhibits a great deal of

behavioral plasticity and a broad range of learning and memory

abilities in response to a variety of external stimuli, including

that of mechanosensory, thermosensory, olfactory, gustatory,
iScience 28, 112215, A
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etc.14–17 For this reason and because of its rapid life cycle, large

number of progenies, ease of cultivation in a laboratory setting, a

compact nervous system,18 a better-worked-out toolbox of mo-

lecular genetics and neuronal manipulations, and awide range of

available behavior tests, C. elegans is a favored model system

for investigating learning and memory.

Short-term salt chemotaxis learning (SCL) is a basic L&M

model in C. elegans. C. elegans shows chemotaxis to sodium

chloride (NaCl), a chemical as an indicant for the availability of

bacteria food especially in laboratory conditions.19 The direction

and extent of the salt chemotaxis change depending on experi-

ence with salt and food. After the association of NaCl with a lack

of food for a short period, C. elegans showed a dramatic reduc-

tion of chemotaxis to NaCl and eventually an avoidance of the

salt (a negative chemotaxis against NaCl). This model of behav-

ioral plasticity is termed as short-term salt chemotaxis learning

or gustatory aversive learning.17,20–22

Multiple neurons, including ASER, AIB alone, and the combi-

nation of AIY and AIZ are needed for short-term SCL.19 ASER

senses NaCl stimulation and may function as site of the mem-

ory of the sensory experience.23 Multiple classical neurotr-

ansmitters, neuromodulators, and neuropeptides are identi-

fied to engage in C. elegans SCL.24 Among small molecule

neurotransmitters and neuromodulators, tyramine (TA) and
pril 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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octopamine (OA), function as important modulators for short-

term SCL.25,26 Several neuropeptides are known to function in

C. elegans associative learning, including homologs of insulin

(INS-1) and insulin-like peptides, oxytocin/vasopressin, myoinhi-

bitory peptide (MIP-1/NLP-38), neuromedin U (CAPA-1/NLP-

44), and elevenin (SNET-1).27–35

Neuropeptides function mainly by binding to G protein-cou-

pled receptors (GPCRs). The C. elegans genome encodes an

estimated 150 neuropeptidergic GPCRs.36 Among them, many

are orthologs of evolutionarily ancient receptors,37,38 including

orthologs of the oxytocin/vasopressin, gonadotropin-relea-

sing hormone, thyrotropin-releasing hormone, neuromedin U,

tachykinin, myoinhibitory peptide, and neuropeptide Y fam-

ilies.27,32,33,37–39 Neuropeptidergic receptors offer a rich versa-

tility for the regulation of physiological activities, including meta-

bolism, growth and development, and behaviors in animal

organisms, because of the diversity of receptors and signal

transduction pathways.40

There are many neuropeptide-receptor interactions not yet

identified inC. elegans. These interactions are challenges for their

experimental characterization. Because many peptide-receptor

interactions are promiscuous, weak, and transient inmany cases,

and considerably influenced by their context.41Manywidely used

structure determination methods, such as X-ray crystallography,

may not be applicable to a great number of these interactions.42

To save labor for studying peptide–receptor interactions, we use

AlphaFold to predict potential peptide–receptor interactions

related in this study. Most protein–protein interactions are deter-

minedby the3Darrangement and thedynamicsof interactingpro-

teins.Recentsuccessful efforts havebeenmade topredictprotein

structure based on protein sequence, using deep neural network

(artificial intelligence, AI) modelingmethods, such asOmegaFold,

ESMFold,andAlphaFold.Themethodsenableaccuratemodeling

not only for protein monomer structures but also for protein com-

plexes.43–50 Therefore, using deep learning methods to predict

neuropeptide-receptor interactions may provide a useful method

for identifying neuropeptide-receptor interactions.

However, intensive studies have been made aiming to reveal

molecular and circuital mechanisms underlying short-term SCL.

However,pertinentquestions remainunclear:whatencodes the in-

formation of SCL? In this study, we used a reverse genetic screen,

genetic manipulation, predictions of neuropeptide/receptor inter-

actionsbyAlphaFold2,quantitativebehaviorassay, in vivoCa2+ im-

aging, and neuronalmanipulation to study the circuital mechanism

underlying short-term SCL in C. elegans. We find that the ASER

sensation of NaCl is suppressed during and after salt conditioning.

ASER sensation remolding or sensory plasticity is caused by the

top-down regulation from RIC and the negative feedback from

RIS. It is required for both learning and memory recalling of short-

term SCL and thus encodes the information of this L&M model.

This finding suggests a mechanism for learning and memory.

RESULTS

Neuropeptidergic FLP-14/FRPR-10 signaling is required
for salt chemotaxis learning
We used a modified test paradigm of salt chemotaxis learning

developed by Wicks et al. in this study.51,52 For mock and salt
2 iScience 28, 112215, April 18, 2025
(food-deprivation/NaCl association) conditioning, about 200 an-

imals of C. elegans were transferred into and immersed in food-

free CTX solution without or with 100 mM NaCl for 20 min,

respectively. Then, the animals were transferred onto a test

agar plate to assay their chemotaxis to 20 mM NaCl (Figure 1A).

The mock-conditioned wild-type (WT) N2 animal displayed

strong chemotaxis to 20 mM NaCl (salt chemotaxis) indicated

by chemotaxis index (CI = (NB - NA)/(NB + NA)). Here, NA and

NB are the numbers of animals in the test regions without and

with 20 mM NaCl, respectively. While the salt-conditioned WT

N2 animal showed a negative salt chemotaxis or salt avoidance,

that is the animal acquired salt chemotaxis learning (Figure 1B).

We quantified salt chemotaxis learning (SCL) by learning index

(LI), which was defined as: CImock – CIconditioned. Here, CImock

and CIconditioned are the chemotaxis index of mock-conditioned

and salt-conditioned animals, respectively. To primarily exa-

mine whether neuropeptides engage in SCL, we used the los-

s-of-function (lof) mutant egl-3(e1370) animal. The gene egl-3

encodes a proprotein convertase, EGL-3 that is required for

the synthesis and processing of neuropeptide precursors.53

The egl-3 mutant displayed unchanged CImock, increased

CIconditioned, and reduced LI, in comparison with those in the

WT N2 animal (Figures 1C and S1A), indicating that neuropep-

tides are involved in SCL.

The C. elegans genome encodes at least 153 neuropeptide-

encoding genes that give rise to over 300 predicted bioactive

peptides.54,55 C. elegans neuropeptides fall into three families:

insulin-like peptides,56,57 FMRFamide (Phe-Met-Arg-Phe-

NH2)-related peptides or FaRPs which are referred to as FLPs

in C. elegans,58 and neuropeptide-like proteins or NLPs.40,59

We next used 19 flp and 13 nlp mutant animals to screen can-

didate neuropeptides engaging in SCL. Among the screened

animals, the flp-14(gk1055) showed a severest defect in SCL,

while all the mock-conditioned animals displayed WT CImock

(Figures 1D and S1B–S1E). Therefore, we focused on flp-14 in

this study.

The flp-14 gene encodes a propeptide that is processed to

form four same peptide FLP-14.60 (Figure S1F) The apparent

learning deficiency observed in flp-14(gk1055) animal could arise

frommotor deficit, general defects in salt sensation, salt chemo-

taxis, and osmotic sensation. However, flp-14(gk1055) animal’s

locomotion speed and chemotaxis to NaCl of varied concen-

trations did not differ obviously from those of the WT N2

(Figures S1G and S1H). Moreover, the glycerol conditioning (as-

sociation of food deprivation with 200 mM glycerol that osmotic

pressure is equal to that of 100mMNaCl for 20min) did not affect

salt chemotaxis in the flp-14(gk1055), contrarily to what was

done by the salt conditioning (Figure S2A). These results support

that the behavioral phenotype observed in the above experiment

is an SCL defect and FLP-14 engages in SCL.

We next identified the candidate receptor of FLP-14. Known

receptors of FLP-14 include FRPR-8, FRPR-19, NPR-1,

NPR-4, NPR-6, NPR-11, NPR-39, NPR-40, DMSR-1, DMSR-3,

and DMSR-7.40,61–63 We thus used mutant and knocked-down

animals of these receptors to examine their SCL phenotype.

Among animals tested, only npr-1(ad609) animal displayed a

learning defect that could not be restored to theWTby its genetic

rescuing expression driven by the npr-1 promoter, while all



Figure 1. Neuropeptidergic FLP-14/FRPR-10 signaling is required for salt chemotaxis learning

(A) Diagram of the assay for salt chemotaxis learning used in this study. The inherent attraction of C. elegans animals to salt is dramatically decreased or turned

into aversion after food-deprivation and 100 mM NaCl-CTX association conditioning for a short period of 20 min (Conditioned). In this behavioral test, mock-

conditioned (Mock) animals, which were conditioned by the association of food-deprivation and CTX, are used as controls. The conditioned animals were as-

sayed their chemotaxis to 20 mM NaCl on test agar plates containing test region without (region A) or with (region B) 20 mM NaCl in opposite direction.

Chemotaxis index (CI) is calculated as: (NB - NA)/(NB + NA). Here, NA and NB are the number of animals in the test regions A and B, respectively. The salt

chemotaxis learning index (LI) in animals of a given genotype is calculated as CIMock - CIConditioned. Here, CImock and CIconditioned are the chemotaxis index in the

mock-conditioned and salt-conditioned animals, respectively.

(B) Boxplots of chemotaxis index in the mock- (WT-Mock) and salt-conditioned (WT-Conditioned) wild-type (WT) N2 animals. Numbers of repeated tests: nR 11.

(C–G) Boxplots of learning indexes in the salt-conditioned WT N2 as a control, mutant, and transgenic animals, with each dot representing the data from each

independent test. Numbers of repeated tests: n R 10.

(H) Illustration of neuropeptide FLP-14 (green) molecule bound in the putative binding-pocket of FRPR-10 receptor (gray).

(I) Representative current traces evoked by FLP-14 neuropeptides (10 mM) in the X. laevis oocyte injected with FRPR-10 cRNA.

(J) The dose response of the FLP-14-evoked currents with an EC50 of 3.7 mM fitted by the Hill equation.

(K) Boxplots of learning index in the salt-conditioned WT N2 as a control, mutant, and transgenic animals, with each dot representing the data from each in-

dependent test. Numbers of repeated tests: nR 10. The statistical significance of differencewas analyzed by two-tailed t test with unpaired samples (B andC), or

one-way analysis of variance with the post hoc test of Dunnett’s correction (D, F) or Tukey’s multiple comparison correction (E, G, K), and indicated as follows: ns,

not significant, *p < 0.05, **p < 0.01, ****p < 0.0001, and in different colors for varied comparisons. Black, a comparison of the tested worms with the WT N2;

magenta: a comparison of a gene-rescue transgenic animal vs. the related mutant or a comparison indicated.
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animals showed WT CImock (Figures 1E, 1F, S2B, and S2C). This

suggests that an unknown receptor or receptors mediate(s) FLP-

14 action in SCL. For labor-saving, we employed AlphaFold 2

(AF2) to predict candidate FLP-14 receptor(s), by predicting

interaction between FLP-14 and its candidate receptors. The

3D structure of a protein determines the function and interac-

tions with other molecules. AF2 is powerful to accurately predict

proteins’ 3D structures from their amino acid sequences.48 Thus,
AF2 is useful in predicting ligand-receptor interaction.44,50,64,65

Among examined receptor candidates, NPR-1, NPR-2, NPR-5,

NPR-7, NPR-10, NPR-17, NPR-24, NPR-39, NPR-41, NPR-42,

FRPR-1, FRPR-2, FRPR-4, FRPR-6, FRPR-7, FRPR-9, FRPR-

10, FRPR-14, FRPR-15, and FRPR-17, have high scores (R4)

of binding with FLP-14 (Table S1; Figure S2D). We assayed the

SCL phenotype in the mutant or knocked-down animals of these

receptors. The frpr-10(ok1504) and npr-24(ok3192) showed
iScience 28, 112215, April 18, 2025 3



Figure 2. The FLP-14/FRPR-10 signaling required for salt chemotaxis learning may transmit neurotransmission from ASER to RIS

(A–F) Boxplots of learning index in the salt-conditioned wild-type N2 as a control, mutant, RNAi knocked-down, and transgenic animals, with each dot repre-

senting the data from each independent test. Numbers of repeated tests: nR 10. The statistical significance of difference was analyzed by one-way analysis of

variance with the post hoc test of Tukey’s multiple comparison correction (A, D) or two-tailed t test with unpaired samples (B, C, E, and F), and indicated as

follows: ns, not significant, **p < 0.01, ***p < 0.001, ****p< 0.0001, and in different colors for varied comparisons. Black: a comparison of testedwormswith theWT

N2; magenta, a comparison of a gene-rescue transgenic animal vs. the related mutant.
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severe defects in SCL but maintained the WT chemotaxis to

NaCl. The SCL phenotype in frpr-10(ok1504), but not in npr-

24(ok3192), was restored to the WT by the genetic rescue. In

addition, RNAi knockdown of frpr-10 but not npr-24 phenocop-

ied genetic mutation (Figures 1G and S2E–S2H). The locomotion

speed in frpr-10(ok1504) and salt chemotaxis in frpr-10(ok1504)

and genetically rescued animals did not differ from those in the

WT N2 animal (Figures S2I and S2J). AF2 modeling predicts

that FLP-14 binds to the FRPR-10 putative-binding pocket in a

tight conformation (Figure 1H). These indicate that the FRPR-

10 receptor likely functions as a physiological receptor for

FLP-14 in SCL.

FRPR-10 is apredictedGprotein-coupled receptor.66Weused

aheterogeneousexpression system to test the functional interac-

tion between FRPR-10 and its ligand FLP-14, as previously re-

ported.67,68 Briefly, we injected 50 ng of FRPR-10 sense cRNA

(complementary RNA) and 0.5 ng of GIRK (G protein-activated

inwardly rectifyingK+)1 andGIRK4sense cRNA intoXenopus lae-

vis oocytes, and recordedwhole-cell currents. Application of arti-

ficial peptide of FLP-14 generated a robust potassium current in

FRPR-10/GIRK1/GIRK4 cells in a dose-dependent manner with

a half maximal effective concentration (EC50) of 3.7 mM, but no

apparent current in GIRK1/GIRK4 cells (Figures 1I and 1J).
4 iScience 28, 112215, April 18, 2025
To further determine whether FLP-14 peptide functions

through FRPR-10 in SCL in vivo, we constructed flp-14 and

frpr-10 double knocked-out (DKO) animal and examined its

SCL phenotype. The DKO animal displayed a defect in SCL

but not in salt chemotaxis, similarly to the flp-14(gk1055) and

frpr-10(ok1504) animals. The behavioral phenotypewas restored

to theWT only by the simultaneous rescue of both genes, but not

by the single reconstitution of flp-14 or frpr-10 (Figures 1K and

S2K). In conclusion, the above tests support that FRPR-10 is

the receptor of FLP-14 and FLP-14/FRPR-10 signaling is

required for SCL.

ASER-RIS circuit engages in salt chemotaxis learning
To pinpoint FLP-14’s functional site(s) in the SCL circuit, we con-

ducted fluorescent imaging, genetic analyses, and neuronal

manipulation experiments. FLP-14 is expressed inmain and sec-

ondary salt-sensitive gustatory ASE (Amphid Single Cilium E)

and ASG (Amphid Single Cilium G) and interneuron RIS (Ring

Interneuron S), identified by the expression pattern of GFP driven

by a 2kb flp-14 promoter (Figures S3A–S3E). The reconstitution

of flp-14 in its expression cells or ASER alone, but not in ASEL,

ASG, or RIS, fully recovered the WT SCL behavior in the trans-

genic animal (Figures 2A and S3F), indicating flp-14 functions
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in ASER gustatory neuron. The neuron-specific flp-14 knock-

down by RNA interference (RNAi) reduced SCL ability in the

salt-conditioned transgenic animal but had no obvious impact

on salt chemotaxis in the mock-conditioned animal (Figures 2B

and S3G). Moreover, ASER-specific neurotransmission elimina-

tion by TeTx, a light chain of tetanus toxin that is a specific pro-

tease of synaptobrevin69 used to successfully inhibit chemical

synaptic transmission in tested neurons (neuron:TeTx in short)

inC. elegans,70–76 not only suppressed SCL but also salt chemo-

taxis (Figures 2C and S3H). These results support that FLP-14

functions in ASER.

We analyzed FRPR-10’s functional site(s) in the SCL circuit,

using a similar strategy used in the study of FLP-14. FRPR-10

is expressed in single interneuron RIS, identified by the expres-

sion pattern of GFP driven by frpr-10 promoters with a varied

length of 1 kb, 2 kb, and 4 kb (Figures S3I–S3L). The frpr-10

reconstitution in RIS driven by promoters of frpr-10 (2 kb) and

flp-11 (2 kb) fully rescued SCL defect (Figures 2D and S3M).

Moreover, the RIS::TeTx neuronal inhibition and RIS-specific

frpr-10 knockdown by RNAi, but not RFP knockdown (for exam-

ining RNAi potential impact on cell’s physiology of RNAi tran-

scripts), significantly reduced the learning ability (Figures 2E,

2F, S3N, S3O, S3P, and S3Q). These support that FLP-14/

FRPR-10 signaling mediates neurotransmission from ASER to

RIS and engages in SCL.

What is the effect of FLP-14/FRPR-10 signaling on RIS activity

and its underlying mechanism? To answer this issue, we

measured RIS Ca2+ signals in response to 50 mM NaCl stimula-

tion after the salt conditioning. No obvious change in Ca2+-re-

sponses in RIS was observed (Figures S4A and S4B). FRPR-10

receptor is a predicted G protein-coupled receptor.66 It is

possible that FRPR-10 signaling does not affect RIS excitability

indicated by Ca2+ signals but regulates neurotransmitter and/

or neuropeptide release by the activation of G proteins. G pro-

teins are usually extensively expressed in various tissues or cells.

We thus used RIS-specific RNAi knockdown of pan-neuronally

expressed genes encoding a-subunit of heterotrimeric G pro-

teins, gsa-1 (Gs), egl-30 (Gq), and goa-1 (Gi),
77 to preliminarily

identify potential signaling pathway(s). The RIS-specific RNAi

knockdown of gsa-1 and its effect gene acy-1 (encoding adeny-

late cyclase-1, ACY-1), but not egl-30 or goa-1, decreased LI or

suppressed SCL (Figures S4C and S4D). This suggests that

FRPR-10 functions through the Gs-ACY-1 signaling pathway

(Figure S4E). Taken together, the ASER-RIS circuit engages

salt chemotaxis learning.

The FLP-14/FRPR-10 signal pathway in RIS mediates
ASER sensory plasticity in the salt chemotaxis learning
process
Since ASEs are the main salt sensory neurons and FLP-14 neu-

ropeptide released by ASER is involved in SCL. We thus exam-

ined ASE sensory responses to NaCl after mock and salt condi-

tioning, using Ca2+ fluorescence imaging. ASER Ca2+ signals in

response to the stimulation of 20 mM and 50 mM NaCl in the

mock-conditioned WT N2 animal displayed a robust hyperpolar-

ization (inhibitory) ON response and an even stronger depolariza-

tion (excitatory) OFF-response. Interestingly, the ASER Ca2+ sig-

nals of both ON- and OFF-responses in the salt-conditioned
animal were nearly disappeared. The intensities of ON- and

OFF-responses to 50 mM NaCl were stronger than those to

20 mM NaCl (Figures 3A–3C and S4F–S4H). Thus, we used

50 mM NaCl in this study. This result indicates that ASER salt

sensation is remolded in the SCL process. We then introduced

the sensory plasticity index to indicate the ASER sensation

change. The sensory plasticity index of ON- and OFF-responses

to 50 mM NaCl stimulation in the salt-conditioned WT N2 animal

were similar (around 0.8) and bigger than those of responses to

20mMNaCl stimulation (Figures 3D and S4I). Does ASEL activity

change after the salt conditioning such as ASER? ASEL only dis-

played a robust ON-response but no obvious OFF-response to

50 mM NaCl stimulation in the mock- and salt-conditioned WT

N2 animals. Moreover, the ASEL Ca2+-response in the salt-

conditioned animal almost copied that in the mock-conditioned

animal. (Figures 3E–3G). These indicate that ASEL salt sensation

is not modulated in the SCL.

Given that FRPR-10 signaling in RIS is essential for SCL, a

logical issue is that this signaling very likely mediates sensory

plasticity in ASER. Expectedly, ASER sensory plasticity in the

salt-conditioned frpr-10(ok1504) animal was dramatically

reduced and fully restored to the WT by frpr-10 reconstitution

in RIS (Figures 3H–3J). Moreover, ASER sensory plasticity in

the salt-conditioned flp-14(gk1055) and ASER-specific flp-14-

rescued animals almost phenocopied that in the frpr-10 mutant

and RIS-specific frpr-10 rescued animals (Figures 3K–3M).

Based on the above results, we conclude that FLP-14/FRPR-

10 signaling is not only required for SCL but also for ASER plas-

ticity and that sensory plasticity may be a mechanism of the

short-term learning and memory.

Neuropeptide PDF-2 released from RIS up-regulates
salt chemotaxis learning and ASER sensory plasticity
Given that FRPR-10 signaling in RIS is required for both SCL and

ASER plasticity, RIS should regulate ASER sensory plasticity in

the process of SCL. What is the mechanism for RIS regulating

SCL and ASER sensory plasticity? Single interneuron RIS is

GABAergic and neuropeptidergic.78,79 It is chemically or electri-

cally connected with locomotion-regulating neurons, such as

AIB (Anterior Interneuron B) (electrically), AVE (Anterior Ventral

Process E), RIM (Ring Interneuron M), SMD (Sublateral Motor

Neuron D), andmotor neurons DB (Dorsal B-typeMotor Neuron).

However, there is no known synaptic connection between RIS

and ASE.18,80 Thus, RIS may modulate ASER activity by neuro-

humoral regulation. For analyzing RIS function in SCL, we used

RIS-specific RNAi knockdown of unc-25 (encodes a glutamic

acid decarboxylase the essential for GABA biosynthesis), egl-3

(encodes a proprotein convertase), inx-6, inx-7, and unc-9

(encode C. elegans gap-junction proteins, expressed in

RIS),53,78,81,82 to test SCL behavior in the transgenic animals.

All transgenic animals showed reduced learning index and the

WT CImock (Figures S5A and S5B). This indicates that chemical

and electrical synapse connections and neuropeptide(s) from

RIS are required for SCL. For detecting RIS regulatory role in

ASER sensory plasticity, we used lof mutant animals of unc-

25, egl-3, and unc-9 to assay ASER Ca2+-responses to 50 mM

NaCl stimulation after mock and salt conditioning and to analyze

ASER sensory plasticity. As shown in Figures S5C–S5K, the
iScience 28, 112215, April 18, 2025 5



Figure 3. FLP-14/FRPR-10 signaling engages in ASER sensory plasticity

(A) Heat maps of the relative changes in calcium (Ca2+) transients in the soma of ASER sensory neurons in the mock- (Mock) and salt-conditioned (Conditioned)

wild type (WT) N2 worms. Red lines mark the time of the switch between CTX buffer and 50 mM NaCl-CTX solution. DF = F - F0. F is the average fluorescence

intensity of the region of interest of neuronal soma in each frame; F0 is the average intensity within 20 s before the stimulation. The average background signal from

all frames was subtracted from F and F0. The label on the left y axis indicates the tested animals’ number (Num.). Numbers of tested animals: nR 13. The same

hereinafter.

(B) Curves of ASER Ca2+-responses in response to 50 mM NaCl stimulation in the mock- and salt-conditioned WT N2 animals. The Ca2+ signals were measured

using the R-GECO1.0 as a Ca2+ indicator. Ca2+ transients were presented as curves of means (solid traces) ± SEM (gray shading), with light-cyan background

indicating the application of 50 mM NaCl/CTX solution. The same hereinafter.

(C) Boxplots of the average intensity of Ca2+ signals in the plateau phase (30 s–50 s) of ON response and amplitude of the OFF-response in ASER. The amplitude

of the OFF-response is defined as the peak amplitude of OFF-response minus the average value of ON-response. Each yellow or red dot represents the data of

ON- or OFF-responses in each tested animal.

(D) Boxplots of ASER plasticity index in the salt-conditioned WT N2 animals. The plasticity index is calculated as: (ONmock - ONconditioned)/ONmock and (OFFmock -

OFFconditioned)/OFFmock.

(E) Heat maps of relative changes in Ca2+ signals in the soma of ASEL sensory neurons in the mock- (Mock) and salt-conditioned (Conditioned) WT N2 worms.

Numbers of tested animals: n R 15.

(F) Curves of NaCl-induced Ca2+ responses in ASEL neurons in the indicated animals in the mock- and salt-conditioned WT N2 animals.

(G) Boxplots of the averaged intensity of Ca2+ signals in the plateau phase (20 s–50 s) and peak amplitude of ON response in ASEL.

(H–J) Curves and boxplots of ASER Ca2+ responses and plasticity index in the indicated animals, respectively. Numbers of tested animals: n R 11.

(K–M) Curves and boxplots of ASER Ca2+ responses and plasticity index in the indicated animals, respectively. Numbers of tested animals: nR 11. The statistical

significance of difference was analyzed by two-tailed t test with unpaired samples (C, D and G) or one-way analysis of variance with the post hoc test of Tukey’s

multiple comparison correction (I, J, L and M), and indicated as follows: ns, not significant, ****p < 0.0001, in comparison with the control WT N2.
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egl-3(gk238) but not unc-25(ok1901) or unc-9(fc16), displayed

significant changes in ON- and OFF-responses to the salt stim-

ulation and defect of sensory plasticity after salt conditioning but

not mock conditioning, in comparison with those of the WT N2.

The above results suggest that synaptic neurotransmission

from RIS is required only for SCL but not for ASER sensory plas-

ticity, while RIS neurohumoral regulation is essential for both

SCL and ASER sensory plasticity.

RIS expresses neuropeptide-encoding genes pigment dispe-

rsing factor 2, pdf-2, also named nlp-37.79 The nlp-37(tm4393)

animal displayed a significant defect of SCL, and exhibited the

WT CImock (Figures S1B and S1C), suggesting PDF-2 or NLP-

37 may mediate SCL. PDF-2 receptor PDFR-1 is expressed in

muscle cells and multiple neurons including ASER.83 We thus

used genetic analyses of pdf-2 and pdfr-1 to detect the roles

of these two genes in SCL and ASER sensory plasticity. As ex-

pected, lof mutation of pdf-2 reduced the SCL index that was

restored to the WT by genetic rescue driven by both pdf-2p

and RIS-specific promoters (Figures 4A and S5L). Although lof

mutation of pdfr-1 decreased SCL ability that rescued to the

WT by genetic reconstitution driven pdfr-1p. However, the

pdfr-1 reconstitution in ASER alone could partially rescue the

behavioral defect (Figures 4B and S5M). pdfr-1 is expressed

extensively in muscle cells and neurons, including sensory neu-

rons, interneurons, andmotor neurons. The pdfr-1mutant animal

showed a defect in locomotion.84 Thus, we examined the SCL,

chemotaxis, and locomotion phenotypes in the ASER-specific

pdfr-1 RNAi knocked-down animal. The pdfr-1 knockdown

impaired SCL such as the RIS-specific knockdown of pdf-2

but did not affect chemotaxis and locomotion speed (Figures

4C, S5N, and S5O). These results suggest that PDF-2/PDFR-1

signaling acts on ASER to regulate SCL behavior.

PDF-2/PDFR-1 signaling should regulate or control ASER sen-

sory plasticity.Weused animals ofpdf-2 andpdfr-1mutation and

transgenic rescue to detect ASER Ca2+-responses to 50 mM

NaCl stimulation and analyze sensory plasticity after mock- and

salt-conditioning. Expectedly, ASER in the salt-conditioned

pdf-2 or pdfr-1 animals showed robust ON- and OFF-responses

to the salt stimulation which were almost eliminated by the ge-

netic reconstitution of pdf-2 in RIS or pdfr-1 in ASER. In other

words, ASER sensory plasticity in the salt-conditioned mutant

animals were almost disappeared and was restored to the WT

by the genetic rescue of pdf-2 in RIS or pdfr-1 in ASER

(Figures 4D–4I). In summary, the PDF-2/PDFR-1 signaling

pathway mediates the neurohumoral regulation of ASER by RIS

in the top-down regulation of SCL and ASER sensory plasticity.

RIC excites and inhibits ASER and AIY in the regulation
of salt chemotaxis learning by tyraminergic TYRA-2 and
octopaminergic OCTR-1 signaling
Food deprivation is a conditioning stimulation for SCL.19 Paired

RIM and mainly RIC interneurons service as a center for inte-

grating the sensory information of stress and starvation or food

deprivation.73,85–91 RIM and RIC release TA and OA, respec-

tively. Octopamine released from RIC leads to the activation of

the transcription factor CREB required for long-term learning

and memory.92,93 TA is synthesized from tyrosine catalyzed by

tyrosine decarboxylase TDC-1. OA is transformed from TA cata-
lyzed by tyramine-beta-hydroxylase TBH-1. The genes tdc-1

and tbh-1 encode TDC-1 and TBH-1 respectively. tdc-1 is ex-

pressed in RIM and RIC, while tbh-1 is mainly expressed in

RIC.94 Thus, we used tdc-1 and tbh-1 mutant animals to test

their SCL phenotype. Expectedly, SCL ability was reduced in

the tbh-1 and tdc-1 mutant animals without change in CImock.

The behavioral defects in the mutant animals were eliminated

by the genetic reconstitution of each gene driven by each pro-

moter. However, the tdc-1 reconstitution in RIC but not in RIM

eliminated the behavioral defect caused by the tdc-1 mutation

(Figures 5A and S6A). This suggests RIC but not RIM engages

in SCL. We next used pharmacological test in the tdc-1; tbh-1

double knockout (DKO) animal to identify the function of TA

and OA or RIC and RIM neurons in SCL. Administration of TA,

OA, or both had no obvious impact on SCL and salt chemotaxis

in the WT N2 animal. Puzzlingly, neither the treatment of OA nor

that of TA, but the application of both OA and TA restored the

WT SCL in the DKO animal (Figures 5B and S6B). Possibly,

RIC releases both TA and OA and has more than one function

site. We then used neurotransmission inhibition by RIM::TeTx,

RIC::TeTx, and RIM/RIC::TeTx to validate the above results.

RIC::TeTx and RIC/RIM::TeTx similarly suppressed SCL, while

RIM::TeTx had no obvious impact on the behavior (Figures 5C

and S6C). In summary, these tests indicate that RIC but not

RIM engages in SCL, and RIC possibly has multiple function ef-

fect cells through both TA and OA signal pathways.

Does RIC activity change after salt/food deprivation condition-

ing? To answer this issue, we performed RIC Ca2+-imaging with

G-CaMP3.0 as an indicator. RIC displayed a minor excitatory

ON-response of Ca2+ transients in the mock-conditioned WT

N2 animals. After salt/food-deprivation association conditioning,

the RIC Ca2+-response almost disappeared and significantly

differed from that in the mock-conditioned animal (Figures 5D

and 5E). This suggests that RIC activity in response to the

NaCl stimulation is inhibited after the salt conditioning and sup-

port RIC engages in SCL.

What are TA and OA receptors functioning in SCL? Among

mutant animals of known TA receptors TYRA-2, TYRA-3,

SER-2, LGC-55, and OA receptors OCTR-1, SER-3, and

SER-6, the tyra-2(tm1846), tyra-2(tm1815), and octr-1(ok371)

displayed obvious behavioral defect, while all animals showed

the WT CImock (Figures S6D–S6G). SCL defect caused by

tyra-2 and octr-1 lof mutation was removed by the genetic recon-

stitution of each gene driven by its promoter. We thus used the

genetic reconstitution of these two genes to identify their func-

tional sites. Our test result showed that among multiple neu-

ron(s)-specific constitution of tyra-2 or octr-1, rescue expression

of tyra-2 in ASER (driven by 3.2 kb gcy-5p) and octr-1 in AIY

(directed by 4.0 kb T19C4.5p) fully restored the WT SCL in the

transgenic animals (Figures 5F, 5G, S6H, and S6I). We then

used neurotransmission inhibition by AIY::TeTx to validate

whether AIY functions in SCL and found AIY::TeTx impaired

SCL (Figures S6J and S6K). These results support that tyrami-

nergic TYRA-2 and octopaminergic OCTR-1 signaling pathways

act in ASER and AIY to generate SCL behavior. To assay AIY

Ca2+ responses to the NaCl stimulation in mock- and salt-condi-

tioned animals, we performed Ca2+-imaging with G-CaMP3.0 as

an indicator. AIY displayed only a minor inhibitory and excitatory
iScience 28, 112215, April 18, 2025 7



Figure 4. PDF-2/PDFR-1 signaling pathway prompts salt chemotaxis learning

(A–C) Boxplots of learning index in the salt-conditioned wild type (WT) N2, mutant, and transgenic animals, with each dot representing the data from each in-

dependent test. Numbers of repeated tests: n R 10.

(D) Curves of NaCl-induced calcium responses in ASER neuron in the mock- and salt-conditioned WT N2, pdf-2(tm4393) and RIS:pdf-2 transgenic animals. Ca2+

signals were measured using the R-GECO1.0 as a Ca2+ indicator. Ca2+ transients were presented as curves of means (solid traces) ± SEM (gray shading).

(E) Boxplots of the average intensity of Ca2+ signals in the plateau phase (30 s–50 s) of ON response and amplitude of theOFF response in ASER. The amplitude of

the OFF response is defined as the peak amplitude of the OFF response minus the average value of the ON response. Each yellow or red dot represents the data

of ON- or OFF-responses in each tested animal. Numbers of tested animals: n R 10.

(F) Boxplots of ASER plasticity index in the salt-conditioned WT N2, pdf-2(tm4393), and RIS:pdf-2 transgenic animals. The plasticity index was calculated as:

(ONmock - ONconditioned)/ONmock and (OFFmock - OFFconditioned)/OFFmock.

(G–I) Curves and boxplots of ASERCa2+ responses and plasticity index in the indicated animals. Numbers of tested animals: nR 13. The statistical significance of

differencewas analyzed by one-way analysis of variancewith the post hoc test of Tukey’smultiple (A–C, E, F, H, and I) and indicated as follows: ns, not significant,

*p < 0.05, **p < 0.01, and ****p < 0.0001, and in different colors for varied comparisons. Black: a comparison of tested worms with the WT N2; magenta, a

comparison of a gene-rescue transgenic animal vs. the related mutant or as indicated.
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ON-response of Ca2+ transients in the mock- and salt-condi-

tioned WT N2 animals, respectively (Figures S6L and S6M).

Combined with the suppressed RIC Ca2+-response to NaCl

stimulation in salt-conditioned animals, this suggests that RIC

may inhibit AIY activity by OA/OCTR-1 signaling. RIC suppres-

sion by salt-conditioning removes its inhibition on AIY and thus

alters chemotaxis to NaCl.

ASER and RIS form a negative feedback circuit essential for

SCL, in which ASER possibly activates RIS to release neuropep-

tide PDF-2 through FLP-14/FRPR-10 signaling, and RIS inhibits

ASER activity via PDF-2/PDFR-1 signaling (Figures 2 and 3). RIC

functions in SCL through TYRA-2 and OCTR-1 act in ASER and

AIY, respectively (above result). Thus, RIC, ASER, and RIS may

form a functional circuit to regulate SCL behavior. To answer
8 iScience 28, 112215, April 18, 2025
this issue, we analyzed the functions of TYRA-2 and FRPR-10

signaling pathways acting in ASER in SCL using genetic ana-

lyses of tyra-2 and frpr-10. The double knockout of tyra-2 and

frpr-10 impaired SCL like that of single knockout of tyra-2 or

frpr-10. The SCL phenotype was restored to the WT only by

the genetic reconstitution of both tyra-2 and frpr-10, not by

that of a single gene of tyra-2 or frpr-10 (Figures 5H and S6N).

This supports the idea that RIC, ASER, and RIS form a circuit

to modulate the short-term SCL behavior.

ASER sensory plasticity encodes the information of the
short-term salt chemotaxis learning
TYRA-2 signaling functions in SCL; it should act on ASER sen-

sory plasticity. We thus employed genetic analyses of tdc-1



Figure 5. RIC drives salt chemotaxis learning via the signaling of tyraminergic TYRA-2 in ASER and octopaminergic OCTR-1 in AIY

(A–C) Boxplots of learning index in the salt-conditioned wild-type (WT) N2 as a control, mutant, and transgenic animals, with each dot representing the data from

each independent test. Numbers of repeated tests: n R 8.

(D) Curves of NaCl-induced calcium (Ca2+) responses in RIC neuron in the mock- and salt-conditioned WT N2 animal. The Ca2+ signals were measured using the

G-CaMP3.0 as a Ca2+ indicator and presented as curves of means (solid traces) ± SEM (gray shading), with light-cyan background indicating the application of

50 mM NaCl/CTX solution.

(E) Boxplots of the average intensity of Ca2+ signals of RIC during stimulation (20 s–50 s) with each dot representing the data from each tested worm’s ON

response. Numbers of tested animals: n R 17.

(F–H) Boxplots of learning index in the salt-conditionedWTN2 and transgenic animals, with each dot representing the data from each independent test. Numbers

of repeated tests: nR 9. The statistical significance of difference of SCL behavior in the animals was analyzed by one-way analysis of variance with Tukey’s (A, B,

and F-H), Dunnett’s (C) multiple comparison correction or two-tailed t test with unpaired samples (E) and indicated as follows: ns, not significant, *p < 0.05,

**p < 0.01, ***p < 0.001, and ****p < 0.0001, and in different colors for varied comparisons. Black: a comparison of tested animals with the WT N2; magenta, a

comparison of a gene-rescue transgenic animal vs. the related mutant or as indicated.
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and tyra-2 to answer this issue. ASER in the mock-conditioned

tdc-1(n3419), tyra-2(tm1846), and RIC:tdc-1 and ASER:tyra-2

gene-rescued animals displayed the WT ON- and OFF-respon-

ses to the NaCl stimulation. While ASER in the salt-conditioned

tdc-1 and tyra-2 mutant animals showed obvious ON- and

OFF-responses to the NaCl stimulation, there is a significantly

reduced sensory plasticity. The ASER Ca2+ response and sen-

sory plasticity were restored to the WT phenotypes by the

neuron-specific gene-rescue of tdc-1 in RIC and tyra-2 in

ASER, respectively (Figures 6A–6F). Moreover, the effect of

RIC::TeTx genetic manipulation on ASER Ca2+-responses to

the NaCl stimulation and sensory plasticity fully phenocopied

that of tdc-1 lof mutation (Figures 6G–6I). These results indicate

that RIC controls ASER sensory plasticity under salt-condition-

ing through TA/TYRA-2 signaling.

Based on the SCL phenotype and ASER activity changes, we

can deduce that the inhibition of ASER’s sensation of NaCl or

ASER sensory plasticity is related to SCL. Thus, we analyzed

the correlation between ASER’s sensory plasticity and animal’s

learning index in the tested animals, including the WT N2, the

mutant, and transgenic animals of flp-14, ASER:flp-14, frpr-10,

RIS:frpr-10, pdf-2, RIS:pdf-2, tdc-1, RIC:tdc-1, tyra-2, ASER:

tyra-2, and RIC::TeTx. ASER’s sensory plasticity is well fitted

with the learning index by linear regression (R squared =
0.8550 and p < 0.0001) (Figure 6J). This supports that the ASER’s

sensory plasticity is positively and directly correlated with the

short-term salt chemotaxis learning. Interestingly, ASER’s sen-

sory plasticity and the short-term SCL are all-or-none. ASER’s

sensory plasticity is possibly a cellular mechanism for the

short-term SCL.

Our results support that the signaling pathways of FLP-14/

FRPR-10 (mediating neurotransmission from ASER to RIS,

Figures 3H–3M), PDF-2/PDFR-1 (mediating neurotransmission

from RIS to ASER, Figures 4D–4I), and TA/TYRA-2 (mediating

neurotransmission from RIC to ASER, Figures 6A–6I), regulate

the ASER sensation of NaCl or required for ASER sensory plas-

ticity in SCL. Is there a difference in the effect of these signaling

on ASER sensory plasticity? Shown in Figure 6K, the analysis in-

dicates that the ASER sensory plasticity in salt-conditioned

mutant animals of flp-14, frpr-10, pdf-2, pdfr-1, tdc-1, and

tyra-2, and the transgenic RIC::TeTx animal displayed no

obvious difference. This supports the idea that all signaling path-

ways are required for ASER sensory plasticity and that RIC,

ASER, and RIS form a circuit to generate the short-term SCL

behavior.

Hitherto, this study identifies that sensory neuron ASER and

interneurons RIC and RIS play pivot roles in the short-term

SCL. What is the role of each neuron in the process of learning
iScience 28, 112215, April 18, 2025 9



Figure 6. ASER sensory plasticity generated by RIC-ASER-RIS circuit encodes the information of salt chemotaxis learning

(A) Curves of NaCl-induced calcium (Ca2+) responses in ASER neuron in the mock- and salt-conditioned wild-type (WT) N2, tdc-1(n3419), and RIC:tdc-1; tdc-1

transgenic animals. The Ca2+ signals weremeasured using R-GECO1.0 as a Ca2+ indicator and presented as curves of means (solid traces) ±SEM (gray shading),

with a light-cyan background indicating the application of 50 mM NaCl/CTX solution. The same hereinafter.

(B) Boxplots of the average intensity of Ca2+ signals in the plateau phase (30 s–50 s) of ON response and amplitude of the OFF-response in ASER. The amplitude

of the OFF-response was defined as the peak amplitude of the OFF-response minus the average value of ON-response. Each yellow or red dot represents the

data of ON- or OFF-responses in each tested animal. The same hereinafter. Numbers of tested animals: n R 11.

(C) Boxplots of ASER plasticity index in the salt-conditionedWTN2, tdc-1(n3419), and RIC:tdc-1; tdc-1 transgenic animals. The plasticity index was calculated as

(ONmock - ONconditioned)/ONmock and (OFFmock - OFFconditioned)/OFFmock. The same hereinafter.

(D–I) Curves and boxplots of ASERCa2+ responses and plasticity index in the animals of indicated genotypes treated with salt conditioning or mock conditioning.

Numbers of tested animals: n R 11.

(J) Linear correlation between learning index and ASER sensory plasticity index.

(K) Boxplots of ASER sensory plasticity in the animals of indicated genotypes.

(legend continued on next page)
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and memory? To answer this issue, we used chemogenetics to

acutely inhibit these neurons at the learning or memory-recalling

stage by using the cell-specific expression of HisCl1 channels

and a treatment of 10mMhistamine. HisCl1 is a histamine-gated

chloride channel subunit from Drosophila that is effective to

tempo-spatially inhibit neurons when activated by exogenous

histamine.71–74,95,96 Our results showed that the chemogenetic

inhibition of ASER in both learning and memory recalling stages

decreased the learning index of SCL, while the inhibition of RIC

or RIS in the learning stage but not in the memory recalling stage

reduced SCL ability (Figure 6L). Whereas, the chemogenetic in-

hibition of all three neurons in the mock-conditioned animals in

both learning and memory-recalling stages did not affect

chemotaxis to NaCl (Figure S7A). This result indicates that

ASER engages in both learning and memory recalling and both

RIC and RIS interneurons are involved in only learning but not

memory recalling.

The short-termSCL needs about 10min for the induction of the

behavioral plasticity and lasts for about 30 min (Figures S7B and

S7C). Our results suggest that ASER sensory plasticity may be a

major cause of the short-term SCL behavior. Thus, the time

course of ASER sensory plasticity should be like that of the

behavior. Indeed, assayedbyCa2+ imaging, the salt-conditioning

of about 15 min caused significant ASER sensory plasticity. The

loss-of-function of TDC-1 and FLP-14 fully suppressed the in-

duction of ASER sensory plasticity (Figures 7A–7E). Moreover,

ASER sensory plasticity lasted for about 30 min (Figures 7F–

7H). These results support that the time course of ASER sensory

plasticity is the same as that of the short-termSCL. In conclusion,

all our test results support that ASER sensory plasticity encodes

the information of the short-term SCL.

DISCUSSION

Here, we identify a circuital mechanism of short-term SCL. The

main salt sensory neuron ASER and interneurons RIC, RIS, and

AIY play pivotal roles in the SCL. RIC integrates signals of food

availability and NaCl. Under mock conditioning, it releases OA

and TA to inhibit AIY and excite ASER through signaling path-

ways of OCTR-1 on AIY and TYRA-2 on ASER, respectively.

While under salt conditioning, RIC activity indicated by Ca2+-

response to NaCl stimulation is inhibited. Thus, the RIC suppres-

sion of AIY and the augmentation of ASER are depressed by the

salt-conditioning. RIC activity plasticity causes behavioral

change and ASER sensory plasticity. However, the mechanism

for RIC integrating sensory signals and remolding responses to

the NaCl stimulation in the salt-conditioned animal needs further

study. ASER and RIS form a negative feedback circuit essential

for the short-term SCL and ASER sensory plasticity. Under salt

conditioning, ASER releases more neuropeptide FLP-14 to

augment PDF-2 release in RIS through FRPR-10 signaling, while

RIS inhibits the ASER sensation of NaCl via PDF-2/PDFR-1

signaling (Figure 7I).
(L) Boxplots of learning index in the animals of salt-conditionedWT N2 and chemo

tests: nR 10. The statistical significance of differencewas analyzed by one-way a

E, F, K) multiple comparison correction, or by two-tailed t test with unpaired samp

in comparison with the control (WT N2) or with each other (K).
The inhibition of ASER salt sensation or ASER sensory
plasticity generated by salt conditioning encodes the
information of short-term salt chemotaxis learning
ASEL and ASER are functionally specialized in NaCl sensation

and NaCl chemotaxis.97–99 ASEL and ASER positively and nega-

tively regulate the chemotaxis to NaCl by augmenting forward

locomotion and causing turns, respectively,99 and differently

regulate salt chemotaxis learning with different signaling path-

ways.27,100–103 ASER plays a major role in NaCl chemotaxis by

both pirouette and weathervane behavioral strategies with

ASEL minor contribution. ASE neurons send major synaptic out-

puts to three interneurons, AIA, AIB, and AIY. Of these, the laser

ablation of AIZ caused a severe defect in salt chemotaxis.104

Laser ablation of ASER but not ASEL reduces chemotaxis to

NaCl, while salt conditioning reverses NaCl attraction to NaCl

aversion.104,105

ASEL shows a robust ON response to the step increases in

NaCl concentration from 40 mM to 80 mM and no obvious OFF

response to step decreases in NaCl concentration from 40 mM

to 0 mM, whereas ASER displays a minor hyperpolarization

response to the step increases in NaCl and a robust OFF

response to step decreases in NaCl.99 Thus, ASEL and ASER

were recognized as ON andOFF cells of NaCl sensation, respec-

tively. Here, we find that ASER is a both ON- and OFF-cell, with a

robust ON-response to step increase of NaCl from 0 mM to

50 mM and an even stronger OFF-response to step decrease of

NaCl from 50 mM to 0 mM, under both naı̈ve- and mock-condi-

tioning conditions. Importantly, the ASER Ca2+ signals of both

ON- and OFF-responses in the salt-conditioned (100 mM NaCl

for 20 min) animal were nearly disappeared. Our observation dif-

fers from those of previous works.33,101,106,107 Watteyne et al.

focused on ASER OFF-response and observed robust OFF-re-

sponses to a 50 to 0 mM NaCl downshift in the mock- and salt-

conditioned (100 mM NaCl for 15 min) and an increase of the

OFF-response in the salt-conditioned WT N2 animal.33 Oda

et al. observed a similar ASER Ca2+ OFF-response to 20 mM–

0 mM NaCl downshift and a similar change in OFF-response un-

der salt conditioning (20 mM NaCl for 10 min).101 Lim et al.

observed a transient Ca2+ increase in response downshift

(20 mM–0 mM) but no ON response to NaCl upshift (0 mM–

20mM) inASERdendrite in themock-conditionedWTN2, aminor

hyperpolarization ON-response and a decreased OFF-response

in the salt-conditioned (20 mM NaCl for 180 min).106 Dekkers

et al. discovered that ASER OFF-responses to NaCl depend on

its history of NaCl pre-exposure: shows no response in naive an-

imal and is sensitized by prolonged (at least 30 s) exposure to

NaCl in time-dependent manner. Interestingly, ASER sensitiza-

tion or plasticity is affected by unc-13 and eat-4 mutations sug-

gesting that classical neurotransmitter glutamate may engage

in ASER sensory plasticity.107 The observed kinetics difference

may be the result of different conditioning and measuring.

Of note, ON- and OFF-responses to NaCl stepwise increase

and decrease in ASER in the mock-conditioned animal are
gentically inhibited at learning or memory recalling stage. Numbers of repeated

nalysis of variancewith the post hoc test of Dunnett’s (H, and L) or Tukey’s (B, C,

les (I), and indicated as follows: ns, not significant, *p < 0.05, and ****p < 0.0001,
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Figure 7. Time course of the ASER sensory plasticity and working model for the mechanism of ASER plasticity and short-term salt

chemotaxis learning

(A–C) Curves of ASERCa2+ responses to the NaCl stimulation in wild-type (WT) N2 andmutant animals treatedwithout no conditioning (naive), mock-conditioning

of 20 min, and salt-conditioning of varied time (5 min, 10 min, and 15 min).

(D and E) Boxplots of the average intensity of Ca2+ signals in the plateau phase (30 s–50 s) of ON response and amplitude of the OFF-response in ASER (D) and

ASER sensory plasticity (E) in the indicated animals. Numbers of tested animals: n R 9.

(legend continued on next page)
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hyperpolarization and depolarization. For ASER excitability and

activities, especially vesicular release, ON- and OFF-responses

are inhibitory and excitatory. Thus, the sensation inhibition or

sensory plasticity of these responses are excitatory and inhibi-

tory, respectively. Moreover, ASER ON- and OFF-responses

have different dynamics: sustained (or not-decayed) and tran-

sient, respectively. Possibly, ON-response is more important

than OFF-response in C. elegans NaCl chemotaxis. Importantly,

our study finds that ASERNaCl-sensation in salt-conditioned an-

imals is almost fully suppressed, that is, salt conditioning causes

ASER sensory plasticity. The facts that ASER sensory plasticity

is positively and linearly correlated with SCL behavior, it lasts

for about 30 min, and chemogenetic inhibiting ASER at both

learning and memory stages significantly impairs the short-

term SCL (Figures 6 and 7), support that ASER sensory plasticity

is required for the behavior. It is reasonable to conclude that

the sensory plasticity may encode the information of short-

term SCL.

RIC regulates AIY activity and generates ASER sensory
plasticity through octopamine and tyramine signaling to
generate salt chemotaxis learning
RIC seems to be an interneuron integrating information of

external and internal stress and food supply, especially food

deprivation, and functions in avoidance behavior, feeding, fat

metabolism, and behavioral plasticity.71,73,85,86,88,90,108 RIC ac-

tivity is inhibited by food-sensing neuron ADF in a negative cor-

relation manner with food-supply and may synthesize and

release both TA and OA73 TA and OA are invertebrate counter-

parts of adrenaline and noradrenaline. Adrenergic transmitters

function as modulators for metabolism, cellular immune

response, the modulation of sensory input, and multiple behav-

iors, including the fight-or-flight response and L&M.109 In this

study, we identify that RIC releases both TA and OA to regulate

AIY interneuron and ASER sensory neuron by acting on OCTR-1

and TYRA-2 receptors, respectively.

RIC Ca2+-response to NaCl stimulation in the salt-conditioned

animal was fully suppressed. tdc-1 in RIC, octr-1 in AIY, and both
(F) Curves and boxplots of ASER Ca2+ responses and sensory plasticity index in

given time (0 min, 10 min, and 30 min) after the salt-conditioning, respectively.

(G) Boxplots of the average intensity of Ca2+ signals in the plateau phase (30 s–5

conditioned (as the control) and salt-conditioned WT N2 animal at a given time (0

tested animals: n R 11.

(H) Curves of ASER plasticity index in the WT N2 animal at different times after s

dependent tests. Yellow: plasticity of ON-response; red: plasticity of OFF-respons

variance with the post hoc test of Dunnett’s (E) or Tukey’s (D and G) multiple co

Sidak’s multiple comparisons test (H), and indicated as follows: ns, not significant

varied comparisons. Black: a comparison of tested animals with the WT N2 as a c

the mock-conditioned (D); magenta, a comparison of animals at different time (1

plasticity of ON-response at different time (10 min and 30 min) after the salt-con

response at different time (10 min and 30 min) after the salt-conditioning vs. that

(I) The neuronal circuit generating the short-term salt chemotaxis learning consists

food-deprivation (or starvation) and salt sensory signals. Upon salt conditioning,

amine and tyramine released by RICmay suppress AIY activity and enlarge the AS

reduced RIC response to NaCl in the salt-conditioned animal weakens RIC act

response of inhibitory hyperpolarization and a transient OFF-response of excitato

facilitates the release of neuropeptide FLP-14. Neuropeptidergic FLP-14/FRPR-

ASER salt sensation. The negative feedback by RIS and inhibition by RIC gener

inhibition by RIC convert innate salt chemotaxis to learned salt avoidance in C. e
TA and OA are required for normal SCL (Figure 5). These indicate

that OA from RIC may function to inhibit AIY through OCTR-1

signaling, and AIY inhibition by RIC is reduced when the salt-co-

nditioned animal reencountered NaCl. AIY inhibits the direction-

switch by forming an inhibitory circuit with postsynaptic direc-

tion-switch promoting interneuron AIZ and promotes locomotion

speed by forming an excitatory circuit with RIB.110 The suppres-

sion of RIC inhibition on AIY by salt conditioning found in this

study may explain the mechanism of AIY’s function in the

short-term SCL.

TYRA-2 engages in SCL, as demonstrated in both the report

by Moro et al.25 and this study. Noteworthily, this study revealed

that TA/TYRA-2 signalingmodulates the ASER sensation of NaCl

or causes sensory plasticity in the short-term salt conditioning.

Yet, the underlying mechanism remains elusive and needs

further study. TYRA-2 is a Gai/o-coupled tyramine receptor.111

Neurohumoral TA from RIM potentiates ASH sensitivity to os-

motic stimuli through TYRA-2 signaling.112 TA/TYRA-2 signaling

inhibits RIM activity and mediates feeding suppression by repel-

lent 1-octanol.113 TYRA-2 is required for avoidance responses

to osas#9, an ascaroside pheromone, possibly by acting as a re-

ceptor for osas#9,114 however, sensation modulation by TYRA-2

cannot be excluded.

Neuropeptidergic FLP-14/FRPR-10 and PDF-2/PDFR-1
signaling pathways in theASER-RIS feedback circuit are
required for short-term salt chemotaxis learning
Signaling Pathways of TA/TYRA-2, FLP-14/FRPR-10, and PDF-

2/PDFR-1 are equally required for ASER sensory plasticity

caused by the salt-conditioning (Figures 6K and 7A–7E). ASER

and RIS form a feedback circuit. ASER secretes neurohormone

FLP-14, a FMRFamide (Phe-Met-Arg-Phe-NH2)-related peptide,

to activate RIS through FRPR-10-GSA-1(Gas)-ACY-1(adenylyl

cyclase) signaling (Figure S4E). RIS releases neurohumoral

PDF-2 acting on PDFR-1 on ASER to inhibit the ASER sensa-

tion of NaCl in the salt-conditioned animal. As ASER ON- and

OFF-responses are inhibitory and excitatory, respectively, feed-

back regulation from RIS to ASER may function differently:
the mock-conditioned (as the control) and salt-conditioned WT N2 animal at a

0 s) of ON response and amplitude of the OFF-response in ASER in the mock-

min, 10 min, and 30 min) after the salt-conditioning, respectively. Numbers of

alt conditioning. Data were presented as mean ± SEM from more than 10 in-

e. The statistical significance of differencewas analyzed by one-way analysis of

mparison correction or two-way analysis of variance with the post hoc test of

, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, and in different colors for

ontrol; purple, a comparison of animals salt-conditioned with different time vs.

0 min and 30 min) after the salt-conditioning vs. as indicated (G); orange, the

ditioning vs. that immediately after conditioning (H); red, the plasticity of OFF-

immediately after conditioning (H).

of sensory neuron ASER and interneurons of RIC, RIS, and AIY. RIC integrates

RIC Ca2+-response to NaCl stimulation is suppressed. Neurohumoral octop-

ER sensation of NaCl through OCTR-1 and TYRA-2 signaling, respectively. The

ions on ASER and AIY. ASER sensation of NaCl possesses a sustained ON-

ry depolarization. The inhibition of ASER sensation, or ASER sensory plasticity,

10 signaling in RIS augments PDF-2 release. PDF-2/PDFR-1 signaling inhibits

ate ASER sensory plasticity. ASER sensory plasticity and the reduction of AIY

legans.
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augmenting and reducing ASER release of neurotransmitters

and modulators in ON and OFF sensory phases, respectively.

ASER ON- and OFF-responses may function differently in

chemotaxis to NaCl and short-term SCL. This issue needs

further study.

FLP-14 is reported to be expressed in multiple neurons,

including RID, IL2, and URX.115–117 This study identifies that

FLP-14 expression cells driven by a short flp-14 promoter of 2

kb are ASE, ASG, and RIS. Among FLP-14 expression neur-

ons, RID releases FLP-14 to promote forward movement in

C. elegans.115 Thus, RID may be involved in SCL. However,

this study shows that flp-14 genetic rescue in RID displays no ef-

fect (Figure 2A), indicating FLP-14 released from RID does not

engage in the short-term SCL.

Mounting evidence support that neuropeptides are important

to learning and memory in animals.118–125 This study discovers

that FLP-14/FRRP-10 signaling pathway engages in short-term

SCL. Of note, the PDF2/PDFR-1 signaling pathway mediates

top-down regulation from interneuron RIS to sensory neuron

ASER that is required for ASER sensory plasticity in salt condi-

tioning and short-term SCL.

A neuropeptide may bind with multiple receptors and a neuro-

peptidergic receptor may bind with multiple neuropeptides.

Traditional experimental screen to identify ligand-receptor pairs

are labor and time consuming. In identifying receptor(s) of FLP-

14 that mediate(s) ASER action on RIS, we used AlphaFold2, a

deep-learning-based structure predictionmethod, to predict po-

tential receptors by modeling ligand-receptor interaction and

structure of receptors. AlphaFold2 is useful for the modeling of

protein–protein complexes and predicting protein–protein or

peptide-protein interaction.44,46,50,126 Among nineteen pre-

dicted potential FLP-14 receptors with the number of ligand-re-

ceptor interaction model match R4, FRPR-10 is a physiological

receptor functioning in the short-term SCL. It does not mean

other predicted receptors are surely not physiological receptors,

they may engage in other functions. The prediction largely nar-

rows our screening scope.

In summary, this study finds that ASER sensory plasticity

generated by top-down regulation from RIC and RIS encodes

the information of salt chemotaxis learning. Learning and

memory, an adaptive behavior plasticity, is based on the physi-

ological and structural plasticity of the nervous system. The

plasticity of neurotransmission—long-term potentiation and

long-term depression and structural plasticity—formation and

maintenance of synapses, pave neuronal basis for long-term

learning and memory.2,3,127 Short-term depression and facilita-

tion of synaptic transmission by sensory neurons mediate

short-term habituation and sensitization.3 Here, we find that

the plasticity of Ca2+-responses to NaCl stimulation in sensory

neuron caused by top-down regulation is required for the

short-term SCL. Since calcium activity reflects any neural activ-

ity, including synaptic release, the plasticity of Ca2+-responses

presents sensory plasticity. This finding reveals a model for

short-term learning and memory.

Limitations of the study
To more physiologically monitor the Ca2+ response of ASER and

RIC to NaCl stimulation during the short-term salt-chemotaxis
14 iScience 28, 112215, April 18, 2025
learning progress in C. elegans, long-term Ca2+ imaging in

free-moving worms should be needed. However, in this study,

short-term Ca2+ imaging in immobilized animals was used.
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Thermo ScientificTM Cat#11791100
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KHEYLRFG-NH2

Experimental models: Organisms/strains

C. elegans strain, see Table S2 This paper N/A

Oligonucleotides

See Table S3 This paper N/A

Recombinant DNA

See Table S4 This paper N/A

Software and algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

SnapGene Insightful Science https://www.snapgene.com

MATLAB R2019a MathWorks https://www.mathworks.com/help/

matlab/release-notes-R2019a.html

Image Pro Plus 6.0 Media Cybernetics https://mediacy.com/image-pro

Igor Pro 6.10 WaveMetrics https://www.wavemetrics.com

GraphPad Prism 9.5 GraphPad Software Inc. https://www.graphpad.com

Clampfit Molecular Devices https://www.moleculardevices.com

Clampex 8.0 Molecular Devices https://www.moleculardevices.com

MEGA 6.60 Molecular Evolutionary

Genetics Analysis

https://megasoftware.net
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Maintenance of worm strains
AllC. elegans strains were cultured on nematode growthmedia (NGM) plates at 20�C using E. coli bacteria OP50 as food by standard

procedures. The strains were obtained from the CGC (http://www.cbs.umn.edu/CGC/) or the National Bio-Resources Project

(NBRP, http://www.shigen.nig.ac.jp/c.elegans/indices.jsp). All transgenic animals were generated with standard microinjection

techniques.128 The most plasmids were injected at 50 ng/mL together with lin-44p::GFP or vha-6p::GFP as a coinjection marker at

10 ng/mL. The injection pressure was controlled by a DMP-300 digital pneumatic microinjection pump (Micrology Precision Instru-

ments, Ltd, Wuhan, China). The double mutant animals were generated using the standard genetic techniques,129 and confirmed

by PCR and sequencing. The strain of frpr-10(ok1504) was backcrossed to the wild-type (WT) N2 five times to remove unlinked mu-

tations. The strain of flp-14(gk1055) was backcrossed to theWTN2 five times to remove sfxn1.2mutation. Additionally, the allocation

of animals to experimental groups followed a random assignment procedure, ensuring an unbiased and rigorous experimental

design. For microbe strains, we used Escherichia coli OP50 as the food of C. elegans after culturing it in nematode growth medium

(NGM) plates at 37C for 8 h. This bacterial strain could be from the Caenorhabditis Genetics Center with the WormBase ID

(WBStrain00041969). All animals used in this study are listed in key resources table.

METHOD DETAILS

Molecular biology
Construction of expression plasmids

All expression plasmids used in this study were constructed by Three-Fragment Multisite� gateway system (InvitrogenTM, Thermo

Fisher Scientific, Waltham, MA, USA). Briefly, three entry clones, A, B and C, comprising three PCR products (promoter, the gene of

interest, and sl2::TagRFP-t or 3’ UTR, respectively) were recombined into the pDESTTM R4-R3 Vector II (from Addgene, http://www.

addgene.org/vector-database) or custom-modified destination vectors pDEST-R4-R3-unc-54 3’UTR or pBCN44-R4-R3-lin-44p::

GFP, using attL-attR (LR) recombination reactions to generate expression clones. pDEST-R4-R3-unc-54 3’UTR destination vector

was modified from the pDEST-R4-R3 vector by inserting unc-54 3’ UTR at the position between attR3 and AmpR promoter, with

PCR-linearization and In-fusion methods. pBCN44-R4-R3-lin-44p::GFP destination vectors was modified from the pBCN44-R4-

R3 vector by inserting lin-44p::GFP serving as a gene marker for transgene into the backbone with restriction enzyme digestion

method.

Construction of an entry clone A containing a promoter

An entry clone A contributing sequence of slot 1 in the expression plasmid contains sequence of a promoter. We used an In-Fusion

method or BP reaction to construct them. With the In-Fusion method, we used a promoter sequence to substitute for promoter frag-

ment in an entry clone A used in LR reactions in Three-Fragment Multisite gateway system. In brief, a linearized vector without pro-

moter sequence was prepared by reverse PCR amplification, using an entry clone A as a template. The promoter was PCR amplified

fromwild-type N2 genomic DNA, using primers containing about 20 bp sequences of the promoter and homologous sequences (15-

20 bp) of the linearized vector. The linearized vector and amplified promoter fragment were recombined to generate entry clone A,

using ClonExpress�II One Step Cloning Kit (Vazyme Biotech Co.).

Construction of an entry clone B containing a gene of interest

An entry clone B contributing sequences of slot 2 in the expression plasmid contains sequence of a target gene. A large part of entry

clones B containing a gene of interest were constructed by BP recombination reactions using pDONRTM 221 donor vector (Invitro-

gen). The DNA sequences were amplified by PCR with the primers containing attB1 and attB2 recombination sites. A small part of

entry clones B containing a gene (receptor used in this study) were constructed by the In-Fusion method.

Construction of an entry clone C

An entry clone C contributing sequences of slot 3 in the expression plasmids contains a sequence of unc-54 3’ UTR, sl2d::GFP, or

sl2e::TagRFP-t. The ‘‘C’’ entry clones were constructed by use of pDONR-P2R-P3 donor vector through standard BP reactions. The

corresponding PCR products with attB2R and attB3 sites were amplified by PCR. The ‘‘C’’ entry clone containing unc-54 3’ UTR,

sl2d::GFP, or sl2e::TagRFP, were used to construct expression plasmids. All primers and related information for cloning these pro-

moters and genes are listed in key resources table.

Behavioral assays
Mock and salt conditioning

All behavioral experiments were conducted using the synchronized day-1 adult worms. The chemotaxis to NaCl and salt chemotaxis

learning of mock- and NaCl/food-deprivation association-conditioned (salt-conditioned, hereafter) animals were performed on test

agar plates. For NaCl/food-deprivation association conditioning (salt conditioning), worms on culture plates were washed out with

100 mM NaCl-CTX solution (100 mM NaCl, 5 mM KH2PO4/K2HPO4 with pH 6.6, 1 mM CaCl2, and 1 mM MgSO4) and transferred

into a 1.5 mL centrifugal tube. The worms were washed three times with about 1 mL 100 mM NaCl-CTX solution for about 5 min

to remove bacteria from worm’s body. Then, the worms were soaked in 1.2 mL 100 mM NaCl-CTX solution for about 14 min. Lastly,

the wormswere washedwith CTX buffer without NaCl one time to remove NaCl. Total time for thesemanipulations was about 20min.
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For mock conditioning, the worms were treated with NaCl-free CTX buffer (5 mM KH2PO4/K2HPO4 with pH 6.6, 1 mM CaCl2, and

1 mM MgSO4) using the same procedure as that for the salt conditioning.

Assaying induction time course of SCL

The tested wild-type N2 animals were conditioned by the association of food-deprivation with the treatment of NaCl-free (for mock-

conditioning) CTX solution and 100 mM NaCl-containing CTX solution (for salt-conditioning) with varied treatment duration (10 min,

20 min, 30 min, and 60 min), respectively.

Preparing test agar plates

A test of chemotaxis to NaCl or salt chemotaxis learning (SCL) was performed on a test NGM plate in a Petri dish of 9 cm diameter at

room temperature of 20�C. The test plates contain two chemotaxis test regions without (region A) or with (region B) 20 mM NaCl in

opposite direction. The plates were prepared with following protocol. 15 mL hot agar solution (5 mM KH2PO4/K2HPO4 with pH 6.6,

1 mM CaCl2, 1 mM MgSO4, and 2% agar) at about 80�C was poured into the Petri dish. After naturally cooled and solidified, two

circular test regions in 3.5 cm diameter close to the edge of dish in the opposite direction were made. The agar in the test regions

was cut with a 3.5 cm dish and then removed. The test regions were refilled with a hot agar solution with 20 mM NaCl (20 mM

NaCl, 5 mM KH2PO4/K2HPO4 with pH 6.6, 1 mM CaCl2, 1 mM MgSO4, and 2% agar) or without NaCl (5 mM KH2PO4/K2HPO4

with pH 6.6, 1 mM CaCl2, 1 mM MgSO4, and 2% agar), respectively. The volume of refilling agar solution was carefully controlled

tomake sure that whole plate was even. Lastly, the test plates were incubated at 37�C for 3 hours and then were put on an even place

at room temperature for 10 hours.

Chemotaxis and salt chemotaxis learning assay

The mock- or salt-conditioned animals of number about 200 in about 20 mL solution were transferred onto the center of a test plate.

The residual solution was absorbed with tissue. Let worms freely move on the test plate for 10 minutes. Then, a circle of 0.5 mM so-

dium azide was immediately made around the edge of two test regions to paralyze worms. The number of worms in the test regions

were counted under a stereomicroscope. The index of chemotaxis to NaCl in mock- or salt-conditioned animals was calculated as

(NumberB - NumberA) / (NumberB + NumberA). Here, NumberA, the number of worms within the test region without NaCl; NumberB,

the number of animals within the test region with 20 mMNaCl. The learning index was calculated as the average chemotaxis index of

mock-conditioned animals minus the chemotaxis index of salt-conditioned worms. All conditioning and chemotaxis tests were per-

formed at 20�C.
Assaying recovery time course of SCL memory-loss

The testedwild-type N2 animals weremock- and salt-conditioned for 20min. Then, let animals freely move on the food-free test plate

for different time (5min, 10min, 20min, 30min, 40min, 50min, and 60min). After the given time, the animals’ distribution on the plate

was recorded by using a mobile phone.

Genetic and chemogenetic manipulations of tested neurons
Genetic manipulations of tested neurons

We employed neuron-specific extrachromosomal expression of TeTx to genetically block vesicle fusion with the plasma membrane

and thus neurotransmitter release in the tested neurons. TeTx is a specific protease of synaptobrevin.69 It is used successfully to

inhibit the chemical neurotransmission in tested neurons in C. elegans.71,72,76,95

Chemogenetic manipulations of tested neurons

To tempo-spatially silence the tested neurons, we used chemogenetic neuronal manipulation. In short, we used neuron type-specific

promoters to drive expression of a Drosophila HisCl1 gene encoding histamine-gated chloride channel subunit95 in the tested neu-

rons and employed 10 mM histamine to activate the chloride ion channel.71–73,76,95 To drive TeTx or HisCl1 expression in ASER, RIC,

and RIS, the promoters gcy-5p (3.2 kb, in ASER), tbh-1p (4.5 kb, in RIC), and frpr-10p (2 kb, in RIS) were used, respectively. HisCl1

channel may have a low probability of opening without ligand histamine, causing a leaking current in some cases. To reduce the leaky

effect on tests, we injected the amount of the HisCl1 plasmids by reducing its concentrations to 15 ng/uL.

For chemogenetic inhibition of the tested neurons in learning stage, we conditioned animals with 10 mM histamine in solutions

used in mock- and salt-conditioning. Then, we tested the treated animals’ chemotaxis on normal test plates.

For chemogenetic inhibition of the tested neurons inmemory recalling stage, we used a test agar plate containing10mMhistamine

to assay the normally conditioned animals’ chemotaxis behavior. These test plates were prepared with the same procedures for

preparation of the normal test plates, except all agar solutions contained10 mM histamine. To prepare the agar solutions containing

10 mM histamine, a stock solution of histamine (1 M in CTX buffer) was diluted with ultrapure water into a 100 mM working solution,

and 10% (v/v) working solution was added into agar solutions at approximately 60�C before preparing the plates.

Pharmacological treatment of animals with tyramine and octopamine
Tyramine (TA) and octopamine (OA) are administered at both learning and memory recalling stages, to test their potential roles in the

salt-chemotaxis learning. 10 mM TA or OA or both of them in solutions for mock- and salt-conditioning, or in agar solutions for pre-

paring test plates, are used. Test plates containing TA and OAwere prepared with the same procedures for preparation of the normal

test plates, except agar solutions contained 10 mM tyramine, or octopamine, or both of them. To prepare these agar solutions, a stock

solution of tyramine or octopamine (200mM inCTX buffer) was dilutedwith ultrapure water into a 1mMworking solution, and 1% (v/v)

working solution was added into agar solutions at approximately 60�C before preparing the plates.
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Calcium imaging
The calcium (Ca2+) responses in neuronal soma were measured by detecting changes in the fluorescence intensity of the genetically

encoded Ca2+ indicator R-GECO1 and G-CaMP3.0. A home-made microfluidic device was used for calcium imaging, as previously

described.71–74,76 Briefly, a mock- or salt-conditioned worm was loaded into the worm channel of the microfluidic chip with its nose

exposed to solutions under laminar flow. For each Ca2+ assay with duration of 80 s in ASER, RIS, RIC, and AIY, NaCl stimulation was

performed by a switch between CTX buffer and 50 mM NaCl-CTX solution: CTX for 20 s—NaCl-CTX for 30 s—CTX for 30 s. The os-

molarities of all solutions used for Ca2+ imaging were adjusted to 350 mOsmM with sucrose. The solutions were delivered via pro-

grammable automatic drug-feeding equipment (MPS-2, InBio Life Science Instrument Co. Ltd, Wuhan, Hubei Province, China).

R-GECO1.0 was excited by 525–530 nm light emitted by an Osram Diamond Dragon LTW5AP light-emitting diode (LED) model (Os-

ram, Marcel-Breuer-Strasse 6, Munich, Germany) mounted to a multi-LED light source (MLS102, InBio Life Science Instrument Co.

Ltd) and filtered by a Semrock FF01-593/40-25 emission filter (IDEXHealth & Science, LLC, OakHarbor,WA, USA) under anOlympus

IX-70 inverted microscope (Olympus) equipped with a 403 objective lens (numerical aperture (NA) = 1.3, Carl Zeiss MicroImaging

GmhH, Göttingen, Germany). Fluorescence images were captured by an Andor iXonEM+ DU885K EMCCD camera (Andor Technol-

ogy plc., Springvale Business Park, Belfast, UK) with 256 3 256 pixels at 10 frames per second. Each animal was exposed under

fluorescent excitation light for 30 s before recording to reduce the light-evoked calcium transients and was recorded once only.

The averaged fluorescence intensity in each frame of the region of interest (ROI) of the soma was captured and analyzed by using

Image-Pro Plus 6 (Media Cybernetics, Inc., Rockville, MD, USA). The average signal of an adjacent ROI in all frames was used to

subtract the background. The average fluorescence intensity within the initial 20 s before stimulation was taken as basal signal

F0. The changes in fluorescence intensity relative to the initial intensity F0, DF = (F - F0) / F0, were plotted as a function of time for

all curves. The Ca2+ signals, DF, were displayed as the mean values in various colors and SEM in light grey using IGOR Pro 6.10

(WaveMetrics, Inc., Lake Oswego, OR, USA), as heatmap using Matlab-R2019a (MathWorks, Nidec, MA, USA), or boxplot using

GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA).

Confocal fluorescence imaging
All confocal fluorescence imaging was performed using an Andor Revolution XD laser confocal microscope system (Andor Technol-

ogy plc., Springvale Business Park, Belfast, UK) based on a spinning-disk confocal scanning head CSU-X1 (Yokogawa Electric Cor-

poration, Musashino-shi, Tokyo, Japan). The confocal system was mounted on an Olympus IX-71 inverted microscope (Olympus,

Tokyo, Japan) and controlled by Andor IQ 1.91 software. Live young adult worms were mounted on a 2% (w/v) agarose pad with

10 mM levamisole (Sigma-Aldrich). All fluorescent images were imaged by 360 objective lens (numerical aperture = 1.45, Olympus)

and captured by an Andor iXonEM+ DU-897D EMCCD camera. The images were displayed using Image J 1.52o software (Wayne

Rasband, National Institutes of Health, USA).

Locomotion analysis
Day-1 young adult worms cultured by standardmethodswere transferred onto an area in NGMplates (diameter 6 cm) with a thin layer

of OP50 and allowed them to move freely for 3 min. Worm locomotion was recorded under a Zeiss Discovery V8 stereomicroscope

(Carl Zeiss MicroImaging GmbH, Göttingen, Germany). The image sequences were captured with an Andor iXonEM+ DV885K

EMCCD camera at 10 frame per second. The worm locomotion speed was analyzed by use of Worm Lab software.

Neuropeptide-receptor interaction prediction with Alphafold2
The receptor structure is first modeled independently using AlphaFold2 and then input into the protein template library. To model the

interaction between the neuropeptide and the receptor, link the two sequences with 30 glycine, and use AlphaFold2 to predict the

structure of the neuropeptide-receptor complex. Parameter settings: iteration numbers (3, 6, 9, 12, 15, 18, 20) and randomly set 10

seed numbers. Among the five models, as long as one generates a distance of less than 8 Å between any Cb atoms of the neuro-

peptide and the receptor, and the binding site of the neuropeptide is located at the N-terminus of the receptor, it is considered valid.

The hardware used includes 4 NVIDIA A40 GPUs, and the MSA search employs default parameters.50

FRPR-10 expression in X. laevis oocytes and whole-cell current recording
FRPR-10 expression in X. laevis oocytes

frpr-10 cDNAs were flanked with BamHI and HindIII sites by PCR and cloned into a pGH19 vector with by T4 ligase. The cRNAs of

frpr-10, GIRK1, and GIRK4, were prepared using an mMachineTM T7 kit (Thermo Fisher scientific, Waltham, MA, USA). The sense of

frpr-10 (50 ng), GIRK1 (0.5 ng), and GIRK4 (0.5 ng), were injected into a X. laevis oocyte. The cRNA-injected oocytes were incubated

at 18�C in ND96 medium (96 mM NaCl, 2.5 mM KCl, 1 mM MgCl2 and 5 mM HEPES, pH 7.6) for 2-5 d before recording.

Whole-cell current recording

Whole-cell current was made using the two-electrode voltage-clamp technique at a holding potential of -80 mV as described.67,68

The recording chamber was continuously perfused with ND96 medium. To assay activation of GIRK channels, we equilibrated oo-

cytes in high K+ medium (96 mM KCl and 2.5 mM NaCl instead of 2.5 mM KCl and 96 mM NaCl) to reverse the K+ gradient and

measured inward currents before, during and after addition of test peptide. Data were acquiredwith Clampex 8.0 software (Molecular
iScience 28, 112215, April 18, 2025 e4
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Devices, San Jose, CA, USA) and analyzed offline with Clampfit (Molecular Devices, San Jose, CA, USA). Peptides of 98% purity

were synthesized by the Guoping Pharmaceutical Company (Hefei, Anhui Province, China).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data of chemotaxis and the learning index are displayed as box plots, with each dot representing the data from each independent

test. We performed experimental repetition for the tested animals of varied genotypes andWTN2 control on the same day. However,

we performed more repetition for tested animals of some genotypes than that for the N2 control. Because the behavioral test results

of N2 animal was rather repeatable or stable. We made effort to maintain consistent environmental conditions, such as temperature

and humidity, and implemented randomization of the experimental order to minimize systematic bias. The Ca2+ signal data are ex-

pressed as heatmaps, box plots, or as the means ± SEM indicated by solid traces ± gray shading. Data were statistically analyzed

using software packages in GraphPad Prism 9.5 (GraphPad Software, Inc., San Diego, CA, USA). When the comparison was limited

to 2 groups, a two-tailed t test with unpaired samples was used to analyze differences and calculate p-values. When more than two

groups of data were compared, data were analyzed by ordinary one-way or two-way analysis of variance (ANOVA), with recommen-

ded post hoc tests in the GraphPad Prism 9.5 software package. Dunnett’s or Sidak’s multiple comparison correction was applied

when multiple samples were compared to a single sample, i.e., wild-type N2 or other controls. Tukey’s multiple comparison correc-

tion was used when multiple samples were compared. The p-value is indicated as follows: ns, not significant, *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001, and in different colors for varied comparison.
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