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Cellular/Molecular

Synapsin Is Required for Dense Core Vesicle Capture and
cAMP-Dependent Neuropeptide Release
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"Buchmann Institute for Molecular Life Sciences, Goethe-University, Frankfurt D-60438, Germany, and *Department of Biochemistry, Chemistry
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Release of neuropeptides from dense core vesicles (DCVs) is essential for neuromodulation. Compared with the release of
small neurotransmitters, much less is known about the mechanisms and proteins contributing to neuropeptide release. By
optogenetics, behavioral analysis, electrophysiology, electron microscopy, and live imaging, we show that synapsin SNN-1 is
required for cAMP-dependent neuropeptide release in Caenorhabditis elegans hermaphrodite cholinergic motor neurons. In
synapsin mutants, behaviors induced by the photoactivated adenylyl cyclase bPAC, which we previously showed to depend on
ACh and neuropeptides (Steuer Costa et al., 2017), are altered as in animals with reduced cAMP. Synapsin mutants have
slight alterations in synaptic vesicle (SV) distribution; however, a defect in SV mobilization was apparent after channelrho-
dopsin-based photostimulation. DCVs were largely affected in snn-1 mutants: DCVs were ~30% reduced in synaptic termi-
nals, and their contents not released following bPAC stimulation. Imaging axonal DCV trafficking, also in genome-engineered
mutants in the serine-9 protein kinase A phosphorylation site, showed that synapsin captures DCVs at synapses, making
them available for release. SNN-1 colocalized with immobile, captured DCVs. In synapsin deletion mutants, DCVs were more
mobile and less likely to be caught at release sites, and in nonphosphorylatable SNN-1B(S9A) mutants, DCVs traffic less and
accumulate, likely by enhanced SNN-1 dependent tethering. Our work establishes synapsin as a key mediator of neuropeptide
release.
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Little is known about mechanisms that regulate how neuropeptide-containing dense core vesicles (DCVs) traffic along the
axon, how neuropeptide release is orchestrated, and where it occurs. We found that one of the longest known synaptic pro-
teins, required for the regulation of synaptic vesicles and their storage in nerve terminals, synapsin, is also essential for neuro-
peptide release. By electrophysiology, imaging, and electron microscopy in Caenorhabditis elegans, we show that synapsin
regulates this process by tethering the DCVs to the cytoskeleton in axonal regions where neuropeptides are to be released.
Without synapsin, DCVs cannot be captured at the release sites and, consequently, cannot fuse with the membrane, and neu-
ropeptides are not released. We suggest that synapsin fulfills this role also in vertebrates, including humans. /
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Neurotransmitters are released from synaptic vesicles (SVs)
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reserve pool (RP), tethered by the phosphoprotein synapsin
(Benfenati et al., 1989; Rizzoli and Betz, 2005; Cesca et al., 2010).
SVs are mobilized from the RP by synapsin phosphorylation
through protein kinase A (PKA) and CaMKII (Kuromi and
Kidokoro, 2000; Menegon et al., 2006; Milovanovic et al., 2018),
translocate to the plasma membrane (PM), and are docked and
primed, forming the readily releasable pool (RRP). Following
Ca’" influx into the terminal, SVs fuse with the PM. Ca®" can
also induce secretion of neuropeptides from dense core vesicles
(DCVs), via protein kinase C signaling (Park et al, 2006;
Sieburth et al., 2007; Xue and Wu, 2010). Also, cAMP and PKA
affect DCV fusion, through an unknown target (Zhou et al,
2007; Wang and Sieburth, 2013). Among synaptic cAMP/PKA
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targets are Exchange Protein Activated by Cyclic AMP (EPAC),
which binds cAMP to regulate SV release (Zhong and Zucker,
2005; Cheung et al., 2006; Gekel and Neher, 2008), synapsin,
tomosyn, Riml, ryanodine receptor, cysteine string protein, sna-
pin, complexin, and SNAP-25 (Hosaka et al., 1999; Evans et al.,
2001; Lonart et al., 2003; Rodriguez et al., 2003; Nagy et al., 2004;
Thakur et al, 2004; Baba et al., 2005; Gracheva et al., 2006;
McEwen et al., 2006; Cho et al., 2015). How PKA phosphoryla-
tion of these proteins affects transmission, and whether they also
affect DCV fusion, is only partially understood.

Neuropeptides orchestrate numerous processes in the nerv-
ous system (Taghert and Nitabach, 2012; Graebner et al., 2015;
Oranth et al., 2018; Steuer Costa et al,, 2019). They are synthe-
sized as precursors, packaged in DCVs, and processed during
axonal transport (Hoover et al., 2014). In Drosophila, DCV's con-
stantly traffic anterogradely and retrogradely between synapses,
and capture events make them available for release (Wong et al.,
2012). Capture is regulated in an activity-dependent fashion,
involving FMRP in flies (Cavolo et al., 2016), as well as synapto-
tagmin-4. The latter was involved in regulating the interaction of
DCYV cargo with kinesin and dynein; thus, capture may depend
on a tug-of-war between these anterograde and retrograde
microtubule motors (Bharat et al., 2017). Scaffold proteins
a-liprin and TANC2 are required for DCV capture at postsynap-
tic spines; they, as well as calmodulin, interact with actin to mod-
ulate kinesins (Stucchi et al., 2018). However, another study
showed that actin was dispensable for activity-dependent DCV
capture (Cavolo et al., 2016). In Caenorhabditis elegans, sentryn,
a-liprin, and the SAD kinase regulate anterograde versus retro-
grade DCV traffic (Morrison et al., 2018).

Neuropeptide release requires the Ca>*-dependent activator
protein for secretion (CAPS/UNC-31) (Rupnik et al, 2000;
Charlie et al., 2006b). In C. elegans cholinergic motor neurons,
optogenetic cCAMP increase (induced by Beggiatoa photoacti-
vated adenylyl cyclase [bPAC]), caused DCV fusion as well as
ACh release (Steuer Costa et al., 2017). This involved SV mobili-
zation from the RP, increased frequency of miniature postsynap-
tic current (mPSC) events, and increased mPSC amplitudes. The
latter required neuropeptides, released from cholinergic neurons,
acting in an autocrine fashion to induce filling of SVs via the
vAChT (UNC-17).

The single C. elegans synapsin (SNN-1) resembles vertebrate
synapsin II (Benfenati et al., 1989; Gitler et al., 2008). PKA phos-
phorylation of synapsin mobilizes SV's by releasing their mutual
and cytoskeletal anchoring (Johnson et al., 1972; Hosaka et al.,
1999; Menegon et al.,, 2006). Synapsin contains a C-terminal
intrinsic disordered region that can form nonmembranous or-
ganelles by liquid-liquid phase separation, regulated by activity
and CaMKII phosphorylation (Milovanovic et al., 2018). While
vertebrate synapsin clearly interacts with SVs, much less was
found on DCVs (Navone et al., 1984). Thus, synapsin appears
unlikely to affect DCV cycling and release. Yet, here we identify
C. elegans synapsin as a mediator of CAMP/PKA effects on trans-
mission, DCV trafficking, and fusion. snn-1 mutants release no
neuropeptides, and they exhibit reduced evoked SV release. SVs
distribute abnormally, in line with synapsin organizing the RP,
and they do not show the bPAC evoked, neuropeptide-depend-
ent increase in diameter and content. DCV numbers are reduced
and distribute aberrantly in snn-1 synaptic terminals. The SNN-1
protein colocalizes with immobile DCVs at likely release sites.
DCV trafficking is aberrant in snn-1 deletion mutants, and syn-
apses appear unable to capture DCVs to retain them for release.
In SNN-1(S9A) animals, with nonphosphorylatable SNN-1B,
DCVs show largely reduced motility, possibly because of
enhanced tethering.
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Materials and Methods

Strains and genetics. C. elegans strains were cultivated using standard
methods on nematode growth medium (NGM) and fed Escherichia coli
strain OP50-1 (Brenner, 1974). For all behavioral and electrophysiology
experiments, animals were in lite-1(ce314) background (lacking the
intrinsic photophobic response) (Edwards et al., 2008), for all bPAC
EM work, the wt background was used. Strains used or generated are
as follows: snn-1(tm2557), KG1034: cels33[rab-3::Tpde-4d(+) cDNA],
KG1180: lite-1(ce314), RB830: epac-1(0k655), TR2171: unc-68(r1162),
7.X460: szs6[punc—17::ChR2(H134R)::yfp;lin—15+], 7X1460: zxIs53
[punc-17:bPAC::YFP, pmyo-2::mCherry], ZX1461: cels33[rab-3::Tpde-4d
(+) ¢DNAJ; zxIs53[punc-17:bPAC::YFP, pmyo-2:mCherry], ZX1555:
nuls183[Punc-129::NLP-21::Venus; myo-2:NLS::GFP], ZX1569: lite-1
(ce314); zxIs53[punc-17:bPAC::YFP; pmyo-2:mCherry], ZX1570: lite-1
(ce314); unc-31(n1304); zxIs53[punc-17::bPAC::YFP; pmyo-2::mCherry],
ZX1815:  snn-1(tm2557); szs6[punc—17::ChR2(H134R)::yﬁ);lin—15*],
ZX1816: lite-1(ce314); snn-1(tm2557); zxIs6[punc-17::ChR2(H134R)::yfp;
lin-15"], ZX1867: epac-1(0k655); zxIs53[punc-17:bPAC:YFP; pmyo-2:
mCherry], ZX1868: snn-1(tm2557); lite-1(ce314), ZX1870: unc-31
(n1304); zxIs53[punc-17:bPAC::YFP; pmyo-2:mCherry], ZX1871: snn-1
(tm2557); lite-1(ce314); zxIs53[punc-17:bPAC::YFP; pmyo-2::mCherry],
7ZX1990: lite-1(ce314); zxIs53[punc-17:bPAC::YFP; pmyo-2:mCherry]
nuls183[Punc-129::NLP-21::Venus; myo-2:NLS::GFP], ZX1991: snn-1
(tm2557); lite-1(ce314); zxIs53[punc-17:bPAC::YFP; pmyo-2:mCherry]
nuls183[punc-129:NLP-21::Venus; pmyo-2:NLS::GFP], ZX1992: unc-68
(r1162), zxIs53[punc-17:bPAC::YFP; pmyo-2::mCherry], ZX2002: lite-1
(ce314);  zxIs6[punc-17:ChR2(H134R)::yfp, lin-15"], ZX2073: snn-1
(S9A); lite-1(ce314);  zxIs53[punc-17::bPAC::YFP; pmyo-2::mCherry],
7ZX2379: snn-1(S9E); lite-1(ce314); zxIs53[punc-17::bPAC::YFP; pmyo-2::
mCherry], ZX2553: snn-1(tm2557); nuls183[punc-129::NLP-21::Venus;
pmyo-2:NLS::GFP], ZX2555: snn-1(S9E); nuls183[punc-129::NLP-21::
Venus; pmyo-2:NLS::GFP], ZX2559: snn-1(S9A); nuls183[punc-129:
NLP-21::Venus; pmyo-2:NLS::GFP], ZX2912: vjEx94[punc-129:SNN-1::
mCherry, pmyo-2:NLS::mCherry]; nuls183[punc-129:NLP-21::Venus;
pmyo-2:NLS::GFP].

Molecular biology and CRISPR/Cas9 genome editing. The construct
for the bPAC of Beggiatoa sp. was previously described (Steuer Costa et
al.,, 2017). The snn-1(S9A) and snn-1(S9E) point mutations were engi-
neered by CRISPR/Cas9 genome editing.

Generation of transgenic animals. Generation of transgenic C. elegans
expressing punc-17:bPAC:YFP; pmyo-2:mCherry (strain ZX1460) was
previously described (Steuer Costa et al., 2017). This transgene, zxIs53,
was used for crossing into the mutant alleles tested in this work.

Behavioral assays. Locomotion parameters on NGM (see Fig. 1)
were acquired with a previously described single worm tracker (Stirman
etal, 2011) with the following modifications: First, a mechanical shutter
(Sutter Instrument) was placed between projector and microscope and
synchronized to the light stimulation. Second, a band pass filter
(650 £ 25 nm) was inserted in the background light path. These modifi-
cations ensured an ambient light power, measured between 200and
1000 nm, <20 nW/mm” during tracking in “dark.” Light power was
measured with a power meter (PM100, Thorlabs) at the focal plane while
the sensor was placed at the expected worm’s position. All animals were
kept in darkness during growth. Young adults were transferred individu-
ally on plain NGM plates under red light (600 nm) in a dark room and
kept for 15min in the dark before transfer to the tracker. Light stimula-
tion protocol was 15 s in darkness, 25 s in 70 yW/mm? 470/10 nm light,
and 15 s darkness. Tracks were automatically filtered to exclude data
points from erroneously evaluated movie frames with a custom work-
flow in KNIME (Desktop version 2.10, www.KNIME.com) (Preisach et
al., 2008; Warr, 2012). Our constraints were that animals do not move
faster than 1.25 mm/s and their length does not show a discrepancy
>25% to the mean first 5 s of the video. Videos were excluded from
analysis when >15% of the data points had to be discarded by our con-
straints. Behavior data passed the Shapiro-Wilk normality test. Bending
angle analysis during crawling was defined by the mean deviation from
180° from 11 equally interspaced 3-point angles defined by 13 points
along the spine of the animal. Behavior data clustering was performed
on the absolute change compared with the mean value before light using
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Figure 1.  Behavioral phenotypes induced by bPAC and ChR2 photostimulation in cholinergic neurons uncover synapsin as a target of cAMP increase and as a mediator of evoked release.

bPAC was expressed in cholinergic neurons, and light effects on locomotion behavior were analyzed after video microscopy of individual animals. a, Mean (==SEM) bending angles (n > 29),
measured for 11 angles defined by 13 points along the body or (b) velocity of animals before, during, and after blue light stimulation (blue bar). Animals of the indicated genotypes were
assessed. Bending angles (c) and velocities (d) for the indicated genotypes and transgenes were normalized to the mean before light stimulation and compared by dynamic cluster analysis.
Two clusters are observed for both behaviors: one with wt animals (green), and another with a gain-of-function phosphodiesterase (PDE(gf)) and snn-7 mutants (red). e, C. elegans snn-1 gene
on chromosome |V (boxes represent exons; lines represent introns), and protein structure of the a and b splice variants. Domains A, B, C, Pro (proline-rich), E, named by homology to the mam-
malian isoforms (Sudhof et al., 1989). Domains A and E are required for SV and synapsin oligomerization, whereas domain C interacts with the SV membrane. The intrinsic disordered region
(gray shade) mediating phase separation of synapsin and SVs (Milovanovic et al., 2018) was annotated based on the Predictor of Natural Disordered Regions (www.pondr.com). S9, main PKA
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dynamic time warping distances and the hclust function with method
“average” in R (version 3.2.1, libraries dtw, ape, gplots; http://www.R-
project.org/).

Behavior was also recorded (see Fig. 6) using a multiworm tracking
device (Swierczek et al., 2011). A set of red LEDs was used for back-illu-
mination, to avoid bPAC preactivation; 60-100 age-synchronized adult
animals were collected in M9 buffer, spread onto a NGM plate, and kept
in the dark for at least 20 min before tracking. The light stimulation pro-
tocol was 15 s dark, 25 s in 70 tW/mm? 470/10 nm light, followed again
by 15 s dark. Tracks were extracted using Choreography. Bending angle
was defined by the mean deviation from 180° from four equally inter-
spaced angles defined by 11 points along the object’s skeleton. A custom
MATLAB (The MathWorks R2020b) script (kindly provided by Ichiro
Aoki) was used to organize Choreography output files into summary sta-
tistics. Data were plotted and analyzed in GraphPad Prism version 8.0.2.

Contraction assay. The body length was determined as previously
reported (Erbguth et al.,, 2012). Animals were kept in the dark on seeded
NGM plates with or without all-trans retinal (Liewald et al, 2008).
Single animals were transferred to empty NGM plates and kept for
15 min before recording. Worms were illuminated with blue light 1.4
mW/mm® from a 50 W HBO mercury lamp, filtered through a GFP ex-
citation filter, under a 10X objective in a Zeiss Axiovert 40 microscope
(Carl Zeiss). The length values were normalized to the mean value before
illumination 0-5 s. All values <80% were excluded to avoid measure-
ment errors (i.e., when the animals roll up). Data were plotted and ana-
lyzed in GraphPad Prism 8.0.2.

Electrophysiology. Recordings from dissected body wall muscle cells
were conducted as described previously (Liewald et al., 2008). Animals
were immobilized with Histoacryl glue (B. Braun Surgical), and a lateral
incision was made to access neuromuscular junctions (NMJs) along the
anterior ventral nerve cord. The basement membrane overlying body
wall muscles was enzymatically removed by incubation in 0.5 mg/ml col-
lagenase for 10 s (C5138, Sigma Aldrich). Integrity of body wall muscle
cells and nerve cord was visually examined via DIC microscopy.
Recordings from body wall muscles were acquired in whole-cell patch-
clamp mode at room temperature (20°C-22°C) using an EPC-10 ampli-
fier equipped with Patchmaster software (HEKA). The head stage was
connected to a standard HEKA pipette holder for fire-polished borosili-
cate pipettes (1B100F-4, Worcester Polytechnic Institute) of 4-9 MQ re-
sistance. The extracellular bath solution consisted of 150 mm NaCl,
5 mm KCl, 5 mm CaCl,, 1 mm MgCl,, 10 mum glucose, 5 mum sucrose, and
15 mm HEPES, pH 7.3, with NaOH, ~330 mOsm. The internal/patch
pipette solution consisted of K-gluconate 115 mm, KCl 25 mm, CaCl,
0.1 mm, MgCl, 5 mm, BAPTA 1 mMm, HEPES 10 mMm, Na,ATP 5 mum,
Na,GTP 0.5 mm, cAMP 0.5 mm, and cGMP 0.5 mm, pH 7.2, with KOH,
~320 mOsm. Light activation was performed using an LED lamp (KSL-
70, Rapp OptoElectronic; 470 nm, 8 mW/mm?) and controlled by an
EPC 10 amplifier and Patchmaster software (HEKA). mPSC analysis
was done by Mini Analysis software (Synaptosoft, version 6.0.7).
Amplitude and mean number of mPSC events per second were analyzed
during the following time bins: 30 s before illumination, the first 25 s of
illumination, and the last 30 s after illumination. Subsequent analysis
and graphing were performed using Patchmaster, and Origin
(Originlabs).

Electron microscopy. Young adult animals were used for HPF fixa-
tion, based on methods previously described (Weimer, 2006). Briefly,
~10-20 worms were loaded into a 100 pm deep aluminum planchette
(Microscopy Services) filled with E. coli OP50, covered with a 0.16 mm
sapphire disk and a 04 mm spacer ring (Engineering office M.
Wohlwend) for subsequent photostimulation. To prevent preactivation
of bPAC, all manipulations were done under low-light conditions or

«—

phosphorylation site. f, Body contraction in response to cholinergic photostimulation (ChR2).
Mean (==SEM) normalized body length, number of animals, genotype as indicated. +/—
ATR indicates incubation in all-trans retinal, the obligate ChR2 cofactor. Blue bar represents
photostimulation. Boxes represent periods for which datasets were statistically significantly
different. ***p < 0.001; *p << 0.05; two-way ANOVA and Bonferroni correction.
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under red light. For light stimulation experiments, worms were continu-
ously illuminated with a ~470 nm blue LED (3 mW/mm?) for 30 s, fol-
lowed by high-pressure freezing at —180°C under 2100 bar pressure in a
Bal-Tec HPMO010 or an HPM100 machine (Leica Microsystems). After
freezing, specimens were transferred under liquid nitrogen into a
Reichert AFS machine (Leica Microsystems) for freeze substitution.
Tannic acid (0.1% in dry acetone) fixative was used to incubate samples
at —90°C for 100 h. Then, a process of washing was performed to substi-
tute with acetone, followed by an incubation of 2% OsO, for 39.5 h (in
dry acetone) while slowly increasing temperature up to room tempera-
ture. Afterwards, Epoxy resin (Agar Scientific, AGAR 100 Premix kit
hard) embedding process was executed with increasing concentration
from 50% to 90% at room temperature and 100% at 60°C over 48 h.
Cross sections were cut at a thickness of 40 nm, transferred on formvar-
covered copper slot grids, and counterstained in 2.5% aqueous uranyl ac-
etate for 4 min, followed by distilled water wash. Then, grids were carried
onto Reynolds lead citrate solution for 2 min in a CO,-free chamber and
then washed in distilled water again. Images of regions in the ventral
nerve cord were taken with a Erlangshen ES500W CCD camera (Gatan)
in a Philips CM12 operated at 80 kV. Images were tagged in Image] (ver-
sion 1.47, National Institutes of Health) for synapse perimeter, SVs,
docked SVs, DCVs, large vesicle (LVs), and dense projection (DP),
scored blind for each condition. Image] ROIs were stored for position,
area, circumference, and largest diameter, and then quantified and auto-
matically analyzed by custom software written in R, called by a KNIME
workflow. The diameters of synapses from each stimulation condition
varied in size; thus, each value for the number of docked SVs was nor-
malized to the mean perimeter and represents the number of docked
SVs along a membrane whose perimeter is 1548 nm in a profile. The
other organelles are represented as the numbers of SVs, DCVs, or LVs in
a typical synaptic profile of 164100 nm?. 3D reconstructions of serial
sections were performed using “Reconstruct” (Fiala, 2005), as described
previously (Kittelmann et al., 2013; Steuer Costa et al., 2017).

Fluorescence imaging. For coelomocyte imaging, animals were either
kept in dark or illuminated for 15 min with a 470 nm LED, 350 ]yLW/mm2
at 20°C. Images were acquired up to 30 min after illumination. Image ac-
quisition was performed with a Zeiss Cell Observer SD with an « Plan-
Apochromoat 100x/1.46 Oil DIC (UV) objective (Carl Zeiss), 488 nm
excitation laser at 40% power, and a Rolera EM-C2 with EM gain of 100,
full resolution, and 100 ms exposure time. Images were exported as
16bit .tif files. In Image] (version 1.47, National Institutes of Health),
ROIs were traced for the anterior coelomocyte and a background area
outside of the animal. Similarly, cell bodies and processes in the ventral
nerve cord were analyzed for fluorescence. Mean intensity of these ROIs
was exported, and fluorescence intensity was corrected for background
intensity before normalization to the NLP-21::Venus marker strain in
the dark (Sieburth et al., 2007); Venus is an enhanced YFP variant.

Analysis of trafficking of NLP-21::Venus-containing DCVs. z stacks
of fluorescence images, enclosing the dorsal nerve cord, were acquired
on a Zeiss Cell Observer Spinning Disk confocal microscope with a
Plan-Apochromat 63x/1.40 Oil DIC M27 objective (Carl Zeiss), 488 nm
excitation laser at 20% power, and a Rolera EM-C2 EMCCD camera
with EM gain of 100, full resolution, and 70 ms exposure time. Live ani-
mals were immobilized on a 10% agarose pad (in M9 buffer) supple-
mented with a drop of 20 mM tetramisole, under a coverslip. To generate
kymographs, we used Fiji (Schindelin et al, 2012) and the Velocity
Measurement Tool (http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/
Velocity_Measurement_Tool). A segmented line was drawn along the
nerve cord process (i.e., the path of moving particles) and used to obtain
line scan kymographs. Trajectories of single DCVs for each kymograph
were traced and analyzed for anterograde or retrograde trafficking, and
velocity, by using the respective features of the macro. Further analysis
was done using Microsoft Excel.

SNN-1:mCherry and NLP-21::Venus colocalization was analyzed on
a Zeiss Cell Observer Spinning Disk confocal microscope (Carl Zeiss)
with 488 nm excitation laser at 20% power, 561 nm excitation laser at
30% power, and a Rolera EM-C2 EMCCD camera with EM gain of 100,
full resolution, and 70 ms exposure time. z stacks of images were taken
and z-projected in Fiji.
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Figure 2.  Synapsin is required for cAMP-induced neuropeptide release. a, NLP-21::Venus

neuropeptides are released from cholinergic neurons and endocytosed by coelomocytes. b,
Representative images of coelomocytes in bPAC, snn-1, and snn-7;bPAC animals, without
and with photostimulation. False color representation: scale bar, 10 um. ¢, Fluorescence
quantification in coelomocytes, normalized to fluorescence level in nonstimulated wt. Data
are median and 25/75 quartiles (thick and thin lines), min to max. Fluorescence (d) and
quantification (e) of NLP-21::Venus in cell bodies and processes of cholinergic neurons, in wt
and snn-1(tm2557) mutants. Number of animals indicated. ¢, e, Data are mean % SEM.
*¥p < 0.01; ***p < 0.001; two-way or one-way ANOVA with Tukey test or Bonferroni
correction.

Fluorescence analysis of DCVs after photo-bleaching. Single z plane
images were acquired on a Zeiss LSM 780 confocal microscope (Carl Zeiss)
for photo-bleaching experiments. Photo-bleaching was performed using an
Argon laser power set to 100% 514nm output. Immediately after photo-
bleaching, a 400-frame image stream was acquired at 2 volumes per second.
Kymographs and motion analyses were done as described above.

Experimental design and statistical analysis. Experiments/data analy-
ses, particularly for EM analyses, were performed blind to the experimenter.
Data are given as mean * SEM. Significance between datasets after two-
tailed Student’s ¢ test or after ANOVA is given as p value, the latter after
Bonferroni’s multiple comparison test, or Tukey’s post hoc test. For some of
the analyses of DCV trafficking, no normal distribution of the data was
observed; thus, Kruskal-Wallis tests were used, with Dunn’s post-tests. Data
were analyzed and plotted in GraphPad Prism (GraphPad Software, version
5.01), or R (version 3.2.1, libraries dtw, ape, gplots; http://www.R-project.
org/), or OriginPro 2015G (OriginLab).

For empirical cumulative distribution functions, the sum of SV linear
distances to the DP was divided by the profile area, to represent the dis-
tribution of SVs relative to the DP in a profile area-independent manner.
These values were plotted as an empirical cumulative distribution func-
tion to show the distribution of SVs across the profiles in one group.
Equivalency of distributions was analyzed by a Kolmogorov-Smirnov
test between groups. We report the empirical distribution functions as
originating from different distribution functions when the Kolmogorov—
Smirnov test p value is <0.05. We conclude that the distribution of SVs
relative to the DP is changed across groups that fulfill this statement.

Results

Synapsin mediates the effects of cAMP in synaptic augmentation
As we found previously, bPAC stimulation in cholinergic neu-
rons of C. elegans (thus generating cAMP acutely) increased
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locomotion speed and body bending angles, through a mecha-
nism involving PKA signaling, neuropeptide release, and neuro-
peptide-mediated increased filling of cholinergic SVs (Steuer
Costa et al.,, 2017). However, the synaptic target(s) of PKA that
mediate these effects were as yet unknown. To identify such pro-
teins, we assessed candidate synaptic cAMP- and PKA-target
mutants for altered bPAC-evoked behavioral parameters, using
video microscopy. We tested a modulator of synaptic strength
(EPAC-1) (Kaneko and Takahashi, 2004), and the PKA targets
UNC-68 (ryanodine receptor, which affects synaptic mPSC fre-
quency and amplitude) (Q. Liu et al., 2005), as well as synapsin
SNN-1. As controls, we included unc-31 (CAPS) mutants (lack-
ing neuropeptide release) and pde-4d (PDE(gf)) animals with
constitutively active phosphodiesterase and thus reduced cAMP
levels (Charlie et al., 2006a).

Data were acquired for individual animals and averaged
to estimate differences (i.e., changes of locomotion bending
angles or speed) relative to before illumination (Fig. 1a,b).
During 25 s photostimulation, bending angles increased pro-
gressively and stayed elevated afterward (they return to base-
line after ~90 s) (Steuer Costa et al., 2017). Locomotion
speed showed a transient increase; while animals continue
exaggerated movement, as their body bending increases,
their net speed goes down. Since some genotypes had very
different basal values, we normalized the data and used
dynamic cluster analysis to compare them and identify
potential mechanisms underlying the effects on the induced
behaviors. Yet, since locomotion behavior is influenced by
multiple circuits beyond the motor neurons, as well as mus-
cle, it is unlikely that single molecular pathways can be con-
nected to distinct behavioral aspects. Thus, we rather used
the behavioral analysis to pinpoint interesting genes for fur-
ther analysis. We used wt or lite-1 background to account for
photophobic responses to blue light (Edwards et al., 2008).
epac-1, unc-68, and unc-31 mutants, but not snn-1 and PDE
(gf) animals, showed the progressive increase of bending
angles, such as wt (Fig. 1a,c). bPAC-stimulated wt animals
moderately increased their speed, which was similar in unc-
68 and epac-1 mutants; however, a much larger speed
increase was observed for unc-31, PDE(gf), and snn-I
(tm2557) mutants (Fig. 1b,d). snn-1(tm2557) mutants were
the only animals that mimicked PDE(gf) mutants in both
behaviors, differing from wt, and they phenocopied unc-31/
CAPS mutants (lacking neuropeptide release) in speed
increase. We therefore analyzed snn-I mutants in more
detail.

The snn-1(tm2557) allele truncates the 3’-half of the gene,
likely eliminating its expression (Fig. le). Even if some expres-
sion remains, only the N-terminal half, including the PKA phos-
phorylation site I (serine 9), would be produced, while
truncation of the central C domain, interacting with SVs and
actin, should abolish synapsin function. To assess whether snn-1I
mutants have a general defect in cholinergic transmission, these
neurons were stimulated using channelrhodopsin-2 (ChR2).
During stimulation, ACh is released and the body shrinks
because of evoked muscle contraction, with characteristic differ-
ences depending on the type of mutant (Liewald et al., 2008).
snn-1 mutants contracted significantly less than controls (Fig.
1f). This may indicate a reduced release rate, but could also
reflect reduced SV filling state, as we previously observed in unc-
31 mutants lacking neuropeptide release (Steuer Costa et al.,
2017). It does not indicate a strong synaptic defect, though,
because such mutants (e.g., lacking synaptobrevin or UNC-13)
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Figure 3.  Postsynaptic currents at the NMJ after presynaptic bPAC and ChR2 stimulation uncover SNN-1 function in SV release and cAMP-dependent amplitude increase. a, Postsynaptic cur-

rents (voltage clamp of body wall muscle cells) before (I), during (Il), and after (Ill) presynaptic bPAC stimulation in cholinergic neurons, in wt (blue) or snn-1(tm2557) background (red). b,
Mean (==SEM) mPSC events per second and (c) mPSC amplitudes, in 1 s bins, before, during, and after photoactivation (blue bar), in animals expressing bPAC in wt and snn-7 mutants. d, e,
Group data from b, ¢, averaged in the indicated time windows I, II, and Il. f, Postsynaptic currents after ChR2 stimulation (blue bar), in wt and snn-1(tm2557). g, h, Mean (==SEM) mPSC fre-
quency and amplitude are not different before stimulation. i, ChR2 photostimulation-evoked PSCs are reduced in snn-1(tm2557) animals. j, k, mPSC rate and amplitudes before, during, and af-
ter the light stimulus, averaged in the same time windows as in a—c. d, e, j, k, *p << 0.05; **p < 0.01; ***p << 0.001; one-way repeated-measures ANOVA with Bonferroni correction.

contract stronger than wild type, because of a homeostatic
increase of postsynaptic excitability (Liewald et al., 2008).

Synapsin is required for neuropeptide release

First, we assessed bPAC-induced neuropeptide release.
Exocytosis of neuropeptide precursors fused to a fluores-
cent protein can be detected in so-called scavenger cells
(coelomocytes). These kidney-like cells “clean up” the body
fluid by endocytosis. Coelomocytes become fluorescent
when Venus-tagged NLP-21 neuropeptides are expressed
in, and released from, motor neurons (NLP-21 is expressed
intrinsically in these cells; Fig. 2a) (Sieburth et al., 2007).
bPAC stimulation induced NLP-21::Venus release, and was
abolished in unc-31/CAPS mutants, as we showed previ-
ously (Steuer Costa et al., 2017). Release was also abolished
in snn-1(tm2557) mutants (Fig. 2b,c), despite a significant
enrichment of NLP-21::Venus in neuronal cell bodies and

processes, compared with wt (Fig. 2d,e). The latter likely
results from an inability to release neuropeptides.

Previously, we showed that bPAC stimulation increases SV
release rate and mPSC amplitude in patch-clamp recordings:
The amplitude increase resulted from neuropeptide release,
impacting on filling of SVs with ACh, and mutation of unc-31
abolished the mPSC amplitude increase (Steuer Costa et al,
2017). In snn-1(tm2557) mutants, the mean basal mPSC rate was
slightly reduced (Fig. 3a,b), although not significantly different
from wt (Fig. 3d). bPAC stimulation increased the mPSC rate in
wt, and likewise in snn-1(tm2557) animals (Fig. 3a,b,d). Yet,
unlike wt (and like unc-31), snn-1 animals showed no increased
mPSC amplitudes (Fig. 3¢,e), suggesting that synapsin is required
for neuropeptide release.

The lack of bPAC induced neuropeptides and thus the
reduced filling state of ACh vesicles in snn-1 mutants may also
underlie the reduced body contraction we observed in response
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Figure 4.  Electron microscopy analysis of the NMJ reveals reduced SV release, altered SV redistribution after stimulation, and smaller SV diameter in snn-1(tm2557) mutants. a, Thin section
of a wt cholinergic neuron synaptic terminal. The DP is indicated. Black arrows indicate SVs. Black arrowheads indicate docked SVs. White arrow indicates DCV. White arrowhead indicates stim-
ulation-induced endosomal LV. b, Same as in a, but after 30 s blue light stimulation. ¢, 3D reconstruction of snn-7;bPAC synapses, dark control (left) and 30 s photostimulated (right). Synaptic
structures as in @, b are indicated. d, Number of docked SVs and (e) total SVs per profile, normalized to perimeter or area, respectively. Data shown as median and 25/75 quartiles (thick and
thin lines), min to max. Number of sections analyzed is indicated. f, g, Mean size characteristics of synapses analyzed by EM in this work. Mean perimeter and area per profile, per condition
and genotype, as indicated. h, i, Quantification of endocytic LVs, induced by bPAC stimulation. Largest diameter of individual LVs observed (h), and mean LV number per synaptic profile (i). j,
Binned distribution of docked SVs per profile, at indicated distances (along the PM) to DP, in wt or snn-1(tm2557) before and after 30 s stimulation. k, Binned distribution of SVs in the RP in
snn-1 versus wt, before and after 30 s stimulation, at indicated linear distances to the DP (analyzed in 33 nm bins). /, Summary analysis of SVs per profile in 100 nm bins of linear distances to
DP, as indicated. m, Empirical cumulative distribution plot of summed distances of RP SVs to DP per profile. n, Volume of SVs (n = 4067, 2079, 1400, and 1888), for the indicated genotypes
and conditions of bPAC stimulated synapses. SV inner diameter was measured and used to calculate the volume. Also shown are means, medians, interquartile range. Whiskers represent 5-95
percentile. All statistical comparisons (ANOVA with Bonferroni correction) were highly significant because of high n values. o, SV volumes, as in i, were averaged per profile, for profiles with
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to cholinergic ChR2 stimulation (Fig. 1f). However, synapsin’s  currents were significantly smaller in snn-1 animals (mean
role in organizing the RP makes it likely that a defect in synaptic = evoked amplitude was ~25% of wt; Fig. 3i). Also, the rate of
transmission per se contributes to this finding. We thus recorded =~ evoked PSCs was much more increased in wt than in sun-I
evoked PSCs following ChR2 stimulation of cholinergic neurons  mutants (Fig. 3f). During the stimulation phase, mPSC ampli-
(Fig. 3f~k). snn-1 mutants had normal mPSC frequency and am-  tude increased for wt, but not for snn-1 (Fig. 3k). Thus, snn-1
plitude before the light stimulus. However, photo-evoked peak  mutants release fewer SVs on depolarization, in line with a
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function of SNN-1 in providing SVs for docking, and also for
ongoing acute release, when SVs must be efficiently mobilized
from the RP.

Synapsin mutants have normal SV numbers, but reduced
DCYV numbers at synapses

To assess the role of SNN-1 in synaptic transmission, and specifi-
cally in neuropeptide release, we looked at the synaptic ultra-
structure. High-pressure-freeze electron microscopy (Kittelmann
et al., 2013; Steuer Costa et al., 2017; Yu et al., 2018) can be used
to analyze the content and distribution of synaptic organelles in
the terminals of cholinergic motor neurons, including SVs,
docked SVs, DCVs, and large vesicles (LVs), which are endo-
somes formed after activity-induced SV release (Fig. 4a—c).

First, we analyzed SV abundance. bPAC stimulation strongly
reduces the number of docked SVs, as well as overall SV num-
bers throughout the terminal (i.e., the sum of RRP and RP) in wt
animals (Steuer Costa et al., 2017). No obvious difference in SV
numbers was observed between unstimulated wt and sun-1
(tm2557) mutants (Fig. 4d,e). This is surprising given that mam-
malian synapses lacking synapsin show largely reduced SV con-
tent (Gitler et al., 2004; Milovanovic et al., 2018), but is in line
with our finding of unaltered spontaneous SV release rate (Fig.
3b,d). Yet, on ChR2 stimulation, snn-1 mutants demonstrated
significantly reduced SV release (Fig. 3f,i). Since docked SVs
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were similarly reduced in wt and snn-1 mutants after photosti-
mulation (Fig. 4d), and since no significant reduction of the RP
was observed in snn-1 animals, unlike in wt (Fig. 4e), the reduced
ePSC rate must reflect a defect of the snn-1 animals to mobilize
SVs from the RP. Compared with wt synapses, snn-1 synapses
were smaller (Fig. 4f,¢) and did not accumulate endocytic LVs on
bPAC stimulation (Fig. 4h,i), probably as reduced SV release
necessitated less SV recycling. Nonetheless, snn-1 synapses
increased their size in response to 30 s bPAC stimulation, as did
wt.

Second, we analyzed the distribution of docked SVs, relative
to the DP (central to the active zone). This was similarly altered
by bPAC stimulation in snn-1 and wt (Fig. 4f). Synapsin there-
fore does not directly affect SV priming or exocytosis. Analysis
of the RP distribution (Fig. 4k-m) showed that depending on
which “spheres” of SVs were analyzed in different distances to
the DP, some regions showed different SV content in wt versus
snn-1 mutants in unstimulated animals (100-200 nm; Fig. 41).
Upon bPAC photostimulation, SVs in snn-1 mutants were more
depleted near the DP. If SVs approach the active zone by tether-
ing to the DP, and then are docked and distributed laterally,
depletion of SVs near the DP may reflect a deficit in refilling of
the RRP, again supporting a role of synapsin in mobilizing the
RP.

Third, we analyzed SV size. We previously found that bPAC
stimulation, cAMP and neuropeptide signaling regulate SV load-
ing with ACh, and thus SV diameter, and this was abolished in
unc-31/CAPS mutants (Steuer Costa et al.,, 2017). Also, snn-1
mutants had significantly smaller SVs, which did not increase
their size on bPAC stimulation (Fig. 41,0). Thus, in line with our
findings of abolished neuropeptide release, snn-1 mutants also
do not upregulate SV filling.

Fourth, we analyzed the distribution and fate of DCV's in snn-
1(tm2557) synapses before and after bPAC stimulation. DCVs
were significantly reduced in snn-1 mutants, compared with wt,
under both conditions, in sections containing the DP (Fig. 54,b),
and in sections neighboring the DP (to ~240 nm axial DP dis-
tance; Fig. 5¢,d,f). We also assessed the radial distribution of
DCVs relative to the DP. DCVs were most abundant in 150-
250nm distance to the DP, peaking at ~233nm (Fig. 5d.e).
Although bPAC stimulation caused DCV depletion in the
150 nm bin (Fig. 5e), overall distribution and abundance were
similar to without stimulation, peaking at 200-230 nm radial dis-
tance to the DP in wt. However, in snn-1(tm2557) mutants,
DCVs peaked at 250-350 nm radial distance, with no marked
further depletion on bPAC stimulation. The reduction of DCVs
in snn-1 mutants indicates that DCVs are delivered to snn-1I ter-
minals but may not be efficiently tethered there to be eventually
released. Thus, they may be “lost” to the neuronal process and
cell body (Fig. 2d).

As reported previously (Hammarlund et al., 2008), DCVs did
not cluster at active zones, but distributed evenly along the axon.
DCVs in sections flanking the DP out to 240 nm (Fig. 5f) did not
exhibit any obvious peak, yet they were depleted in snn-1 synap-
ses (also out to 800 nm; see Fig. 7). In sum, snn-1 mutants have
reduced DCV numbers in synapses, which are not released in
response to bPAC stimulation.

Synapsin S9A and S9E phosphorylation site mutants show
behavioral and electrophysiological defects

cAMP augments SV release and induces neuropeptide release
(Steuer Costa et al.,, 2017), and here we show that this is facili-
tated by synapsin. Despite effects on distribution and
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SNN-1B serine 9 mutations affect behaviors and postsynaptic currents induced by bPAC stimulation. a-f, Multiworm tracking (Swierczek et al., 2011) analysis of SNN-1B S9A and

S9E mutants, as well as snn-7 and wt animals (V=4 or 5 replicates, n =60-100 animals each). S9A and S9E mutations affect bPAC induced changes in crawling velocity (a,b) and bending
angles (c-f; e, f, normalized to initial value) compared with wt and snn-1(tm2557). a, ¢, e, Mean (==SEM). b, d, £, Velocities and bending angles in the indicated time windows shown as me-
dian and 25/75 quartiles. Blue shade in a, ¢, e represents illumination period. g, h, Mean, normalized mPSC events per second before (I), during (Il), and after (Il) presynaptic bPAC stimulation
in cholinergic neurons, in the indicated genotypes. Blue bar represents blue light stimulation period. i, j, Mean (==SEM) normalized mPSC amplitudes in 1 s bins, before, during, and after pho-
toactivation. k, Frequency distribution analysis of mPSC amplitudes in different time periods before, during, and after bPAC photostimulation, as indicated. Datasets represent 3223-13,348 sin-
gle events. A shift to generally higher amplitudes is apparent for wt, S9A, and S9E animals, but no distinct populations of higher mPSC amplitudes emerge. *p < 0.05; **p < 0.07;
*¥%p < 0.001; paired and unpaired ¢ test (b,d,f) or two-way ANOVA (a,c.e,hj) with Bonferroni post-test. g, i, Some data are replotted from Figure 2.

mobilization, the bPAC-induced increase of SV release was not
abolished in snn-1(tm2557) mutants, which may retain the N-
terminal half of the protein (Fig. 1e). PKA-mediated phosphoryl-
ation of serine 9 reduces the affinity for actin, and was suggested
to regulate SV mobilization (Hosaka et al.,, 1999; Cesca et al.,
2010). To explore this in C. elegans and to assess the potential
function of S9 in synapsin SNN-1B function, we obtained point
mutations by CRISPR/Cas9-mediated genome editing: S9A abol-
ishes phosphorylation and mimics a constitutively dephospho-
rylated state, and S9E mimics constitutively phosphorylated
synapsin.

First, we assessed their behavioral phenotypes (Fig. 6a-f). To
facilitate these measurements, we used a multi-worm tracking
system (Swierczek et al., 2011) instead of the analyses we had
performed on single animals (Stirman et al., 2011) as shown in
Figure 1. Upon photostimulation, velocity transiently increased
for all genotypes tested but was generally higher for all mutants
and most pronounced for snn-1(tm2557), while both S9A and
S9E animals crawled at an intermediate velocity (Fig. 6a,b).
These elevated speeds were slowly decreasing, likely because ani-
mals continued increasing their bending angles in response to
bPAC stimulation (Fig. 6¢c-f): Bending angles were generally
higher for S9A and S9E mutants. Upon illumination, all strains
showed a biphasic behavior: A brief increase in bending was fol-
lowed by a transient drop, after which bending angles increased
again and kept doing so even after the light stimulus ended. This
indicates a strong and persistent CAMP generation that causes
sustained (PKA-dependent) effects that are enhanced by the

absence of SNN-1. S9A and S9E mutants behaved similarly.
They had an intermediate effect on locomotion velocity increase,
and thus did not affect synapsin function as severely as the dele-
tion mutant. However, they showed the highest basal bending
angles, and most pronounced increases therein. The phosphomi-
metic and phospho-deficient mutations showed no obvious
opposing differences in their behaviors, although S9A animals
increased bending significantly less.

To address possible differences between S9A and S9E mutants
in more detail, we used electrophysiology. Both mutants had
essentially the same relative increase in mPSC rate during bPAC
stimulation as wt (Fig. 6g,h), and as snn-1(tm2557) mutants. The
deletion mutant had a prolonged increase in mPSC rates com-
pared with the other genotypes. With respect to mPSC ampli-
tudes, the S9A mutant showed an increase, like wt, while SIE,
just as the snn-1(tm2557) mutant, showed no amplitude increase
during bPAC stimulation (Fig. 6i,). This may indicate that SNN-
1B(S9E) animals do not release neuropeptides, which could be
because of an inability to tether DCVs and to capture them near
synaptic release sites.

To analyze whether there was a general increase in mPSC am-
plitude in wt, and/or whether there may be different populations
of SVs filled to a different extent with transmitter, we performed
a frequency distribution analysis of mPSC amplitudes (Fig. 6k).
We did not observe any distinct populations of amplitudes,
which equally distributed over a wide range, but with a clear
maximum between 10 and 20 pA. We observed that, in wt, a gen-
eral increase in amplitudes occurred during the light stimulus
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and returned to basal levels after the light was turned off. In snn-
1(tm2557) animals, this increase was not observed, as was the
case for unc-31 mutants (data included here was reanalyzed from
Steuer Costa et al., 2017). Interestingly, unc-31(n1304) as well as
snn-1(tm2557) animals exhibited a significant difference
(increase for unc-31) in mPSC amplitudes after the end of the
light stimulus. For S9A animals, we observed an increase as in
wt, and also SOE animals showed a significant increase during
light; however, this increase was significantly smaller than the
one observed in wt. After light off, S9E animals even showed a
drop in mPSC amplitudes below basal levels.

SNN-1B(S9B), but not S9A mutants, resemble snn-1(tm2557)
deletion mutants in their DCV distribution after bPAC
stimulation

We further explored the ability of SNN-1B(S9) mutants to tether
DCVs by HPF-EM. Therefore, the axial distribution of DCVs in
the S9A and S9E mutants was analyzed up to 800 nm from the
DP/synapse region (Fig. 7a-d). All mutants showed significantly
less DCVs than wt, both without and with bPAC stimulation
(Fig. 7ef). In addition, following photostimulation, we found a
significant enrichment of DCVs at sites distal to the synaptic ter-
minal/DP region in the snn-1(tm2557) and the S9E mutants,

whereas S9A and wt did not increase DCV numbers distal to the
DP (Fig. 7a-e). This could indicate that the tm2557 and S9E
mutants, either because of the lack of SNN-1 or because of the
inability to capture DCVs with a constitutively “phosphorylated”
S9 residue, are unable to accumulate DCVs at synapses. Instead,
the few DCVs present there were even further depleted, while
DCVs accumulated outside synapses, in line with NLP-21:
Venus imaging (Fig. 2d).

Without SNN-1, DCVs cannot be retained at release sites,
while they accumulate and become immobilized in axonal
processes in SNN-1(S9A) mutants

Last, we analyzed the dynamic properties of DCVs (ie., their
trafficking in cholinergic motor axons). We used time-lapse
imaging of NLP-21::Venus-containing DCVs, expressed in the
dorsally innervating A-type (DA) class of motor neurons (Fig.
8a; Extended Data Movie 1). Dorsal axonal processes were
imaged as confocal stacks (4 volumes/s), and maximum-pro-
jected. Line scans were used to generate kymographs, for analysis
of anterograde and retrograde traftic of DCVs, as well as their
stationary accumulations (Fig. 8b). The stationary fluorescent
particles may represent DCV release sites, near which DCVs are
captured and made available for fusion. Distinct capture, as well


https://doi.org/10.1523/JNEUROSCI.2631-20.2021.video.1

Yuetal. ® Synapsin Is Required for Neuropeptide Release J. Neurosci., May 12,2021 - 41(19):4187-4201 - 4197

a imaged region b distance along axon (cell body to left)
D o o)
2| E
R
A S
5
dendrite o
soma s sl il
DA motor neuron class o DCV capture O DCV fusion
0.8+
C 4 713 318 193 520 386 266 103 318 d >
G g 06 |
E Il wild type = @ \
=1 _ 85
< . M snn-1(tm2557)  + _'LEJ 0.4-
) - C
% I SNN-1(S9A) 5 S
e B SNN-1(S9E) S oo
retrograde
g € cell body
_ Fekk Jekk *kk 400- >k :, g
e 8 f I g
= P 17
& 6 > 300+ A
k) S | ‘j
29 |fa|l 7 17 20 Q H
EN,. O 2004 1T
2’ & 1
3 E : 1
2 9, ® 1001 H
2= S U o)
Lé ' . = 0 14 17 20 q:)
L axon dend. @
(/7] . * * >
h o 401 I 49— T 1 e
S 20 22 23 27 >
 30- 2231 2
— - N
5 2=
% 204 5 =21
» s
> OB
o 10 2 511
8 0 0- A b S -

=

captured / 120s

fraction new DCVs

o

Figure 8.  DCV trafficking in axons of DA-type motor neurons is affected in synapsin mutants. DCVs labeled with the NLP-21::Venus neuropeptide precursor protein were analyzed in axonal
processes of DA motor neurons. a, Schematic showing the region analyzed and location of the line scan used for kymograph analysis. b, Example kymograph, 80 ptm along the axon pointing



4198 - J. Neurosci., May 12,2021 - 41(19):4187-4201

Movie 1.  Trafficking of NLP-21::Venus-containing DCVs in the dendrite of a DA type motor
neuron. [View online]

as release events could be observed (Fig. 8b). We compared wt,
snn-1(tm2557), S9A, and S9E mutants. Mobile particles moved
with mostly uniform velocity, although S9A and S9E mutants
showed significantly slower retrograde traffic (Fig. 8c). Overall, a
similar fraction of the particles observed in each kymograph
were stationary; thus, the mutations did not cause a loss or gain
of release sites (Fig. 84). However, when we assessed the overall
movement for each group of animals, wt showed the highest
accumulated distance covered by the mobile particles, whereas
all snn-1 mutants showed significantly less motility, with the
most prominent reduction for the S9A mutant, which may con-
stitutively tether DCVs (Fig. 8e). To score for general DCV abun-
dance, the overall fluorescence along the axon was measured.
Here, S9A animals showed a significant (>twofold) increase of
DCVs, compared with wt (Fig. 8f), where axon and dendrite
showed similar fluorescence levels. Thus, S9A causes an accumu-
lation of DCVs in axons, probably in between synapses (compare
EM analysis, near synapses; Fig. 7).

Last, we wanted to obtain more information about mobile
DCVs and the propensity of DCV capture in the axon. Because

«—

away from the cell body (anterograde traffic is to the right), and covering 105 s in the time
domain (down). Numerous DCVs traffic, some appear static. Capture events (red circles) occur
when moving partices becomes static. DCV fusion events (green circles; disappearance of
DCV fluorescence) are evident. ¢, DCV velocity (anterograde and retrograde, as indicated) was
analyzed as increments of straight movement, between observable changes in velocity, or
phases of no movement. Number of analyzed increments as well as genotypes are indicated.
d, Fraction of stationary particles per genotype. e, Overall movement was assessed by sum-
ming up the individual distances of each moving increment in axial direction. f, The density
of the fluorescence in the analyzed axonal segments, as well as in wt dendrites, was com-
pared. g, To assess individual DCV traffic, a section of the axon was photo-bleached after 60
s (green arrow), and observation continued for 120 s. DCVs entering the bleached region are
eventually captured (red circles). Shown are two examples. Bottom insets, Three examples of
axons before (b), right after (green arrow), and 120 s after bleach (a; top to bottom). h, The
incidence of new DCVs entering the bleached area was counted. i, Some DCVs entered the
bleached area from the distal region of the axon. j, Fraction of new DCVs being captured. k,
SNN-T::mCherry was imaged along with NLP-21:Venus in the same axon (top). Bottom,
Time-lapse analysis, distance, and time indicated. Few DCVs are seen to move (open white
arrows), whereas others are stationary. SNN-1 puncta are only stationary; some of them
colocalize with stationary DCVs. *p << 0.05; **p << 0.01; ***p < 0.001; one-way ANOVA
with Bonferroni correction (c-f) and Kruskal-Wallis multiple comparisons analysis with
Dunn's test (h—j). ¢—f, h—j, Data are frequency distribution, with median (black) and 25-75
percentile. d—f, h—j, The number of analyzed animals is indicated.
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such events are often obscured by the fluorescence of DCV’s al-
ready present in that segment, we eliminated existing axonal flu-
orescent signals by photo-bleaching (Fig. 8¢). New DCVs could
be observed to enter the bleached segment of the axon and were
eventually captured. Capture sites coincided with regions where
high fluorescence was detected prebleach, indicating that these
are preferred DCV release sites (Fig. 8¢, bottom insets). We then
counted the newly delivered DCVs (i.e., not photo-bleached, Fig.
8h; some DCVs entered the bleached area from the distal end,
Fig. 8i), as well as the fraction of newly arriving DCVs that were
captured (Fig. 8j). Significantly more DCVs were entering in
snn-1(tm2557) animals, and in particular, also from the distal
side. This indicates that, in the absence of synapsin, DCVs cycle
within the axon along microtubules, as they are not captured.
Capture events were largely reduced in snn-1(tm2557) animals.
The S9 mutants were not significantly different from wt; how-
ever, S9E mutants had a very high variability in trafficking
DCVs, and S9A mutants showed a slightly higher capture rate, in
line with the dephosphorylated state being more “sticky” for
DCVs. Last, we assessed where, relative to DCVs, the synapsin
protein is located (Fig. 8k). SNN-1::mCherry was observed in
puncta along the axon, which sometimes coincided with DCV
fluorescence (NLP-21::Venus). Time-lapse analyses showed that
SNN-1 puncta were exclusively static, whereas NLP-21 puncta
were mobile or static. Thus, SNN-1 does not traffic along with
DCVs; however, it may be bound to cytoskeletal elements, or the
SV cluster, and there provide a “sticky” environment for DCVs.
Thus, dual-labeled sites may be capture sites where DCVs inter-
act with SNN-1.

Our findings indicate that SNN-1 phosphorylation by PKA is
required to mobilize DCVs, releasing them from the cytoskele-
ton. However, also the SOE mutation caused reduced DCV motil-
ity, as did the snn-1(tm2557) deletion allele; and while these two
mutants did not release neuropeptides, the S9A animals did
(based on the observed mPSC amplitude increase; Fig. 67). Thus,
synapsin S9 phosphorylation may affect multiple steps of DCV
trafficking and recruitment to release sites, which is abolished in
the deletion allele, and differently affected in S9E and S9A
mutants.

Discussion
Here, we analyzed how synapsin, a known organizer of the SV
cluster, functions in C. elegans cholinergic motor neurons, and
particularly in neuropeptide release. In the snn-1(tm2557) dele-
tion mutant, we observed some alteration in SV localization, a
mild reduction of spontaneous and bPAC evoked SV release, but
a profound defect on (ChR2)-evoked release. This argues for de-
fective mobilization of SVs from the RP, in line with previous
reports (Johnson et al., 1972; Benfenati et al., 1989; Hosaka et al.,
1999; Menegon et al., 2006; Gitler et al., 2008). However, we also
found a previously unknown role of synapsin in neuropeptide
release: snn-1(tm2557) mutants, in response to bPAC-induced
cAMP increase, showed evoked behavior different from wt, no
neuropeptide release, less overall synaptic DCVs but no acute
further reduction of DCVs in terminals, no increase in mPSC
amplitudes, and no SV size increase (i.e., ACh loading). This is
surprising, since in mammalian neurons, synapsin was not asso-
ciated with DCV's (Navone et al., 1984; Pieribone et al., 1995).
SNN-1 is present throughout the axon in a punctate fashion,
immobile, and in some puncta colocalizes with immobile DCVs,
whereas mobile DCVs were not associated with SNN-1. Thus,
the majority of synapsin may only transiently interact with
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Figure 9.  Model. DCVs are delivered from the cell body and circulate in the neuronal pro-
cess. Synapsin is required for DCV capture at synapses. In the absence of synapsin and in the
S9E mutant, DCVs are not retained at synapses but accumulate between synapses and in the
cell body, likely as they cannot be released. In the S9A mutant, DCVs are anchored tightly.
Neuropeptide release, based on electrophysiology (see Fig. 6h), can still occur.

DCVs, in line with EM in mammalian neurons, and we propose
that this occurs at capture sites. In addition, synapsin clusters (or
phase-separated areas) may provide a “sticky” substrate for
DCVs, depending on its phosphorylation state, to slow down
their free movement in the axon, thus promoting capture. On
the other hand, wt SNN-1 also promoted DCV traffic. Possibly,
as it organizes the SV cluster, it may prevent SVs from obstruct-
ing DCV motility. DCV abundance (reduced at synapses,
increased in neurites and somata) and localization were affected
in the absence of SNN-1, as well as in mutants of the phosphoryl-
ation site S9 in SNN-1B: Both abolished (S9A) or “constitutive”
phosphorylation (S9E) caused reduced DCV numbers near the
center of synapses, while S9A accumulated immobile DCVs in
axons. The S9 site may thus affect DCV trafficking and function
by regulating their clustering and/or their interaction with the
cytoskeleton. At synapses, DCVs have to be “captured” from
microtubule tracts. This is largely abolished in snn-1(tm2557)
mutants and affected in S9E animals. However, DCVs also have
to be released again to make them available for fusion (see
model, Fig. 9). The right sequence of these differential dephos-
phorylation/phosphorylation events may be more affected by the
synapsin SOE mutation rather than by S9A because DCVs have
to be bound by synapsin to make them available at release site,
and this may be ineffective in SOE mutants.

The lower number of DCVs in snn-1(tm2557) synapses
showed an altered distribution on stimulation by bPAC, where
they were depleted near DPs and accumulated distal to the syn-
apse. In SNN-1B(S9A) animals, bPAC stimulation did not alter
the DCV distribution at synapses. In S9E animals, as in tm2557,
bPAC stimulation caused an increase of DCVs distal to the syn-
apse. Possibly, activity causes a redistribution of DCVs, but no
proper recruitment at release sites occurs; thus, DCVs may be
“dropped” in these regions of the axon when no synapsin-based
tethering of DCVs can occur. This supports two conclusions: (1)
Contrary to previous publications that attributed “capture”
merely to a tightly regulated balance of anterograde and retro-
grade molecular motors of the tubulin cytoskeleton (Bharat
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et al., 2017; Morrison et al., 2018; Stucchi et al., 2018), our
data suggest that also a direct tethering of DCVs occurs by
synapsin, as established for SVs, to keep them near release
sites. (2) This process appears to depend on S9, where phos-
phorylation leads to release of the captured DCVs to enable
their PM localization and fusion. According to the “conveyor
belt” model of DCV delivery to synapses in Drosophila (i.e.,
by circulation in axons and terminals of motor neurons)
(Wong et al., 2012), also DCVs in C. elegans traffic into the
axon distally and return if they are not captured, possibly
even back to the cell body. This is in line with our kymo-
graphs of NLP-21::Venus tagged DCVs.

The C. elegans genome encodes one synapsin gene, giving rise
to two splice variants, SNN-1A, which lacks the N-terminal A
domain and the S9 phosphosite, and SNN-1B, which includes
the A domain (Fig. le). Our data indicate that the SNN-1B vari-
ant contributes to function in cholinergic neurons. Despite
effects of the snn-1 deletion on synaptic SV distribution and par-
ticularly on SV mobilization from the RP, the bPAC-induced
increase of SV release was only partially affected by SNN-1.
However, the stronger, ChR2 (depolarization)-evoked SV fusion
was largely affected. Synapsin binds to SV membranes through
its central C domain, which is also responsible for dimerization
and interaction with the actin cytoskeleton. Phosphorylation of
S9 affects the affinity for actin and is responsible for PKA-de-
pendent mobilization of SVs from the RP (Hosaka et al., 1999;
Cesca et al, 2010). The snn-1(tm2557) deletion eliminates
regions for SNN-1 interaction with SVs and actin, and affects
dimerization (Esser et al., 1998). Since SV mobilization from the
RP is defective in snn-1(tm2557), the SNN-1 protein may recruit
additional proteins to the SV cluster that promote SV mobiliza-
tion. The almost normal bPAC-induced increase of mPSC rate
in snn-1(tm2557) mutants indicates that cAMP/PKA regulates
SV release not only through SNN-1, but possibly also through
targets that affect priming (e.g., tomosyn) (Baba et al., 2005;
McEwen et al., 2006) or SNAP-25 (Nagy et al., 2004).

SNN-1 is required for DCV fusion. Discharged neuropeptides
activate auto-receptors, increasing the ACh load of SVs (Steuer
Costa et al,, 2017), and this was absent in snn-1 mutants, as it
was in unc-31/CAPS mutants. CAPS-dependent signaling in se-
cretory granule filling was found in chromaffin cells of mice, as
CAPS1 KOs were deficient in catecholamine loading (Speidel et
al.,, 2005) and showed reduced DCV priming and release (Y. Liu
et al., 2008). CAPS1 and CAPS2 were also shown to be required
for SV priming in mice (Jockusch et al.,, 2007). This may be
reflected in C. elegans, as unc-31 mutants lacked not only the
cAMP-induced amplitude increase but also had a reduced mPSC
rate (Steuer Costa et al., 2017). Unlike the findings of Charlie et
al. (2006b), our data place UNC-31 downstream of cAMP/PKA
effects on synapsin, and upstream of neuropeptide release in
evoking increased SV quantal size. Thus, the unknown PKA tar-
get postulated by Zhou et al. (2007) likely is SNN-1. cAMP sig-
naling enables synapses to undergo homeostatic changes, in
response to altered NM]J signaling (e.g., to adapt to different
locomotion regimens) within seconds to tens of seconds. In
mammalian neurons, neuromodulators were shown to affect
synapsin phosphorylation after 30 min through cAMP pathways,
and to alter SV numbers (Patzke et al, 2019). Although the
authors did not assess rapid effects after a few seconds of cAMP
increase, the observed decrease in SV numbers indicates that
cAMP/SNN-1 pathways of SV regulation are conserved during
evolution. These authors also analyzed a number of mutations of
synapsin found in human genetic diseases. Our work implies
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that these pathologies may, at least in part, be mediated at the
level of neuropeptide signaling.
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