
Cellular/Molecular

Neuroendocrine Control of Synaptic Transmission by
PHAC-1 in C. elegans

Aikaterini Stratigi,1* Miguel Soler-García,1* Mia Krout,2 Shikha Shukla,1 Mario De Bono,3 Janet E. Richmond,2

and Patrick Laurent1
1Laboratory of Neurophysiology, ULB Institute for Neuroscience, Université Libre de Bruxelles, Brussels 1070, Belgium, 2Department of Biological
Sciences, University of Illinois Chicago, Chicago, Illinois 60607, and 3Institute of Science and Technology, Klosterneuburg 3400, Austria

A dynamic interplay between fast synaptic signals and slower neuromodulatory signals controls the excitatory/inhibitory (E/I)
balance within neuronal circuits. The mechanisms by which neuropeptide signaling is regulated to maintain E/I balance remain
uncertain. We designed a genetic screen to isolate genes involved in the peptidergic maintenance of the E/I balance in the C. elegans
motor circuit. This screen identified the C. elegans orthologs of the presynaptic phosphoprotein synapsin (snn-1) and the protein
phosphatase 1 (PP1) regulatory subunit PHACTR1 (phac-1). We demonstrate that both phac-1 and snn-1 alter the motor behavior
of C. elegans, and genetic interactions suggest that SNN-1 contributes to PP1-PHAC-1 holoenzyme signaling. De novo variants of
human PHACTR1, associated with early-onset epilepsies [developmental and epileptic encephalopathy 70 (DEE70)], when expressed
in C. elegans resulted in constitutive PP1-PHAC-1 holoenzyme activity. Unregulated PP1-PHAC-1 signaling alters the synapsin and
actin cytoskeleton and increases neuropeptide release by cholinergic motor neurons, which secondarily affects the presynaptic vesicle
cycle. Together, these results clarify the dominant mechanisms of action of the DEE70 alleles and suggest that altered neuropeptide
release may alter E/I balance in DEE70.
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Significance Statement

Alterations of the excitatory/inhibitory (E/I) balance within neuronal circuits contribute to seizures. Early-onset epilepsies are
associated with four variants of human PHACTR1 (called DEE70). In a genetic screen designed to isolate genes involved in the
maintenance of the E/I balance by peptidergic neuromodulators, we identified the C. elegans orthologs of PHACTR1 and of
synapsin. When introduced in C. elegans, the DEE70-associated variants reduced the E/I balance in motor circuits. Our results
suggest that DEE70 variants induce the constitutive activity of an holophosphatase formed by PHACTR1. The constitutive
holophosphatase signaling alters the synapsin and actin cytoskeleton and increases neuropeptide release, which secondarily
decreases E/I balance in circuits.

Introduction
Neuromodulation by neuropeptides contributes to circuit adapt-
ability, stability, and the integration of contextual information by
changing the cellular and synaptic properties of target neurons
(Bargmann, 2012; Marder, 2012). Neuropeptides also play a sign-
ificant role in preserving the balance between excitatory and
inhibitory signals within circuits (E/I balance). This homeostatic
function of neuropeptides contributes to both fear learning and
prevention of pathological disorders such as epilepsy and autism
(Nelson and Valakh, 2015; Agostinho et al., 2019; Hornberg et al.,
2020; Melzer et al., 2021).

The sinusoidal locomotion of C. elegans results from
coordinated muscle contraction–relaxation mediated by a set of
interconnected cholinergic and GABAergic motor neurons
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(White et al., 1976, 1986). Mutations producing abnormal activ-
ities in themotor circuit can cause aberrantmuscle contractions and
uncoordinated locomotion (Brenner, 1974). Decades of studies
have revealed multilevel regulation of the E/I balance in the motor
circuit of C. elegans, including regulation by peptidergic inputs. For
example, increased production and secretion of the FMRF-like pep-
tide FLP-18 inhibits epileptic-like convulsions caused by unbal-
anced E/I in the locomotor circuit of acr-2(gf), a gain of function
mutation in the neuronal ionotropic acetylcholine (ACh) receptor
ACR-2 (Stawicki et al., 2013; McCulloch et al., 2020).

The mechanisms of homeostatic control of E/I balance in
circuits by neuropeptides remain poorly understood. Here, we
designed a genetic screen aimed at understanding how neuropep-
tide/FLP-18 signaling regulates the E/I balance of the C. elegans
motor circuit. Among the FLP-18 signaling effectors, we isolated
the single C. elegans ortholog of synapsins (snn-1) and PHACTR1
(phac-1). Synapsins are presynaptic phosphoproteins controlling
synaptic vesicle (SV) and dense core vesicle (DCV) dynamics
(Cesca et al., 2010). In humans, four proteins called the
PHosphatase 1 and ACTin Regulators (PHACTR1–4) are pro-
tein phosphatase 1 (PP1) family regulatory subunits (Allen
et al., 2004). The binding of PP1 to human PHACTR1 improves
the specificity of the PP1-PHACTR1 holophosphatase for its sub-
strates, which include structural and regulatory cytoskeletal pro-
teins (Fedoryshchak et al., 2020). Accordingly, PHACTR1
signaling has been shown to remodel the actin cytoskeleton in
a melanoma cell line (Wiezlak et al., 2012). PHACTRs are highly
expressed in the nervous system, but their function remains
unclear (Allen et al., 2004). De novo variants in PHACTR1 are
associated with developmental and epileptic encephalopathy 70
(DEE70; Hamada et al., 2018; Marakhonov et al., 2021). DEEs
are severe forms of early-onset epilepsy caused by rare—often
de novo—mutations in genes involved in neuronal proliferation,
migration, excitability, synaptic transmission, and plasticity
(McTague et al., 2016; Guerrini et al., 2023). Knockdown in
mice suggests that PHACTR1 controls neuronal migration and
dendritic tree complexity (Hamada et al., 2018).

Here, we demonstrate that PHACTR1/PHAC-1 and synapsin/
SNN-1 contribute to the E/I balance within the C. elegans motor
circuit. PHAC-1 signaling increases DCV secretion of neuropep-
tides from motor neurons, which secondarily affects neuromus-
cular junction (NMJ) signaling. Introducing three pathological
PHACTR1 point mutations associated with DEE70 into the
C. elegans phac-1 gene generates a constitutively active PP1-
PHAC-1 holophosphatase that disturbs the E/I balance of the
motor circuit demonstrating a conserved neuromodulatory role.

Materials and Methods
Strains. Strain maintenance and genetic manipulation were per-

formed as previously described (Brenner, 1974). Animals were cultivated
at room temperature on nematode growth medium (NGM) agar plates
seeded with OP50 bacteria. On the day before experiments, L4 larval
stage animals were transferred to fresh plates seeded with OP50 bacteria.
The strains generated or obtained, as well as the primers used for geno-
typing, are provided in Extended Data 1.

Constructs, transgenes, and germline transformation. C. elegans N2
genomic DNA or cDNA was used as template for cloning PCRs.
Cloning PCRs were performed using Phusion High-Fidelity DNA poly-
merase (M0530L, New England Biolabs) and then validated by Sanger
sequencing. Details on primer used are provided in Extended Data 1.
Expression plasmids used to generate transgenic animals were generated
by means of Multisite Three-Fragment Gateway Cloning (Invitrogen,
Thermo Fisher Scientific). To generate the PHAC-1(2R/A) plasmid, site-

specific mutagenesis was performed by standard PCR using a plasmid
containing wild-type phac-1 cDNA sequence as template. Primers used
are provided in Extended Data 1. Details on expression plasmids are pro-
vided in Extended Data 1. All transgenic worms were generated by
microinjection using standard techniques (Mello et al., 1991). For
most injected constructs, injection mixes were composed of 30 ng/μl tar-
geting constructs, 30 ng/μl of coinjection markers, and 40 ng/μl of 1 kb
Plus DNA mass ladder (Invitrogen, Thermo Fisher Scientific) as carrier
DNA, for a final injection mix DNA concentration of 100 ng/μl.

Gene editing. Gene editing by CRISPR Cas-9 was done by direct
injection of Cas9 guide-RNA ribonucleoprotein complexes into the syn-
cytial gonad as previously described (Ghanta and Mello, 2020).
CRISPR-mediated homologous recombination with a DNA repair tem-
plate is increased by mixing, melting, and reannealing template dsDNA.
An injection mix was prepared with 30 pmol of Cas9, 90 pmol of
tracrRNA, 95 pmol crRNA, 500 ng melted dsDNA, and 800 ng
myo-2p::RFP plasmid. For phac-1 gene editing, ∼20 injected P0 animals
were cultured individually. We selected three P0 plates with ∼40% of the
progeny carrying the myo-2p::RFP transgene to pick F1. We singled 24
F1 for point mutants and 48 for wrmScarlet (wSc) insertion. phac-1
gene editing was screened using PCR-restriction digest. The gRNA and
repair template used are provided in Extended Data 1.

RNAi knockdown of Ex[phac-1::SL2-tagRFP]. Worms were raised on
NGM plates containing IPTG and seeded with the E. coli HT115(DE3)
strain transformed with the plasmid L4440 containing RNAi against
F26H9.2/phac-1, against dpy-11 (as positive control), or against the
empty vector as negative control. The F26H9.2 RNAi strain carries a
1,194 bp PCR fragment between primers ATCACGACGGGCTAC
TTTTG and CGGATCAGCGTAAATTTGAA. As IPTG is light
sensitive, these strains were grown in the dark under otherwise normal
conditions. Imaging was performed as described below.

Morphological and behavioral video recording. Video recordings
were acquired at 15 frames per second (fps) with three array cameras
connected to a computer equipped with Motif software (Loopbio).

Worms were segmented, tracked, and skeletonized using Tierpsy
Tracker (Javer et al., 2018), freely available on https://github.com/
Tierpsy. After analysis, the features of interest were extracted. For loco-
motion assays, 30 worms were placed on low peptone NGM with OP50
seeded ∼16 h before. Each genotype was recorded three times. Worms
were allowed to adapt to 7% O2 for 5 min before video recording started.
Worms were recorded for 5 min once the gas mixture pumped into the
chamber was changed from 7 to 1% O2. Midbody forward speed param-
eter was extracted from the videos and compared across the different
genotypes.

Isolation of flp-18(XS) suppressors and identification. flp-18(XS) sup-
pressors were identified in a forward genetic screen. Animals from the
strain OQ60 (Is[pflp-18::flp-18-SL2-GFP; ccGFP] V; Extended Data 1)
carrying stably integrated flp-18(XS) were mutagenized with EMS using
standard procedures, and 8–12 P0 animals were isolated on eight P0
plates (Brenner, 1974). Subsequently, 4–6 F1 animals from each P0 plate
were placed on 15 NGM growth plates, and their F2 progeny were exam-
ined for locomotion. Forty-eight F2 mutants were isolated in which loco-
motion appeared restored, and worms from their F3 plates were scored.
Coordination score: we blindly scored from −1 to 4 (0 being unchanged
and 4 being like N2) the following parameters typical of the flp-18(XS)
strain—slow locomotion on food, and off food, deep body curvature dur-
ing forward locomotion, frequent reversals, abnormally long reversals
when prodded, and long reversals with extreme curvature when prodded.
The scores were combined, and as the flp-18(XS) control was slightly off
0, we normalized the values to N2. Genomic DNA was isolated from the
25 best suppressor strains identified in the forward genetic screen. The
Genomics core facility of Universite Libre de Bruxelles performed
paired-end 150 bp sequencing on Illumina MiSeq; 20× coverage.
Sequences were aligned to the original OQ60 and N2 strains. All high
score mutations within ORFs were highlighted, and candidate suppres-
sors were ranked according to repeated observations within the 25 strains
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sequenced. We observed three mutations for npr-5, three mutations for
cmk-1, two mutations for crh-1, and two mutations for ric-19. Deletion
appeared only once in snn-1 and phac-1. The ulb03 and ulb14 alleles
were crossed to the polymorphic Hawaiian CB4856 strain.
Approximately 60 F2 progeny of this cross all exhibiting GFP expression
from the flp-18(XS) integrated construct but displaying improved loco-
motion (homozygous mutants for suppressor) were identified using a
compound fluorescence microscope. Genomic DNA was isolated from
their pooled progeny and subjected to sequencing. The density of unique
and polymorphic single nucleotide polymorphisms was assessed using
online tools (CloudMap) on the usegalaxy.org server as previously
described (Minevich et al., 2012). The generated chromosomal level fre-
quency plots for parental alleles showed a peak of unique variants on
chromosome 1 for ulb03 and 4 for ulb14. Within the middle of these
peaks, deletion mutations were identified for phac-1 (ulb03) and
snn-1(ulb-14). The alleles were outcrossed twice in N2 (CGC) before fur-
ther analysis.

Aldicarb paralysis assay. Aliquots of stock aldicarb [33386-Sigma,
100 mM in 70% (v/v) ethanol] were kept at 4°C until its use. Aldicarb
plates (0.5, 1, or 2 mM in low peptone NGM) were prepared at least
3 d before the experiments. Figure to figure variability in paralysis
dynamics reflects variability in aldicarb concentration from stock and/
or in batches of plates. For all aldicarb assays, we measured the time
course for paralysis of 20–25 animals in the presence of aldicarb. For
each replicate, a curve was interpolated via nonlinear regression
[Sigmoidal, 4PL; X is time; GraphPad (8.4) Prism], and the time point
at which 50% of animals are paralyzed was calculated [which we called
half-maximum response (HMRT)]. All replicates are visible in scatter-
plots; 3–16 independent replicates correspond altogether to 60–320 ani-
mals assayed. As much as possible, all replicates of each figure were
collected with a single batch of plates, for all genotypes. L4 worms
were picked 20 h before the assay. One hour before the assay, 10 μl of
OP50 was placed carefully on each aldicarb plate to maintain the popu-
lation of animals in the center of the plate. Animals were placed on the
bacterial lawn, and paralysis of each worm was tested every 30 min.
The criterion for paralysis was the absence of midbody movement after
poking three times with our worm picker. Paralyzed worms were
removed from the plates and recorded. For each strain, the experiments
were performed 3–16 times with 20–30 animals per replicate. The pre-
sented data are the mean paralysis HMRT± SEM. All assays included
the N2 control strain.

Levamisole assays. Levamisole aliquots (L0380000-Merck) were
freshly prepared before the assay. The assays were performed essentially
as described (Senti and Swoboda, 2008). Briefly, low peptone NGM agar
plates supplemented with levamisole at concentrations ranging from 0.2
to 0.8 mM were prepared. L4 larvae were isolated 20 h before the assay.
For each plate, worms were placed onto the levamisole plates and
inspected for induced paralysis every 10 min. Each plate corresponds
to 20–25 adult worms, we made three replicates for each genotype,
and the experiment was performed three times. Worms were considered
paralyzed when they did not respond to three consecutive prodding with
the platinum wire pick.

Heat-shock expression of phac-1(gf). Strains were grown at 15°C to
minimize leaky expression from the hsp-16.41 promoter. To heat-shock
animals, NGM plates were wrapped with parafilm and immersed in a 34°C
water bath for 30 min. The aldicarb assay was performed as described 16 h
later. The expression of the PHAC-1(2R/A) protein was confirmed by
observing the expression of the red fluorescence tag and was present
throughout the assay.

Generation of (phosphoS9)-SNN-1 antibody and Western blot. The
antibody against phosphorylated SNN-1 was raised against the peptide
sequence FKRKF-S(PO3H2)-FSEDEG with KLH carrier protein by
Eurogentec. Western blotting was performed as described in Haque et
al. (2020). Worms were washed thrice with M9 buffer and resuspended
in phosphate-buffered saline (PBS). These worms were sonicated in PBS
containing a protease inhibitor cocktail and a phosphatase inhibitor.

Sonication was performed at 25 amplitudes for 3 min with a pulse
time of 15 s. The sonicated lysate was centrifuged at 16,000 × g for
30 min at 4°C to remove debris, and supernatant containing the total
protein was kept. 30 µg of total protein was loaded in 10% sodium dode-
cyl sulfate polyacrylamide gel electrophoresis. The primary antibodies
used for Western blot were anti-phosphorylated SNN-1 (1:1,000) and
anti-histone H3 antibody (1:1,000). Chemiluminescence was detected
using LAS 3000 GE ImageQuent, and densitometric analysis was per-
formed by ImageJ software (ImageJ, National Institutes of Health).

Fluorescence imaging. Worms were synchronized either by bleaching
a population of gravid adults or using an egg-laying window. Worms
were reared at 20°C and imaged at the L4 stage unless otherwise stated.
Worms were mounted on 2% agarose pads diluted in M9 solution,
placing them in a droplet of M9 on the agar pad, and then covered
with a coverslip. Animals were immobilized with 10 mM levamisole
(L9756-Sigma) diluted in the agar pad and in the M9 droplets.
Levamisole agar pads andM9 dilutions were freshly made for each strain.
Levamisole is a nicotinic ACh muscle receptor agonist that induces
paralysis after ∼10 min.

Images were acquired at the Light Microscopy Facility LiMiF (http://
limif.ulb.ac.be) on a LSM780NLO confocal system fitted on an Observer
Z1 inverted microscope (Carl Zeiss). Images were acquired using a LD C
Apochromat 40×/1.1 W Korr M27 objective or an alpha Plan
Apochromat 63×/1.46 Oil Korr M27 objective. The settings were as fol-
lows: the frame size was set at 1,024 × 1,024 pixels with a pixel size of
0.13 μm×0.13 μm, the pinhole size was set to 1 Airy Unit, and Z-step
optical sections were acquired at 0.4 μm steps. For individual channel
acquisitions, the main beam splitter matched the excitation wavelength
of each used fluorophore. The following fluorophore excitation (Ex)
and detection wavelength (DW) were used: mEGFP/NG (Ex, 488 nm;
DW, 493–569 nm), Venus (Ex, 514; DW, 517–588), and wSc/TagRFP
(Ex, 543 nm; DW, 570–695 nm). Fluorophore Ex and DW ranges were
set according to the information available at the FPbase database for
each fluorophore (Lambert, 2019). Laser power and detector gain set-
tings were adjusted to maximize signal-to-noise ratio and minimize
saturation. Images were saved in .czi Zeiss file format. For examination
of different genetic backgrounds, each strain was imaged on at least
two independent days (always including control N2 and tested mutants),
and the data were pooled together. Acquisition settings were the same
across session and genotypes per presynaptic marker for quantitative
analysis.

Image processing. Confocal images were processed using FIJI
(Schindelin et al., 2012) and Zen 2.6 Pro (Blue edition) software (Carl
Zeiss). Z-stack acquisitions were converted into a 2D image using
maximum intensity projections to obtain a flattened image representa-
tive of the 3D volume. For fluorescence along the DA axon, we imaged
a 100 μm×3 μm area along the dorsal cord right after the posterior phar-
ynx bulb and corresponding mostly to the DA1 axon. A Z-stack was
obtained for each worm at 0.4 μm steps. A line was traced along the
axon signal to collect fluorescence intensity along the axon. The same
line was slightly shifted away from the axon to collect background fluor-
escence. Fluorescence intensity along the axon minus background fluor-
escence was analyzed using custom software written in IGOR Pro
(WaveMetrics), as described previously (Laurent et al., 2018). Peak fluor-
escence was detected if 2× brighter than the median plus 20% standard
deviation, and the width was >0.3, <10 μm at half-maximum. These
bright puncta corresponded to the local accumulation of the marker
and were further analyzed to extract their fluorescence intensity and
puncta density per 10 μm.

Fluorescence recovery after photobleaching (FRAP) assay. For the
FRAP experiments, animals were anesthetized in 5% agarose to prevent
moving over a longer time. An alpha Plan Apochromat 63×/1.46 Oil
Korr M27 objective was used to focus the dorsal cord. A rectangular
region of 12.1 μm×3.1 μm containing part of the cord was selected,
where bleaching of Venus was performed using 488 nm laser at 60%
power. A total of 120 frames were taken at 0.5 frames/second, with three
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frames taken before bleaching. Normalization of the data was performed
using the easyFRAP software (https://easyfrap.vmnet.upatras.gr/) as
described in Giakoumakis et al. (2017). To account for acquisition
bleaching, a nonphotobleached region of the dorsal cord was selected
as control. Background fluorescence was measured and subtracted
from both control and photobleached regions. After normalization, stan-
dard curve fitting techniques allow the calculation of the mobile fraction.

Electrophysiology. Worms were immobilized on a Sylgard-coated
coverslip using Histoacryl Blue glue, and a lateral cuticle incision was
made with a glass needle, exposing the ventral medial body wall muscles.
Nematodes were viewed during recordings using a 40× water immersion
objective on a Zeiss Axioskop. Body wall muscle recordings were made in
the whole-cell voltage-clamp configuration (holding potential, −60 mV)
using an EPC-10 patch-clamp amplifier (HEKA) and digitized at 1 kHz.
Voltage-clamp recordings were typically maintained for 2–5 min.
Voltage clamping and data acquisition were controlled by Pulse software
(HEKA) run on a Dell computer. Modified Ascaris Ringer contained
the following (in mM): 150 NaCl, 5 KCl, 5 CaCl2, 4 MgCl2, 10 glucose,
5 sucrose, and 15 HEPES, pH 7.3, ∼340 mOs. Fire-polished recording
pipettes with resistances ranging from 5 to 9 MΩ were pulled from
borosilicate glass (World Precision Instruments). The patch pipette
was filled with the following (in mM): 120 KCl, 20 KOH, 4 MgCl2,
5 (N-tris[hydroxymethyl] methyl-2-aminoethane-sulfonic acid), 0.25
CaCl2, 4 Na2ATP, 36 sucrose, and 5 EGTA, pH 7.2, ∼315 mOsm. ACh
and GABAminis were pharmacologically separated by perfusing d-tubo-
curarine (dTBC; 10–4 M) during recordings, to isolate the GABA minis.
Data were acquired using Pulse and Patchmaster software (HEKA).
Subsequent analysis and graphing were performed using Pulsefit
(HEKA), Mini analysis (Synaptosoft), and IGOR Pro (WaveMetrics).
Stimulus-evoked EPSCs were generated by placing a borosilicate pipette
on the ventral nerve cord (VNC; one muscle distance from the recording
pipette) and applying a 0.2 ms, 20 V square pulse using a stimulus cur-
rent generator (WPI).

Electron microscopy. The worm strains were prepared using high-
pressure freeze fixation and freeze substitution as previously described
(Weimer et al., 2006; Liu et al., 2021). Briefly, 20–30 young adult worms
were placed in specimen chambers filled with E. coli and frozen at−180°C,
using liquid nitrogen under high pressure (Leica HPM 100). After freez-
ing, samples underwent freeze substitution (Reichert AFS, Leica) using
the following program: −90°C for 107 h with 0.1% tannic acid followed
by 2% OsO4 in anhydrous acetone, incrementally warmed at a rate of
5°C/h to −20°C, and kept at −20°C for 14 h before increasing the tem-
perature by 10°C/h to 20°C; samples were then infiltrated with 50%
Epon/acetone for 4 h, 90% Epon/acetone for 18 h, and 100% Epon for
5 h; finally, samples were embedded in Epon and incubated for 48 h at
60°C (Liu et al., 2021). Ultrathin (40 nm) serial sections were acquired
using an Ultracut 6 (Leica) and collected on formvar-covered, carbon-
coated copper grids (EMS, FCF2010-Cu). Sections were poststained
with 2.5% aqueous uranyl acetate for 4 min, followed by Reynolds lead
citrate for 2 min (Liu et al., 2021). Images were obtained using a JEOL
JEM-1400F transmission electron microscope, operating at 80 kV.
Micrographs were acquired using a BioSprint 12M-B CCD Camera
with AMT software (Version 7.01). Cholinergic synapses at the NMJ
of the VNC were identified based on established synaptic morphology
(White et al., 1986). The DP of cholinergic synapses typically orient at
an acute angle of 30–45° to the muscle, and the synapses are often dyadic.
These can be distinguished from GABAergic synapses, which are larger
than their cholinergic motor neuron counterparts, and the active zones
in these synapses form a direct, perpendicular angle with muscle arms.
Sections containing a DP, as well as two flanking sections on either
side of the DP, were aligned and analyzed blinded to genotype using
TrakEM2 and ROI features of NIH FIJI/ImageJ software, respectively
(Cardona et al., 2012; Schindelin et al., 2012). The aligned stacks were
imported into 3Dmod/IMOD (University of Colorado; https://bio3d.
colorado.edu/imod/) to create a 3D model of reconstructed individual
synapses. SVs were counted as docked when the vesicle membrane was
fully contacting the plasma membrane of the neuron terminal (distance,

0 nm); vesicles that were within 1–5 nm of the plasma membrane that
exhibited small tethers were not scored as docked. The distribution of
docked vesicles from the DP was calculated for each section containing
a DP, as well as one section on either side, using the ROI data from
FIJI with MATLAB scripts written by Watanabe and Jorgensen
Laboratories (Watanabe et al., 2020). Values were imported to Prism
(GraphPad) for graphing and statistical analysis using one-way
ANOVA with Tukey’s post hoc analysis, or Kruskal–Wallis with
Dunn’s test, for multiple comparisons.

Raw data and statistical analysis. Raw data and statistical analysis
used are available in Extended Data 2. Statistical tests are summarized
in figure legends. GraphPad Prism 8.4 was used to perform statistical
tests and calculate p- or q-values.

Results
A suppressor screen highlights the involvement of snn-1 and
phac-1 in the neuromodulation of NMJs
The transcriptional regulation of FLP-18 signaling contributes to
the tuning of E/I balance in the worm locomotory circuit
(Stawicki et al., 2013; McCulloch et al., 2020). We and others
observed that overexpression of the FLP-18 neuropeptide under
its promoter alters the locomotion of C. elegans: animals reverse
more frequently, and body bends are deeper during forward loco-
motion and extremely deep during reversals, leading to slower
and uncoordinated locomotion on agarose plates and reduced
thrashing frequency in liquid (Cohen et al., 2009; Stawicki
et al., 2013; Florman and Alkema, 2022; Fig. 1a,b). FLP-18 recep-
tors are expressed on sensory neurons, motor neurons, and
muscles (Cohen et al., 2009; Bhardwaj et al., 2018). We thought
that the FLP-18-induced behavior may report neuropeptide
regulation of the motor circuit E/I balance. We first validated
this model by crossing the FLP-18 overexpressing strain
(flp-18(XS)) with 27 mutants defective in genes controlling
neuropeptide expression, DCV biogenesis, peptide release, or
GPCR signaling. As expected, these mutants modulated the
FLP-18-induced uncoordinated locomotion on plates (Fig. 1c).
Specifically, mutants that reduce peptidergic signaling (Fig. 1c,
d, green) improved coordination of locomotion on the agar plate,
whereas mutants that enhance peptide signaling (Fig. 1c,d, red)
exacerbated the flp-18(XS) phenotype. Mutants with the most
prominent effects also impacted thrashing frequency in liquid
(Fig. 1e,f). The strongest suppression was observed for npr-5,
which encodes a FLP-18 receptor expressed in sensory neurons,
motor neurons, and body wall muscles (Cohen et al., 2009;
Stawicki et al., 2013; Florman and Alkema, 2022). We leveraged
the FLP-18-induced behavior to perform a suppressor screen
aimed at identifying genes involved in neuropeptide regulation
of the motor circuit E/I balance. We mutagenized the FLP-18
overexpressing strain and isolated 25 strains that exhibited
improved locomotion despite the overexpression of FLP-18.
We identified some of the causal variants by whole-genome
sequencing and confirmation by crossing FLP-18(XS) with other
available alleles. These include npr-5(ulb08), crh-1(ulb06),
cmk-1(ulb07), ric-19(ulb12), snn-1(ulb14), and phac-1(ulb03)
(Fig. 1c, blue). Transcriptional regulation of flp-18 by crh-1 was
previously reported (Bhardwaj et al., 2018). Our flp-18 overex-
pression strain coexpressed GFP in an operon with flp-18. As
expected the CREB transcription factor mutant crh-1(ulb06)
and the CAMKI mutant cmk-1(ulb07) reduced GFP expression
from the flp-18 promoter. Mutations in ric-19, the ortholog of
islet cell autoantigen (ICA69), were previously observed to reduce
DCV biogenesis (Sumakovic et al., 2009). Therefore, crh-1,
cmk-1, and ric-19 likely act in the FLP-18 expressing neurons
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Figure 1. A suppressor screen allows the identification of genes involved in neuromodulation by FLP-18. a, Overexpression of the neuropeptide FLP-18 under its own promoter (flp-18(XS))
alters the locomotion of C. elegans through modulation of the NMJ. b, Placed at 1% O2, the average speed of forward locomotion is reduced in flp-18(XS) compared with N2, while the average
midbody curvature is increased in flp-18(XS) compared with N2. The average velocity during backward locomotion is similar in flp-18(XS) and N2, but the average midbody curvature is increased
in flp-18(XS) compared with N2; N= 90 individuals. Data are plotted as the mean ± SEM. Statistics: t test. ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001. c, This locomotion phenotype
was used in a suppressor screen to identify genes reducing neuropeptide signaling at the NMJ. A coordination score was determined blindly for each strain carrying FLP-18(XS) (compared with the
locomotion of the FLP-18(XS) in the N2 background strain, 0 is unchanged, >20 is fully rescued, negative values are for worsened locomotion; see Materials and Methods). Strains isolated from
the FLP-18 suppressor screen are highlighted in blue; the causal genes identified include npr-5, crh-1, cmk-1, ric-19, snn-1, and F16H9.2/phac-1; the control genes crossed with FLP-18(XS) are
highlighted in red and green. d, Control genes were selected across genes promoting (in green) or inhibiting (in red) neuropeptide transcription and biogenesis, DCV exocytosis, and neuropeptide
signaling at the NMJ. e, To quantify locomotion, the frequency of thrashes in liquid was measured for each mutant in the N2 genetic background (in blue) and in the flp-18(XS) background (in
red); N= 30. The frequency of thrashes is strongly reduced by FLP-18 overexpression. The strongest suppressors of the flp-18(XS) thrashing phenotype are egl-21 and npr-5. f, The frequency of
thrashes in liquid for a subset of suppressor mutants identified in the forward genetic screen; N= 30. phac-1(ulb03) and snn-1(ulb14) partially suppress the flp-18(XS) thrashing phenotype, but
not phac-1(2R/A).
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to promote neuropeptide signaling (Fig. 1d). Among the other
suppressors identified and confirmed by the thrashing assay,
we identified a deletion in the single C. elegans ortholog of synap-
sin, snn-1(ulb14) (Fig. 1f). Synapsins are phosphoproteins that
tether SVs to each other, forming SV clusters (Cesca et al.,
2010). We also identified a deletion allele in F26H9.2(ulb03), cor-
responding to the single C. elegans ortholog of the four mamma-
lian PHosphatase and ACtin Regulators (PHACTRs; Fig. 1f).

The C-terminal domains of mammalian PHACTRs include
three RPEL motifs (involved in G-actin binding: Pfam
PF02755) and one PP1c binding domain. These elements are
well conserved in F26H9.2, while the unstructured N-terminal
region is poorly conserved (Fig. 2a,b). Based on this homology,
we renamed F26H9.2 as PHACTR: phac-1. The phac-1(ulb03)
allele obtained from the screen corresponded to a C-terminal
deletion and frameshift removing RPELmotifs and the PP1 bind-
ing domain. We obtained two other likely null alleles of phac-1
from the Japanese C. elegans consortium that corresponds to
large C-terminal deletions, phac-1(tm2463) and phac-1(tm2453),
the latter also possessing an early stop codon (Fig. 2a, orange).
Under normal cultivation conditions, the phac-1 deletion
mutants grew and developed as well as wild-type controls (N2).

phac-1 is expressed broadly including in the nervous system
To determine the expression pattern of phac-1, we generated a
knock-in strain with wSc fused to the C-terminus of PHAC-1.
In this reporter strain, wSc exhibited weak but widespread
expression. We could identify expression in pharyngeal muscles,
head muscles, excretory cells, and unidentified neurons that pro-
ject to the nerve ring (NR; Fig. 3a). To better observe expression
patterns, we generated an overexpression reporter strain in which
3 kb of the phac-1 endogenous promoter sequence drive the
expression of phac-1 along with TagRFP in an SL2 operon.
TagRFP expression was observed from the early embryo to the
adult stage (Fig. 3b). The TagRFP expression pattern appeared
like the knock-in strain, including strong expression in

pharyngeal muscles, head muscle cells, excretory gland and canal
cells, phasmid and amphid socket glia, and neurons projecting to
the NR (Fig. 3c). To further refine the neuronal expression pat-
tern, this strain was treated with RNAi to knock down TagRFP
in non-neuronal tissues (Schenk et al., 2010). As neurons are rel-
atively resistant to RNAi knockdown, we could observe expres-
sion of TagRFP in both cholinergic and GABAergic motor
neurons of the VNC as well as in ALM, CAN, and HSN, among
other neuron types (Fig. 3d–g). N- and C-terminal GFP fusion
constructs localized to the cytoplasm and neurites, but not to
the nucleus (Fig. 3h).

phac-1 regulates cholinergic NMJ signaling
ACR-2 is a subunit of a nicotinic receptor expressed in C. elegans
cholinergic motor neurons, and acr-2(gf) causes cholinergic over-
excitation accompanied by reduced GABAergic inhibition in the
locomotor circuit. Neuroendocrine regulation of the motor cir-
cuit by neuropeptides, including FLP-18, has been shown to
modulate the spontaneous convulsions observed in the acr-2(gf)
strain (Stawicki et al., 2013). To test the potential role of
phac-1(tm2453) in the neuroendocrinal control of the motor cir-
cuit E/I balance, we crossed phac-1 mutants into the acr-2(gf)
strain. We observed that phac-1(tm2453) reduced the convul-
sions induced by the acr-2(gf) allele (Fig. 4a; p= 0.0235).
phac-1(tm2453) also improved the slow locomotion (Fig. 4b;
p < 0.0001) and the hypercontracted phenotype associated with
the acr-2(gf) mutation (Fig. 4c; p= 0.0045). In the absence of
acr-2(gf), the locomotion speed of phac-1(tm2453) was reduced
compared with N2 (Fig. 4d; p < 0.0001).

Suppressors of acr-2(gf)-induced convulsions include genes
involved in neurotransmitter or neuropeptide release (McCulloch
et al., 2020). To support an alteration of the NMJ signaling in
phac-1 deletion mutants, we used the aldicarb-induced paralysis
assay. Application of the acetylcholinesterase inhibitor aldicarb
prevents ACh hydrolysis. The resulting accumulation of ACh at
NMJs causes hypercontracted paralysis within hours. Resistance
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Figure 2. PHAC-1 structure and mutations used. a, The C-terminal ends of PHAC-1 and PHACTRs contain three RPEL motifs able to bind G-actin (purple) and a PP1 binding domain (red). The
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Figure 4. PHAC-1 regulates locomotion speed and the E/I balance in the motor circuit of C. elegans. a, Quantification of convulsion frequency in genotypes as indicated. The convulsion rate is
reduced in acr-2(gf);phac-1(tm2453) compared with acr-2(gf). b, The speed of forward locomotion is improved in acr-2(gf);phac-1(tm2453) compared with acr-2(gf). c, The hypercontraction of
the body of acr-2(gf) is reduced in acr-2(gf);phac-1(tm2453). d, The forward locomotion speed of phac-1 mutants exposed to 1% O2: phac-1(lf) animals displays reduced locomotion speed
compared with N2 controls. N= 90 individuals. Data in 4a–d are plotted as the means ± SEM for the indicated number (N ) of animals. Statistics use one-way ANOVA and Tukey’s for multiple-
comparison tests. *: p≤ 0.05, **: p≤ 0.01, ***: p≤ 0.001. e, The aldicarb assay was used to detect differences in neurotransmission at the NMJ. Aldicarb inhibits acetylcholinesterase, leading
to the accumulation of ACh in the synaptic cleft, which produces paralysis. The rate of paralysis reflects the strength of ACh and GABA signaling at the NMJ. f, The rate of paralysis is determined
for groups of 20–25 animals. For each independent group, we determined the time for HMRT to aldicarb from nonlinear regression curves (sigmoidal, 4PL). The HMRT values are then displayed in
scatterplots. g, All phac-1 deletion-mutant strains are hypersensitive to 0.5 mM aldicarb compared with N2 controls. Comparisons with N2 are displayed in blue. h, The hypersensitivity of phac-1
null mutants to 0.5 mM aldicarb is rescued by the expression of phac-1 cDNA in all neurons using the rab-3 promoter (left) or in cholinergic neurons using the unc-17 promoter (middle). The
aldicarb hypersensitivity of phac-1 null mutants is not rescued by the expression of phac-1 cDNA in GABAergic neurons using the unc-25 promoter (right). Comparison with N2 is displayed in blue.
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or hypersensitivity to aldicarb paralysis can reflect changes in ACh,
GABA, and/or neuropeptide signaling at the NMJ (Mahoney et al.,
2006; Fig. 4e). We analyzed the time for paralysis in the presence of
aldicarb. For all replicates, we determined the time at which 50%
of animals (N=20) are paralyzed (Fig. 4f). All phac-1 deletion
mutants tested caused similar aldicarb-hypersensitive phenotypes,
suggesting PHAC-1 regulates NMJ signaling (Fig. 4g;
phac-1(tm2463), p=0.0099; phac-1(ulb03), p=0.0147;
phac-1(tm2453), p=0.0083). Despite the broad expression of
phac-1, the aldicarb response in phac-1(tm2453) mutants was
completely restored by panneuronal or cholinergic expression of
phac-1 cDNA (Fig. 4h; panneuronal rescue vs N2, p=0.8369; cho-
linergic rescue vs N2, p=0.82; other p-values in Extended Data 2).
Selective expression of phac-1 cDNA in GABAergic neurons did
not alter significantly the aldicarb responses (Fig. 4h; GABAergic
rescue vs N2, p=0.0002; GABAergic rescue vs phac-1(lf), p=
0.428). The muscle sensitivity to the ionotropic cholinergic agonist
levamisole was not significantly altered in phac-1mutants (Fig. 4i;
phac-1(lf), p=0.9909; phac-1(2R/A), p=0.9874). Taken together,
these results suggest that aldicarb hypersensitivity in phac-
1(tm2453) mutants corresponds to abnormal cholinergic NMJ
signaling rather than a defect in muscle response. To evaluate the
conservation of PHACTR function, we attempted to rescue
phac-1(tm2453) with the human gene. Panneuronal expression of
human PHACTR1 cDNA rescued the aldicarb hypersensitivity of
phac-1(tm2453), suggesting that at least some PHACTR functions
are conserved in neurons (Fig. 4j; panneuronal human cDNA res-
cue vs N2, q=0.4186; panneuronal human cDNA rescue vs
phac-1(lf), q=0.0189).

Mutations in phac-1 that mimic the human DEE70 variants
generate a constitutively active holophosphatase
PHACTRs cycle between an active PP1-PHACTR holophospha-
tase and an inactive G-actin-PHACTR complex, depending on
the local concentration of G-actin bound to RPEL motifs
(Mouilleron et al., 2012; Wiezlak et al., 2012; Huet et al., 2013;
Fig. 5a). Human genetic studies previously revealed four hetero-
zygous dominant de novo mutations in PHACTR1 associated
with DEE70 syndrome. These four mutations correspond to sub-
stitutions of highly conserved amino acids located within the last
two RPEL motifs (Hamada et al., 2018; Marakhonov et al., 2021).
Mutation of the arginine (R) of the RPELmotifs prevents G-actin
binding to human PHACTR1/4 and induces the constitutive
binding of PP1 (Wiezlak et al., 2012; Huet et al., 2013). We engi-
neered a phac-1(2R/A) allele (R469A combined with R507A)
where the R of the last two RPEL motifs of phac-1 were replaced
by alanines (A) as done inMouilleron et al. (2012) and Huet et al.
(2013). We compared the effects of 2R/A mutations to deletion
alleles (Fig. 5b). The phac-1(2R/A) allele caused aldicarb resistance,
contrasting with phac-1 deletion mutants that were all aldicarb
hypersensitive (Fig. 5b; phac-1(2R/A) vs N2, q= 0.0049;
phac-1(tm2453) vs N2, q < 0.0001). In several behavioral read-
out, the phac-1(2R/A) allele behaved unlike the phac-1(tm2453)
deletion mutant: the phac-1(2R/A) allele did not rescue the
flp-18(XS) (Fig. 1f) nor the acr-2(gf) phenotypes (Fig. 4a,

p= 0.1607; Fig. 4b, p= 0.2673; Fig. 4c, p= 0.1077). While
phac-1(tm2453) reduces the maximal speed of locomotion,
phac-1(2R/A) tends to increase it (Fig. 4d; p= 0.555). We then
replicated three amino acid substitutions of the human DEE70
variants in the C. elegans phac-1 gene using CRISPR-Cas9.
These three phac-1 alleles mimicking L500P, L519R, and R521C
variants caused aldicarb resistance, like phac-1(2R/A) (Fig. 5b,
R521C vs N2: q= 0.0092; Fig. 5c, L500P vs N2: q= 0.0014,
L519R vs N2: q= 0.0032). Conversely, a phac-1 R536P mutation,
which mimics a hypomorphic allele of PHACTR4 that prevents
PP1 binding (Kim et al., 2007), caused a weak but significant
aldicarb hypersensitivity similar to the deletion alleles (Fig. 5b,
q= 0.0219). Therefore, R536P caused a loss of function pheno-
type, likely by diminishing the formation of the PP1-PHAC-1
holophosphatase. Conversely, DEE70 mutations and 2R/A
mutations induced a gain-of-function (gf) phenotype, likely by
promoting the constitutive formation of the PP1-PHAC-1
holophosphatase. Overexpression of phac-1(2R/A) cDNA in all
neurons, or in cholinergic motor neurons, caused aldicarb resis-
tance in the N2 background, suggesting a dominant-positive
mode of action (Fig. 5d; panneuronal expression, q= 0.0037;
cholinergic expression, q= 0.0059). Additionally, heterozygous
animals for phac-1(L500P/+) and phac-1(2R/A/+) were also
aldicarb resistant compared with N2 controls (Fig. 5e; L500P/+,
q= 0.0258; phac-1(2R/A/+), q= 0.0125).

Given the competition between G-actin and PP1 for binding
to PHACTRs, mutated RPEL motifs are expected to reduce
G-actin binding and to promote PP1 binding (Fig. 5a). To gain
support for the interpretation that DEE70 and 2R/A mutations
cause aldicarb resistance by promoting the constitutive binding
of PP1 to PHAC-1, we generated a protein fusion in which
PHAC-1 is constitutively fused to GSP-1, one of the four PP1 cat-
alytic subunits of C. elegans. Panneuronal expression of this
fusion protein in phac-1(tm2453) induced aldicarb resistance,
as observed in phac-1(DEE70) alleles and in phac-1(2R/A)
(Fig. 5f, q= 0.0002). A D64A mutation within the PP1 catalytic
site reduces its enzymatic activity (Zhang et al., 1996). The pan-
neuronal expression of a mutated PHAC-1-PP-1(D64A) con-
struct in phac-1(tm2453) had no effect (Fig. 5f; phac-1(tm2453)
vs Ex[prab-3::PP1-PHAC-1(D64A)], q= 0.142), suggesting PP1
enzymatic activity is required for the fusion protein to confer
aldicarb resistance. As the DEE70 and 2R/A alleles mimic the
aldicarb resistance observed by PP1-PHAC-1 fusion, we con-
clude that the DEE70 and 2R/A alleles generate PHAC-1 variants
that bind PP1 constitutively. We next asked how the gain of func-
tion allele phac-1(2R/A) disturbed NMJ signaling. It could act in
neurodevelopment and in neuronal or synaptic function. To
determine the temporal requirements of PHAC-1 signaling, we
induced phac-1(2R/A) expression at larval stage 1 (L1) or in
adulthood (Fig. 5g). The induction of phac-1(2R/A) in N2 adults
led to aldicarb resistance as in phac-1(2R/A) (Fig. 5g, not induced
vs L4 induced, q= 0.0002), while induction in the early larval
stage did not (Fig. 5g, not induced vs L1 induced, q= 0.1885).
A weak expression of the transgene was observed in noninduced
animals, which explains the aldicarb resistance observed in the

�
i, Sensitivity to the ionotropic cholinergic receptor agonist levamisole is not altered in phac-1 mutants. j, Panneuronal expression of human PHACTR1 cDNA rescues the hypersensitivity of the
phac-1(tm2453) deletion mutant to 0.5 mM aldicarb, suggesting conservation of some of the neuronal functions of PHAC-1/PHACTR protein. Scatterplots in 4g, h, j correspond to replicates of
aldicarb assays, with each replicate corresponding to 20–25 animals. The bars and whiskers represent the mean ± SEM. Statistics are one-way ANOVA and Tukey’s (4a–i) or false discovery rate
(4j) for multiple comparisons. Comparisons with N2 are displayed in blue; other comparisons are in black. 4a–i: ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001; 4j, q> 0.05; *, q≤ 0.05;
**, q≤ 0.01; ***, q≤ 0.00.
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absence of induction. These results suggest phac-1(2R/A) acts
postdevelopmentally in the adult to regulate NMJ function. For
simplicity, in the following sections, we refer to phac-1(tm2453)
as phac-1(lf) and phac-1(2R/A) as phac-1(gf).

phac-1 signaling alters the ultrastructure and the function of
NMJs
Aldicarb exposure revealed altered NMJ transmission, suggesting
an E/I imbalance in the phac-1 mutants. To better define the
effects of phac-1 signaling at the NMJ, we used a combination
of quantitative fluorescence imaging, electron microscopy, and
electrophysiology. We first determined the effects of phac-1 on
the cell biology of the DA cholinergic motor neurons using a
panel of strains expressing integrated presynaptic markers
(Sieburth et al., 2005; Ch’ng et al., 2008). The dorsal axons of
the DA motor neurons form stereotypical en passant NMJs
(Fig. 6a). Peaks of fluorescence intensity along these dorsal
axons, representing synaptic puncta, were analyzed for each
fluorescently tagged marker protein. We did not observe signifi-
cant differences in the peak fluorescence intensity of the active

zone marker UNC-10-GFP (ortholog of vertebrate RIM;
Fig. 6b; phac-1(lf), p= 0.5924; phac-1(gf), p= 0.326) nor in the
peak density of UNC-10-GFP puncta (Fig. 6c; phac-1(lf),
p= 0.32; phac-1(gf), p= 0.9778). This suggests that neither the
density nor the size of active zones is altered in phac-1 mutants.
To quantify presynaptic SV pools, we used the SV-associated
RAB-3-GFP marker. RAB-3-GFP peak fluorescence showed a
significant decrease in phac-1(gf), suggesting reduced SV pools
in phac-1(gf) (Fig. 6d; p = 0.0048). The density of RAB-3-GFP
peak was not modified (Fig. 6e; phac-1(lf), p= 0.8515; phac-1(gf),
p= 0.3955), suggesting the density of presynaptic boutons is
altered in phac-1 mutants. To support a potential imbalance of
SV exocytosis and endocytosis in phac-1(gf) mutants in vivo,
we used the pH-sensitive synaptobrevin/SNB-1-pHluorin
marker expressed in cholinergic motor neurons. The integral
membrane protein SNB-1-pHluorin cycles between the SV
membrane and the plasma membrane during the SV cycle. As
SNB-1-pHluorin fluorescence is quenched within the acidic envi-
ronment of the SV lumen, the fluorescent signal reflects pHluorin
in the plasma membrane exposed to the extracellular milieu at a

Figure 5. Mutations in phac-1 that mimic the human DEE70 variants generate a constitutively active holophosphatase. a, Model of PHACTR-PP1 holoenzyme regulation. According to this
model, mutations alter the balance between G-actin and PP1 binding to PHACTRs. Mutations within the PP1 binding domain (humdy) prevent PP1 binding and therefore reduce holophosphatase
activity; mutations within the RPEL motifs prevent G-actin binding and therefore favor PP1 binding and the holophosphatase activity (including DEE70 variants N479I, L500P, L519R, and R521C).
b, c, As phac-1(tm2453) deletion mutant, the humdy/R536P mutation causes sensitivity to aldicarb suggesting loss of function alleles. In contrast to the phac-1(tm2453) deletion mutant, the
G-actin-binding-deficient mutant phac-1(2R/A) causes resistance to aldicarb, suggesting a gf allele. Comparisons with N2 are displayed in blue. See Figure 2a,b for a model explaining the phac-1
mutations tested in the following experiments. b, The Q521C mutation mimicking the R521C DEE70 also causes aldicarb resistance, while the humdy/R536P mutation causes a weak hyper-
sensitivity to 1 mM aldicarb. c, The L500P and I519Rmutations mimicking the DEE70 L500P and L519R, respectively, cause resistance to 0.5 mM aldicarb. d, Panneuronal or cholinergic expression
of a phac-1(2R/A) cDNA in the N2 background causes resistance to 1 mM aldicarb, suggesting a dominant-positive mode of action for the 2R/A mutation. Comparisons with N2 are displayed in
blue. e, Heterozygous animals carrying 2R/A or L500Pmutations are resistant to 0.5 mM aldicarb compared with N2, suggesting a dominant mode of action. Comparisons with N2 are displayed in
blue. f, Panneuronal expression of PP1-PHAC-1 fusion proteins, where PP1 corresponds to GSP-1. Panneuronal expression of a PP1-PHAC-1 fusion protein in phac-1(tm2453) phenocopies the
aldicarb resistance of phac-1(2R/A). Panneuronal expression of the same fusion protein construct carrying a D64A mutation that reduces GSP-1 enzymatic activity has no effect. Comparisons with
N2 are displayed in blue. g, The heat-induced expression of phac-1(2R/A) cDNA 16 h before adulthood is sufficient to induce resistance to 2 mM aldicarb, suggesting phac-1(2R/A) impacts NMJ
signaling in the adult, postdevelopmentally. In blue, aldicarb resistance is observed in the absence of any heat induction, suggesting a leak of phac-1 expression in the absence of heat induction.
Scatterplots on 5b–g correspond to aldicarb assay replicates, with each replicate corresponding to 20–25 animals. The bars and whiskers represent the mean ± SEM. Statistics are one-way
ANOVA and false discovery rate for multiple comparisons. Comparisons with N2 are in blue; other comparisons are in black. ns, q> 0.05; *, q≤ 0.05; **, q≤ 0.01; ***, q≤ 0.001.
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neutral pH. Thus, SNB-1-pHluorin fluorescence can reflect the
balance between SV exocytosis and endocytic rates (Fig. 6f;
Kavalali and Jorgensen, 2014). We observed increased
SNB-1-pHluorin peak fluorescence in dorsal cholinergic NMJs
of both phac-1(lf) (p < 0.0001) and phac-1(gf) (p= 0.0003)
mutants (Fig. 6g). Unlike SNB-1-pHluorin fluorescence, the
intensity of SNB-1-GFP peak fluorescence showed no significant
differences between phac-1mutants and control animals (Fig. 6h;
phac-1(lf), p= 0.3211; phac-1(gf), p= 0.9955). The density of
SNB-1-GFP peak was not modified (Fig. 6i; phac-1(lf), p=0.3897;
phac-1(gf), p=0.8779). Supporting normal synaptogenesis, none
of the presynaptic markers showed altered density (Fig. 6c,e,i).

We used transmission electron microscopy (TEM) after high-
pressure freeze fixation to define the ultrastructure of the NMJs
(Fig. 7a). Our analysis confirmed that the overall ultrastructural

integrity of the ventral cholinergic NMJs was preserved in phac-1
mutants, but subtle differences in morphological parameters
were apparent. We observed larger presynaptic terminals in
phac-1(lf) compared with N2 (Fig. 7b; p < 0.0001), but a similar
dense projection (DP) area (Fig. 7c; phac-1(lf), p= 0.3183;
phac-1(gf), p= 0.3001). We observed a marked reduction in the
total number of SVs in phac-1(gf) compared with N2 (Fig. 7d;
p= 0.0001). We also observed an increase in the average SV dia-
meter in phac-1(lf) (p < 0.0001) and phac-1(gf) (p < 0.0001) com-
pared with N2 (Fig. 7e). Together, these observations are
suggestive of alterations in SV recycling and/or sorting processes,
which may explain the SNB-1-pHluorin recapture defect and the
reduced SV pool in phac-1(gf) (Yu et al., 2018; Li et al., 2021;
Zhang et al., 2022). However, we did not observe changes for
the number of synaptic endosomes (Fig. 7f; phac-1(lf), p=0.9989;
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Figure 6. phac-1 signaling alters SV pool without affecting synaptogenesis. a, Schematic representation of the dorsal NMJs formed by the DA cholinergic motor neurons along the dorsal nerve
cord (DNC), where imaging of synaptic markers was performed. Representative images show the fluorescence of the active zone marker UNC-10-GFP and the SV markers RAB-3-GFP and
SNB-1-GFP along the DNC. The fluorescence intensity and density along the DNC display peaks corresponding to local enrichment of these presynaptic markers and the density of presynaptic
terminals (see Materials and Methods for peak detection). Additional parameters not plotted here are available in Extended Data 2 for UNC-10-GFP, RAB-3-GFP, SNB-1-pHluorin, and SNB-1-GFP.
b, The fluorescence intensity of UNC-10-GFP peaks is not modified in phac-1 mutants compared with N2. c, The peak density of UNC-10-GFP along the DNC is not modified in phac-1 mutants
compared with N2. d, The fluorescence intensity at RAB-3-GFP peaks is significantly reduced in phac-1(gf) compared with N2, indicating a reduced SV pool. e, The peak density of RAB-3-GFP
along the DNC is not modified in phac-1 mutants compared with N2. f, To probe the SV cycle, we used the pH-sensitive marker SNB-1-pHluorin, which is quenched in the acidic environment of
the SVs. Its fluorescence reports the fraction of SNB-1 at the plasma membrane and reflects the balance between SV exocytosis and endocytosis. g, The peak fluorescence intensity of
SNB-1-pHluorin in the DNC is increased in phac-1(lf) and in phac-1(gf) compared with N2. h, In contrast, the peak fluorescence intensity of SNB-1-GFP is not altered in the DNC of phac-1
mutants compared with N2. i, The peak density of SNB-1-GFP along the DNC is not altered in the DNC of phac-1 mutants. For all presynaptic markers quantified in data 6c, e, j, we observe
a similar density (4–5 presynaptic terminals/10 μm) in N2 and phac-1 mutants. Data are plotted as the mean ± SEM; the number of individuals analyzed is indicated. One-way ANOVA and
Tukey’s for multiple comparisons. ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001.
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phac-1(gf), p= 0.7025). A slight increase was observed for the
proportion of vesicles docked proximal to the active zone in
phac-1(lf) (Fig. 7g; p= 0.0172). To ascertain whether and how
these ultrastructural alterations affect ACh and GABA release,
we conducted patch-clamp recordings of the body-wall muscle

cells. We monitored spontaneous miniature postsynaptic cur-
rents (mPSCs) as well as stimulus-evoked excitatory postsynaptic
currents (EPSCs; Richmond et al., 1999; Martin et al., 2011;
Fig. 8a). phac-1 signaling did not modify the frequency
(Fig. 8b; phac-1(lf), p= 0.5978; phac-1(gf), p= 0.9708) and
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Figure 7. Electron microscopy imaging reveals defects in synapse ultrastructure and SV pool maintenance in phac-1 mutants. a, The ultrastructure of cholinergic synapses at the ventral
neuromuscular junction was observed by electron microscopy. In this representative cross section, we highlight SV (white), DCVs (orange), and DP (blue). These ROIs were used for 3D recon-
structions. b, It revealed an increased presynaptic terminal area in phac-1(lf) compared with N2. c, The DP area is not altered in phac-1 mutants compared with N2. d, The average number of SV
per TEM profile containing a DP shows a strong reduction in phac-1(gf) mutants. e, The diameter of individual SV is plotted; the mean diameter of the SVs was larger in phac-1(lf) and (gf)
mutants compared with N2 (Gaussian nonlinear fit: 31.8, 33.3, and 28.2 nm diameter, respectively) suggestive of SV recycling defects. f, The number of endosomes is not modified in phac-1
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amplitude of mPSCs (Fig. 8c; phac-1(lf), p= 0.9914; phac-1(gf), p
= 0.4746). To reveal GABA currents, we analyzed the mPSCs
before and after treatment with dTBC, which blocks ACh recep-
tors (Fig. 8d). The mPSC frequency and amplitude were not
altered by phac-1 signaling before or after dTBC treatment (fre-
quency after dTBC: Fig. 8e, phac-1(lf): p= 0.4838, phac-1(gf):
p= 0.9353; amplitude after dTBC: Fig. 8f, phac-1(lf): p= 0.7213,
phac-1(gf): p= 0.9253). Finally, phac-1 signaling did not modify
the amplitude, kinetics, or charge integral of EPSCs (amplitude:
Fig. 8g, phac-1(lf): p > 0.9999, phac-1(gf): p > 0.9999; rise time:
Fig. 8h, phac-1(lf): p > 0.9999, phac-1(gf): p= 0.3100; decay time:
Fig. 8i, phac-1(lf): p= 0.5267, phac-1(gf): p= 0.8349; charge inte-
gral: Fig. 8j, phac-1(lf): p= 0.5539, phac-1(gf): p= 0.9966).
Therefore, phac-1 mutants do not affect the SV exocytic proper-
ties from cholinergic and GABAergic NMJs under these

recording conditions. One potential explanation for the discre-
pancy between the electrophysiology and the imaging results is
the diffusion of neuromodulators resulting from the dissection,
which exposes the NMJs to extracellular solution.

phac-1 affects neuropeptide secretion and DCV dynamics
To probe the effects of PHAC-1 signaling on neuropeptide
release, we combined quantitative fluorescence imaging and elec-
tron microscopy. To observe the DCV pool in vivo, we used
strains expressing the NLP-21-Venus neuropeptides transported
and released by DCVs. We did not observe changes in the soma
fluorescence (phac-1(lf), p= 0.5853; phac-1(gf), p= 0.7868;
Fig. 9a). Along the DA axons of phac-1(gf), the total fluorescence
intensity was reduced for NLP-21-Venus (p= 0.0016), suggesting
increased neuropeptide release (Fig. 9b). Compared with the
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(f) were not modified in phac-1 mutants compared with N2. g–j, EPSCs were recorded after a single 20 V pulse onto the VNC. The quantification does not reveal differences in EPSC amplitude
(g), rise time (h), half-time decay (i), and charge transfer (j), in phac-1 mutants compared with N2. Scatterplots correspond to the values measured in each animal. Bar and whiskers represent
mean ± SEM. One-way ANOVA and Tukey’s (8b–f, i, k) or Dunn’s (8g, h) for multiple comparisons. ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001.
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Figure 9. PHAC-1 signaling alters the axonal distribution of DCV and promotes neuropeptide release. a, The fluorescence intensity of the neuropeptide/DCV marker NLP-21-Venus in the cell
body is not altered in phac-1 compared with N2. b, The total axonal fluorescence intensity of NLP-21-Venus is significantly reduced along the DA axon of phac-1(gf) compared with N2. c, The
NLP-21-Venus fluorescence peaks—corresponding to DCVs—are more distributed along the DA axon in phac-1(lf) than in controls and phac-1(gf). More parameters on NLP-21-Venus are
available in Extended Data 2. d, As for NLP-21-Venus, the total fluorescence intensity of the neuropeptide/DCV marker INS-22-wSc is significantly reduced along the DA axon of phac-1(gf)
compared with N2. e, Coelomocytes cells scavenge tagged neuropeptides released in the pseudocoelomic cavity; NLP-21-Venus fluorescence in coelomocytes is a proxy for NLP-21-Venus release.
f, Representative images showing fluorescence of the DCV marker NLP-21-Venus along the DNC and in the coelomocytes of N2 and phac-1 mutants. g, The fluorescence intensity of NLP-21-Venus
in coelomocytes is increased in phac-1(gf) compared with N2, suggesting increased neuropeptide release. h, Representative 3D reconstructions of the cholinergic synapses showing increased
number of DCVs (orange) away from DP (blue) in phac-1(lf) compared with N2. All scale bars are 100 nm. i, The average number of DCVs per TEM profile is increased in phac-1(lf) compared with
N2. j, The distribution of DCVs along the axon relative to DP suggests DCVs accumulate away from the presynaptic terminals in phac-1(lf). k, The fluorescence recovery after the photobleaching of
NLP-21-Venus over a portion of the DA axon corresponds to the exchangeable/mobile fraction of DCVs. l, The mobile fraction is significantly reduced in phac-1(lf) compared with N2. Data are
plotted as the mean ± SEM; the number of individuals or EM profile analyzed is indicated. Scatterplot on 9l corresponds to FRAP analysis done for each individual. One-way ANOVA and Tukey’s
for multiple comparison test. ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001.
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density of the other presynaptic markers (4–5 per 10 μm) the low
density of NLP-21-Venus peaks in phac-1(gf) suggests several
presynaptic terminals lack neuropeptide-loaded DCVs (Fig. 9c;
N2 vs phac-1(gf), p= 0.0003)). Conversely, DCV density was
higher in phac-1(lf) than in N2 (p= 0.0469). We confirmed the
effects of phac1 signaling on neuropeptides with the neuropeptide
marker INS-22-wSc. As for NLP-21-Venus, the INS-22-wSc
fluorescence was reduced along the DA axon in phac-1(gf)
(Fig. 9d; p=0.0488). As a proxy to quantify NLP-21-Venus neuro-
peptide release, we measured the Venus fluorescence intensity
in coelomocytes, known to scavenge NLP-21-Venus released by
DA neurons into the pseudocoelomic cavity (Fig. 9e,f; Sieburth
et al., 2005; Laurent et al., 2018). We observed an increased
NLP-21-Venus fluorescence intensity in coelomocytes of
phac-1(gf) (Fig. 9g; p=0.002). Altogether, reduced axonal
NLP-21-Venus fluorescence and increased NLP-21-Venus scav-
enging by coelomocytes in phac-1(gf) suggest phac-1(gf) releases
more neuropeptides than controls. The ultrastructure analysis of
cholinergic NMJs supports the NLP-21-Venus data: compared
with N2, we observed an increased number of DCVs in the
synaptic profiles of phac-1(lf) mutants (Fig. 9h,i; phac-1(lf) vs
N2, p<0.0001). In phac-1(lf) mutants, these additional
DCVs were observed to spread further along the axon from the
DPs (Fig. 9j).

The number and the distribution of DCVs depend on their
traffic, capture, and exocytosis along the axon (Wong et al.,
2012; Bulgari et al., 2014). To probe the effects of PHAC-1 signal-
ing on DCV mobility, capture, and exocytosis, we performed a
FRAP assay over 12 μm of the DA axon, including ∼6 presynap-
tic terminals. Upon photobleaching, we observed gradual recov-
ery of NLP-21-Venus fluorescence, indicating the mobilization
and capture of transiting NLP-21-GFP-loaded DCVs. However,
the extent of fluorescence recovery remains limited, suggesting
∼30% of the bleached DCVs were stationary—or captured—in
N2 (Fig. 9k,l). The mobile fraction of DCVs extracted from
FRAP curves was reduced in phac-1(lf) (Fig. 9l; p= 0.0204), sug-
gesting phac-1 signaling regulates DCV capture in axon and pre-
synaptic terminals.

Although the molecular identity of the “tethering elements”
capturing DCVs is unclear, synapsin/SNN-1 and F-actin are
implicated (Bittins et al., 2010; Anbalagan et al., 2019; Yu et al.,
2021). PHACTRs control the F-actin dynamics via the depho-
sphorylation of the severing enzyme cofilin (Huet et al., 2013).
To explain the differential release of neuropeptide in phac-1(lf)
and phac-1(gf), we hypothesized differential remodeling of
F-actin and/or synapsin in phac-1(lf) and phac-1(gf) mutants.
To observe a remodeling of synapsin and F-actin, we designed
a strain coexpressing SNN-1-wSc and Lifeact-NeonGreen. We
also imaged a SNN-1-Venus strain. In N2 worms, Lifeact-NG
was distributed in discrete puncta along the DA axon overlap-
ping with the presynaptic marker SNN-1-wSc (Fig. 10a,b). We
measured the average distance between the SNN-1-wSc peaks
and the Lifeact-NG peaks. We observed this distance increased
in phac-1(lf) compared with controls (Fig. 10c; p= 0.0337), sug-
gesting ectopic F-actin structures occur away from the presynap-
tic terminals in phac-1(lf). The axonal and peak fluorescence of
Lifeact-NGwas reduced in phac-1(lf)mutants (axonal fluorescence:
Fig. 10d, p=0.0316; peak fluorescence: Fig. 10e, p=0.0135). The
peak density of Lifeact-NG remained unchanged in both mutants
(Fig. 10f; phac-1(lf), p=0.7863; phac-1(gf), p=0.8225). We hypoth-
esize that ectopic F-actin structures may lead to increased capture
of DCVs away from the presynaptic terminals in phac-1(lf), as
observed by EM (Fig. 9j).

In phac-1(lf)mutants, the axonal and the peak fluorescence of
SNN-1-Venus were weakly reduced (axonal fluorescence:
Fig. 10g, p= 0.0001; peak fluorescence: Fig. 10h, p= 0.0027), while
the peak density was increased (Fig. 10i; p= 0.0003). The same
quantifications were done for SNN-1-wSc. Although it did not
reach significance, the same trends for reduced axonal
SNN-1-wSc were observed in phac-1(lf) (Fig. 10j–l; axonal fluor-
escence: Fig. 10j, p= 0.1308; peak fluorescence: Fig. 10k, p=
0.1577). Together, these results suggest SNN-1 spreads away
from the presynaptic terminals in phac-1(lf).

phac-1 and snn-1 act together to regulate the NMJ
Given that the SNN-1 level and distribution were affected in
phac-1(lf) and that snn-1(ulb14) was identified alongside
phac-1(ulb03) as suppressors of the FLP-18 overexpression phe-
notype, we explored a potential genetic interaction between
phac-1 and snn-1. A null allele of snn-1(tm2557) was previously
described (Yu et al., 2021). Upon introduction of the snn-1(tm2557)
mutation into phac-1(gf)mutants, we noted a significant reduction
in the aldicarb resistance (Fig. 11a; phac-1(gf) vs phac-1(gf);
snn-1(tm2557), q<0.0001). These results fit a model in which
synapsin/snn-1 mediates the aldicarb resistance of phac-1(gf).
Phosphoregulation of serine 9 in SNN-1 controls the capture of
DCVby presynaptic terminals (Yu et al., 2021). Independently, ser-
ine 9 of synapsin I appeared among the candidate peptide sub-
strates of the PP1-PHACTR1 holophosphatase identified by a
SILAC approach in mouse primary neurons (Fedoryshchak et al.,
2020). To directly analyze the phosphorylation state of serine 9
SNN-1, we designed antibodies against a 13-amino acid peptide
that included the phosphorylated Ser9 of SNN-1. The specificity
of the phosphoantibody was confirmed in snn-1(tm2557) and in
the phosphodeficient strain snn-1(S9A) (Yu et al., 2021). Analysis
of SNN-1 by Western blot revealed that phosphorylation of Ser9
was increased in phac-1(lf) (Fig. 11b; p=0.0409). If the depho-
sphorylation of SNN-1 Ser9 mediates the aldicarb resistance
of phac-1(gf), a phosphodeficient allele of snn-1(S9A) should
mimic the aldicarb resistance of phac-1(gf) and suppress the aldi-
carb hypersensitivity of phac-1(lf). Accordingly, the snn-1(S9A)
allele replicated the aldicarb resistance of phac-1(gf) (Fig. 11c;
snn-1(S9A) vs N2, q= 0.0116; snn-1(S9A) vs phac-1(2R/A),
q=0.2607). Also snn-1(S9A) reduced the aldicarb hypersensitivity
of phac-1(lf) (Fig. 11c; phac-1(lf) vs snn-1(S9A);phac-1(lf),
q = 0.0012; snn-1(S9A);phac-1(lf) vs N2, q = 0.2853).

Discussion
Bioamines and neuropeptides modulate neurotransmitter release
at NMJs through synaptic or extrasynaptic GPCR signaling
(Nurrish et al., 1999; Hu et al., 2011, 2015; Taghert and
Nitabach, 2012). In C. elegans, activity-induced transcription of
neuropeptides, such as FLP-18, helps to fine-tune the excit-
atory/inhibitory (E/I) balance of motor circuits (Stawicki et al.,
2013; Hums et al., 2016; Ji et al., 2023). Specifically, overexpres-
sion of FLP-18 perturbs this E/I balance, leading to uncoordi-
nated locomotion (Stawicki et al., 2013; Bhardwaj et al., 2018;
Florman and Alkema, 2022). We found that disrupting the sole
C. elegans orthologs of PHACTRs and synapsins, namely,
phac-1 and snn-1, suppressed the FLP-18-induced defects. This
suggests these genes are crucial for maintaining E/I balance in
the motor circuit of C. elegans in response to neuropeptide sig-
naling. Interestingly, variants of both PHACTR1 and synapsin
I can cause human epilepsy, underscoring potentially conserved
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Figure 10. The distribution of SNN-1 and F-actin is altered in phac-1(lf) mutants. a, Representative distribution of coexpressed SNN-wScarlet (red) and of Lifeact-NG (green) along a DA axon.
Bright SNN-1-wScarlet puncta correspond to presynaptic SV clusters (red arrowhead), while Lifeact-NG corresponds to labeled F-actin. Scale bar, 10 μm. b, Fluorescence distribution of Lifeact-NG
and SNN-1-wSc, along the DNC in N2 (left) and in phac-1(lf) (right). In phac-1(lf), the Lifeact-NG peaks appear slightly away from the SNN-1-wSc-marked SV clusters. c, The average distance
between SNN-1-wScarlet and Lifeact-NG peaks is significantly increased in phac-1(lf) compared with N2, suggesting ectopic F-actin structures. d–f, The fluorescence of Lifeact-NG along the DA
axon was analyzed. The total Lifeact-NG fluorescence along the DA axon (d) and the Lifeact-NG peak fluorescence (e) are reduced in phac-1(lf) mutants. The peak density of Lifeact-NG (f) is not
affected in phac-1 mutants. g–i, The fluorescence of SNN-1-Venus along the DA axon was analyzed. The total fluorescence along the DA axon (g) and the peak fluorescence (h) of SNN-1-Venus
are significantly reduced in phac-1(lf) compared with N2; the peak density (i) is increased in phac-1(lf). More parameters on SNN-1-Venus are available in Extended Data 2. j–l, The fluorescence
of SNN-1-wSc along the DA axon was analyzed. Although similar trends were observed for SNN-1-Venus and SNN-wSc, the total fluorescence along the DA axon (j), the peak fluorescence (k), and
the peak density (l) of SNN-1-wSc were not significantly altered in phac-1 mutants. Data are plotted as the mean ± SEM. One-way ANOVA and Tukey’s (10c, e–i) or Dunn’s (10d, j–l) for multiple
comparisons. ns, p> 0.05; *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001.
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are in black. 11b, *, p≤ 0.05.
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mechanisms for controlling the E/I imbalance (Fassio et al., 2011;
Hamada et al., 2018; Parenti et al., 2022).

We observe a partial rescue of the phac-1(lf) phenotype
through the neuronal expression of human PHACTR1. This
result suggests that the regulation of the PHACTR1/PHAC-1
holophosphatase, along with functions and substrates, is con-
served in neurons. Using the aldicarb assay, we characterized
the E/I balance in the motor circuit in the absence of phac-1 or
in point mutants mimicking the DEE70 variants in phac-1. A
previous publication combining knockdown of PHACTR1 with
the expression of rescue constructs in the embryonicmouse brain
concluded that four DEE70 variants had dominant-negative
effects: N479I, L500P, I518N, and R521C (Hamada et al., 2018).
In contrast, we show that mutations mimicking L500P, L519R,
and R521C in PHAC-1 cause a gf phenotype in C. elegans, result-
ing in faster locomotion and aldicarb resistance—the opposite
phenotypes of phac-1(lf).

PHACTRs are thought to cycle between an active holopho-
sphatase state when bound to PP1 and an inactive, G-actin bound
state (Mouilleron et al., 2012; Wiezlak et al., 2012; Huet et al.,
2013). Constitutive holoenzyme activity promotes aldicarb resis-
tance: fusing PP1 to PHAC-1 and reducing G-actin binding to
phac-1 or DEE70 variants all cause aldicarb resistance. The
holoenzyme-induced aldicarb resistance entirely depends on
holoenzyme activity: point mutations reducing PP1 activity or
PP1 binding to PHAC-1 suppress the effects of PHAC-1 signal-
ing. The fact that all DEE70 variants replace highly conserved
amino acids within RPEL motifs involved in G-actin binding
suggests DEE70 variants reduce G-actin binding to PHAC-1,
favoring PP1 binding and the active state of the PP1-PHAC-1 holo-
phosphatase (Fig. 5a). This conclusion contrastswith the dominant-
negative effects of DEE70 observed in Hamada et al. (2018), but
confirms the model of Mouilleron et al. (2012), Wiezlak et al.
(2012), Huet et al. (2013), and Marakhonov et al. (2021).

Given that G-actin regulates PHAC-1/PP1 activity physiologi-
cally, PHAC-1 signaling should vary as a consequence of actin
polymerization at synapses that occur during SV endocytosis, recy-
cling, and trafficking (Shupliakov et al., 2002; Sankaranarayanan
et al., 2003; Bleckert et al., 2012; Ganguly et al., 2015; Soykan
et al., 2017; Chenouard et al., 2020). Our results confirm the path-
ogenicity of DEE70 missense variants in C. elegans, providing
evidence of its dominant positive effects and determining one
potential mode of action for DEE70 in neurons: constitutive
PHAC-1 signaling disrupts the proper regulation of presynaptic
signaling. The substrates of the PHAC-1/PP1 holophosphatase
are yet unknown. Our epistasis data suggest that phac-1(gf)
regulates NMJ function upstream of snn-1, and we demonstrate
that PHAC-1 regulates the Ser9 phosphorylation of SNN-1 as well
as the SNN-1 axonal levels. The phosphorylation state of synapsin/
SNN-1 regulates its presynaptic localization, its interactions with
the F-actin cytoskeleton, and its interactions with SV and DCVs
(Hosaka et al., 1999; Fornasiero et al., 2012; Yu et al., 2021). As
the phosphodeficient allele snn-1(S9A) only partially suppresses
the aldicarb-hypersensitive phenotype of phac-1(lf), additional
effectors/substrates of PP1-PHAC-1 likely exist. The consensus
motif previously established for PHACTR1 substrates does not
match the motif surrounding the Ser9 residue in SNN-1
(Fedoryshchak et al., 2020). Therefore, it remains possible that
SNN-1 is indirectly dephosphorylated by PP1-PHAC-1 signaling.

Regulation of presynaptic DCV capture and exocytosis prop-
erties allows neurons to adapt to conditions of increased hor-
monal demand in invertebrates as well as in mammals (Wong
et al., 2012; Bulgari et al., 2014; Anbalagan et al., 2019;

Kirchner et al., 2023). Several observations support the role of
PHAC-1 signaling in the control of presynaptic DCV capture
and neuropeptide secretion. First, FLP-18-induced behavior
was reduced in phac-1(lf). Second, we observed increased
neuropeptide secretion from DA cholinergic axons of phac-1(gf)
animals. Third, more DCVs accumulate away from the presynap-
tic terminal in phac-1(lf), and FRAP experiments show that 40%
of DCVs in the phac-1(lf) axon are not exchanged compared with
30% in N2. Therefore, PHAC-1 signaling appears to regulate the
presynaptic capture of DCV and their exocytosis. The differential
regulation of F-actin organization and SNN-1 phosphorylation
state by PHAC-1 suggests a model that differentially affects
DCV capture and release in phac-1(lf) and phac-1(gf) mutants
(Fig. 11d). In phac-1(lf), ectopic F-actin may trap DCVs away
from presynaptic terminals. Poorly dynamic F-actin can form
ectopically in the absence of cofilin activation by PHACTR sig-
naling (Wiezlak et al., 2012; Huet et al., 2013; Fedoryshchak
et al., 2020). In addition, hyperphosphorylated SNN-1 can pre-
vent presynaptic DCV capture. In phac-1(gf), highly dynamic
F-actin and dephosphorylated SNN-1 may facilitate presynaptic
capture of DCVs and their access to the plasma membrane for
exocytosis. Although DCVs are found in dendrites, axons, and
presynaptic terminals, they are released differently in each sub-
compartment (van de Bospoort et al., 2012; Farina et al., 2015;
Persoon et al., 2018). For example, DCVs trapped further away
from the presynaptic calcium channels and exocytic machinery
in phac-1(lf) are likely to be less susceptible to release.

Mechanistically, how E/I balance at NMJs is regulated by neu-
ropeptide signaling in phac-1 mutants remain to be determined.
We show that PHAC-1 signaling modifies the C. elegans locomo-
tion and the aldicarb-induced paralysis rate, impacts cholinergic
NMJ ultrastructure, and affects SNB-1-pHluorin distribution,
together suggesting an effect on SV recycling at cholinergic
NMJs. However, the electrophysiological recordings did not
reveal any differences in SV exocytosis at the NMJs of phac-1
mutants. We suggest this discrepancy may be due to the record-
ing conditions. The observed effects of PHAC-1 on peptidergic
signaling may be mitigated during electrophysiological record-
ings done on immobilized worms with NMJs exposed to a bath-
ing medium. As previously observed, these preparations lack
proprioceptive feedback and favor the diffusion of peptidergic
signals (Hu et al., 2011; Chen et al., 2024).

In summary, our results suggest that a G-actin-tuned
PP1-PHAC-1 holoenzyme controls DCV distribution and neu-
ropeptide release from the axon and presynaptic terminals,
potentially through its regulation of the actin/synapsin cytoskel-
eton. Constitutive PHAC-1 signaling caused by DEE70 variants
induces an oversecretion of neuropeptides. Disruption of the cir-
cuits’ E/I balance by altered neuropeptide signaling might be a
conserved mechanism of action of DEE70 to trigger seizures.

Inclusion and Diversity
We support inclusive, diverse, and equitable conduct of research.
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