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SUMMARY

Autophagy is a cellular degradation pathway essential for neuronal health and function.
Autophagosome biogenesis occurs at synapses, is locally regulated, and increases in response
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to neuronal activity. The mechanisms that couple autophagosome biogenesis to synaptic activity
remain unknown. In this study, we determine that trafficking of ATG-9, the only transmembrane
protein in the core autophagy pathway, links the synaptic vesicle cycle with autophagy. ATG-9-
positive vesicles in C. elegans are generated from the frans-Golgi network via AP-3-dependent
budding and delivered to presynaptic sites. At presynaptic sites, ATG-9 undergoes exo-endocytosis
in an activity-dependent manner. Mutations that disrupt endocytosis, including a lesion in
synaptofanin 1 associated with Parkinson’s disease, result in abnormal ATG-9 accumulation at
clathrin-rich synaptic foci and defects in activity-induced presynaptic autophagy. Our findings
uncover regulated key steps of ATG-9 trafficking at presynaptic sites and provide evidence that
ATG-9 exo-endocytosis couples autophagosome biogenesis at presynaptic sites with the activity-
dependent synaptic vesicle cycle.

In brief

Autophagosome biogenesis occurs near synapses and increases with neuronal activity. The
mechanisms that couple synaptic autophagy with synaptic activity remain unknown. Yang et al.
provide evidence that ATG-9 is on vesicles that undergo activity-dependent exo-endocytosis at
synapses, thus coupling autophagosome biogenesis at presynaptic sites with the activity-dependent
synaptic vesicle cycle.
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INTRODUCTION

Macroautophagy (herein called autophagy) is an evolutionarily conserved cellular
degradative process that is essential for neuronal physiology and survival (Kulkarni et al.,
2018; Liang and Sigrist, 2018; Vijayan and Verstreken, 2017; Tsukada and Ohsumi, 1993;
Yorimitsu and Klionsky, 2005; Sumitomo and Tomoda, 2021). Neurons are particularly
vulnerable to dysfunctional organelles and damaged proteins due to their post-mitotic nature,
polarized morphology, and high metabolic activity states during neuronal stimulation (Son
et al., 2012; Stavoe and Holzbaur, 2019; Menzies et al., 2017). Autophagy is regulated

to cater to these neurophysiological needs. For example, local autophagosome biogenesis
occurs near synapses, and autophagosome biogenesis is coupled to the neuronal activity
state (Bunge, 1973; Soukup et al., 2016; Maday et al., 2012; Stavoe et al., 2016; Katsumata
et al., 2010; Shehata et al., 2012; Hill et al., 2019; Soykan et al., 2021; Wang et al., 2015;
Kulkarni et al., 2021; Vijayan and Verstreken, 2017). Disruption of synaptic autophagy

has been associated with the accumulation of damaged proteins and organelles, synaptic
dysfunction, and neurodegenerative diseases, including Parkinson’s disease (Lynch-Day et
al., 2012; Zavodszky et al., 2014; Karabiyik et al., 2017; Cheung and Ip, 2009; Hou et al.,
2020; Lu et al., 2020).

Molecules that regulate synaptic transmission and function, including proteins involved
in synaptic vesicle exo-endocytosis, were reported to regulate autophagy at presynaptic
sites (Soukup et al., 2016; George et al., 2016; VVanhauwaert et al., 2017; Murdoch et al.,
2016; Kononenko et al., 2017; Binotti et al., 2015; Kuijpers et al., 2021; Andres-Alonso
etal., 2021; Hill and Colén-Ramos, 2020; Azarnia Tehran et al., 2018). For example,

in Drosophila, endophilin A, a protein mainly known for its role in endocytosis, was
proposed to directly regulate autophagosome formation by inducing curved membranes
that can recruit autophagic machinery (Soukup et al., 2016; Milosevic et al., 2011).
Synaptojanin 1, a phosphoinositide phosphatase implicated in the endocytic recycling of
synaptic vesicles (SVs) (Cremona et al., 1999; Verstreken et al., 2003; Harris et al., 2000),
was also reported to play roles in the control of synaptic autophagy in zebrafish and
Drosophila (Vanhauwaert et al., 2017; George et al., 2016). Recent studies have revealed
links between these canonical endocytic proteins and early-onset Parkinsonism (EOP),
suggesting a relationship between the synaptic vesicle cycle (which is tied to synaptic
activity), autophagy, and neurodegenerative diseases (Vidyadhara et al., 2019; Trinh and
Farrer, 2013; Alegre-Abarrategui and Wade-Martins, 2009; Bandres-Ciga et al., 2019;
Schreij et al., 2016; Quadri et al., 2013; Krebs et al., 2013; Zou et al., 2021; Pan et al.,
2020). Yet, the mechanistic links underlying the coupling between synaptic activity and
autophagosome formation remain unknown.

In this study, we examined the dynamics of ATG-9, the only transmembrane protein of

the core autophagy machinery (Noda et al., 2000; Noda, 2017; Webber and Tooze, 2010;
Guardia et al., 2020; Lang et al., 2000), at synapses of C. elegans and mammalian neurons.
ATG-9 cooperates with the lipid transport protein ATG2 in the nucleation of the isolation
membrane in nascent autophagosomes (Sawa-Makarska et al., 2020; G6mez-Sanchez et al.,
2018) and is thought to promote local autophagosome biogenesis through its role as a lipid
scramblase (Guardia et al., 2020; Matoba et al., 2020; Matoba and Noda, 2020; Maeda et
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al., 2020; Ghanbarpour et al., 2021). We find that at synapses, ATG-9 links the synaptic
vesicle cycle to autophagy. Specifically, we observe that in C. elegans neurons, ATG- 9

is delivered to presynaptic sites in vesicles generated by the frans-Golgi network (TGN)

via AP-3-dependent budding. At presynaptic sites, ATG-9-positive vesicles undergo exo-
endocytosis in a synaptic activity-dependent manner. Mutants that disrupt synaptic endocytic
traffic, including a synaptojanin 1/unc-26 allele that mimics a Parkinson’s disease mutation,
result in abnormal accumulation of ATG-9 in clathrin-rich foci, defects in activity-induced
synaptic autophagy, and defects in sustained neurotransmission and locomotory behaviors
in aging animals. In mammalian hippocampal neurons, mutations in endocytic proteins
similarly result in abnormal ATG-9 accumulation in nerve terminals, indicating conserved
mechanisms of ATG-9 trafficking at synapses. Collectively our studies identify regulated
dynamics of ATG-9 trafficking at presynaptic sites and provide insights into mechanisms
that couple the synaptic vesicle cycle (related to synaptic activity) to presynaptic autophagy.

In C. elegans, ATG-9 is transported to synapses in vesicles generated in the trans-Golgi
network (TGN) via AP-3-dependent budding

Autophagy occurs locally at presynaptic sites in response to synaptic activity, and
transmembrane protein ATG-9 plays a critical role in this process (Stavoe et al., 2016;

Hill et al., 2019; Soukup et al., 2016; Wang et al., 2015; Shehata et al., 2012). To
understand the dynamics of ATG-9 at presynaptic sites, we first examined the /in vivo
localization of ATG-9 in the AlY interneurons of C. elegans. AlYs are a pair of

bilaterally symmetric cholinergic interneurons, which display a stereotypical distribution
of presynaptic specializations along their neurites (White et al., 1986; Colon-Ramos et al.,
2007; Altun-Gultekin et al., 2001; Figures 1A, 1B, and 1D). Simultaneous visualization of
the presynaptic marker mCherry::RAB-3 and ATG-9::GFP revealed that ATG-9 localization
in neurons is compartmentalized and enriched at subcellular structures at the cell body and
at presynaptic regions (Stavoe et al., 2016; Figures 1C-1F and 1C").

To identify the ATG-9-positive structures at synapses, we first developed protocols to
locate, image, and reconstruct the ultrastructure of the AlY synaptic Zone 2 region in

the context of the nematode brain (see STAR Methods; Figures SIA-S1F; Video S1)

and performed post-embedding immunogold electron microscopy on transgenic animals
expressing ATG-9::GFP (using anti- bodies directed against GFP). We observed that the
majority of the immunogold particles (75%) localized to the presynaptic areas occupied

by SVs, with occasional localization of gold particles on the plasma membrane (<10%)
(Figures 1G and S1G-S1J). However, the distribution of immunogold particles was
generally non-homogeneous in the synaptic vesicle-positive areas. Accordingly, comparison
by light microscopy with the localization of mCherry::RAB-3 and of a well-established
synaptic vesicle integral membrane protein, SNG-1/synaptogyrin::BFP, revealed strong
colocalization between mCherry::RAB-3 and SNG-1::BFP but subtle differences between
the colocalization of these two synaptic vesicle proteins and ATG-9::GFP (Figures 1H-1K
and S1K-S1M), consistent with the immuno-EM observations and suggestive that ATG-9 is
enriched on a subpopulation of vesicles.

Neuron. Author manuscript; available in PMC 2023 March 02.
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To determine the site of ATG-9 localization within the cell soma, we co-expressed

either ATG-9::mCherry or ATG-9::GFP with other organelle markers. We observed

that ATG-9::GFP was concentrated at sites that overlapped with #frans-Golgi marker
TGN-38::mCherry and that ATG-9::mCherry was directly adjacent to the medial/cis-Golgi
marker AMAN-2::GFP but did not overlap with other organelles markers (Figures 1L-1R,
1L", and S2A-S2H). These findings, which are consistent with observations from yeast
and mammalian culture cells (Noda, 2017; Webber et al., 2007; Ohashi and Munro, 2010;
Yamamoto et al., 2012; Young et al., 2006), indicate a trans-Golgi-specific enrichment of
ATG-9 at the neuronal cell body /n vivo.

The TGN is the compartment where vesicles destined for transport to distinct subcellular
locations are packaged. In vertebrates, adaptor protein complex 4 (AP-4) is particularly
important in exporting transmembrane protein ATG9A from the Golgi apparatus, and
mutations in AP-4 have been associated with neurological disorders (De Pace et al., 2018;
Mattera et al., 2017; Ivankovic et al., 2020; Ebrahimi-Fakhari et al., 1993; Behne et

al., 2020). However, in C. elegans and other invertebrates, no orthologues of AP-4 have
been characterized. Which proteins are then required for the biogenesis of ATG-9-positive
vesicles?

We tested mutants for AP complexes UNC-101/AP-1, DPY-23/AP-2, and AP-3 (Park and
Guo, 2014; Nakatsu and Ohno, 2003; Margeta et al., 2009; Xuan et al., 2021; Figures
S2N-S2Q) and determined that putative null alleles for the three AP-3 complex subunits
(apb-3/B3-adaptin, apm-3/u3, apd-3/6-adaptin) abnormally resulted in higher ratio between
ATG-9 at the cell body and synapses (Figures 1S-1U, 1X, and 1Y). Interestingly, the apb-3
allele did not affect the localization of the synaptic vesicle proteins SNG-1 or RAB-3 to
presynaptic sites, suggesting that the observed decrease of ATG-9 at synapses is not due

to a general problem in synaptic vesicle biogenesis (Figures 1V, 1W, 1Z, and S2I-S2M).
Together, our findings reveal that /n vivoin C. elegans neurons, enrichment of ATG-9 at
presynaptic sites results from AP-3-mediated export of ATG-9-positive vesicles at the TGN.

ATG-9 undergoes exo-endocytosis at presynaptic sites

The observed localization of ATG-9 to vesicles at presynaptic sites, and its occasional
localization in the axonal plasma membrane, raised the possibility that this protein may
be a component of vesicles that undergo exo-endocytosis. To address this possibility,

we imaged ATG-9 synaptic localization in C. elegans neurons in mutants with disrupted
exo-endocytic trafficking at presynaptic sites (Harris et al., 2000; Watanabe et al., 2014;
Sudhof, 1995; Saheki and De Camilli, 2012; Schuske et al., 2003; Li et al., 2016; Figure
2A). We observed that endocytic mutants unc-26(s1710)/ unc-26(e205)/synaptojanin 1,
unc-57(ok310)/endophilin A, and temperature-sensitive dyn-1(ky51)/dynamin 1 displayed
defects in ATG-9 localization at synapses (Figures 2C-2H). For example, in the Al'Y
interneurons presynaptic-rich region (termed Zone 2 [Col6n-Ramos et al., 2007]), the
ATG-9::GFP signal is distributed across this presynaptic area (Figure 2C). However,

in all the endocytic mutants examined, more than 65% of animals displayed abnormal
accumulation of ATG-9::GFP into multiple subsynaptic foci (Figures 2D-2H and S3A).
To quantify the genetic expressivity of the phenotype, we defined an index for ATG-9
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mislocalization (STAR Methods). We found that in the endocytic mutants there was

a significant difference in the subsynaptic localization of ATG-9, with more than 1.7-

fold increase in the index of ATG-9 mislocalization, reflecting abnormal enrichment at
discrete foci within the presynaptic regions for loss-of-function alleles of unc-26(s1710),
unc-57(0k310), and temperature-sensitive allele dyn- 1(ky51) (Figure 2K). Expressing
unc-26 cDNA cell specifically in the ALY interneurons of unc-26(e205) mutants rescued
ATG-9 defects at the synapse, indicating that UNC-26 acts cell autonomously in neurons to
prevent abnormal ATG-9 accumulation at subsynaptic foci (Figures S3E-S3G).

If the accumulation of ATG-9 at abnormal foci in endocytic mutants is due to abnormal
endocytic traffic, then mutants in exocytosis should suppress this phenotype. To test

this hypothesis, we examined putative null alleles unc-13(s69)/Munci3 and unc-18(e81)/
Munci8, which encode essential components of synaptic vesicle exocytosis (Hata et

al., 1993; Richmond et al., 1999). Single mutants of unc-13(s69) and unc-18(e81)

did not disrupt ATG-9 localization (Figures S3A, S3H, and S3I). Importantly, double
mutants of unc-13(s69),unc-26(e205) and unc-18(e81),unc-26(s1710) suppressed the
unc-26/synaptojanin 1 mutant phenotype, indicating that the accumulation of ATG-9 at
abnormal foci depends on synaptic vesicle exocytosis (Figures 21-2K and S3A).

Our genetic perturbations in C. elegans are consistent with ATG-9-positive vesicles
undergoing exo-endocytosis at presynaptic sites. To better examine this, we imaged ATG-9
dynamics in a loss-of-function allele of phosphofructokinase 1/pfk-1.1(gk922689). The
absence of phosphofructokinase, like the absence of other glycolytic proteins, results in
impaired synaptic vesicle endocytosis during transient hypoxia (Jang et al., 2016). Through
the use of a microfluidic device that allows precise control of transient cycles of normoxia
and hypoxia, we can temporally control the endocytic reaction (Jang et al., 2021). We
examined ATG-9 localization in the synaptic Zone 3 region (Figures 2B and 2B”). We
observed that in pfk-1.1(gk922689) mutants, transient inhibition of endocytosis during
transient hypoxia correlated with ATG-9 re-localization from discrete presynaptic clusters
in the synaptic Zone 3 region, to a more diffuse distribution, consistent with what would

be expected if ATG-9 were trapped at the plasma membrane due to short-term defects in
endocytosis (Figures 2L and S3J). Conversely, removing the endocytic block by shifting

to normoxia rescued the localization of ATG-9 to the presynaptic clusters (Figure 2L).
Moreover, inhibition of exocytosis in unc-13(s69) mutants suppressed the transient hypoxia-
induced ATG-9 re-localization in pfk-1.1(gk922689) mutants (Figures S3K-S3L). Our data
indicate that ATG-9-positive vesicles undergo exo-endocytosis at presynaptic sites by using
the synaptic vesicle cycling machinery.

Biochemical evidence that ATG-9 travels to and from the plasma membrane

Our results are consistent with published evidence that ATG-9 can be exposed at the

cell surface and then re-internalized by endocytosis in mammalian fibroblastic cells, as
revealed by immunocytochemistry following perturbation of a critical endocytic factor,
dynamin, either pharmacologically or by dominant interference (Puri et al., 2013; Feng

and Klionsky, 2017; Zhou et al., 2017). To obtain direct biochemical evidence for ATG-9
exo-endocytosis, we performed cell surface biotinylation experiments (with Sulfo-NHS-LC-

Neuron. Author manuscript; available in PMC 2023 March 02.
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Biotin) in tamoxifen-inducible dynamin 1 and 2 double-knockout (DKO) mouse fibroblasts
(Ferguson et al., 2009). A pool of ATG9A, and of transferrin receptor (TfR) as a control,
was detected at the plasma membrane in control fibro-blasts, and these pools were enhanced
in fibroblasts where the expression of dynamin 1 and 2 had been suppressed by tamoxifen
(Figures 2M, 2N, and S5A-S5C), providing biochemical evidence that ATG-9 travels to and
from the plasma membrane and that its internalization depends on endocytic proteins. These
results, together with our light microscopy findings, support a model that ATG-9 cycles, by
exo-endocytosis, between intracellular vesicular compartments and the plasma membrane.

ATG-9 mislocalization phenotypes can be predictably altered by manipulating the AlY
activity state

Local synaptic autophagy increases with increased neuronal activity states (Hill et al., 2019;
Soukup et al., 2016; Katsumata et al., 2010; Shehata et al., 2012; Soykan et al., 2021;
Kulkarni et al., 2021). To determine if ATG-9 exo-endocytosis links the activity state of
neurons with autophagy, we examined if the mislocalization phenotype of ATG-9 could be
modified based on the neuronal activity state.

AIlY neurons in C. elegans are part of the thermotaxis circuit, which allows animals

to navigate toward their cultivation temperature, and the activity state of AlY increases
based on the cultivation temperature at which the organism is reared (Hawk et al.,

2018; Figures S4A-S4C). When we examined the ATG-9 phenotype in unc-26(s1710)/
synaptojanin 1 mutants under these conditions, we observed that the penetrance of the
ATG-9 phenotype similarly varied depending on the cultivation temperature of the animals,
and that the temperature-dependent increases of abnormal ATG-9 foci in unc-26(s1710)/
synaptojanin 1 mutant animals were suppressed by the exocytosis mutant unc-13(s69)
(Figure 3A). Moreover, chemo-genetic silencing of AlY through cell-specific expression
of the heterologous histamine-gated chloride channel (HisCl) in AlY (Pokala et al., 2014;
Hill et al., 2019) partially suppressed temperature-related abnormal increases in ATG-9
foci observed for unc-26(s1710)/synaptofanin 1 mutants (Figures 3B, 3C, and 3F). Similar
results were observed when we expressed the inhibitory light-driven chloride pump (NpHR)
(Lietal., 2014; Zhang et al., 2007) in the AlYs of unc-26(s1710)/synaptojanin 1 mutants
and activated them with light (Figures 3D-3F).

These chemo-genetic, optogenetic, and physiological approaches to manipulate AlY activity
state support the hypothesis that the ATG-9 mislocalization phenotype can be manipulated
by increasing or decreasing neuronal activity and that ATG-9 exo-endocytosis responds to
the synaptic activity state.

In unc-26/synaptojanin 1 mutants, ATG-9 accumulates at presynaptic, clathrin-rich sites

To identify ATG-9-positive structures in unc-26/synaptojanin 1 mutants, we performed
electron microscopy studies of transgenic animals expressing ATG-9::GFP in unc-26/
synaptojanin 1 mutants (Figures 4A, 4B, and S6). Staining against ATG-9::GFP, we
observed fewer gold particles in unc-26(e205) mutants than in wild-type (WT) synapses,
consistent with confocal imaging data that showed reduced intensity of ATG-9::GFP

at unc-26 mutant synapses (Figures S3B-S3D). ATG-9 labeling, although reduced,
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concentrated near vesicular structures within the cross-sectional areas of Zone 2 (Figures
4A, 4B, and S5D).

Synaptojanin 1 plays conserved roles in clathrin-mediated endocytosis, and in C. elegans,
Drosophila, and vertebrates, mutations in synaptojanin 1 result in the accumulation of
clathrin-coated, abnormal endocytic intermediates (Harris et al., 2000; Verstreken et al.,
2003; Cremona et al., 1999; Kim et al., 2002; Milosevic et al., 2011; Saheki and De Camilli,
2012; Figure S6). To determine whether ATG-9 colocalized with these intermediates, we
simultaneously imaged ATG-9::GFP and BFP::CHC-1/Clathrin Heavy Chain in the AlY
interneurons of WT animals and unc-26(s1710)/synaptojanin 1 mutant animals (Figures
4C-4E, 4L, and S5M-S50). We found that in the unc-26(s1710) mutants, CHC-1 synaptic
signal increased, localized to abnormal foci at synapses (Figures 4D and S5E-S5H), and
colocalized with abnormal ATG-9 foci (Figures 4C—4E and 4L). We note that, although
synaptojanin 1 is also required for the endocytic traffic of synaptic vesicle proteins, we

did not observe synaptic vesicle proteins in a pattern similar to the clathrin-rich structures,
indicating that mutations in endocytic proteins affect ATG-9 and a bona fide synaptic vesicle
protein differently (Figures 4F-4H, 4L, and S51-S5L). Moreover, simultaneous imaging of
ATG-9::mCherry and of the autophagosome marker, GFP::LGG-1/Atg8/GABARAP (Alberti
et al., 2010; Manil-Ségalen et al., 2014; Wu et al., 2015; Stavoe et al., 2016; Hill et al.,
2019) in the unc-26(s1710)/synaptojanin 1 mutants did not reveal ATG-9 enrichment on

the LGG-1-containing compartments, which usually corresponds to nascent autophagosomes
(Alberti et al., 2010; Manil-Ségalen et al., 2014; Wu et al., 2015; Stavoe et al., 2016; Hill

et al., 2019) (however, they sometimes appeared adjacent to each other [Figures 41-4L and
S5P-S5RY]).

In autophagy mutants, ATG-9 accumulates into endocytic intermediates at presynaptic

sites

The critical role of ATG-9 in autophagy predicts that disruption of autophagy should impact
ATG-9 localization (Reggiori et al., 2004; Sekito et al., 2009; Lu et al., 2011). Thus,

we also examined ATG-9 localization in mutants with disrupted autophagy (Figure 5A).

In loss-of-function alleles unc-51(e369)/ATG1, epg-9(bp320)/Atg101, atg-13(bp414)/epg-1,
and epg-8(bp251)/Atg14 (Crawley et al., 2019; Liang et al., 2012; Huang et al., 2013) that
affect early steps of autophagosome initiation, we observed abnormal focal accumulation of
ATG-9 at presynaptic sites (Figures 5B-5G). Similar to unc-26 mutants, the abnormal focal
accumulation of ATG-9::GFP in epg-9(bp320) autophagy mutants colocalized with clathrin
heavy chain BFP::CHC-1 (Figures S7TA-S7C). We also observed that the penetrance of the
ATG-9 phenotype in epg-9(bp320) mutants varied according to the cultivation temperature
of the animals (which relates to the activity state of the AlY interneurons (Hawk et al., 2018;
Figures 5H and S4A-S4C). Our findings indicate that disruption of either the endocytic

or autophagy machinery shares a phenotype in the abnormal accumulation of ATG-9 at
synapses and supports our model that ATG-9 trafficking links the synaptic vesicle cycle and
the autophagy pathway.
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Disrupted ATG-9 exo-endocytosis in unc-26/ synaptojanin 1 mutants is associated with
defects in activity-induced synaptic autophagy

To relate changes in ATG-9 localization at the synapse with activity-induced increases in
synaptic autophagy, we examined LGG-1/Atg8/GABARAP puncta in mutant backgrounds
that affect exo-endocytosis at the synapse. Consistent with the previous findings, we
observed that the average number of LGG-1 puncta increased when the WT animals

were cultivated at 25°C, a condition known to increase the activity state of the AlY
neurons (Hawk et al., 2018) (Figures S4A-S4C) and synaptic autophagy (Hill et al., 2019)
(Figures 5M, S7D, and S7F). Inhibiting exocytosis (in unc-13(s69) mutants) or disrupting
the autophagy pathway (in afg-9(wy56) mutants) eliminated the capacity of the neurons
to increase synaptic autophagy in response to increases in the cultivation temperature
(Figure 5M). The LGG-1 puncta in unc-26(s1710) mutants could not be suppressed by
autophagy mutants nor did it increase in response to cultivation temperatures, suggesting
that the observed LGG-1 puncta in the unc-26(s1710) mutants are not bona fide functional
autophagosomes (Figures 5M, S7E, and S7G).

To better examine the specific role of ATG-9 trafficking in synaptic autophagy, we
disrupted ATG-9’s capacity to undergo exo-endocytosis by deleting a conserved Y XXJ

(9 is a hydrophobic amino acid) sorting motif in ATG-9 (YQQID sequence in C. elegans,
hereinafter referred to as AAP). The YXX@ sorting motif mediates ATG-9 interactions
with endocytosis adaptor proteins AP-2 (Imai et al., 2016; Figure 51). In mouse cultured
cells, disruption of this sorting motif in ATG-9 results in abnormal ATG-9 trafficking, in its
abnormal accumulation in endosomes, and in autophagy defects (Imai et al., 2016; Popovic
and Dikic, 2014). Examination of animals expressing ATG-9(AAP)::GFP cell specifically
in AlY revealed that ATG-9(AAP) was still transported to synapses, where it abnormally
localized to presynaptic foci (Figures 5J-5L; we also observed accumulation of ATG-9
foci, likely corresponding to Golgi apparatus, at the cell body). This is consistent with

our observations on the requirement of endocytic proteins for ATG-9 sorting at synapses
and with previous findings that demonstrated the requirement of adaptor proteins (APs)

for ATG-9 sorting at the Golgi (via AP-4) (Mattera et al., 2017), the plasma membrane,
and endosomes (via AP-2) (Popovic and Dikic, 2014; Imai et al., 2016). In a CRISPR-
engineered allele harboring this mutation atg-9(AAP), we observed a ~2- to 3-fold decrease
in LGG-1-containing puncta (and therefore autophagosomes) in the AlY neurites, revealing
defects in synaptic autophagosome formation in atg-9(AAP) mutants defective in sorting
(Figure 5M).

Abnormal accumulation of ATG9A in nerve terminals of mammalian neurons with
mutations in endocytic proteins

Next, we investigated the localization of ATG9A in nerve terminals of hippocampal

neuronal cultures of mice double KO for dynamin 1 and 3 (the two neuronally enriched
dynamin isoforms) and KO for synaptojanin 1 (SJ1) (the neuronally enriched synaptojanin
isoform) (Raimondi et al., 2011; Cremona et al., 1999; Ferguson and De Camilli, 2012).
Synapses of both genotypes are characterized by a massive accumulation of synaptic vesicle
endocytic intermediates, endocytic pits (in the case of dynamin mutants), and clathrin-coated
vesicles (in the case of synaptojanin 1 mutants) (Raimondi et al., 2011; Hayashi et al.,
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2008; Ferguson et al., 2007; Milosevic et al., 2011). Accordingly, we observed stronger
synaptic staining, visualized with anti-amphiphysin 2, in dynamin 1 and 3 DKO neurons
(Dyn1/3 KO) and SJ1 KO neurons than in WT controls (Figures 6C, 6F, 61, 6L, and S8A).
Importantly, anti-ATG9A immunofluorescence also revealed a striking accumulation at a
subset of mutant synapses relative to WT synapses (Figures 6B, 6E, 6H, and 6K). Such ‘hot
spots’ of ATG9A colocalized with amphiphysin 2 immunoreactivity, confirming the synaptic
localization of anti-ATG9A (Figures 6A—6L). However, the number of synaptic puncta were
more numerous for amphiphysin 2 than for ATG9A, suggesting a heterogeneous localization
of ATGYA at synapses, or a different impact of the perturbation of dynamin and SJ1 on
ATG9A in different neurons.

A mutation in unc-26/synaptojanin 1 associated with early-onset Parkinsonism (EOP) leads
to abnormal focal accumulation of ATG-9 in presynaptic nerve terminals

A missense mutation in synaptojanin 1(R258Q)is associated with EOP (Quadri et al., 2013;
Krebs et al., 2013). Introduction of the same mutation in mouse and Drosophila was reported
to affect endocytic trafficking and autophagosome maturation at synapses (Cao et al.,

2017; Vanhauwaert et al., 2017). The mutant position, which impairs the PI4P phosphatase
catalytic activity of the Sacl domain, is conserved in C. elegans unc-26(R216Q) (Figure
7A). We asked if this mutation also affects ATG9A localization at synapses.

Immunofluorescence staining of endogenous ATG9A in hippocampal cultures generated
from SJIRQKI mice revealed abnormal ATG9A accumulations that colocalized with focal
enrichment of amphiphysin 2 foci at a subset of synapses (Figures 7B—7E and S8A)

and were similar to those observed in SJ1 KO neurons (Figures 6J-6L and S8A). We

had previously shown that both in SJ1RQKI and in SJ1 KO neurons such presynaptic
accumulation of endocytic factors is more prominent at inhibitory than at excitatory
presynaptic terminals, as revealed by a greater colocalization with vesicular GABA
transporter (VGAT) (a marker of inhibitory presynaptic terminals) than with vGlutl (a
marker of excitatory presynaptic terminals) (Hayashi et al., 2008; Cao et al., 2017). Most
likely this difference is due to the higher level of tonic activity of inhibitory synapses (Luthi
et al., 2001). Accordingly, hotspots of ATG9A and amphiphysin 2 occurred selectively at
VGAT-positive synapses (Figures 7F-71 and 7F'=71").

Likewise, in unc-26(R216Q) mutant C. elegans, ATG-9::GFP was abnormally localized

to subsynaptic foci enriched with clathrin and which resembled those observed in
unc-26(e205)/unc-26(s1710)/5J1 null alleles, albeit at a lower penetrance, consistent with
partial loss of function (Figures 7J, 7K, S8B, and S80-S8Q). We also observed that

the unc-26(R216Q) allele, contrary to the loss-of-function allele, did not produce obvious
changes in the localization of the synaptic vesicle proteins SNG-1 or RAB-3 at presynaptic
Zone 3 regions (Figures S8D-S8I), suggesting that the unc-26(R216Q) allele differentially
affects ATG-9 localization and synaptic vesicle protein localization. Similar with the
unc-26(s1710) null mutants, the penetrance of unc-26(R216Q) mutants increased with the
cultivation temperatures that are associated with higher synaptic activity states (Figure S8J).
These findings are consistent with Drosophila studies indicating that the unc-26(R216Q)
Parkinson’s disease mutation impairs autophagy at the synapse (Vanhauwaert et al., 2017)
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and in this study are extended to show an impact of this lesion on ATG-9 trafficking at
presynaptic sites.

Another Sac domain-containing protein, Sac2/INPP5F (Figure 7A), is located within a
Parkinson’s disease risk locus identified by genome-wide association studies (Blauwendraat
etal., 2019; Nalls et al., 2014). We examined two putative null alleles of sac-2

in C. elegans, sac-2(gk927434) and sac-2(gk346019), for phenotypes in ATG-9
localization. Although single mutants of sac-2do not affect ATG-9 localization (data

not shown), sac-2(gk927434);unc-26(s1710) and sac-2(gk346019),unc-26(s1710) double
mutants enhance the abnormal localization of ATG-9 in unc-26(s1710) single null allele,
suggesting that sac-2and unc-26/synaptojanin 1 function synergistically in mediating ATG-9
trafficking at synapses (Figures 7L, 7M, and S8C), consistent with previous findings
showing that Sac2 and synaptojanin 1 have overlapping roles in the endocytic pathway

at synapses (Cao et al., 2020), and indicating that lesions associated with EOP in endocytic
mutants result in abnormal ATG-9 accumulation.

To understand the impact of the unc-26(R216Q) lesion on aging of the synapses, we
recorded excitatory postsynaptic currents (EPSCs) at neuromuscular junctions in early-

life (day 1) and mid-life (day 7) adult worms. We found that the amplitude of evoked
EPSCs (Figure 7N) and the frequency of endogenous EPSCs (Figures 70, S8M, and

S8N) were significantly decreased in day 7 unc-26(R216Q) mutants, when compared

with those in day 7 WT worms. By contrast, levels of synaptic currents were identical

in day 1 WT and unc-26(R216@Q) animals (Figures SBK—S8N). These findings indicate

that the unc-26(R216Q) lesion disrupts synaptic activity in an age-dependent manner.
Consistent with an accelerated decay of synaptic physiology, unc-26(R216Q) mutants
displayed decreased locomotion rates in day 7 adult worms but not in day 1 mutant animals
(Figure 7P). Our findings are consistent with a prior report demonstrating neurological
manifestations of the SJ1RQKI lesion in mice (Cao et al., 2017). They now demonstrate that
the unc-26(R216Q) lesion in C. elegans promotes abnormal accumulation of ATG- 9 and
accelerates age-dependent decay of synaptic physiology and behavior.

DISCUSSION

In C. elegans, ATG-9 exits the Golgi complex in an AP-3 dependent manner. The C. elegans
AP-3 protein complex is structurally and mechanistically related to the mammalian AP-4
complex, which in vertebrates is required for transport of ATG-9 from the TGN to the
peripheral cytoplasm (Rout and Field, 2017; Dell’ Angelica, 2009; lvankovic et al., 2020;
Mattera et al., 2017). Invertebrates, including C. elegans, do not have AP-4 complexes. AP-3
is a sorting complex best known for its role in regulating trafficking to lysosome-related
organelles (Odorizzi et al., 1998; Cowles et al., 1997; Stepp et al., 1997), and our findings
extend our understanding of AP-3 roles in regulating lysosome-mediated cellular processes,
including autophagy via the sorting ATG-9. It remains to be determined if AP-3 plays
conserved roles with AP-4 in ATG-9 trafficking in mammalian neurons.

ATG-9-enriched vesicles at the synapse might represent a partially distinct subpopulation of
vesicles. In nerve terminals, as shown by our EM analyzes, the bulk of ATG-9 is localized
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in small vesicles. Although one cannot identify molecularly distinct vesicle populations
based on size and morphological appearance in EM, interestingly the immunogold staining
suggests a predominant concentration of ATG-9 on a subpopulation of vesicles. Likewise,
fluorescent microscopy revealed only partial overlap in nerve terminals between the
distribution of ATG-9 and of the intrinsic membrane protein of SVs, SNG-1/synaptogyrin.
Consistent with these findings, ATG-9 was identified by mass spectrometry in a synaptic
vesicle fraction (Boyken et al., 2013; Chantranupong et al., 2020; Taoufiq et al., 2020),
suggesting compositional overlap between ATG-9 vesicles and bona fide SVs. We speculate
that ATG-9-containing vesicles constitute a distinct class of synaptically localized vesicles,
which might partially overlap in protein composition with canonical, neurotransmitter
releasing vesicles.

Synaptically localized ATG-9-containing vesicles undergo exo-endocytosis. We demonstrate
that their exocytosis is unc-13/unc-18-dependent and that their endocytic trafficking is
affected in animals with mutations in dyn-1/dynamin, unc-26/synaptofanin 1, and unc-57/
endophilin A. Our cell biological studies, both /n vivo and by immuno-EM, support the
hypothesis that in unc-26 mutants, ATG-9 predominantly accumulates in synaptic foci,
which are also enriched in clathrin. The observation that loss-of-function mutations of
unc-13/unc-18suppress the abnormal distribution of ATG-9 in endocytic mutants shows that
such redistribution is the result of abnormal endocytic traffic after exocytosis. Consistent
with these findings in C. elegans, in mice a robust accumulation of ATG-9 was detected

in nerve terminals of a subpopulation of neurons that harbor loss-of-function mutations

in the genes that encode neuronal isoforms of dynamin and synaptojanin 1. Our findings

in C. elegans are consistent with studies in Drosophila neurons and vertebrate cultured

cells showing functional or biochemical interactions between ATG-9 and endocytic proteins
synaptojanin 1 and endophilin A (Soukup et al., 2016; Vanhauwaert et al., 2017) and with
adaptor protein AP-2 (Popovic and Dikic, 2014; Imai et al., 2016) and with experiments
demonstrating an accumulation of ATG-9 at the plasma membrane upon perturbation of
dynamin-dependent endocytosis, as detected by fluorescence microscopy (Puri et al., 2013,
2014; Popovic and Dikic, 2014) or a cell surface biotinylation assay (this study).

The exo-endocytosis of ATG-9 is important for synaptic autophagy. In mutants that disrupt
endocytosis, or in mutants that disrupt the early stage of autophagy, ATG-9 redistributes

to subsynaptic foci. We hypothesize that these foci may function as intermediate sorting
sites (analogous to yeast reservoirs) during autophagosome biogenesis. Therefore, disruption
of endocytosis, or early stage of autophagy, would similarly result in abnormal retention

of ATG-9 on these intermediate sorting sites. We also hypothesize that transport and endo-
exocytosis of ATG-9-containing vesicles might help bridge the activity state of the neurons
with the onset of autophagosome biogenesis. This, in turn, could help “dial” the state of
macroautophagy at synapses toward the degradation of damaged synaptic components at
synapses under high activity states. Disruption of ATG-9 exo-endocytosis could impair the
induction of local synaptic autophagy and the clearing of damaged synaptic proteins due to
increased synaptic activity, eventually leading to synaptic dysfunction.

A missense mutation in the endocytic protein synaptojanin 1 in C. elegans (corresponding
to human R258Q associated with EOP) results in abnormal accumulation of ATG-9 in

Neuron. Author manuscript; available in PMC 2023 March 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 13

clathrin-rich synaptic foci and in age-dependent decay of synaptic physiology and behavior.
Synaptojanin 1 contains two phosphatase domains: an inositol 5-phosphatase domain, which
has been associated with most of the roles of synaptojanin 1 in the endocytic trafficking of
SVs, and an inositol 4-phosphate Sacl phosphatase domain, which can also dephosphorylate
(to some extent) PI3P and P1(3,5)P2, and whose precise physiological function is less
understood (Cremona et al., 1999; McPherson et al., 1996; Guo et al., 1999; Pirruccello

and De Camilli, 2012). The R258Q mutation, which selectively abolishes the activity of

the Sacl phosphatase domain, was shown to impair presynaptic endocytic flow, and more
prominently at inhibitory synapses, which have generally higher tonic activity (Cao et al.,
2017), and also impair autophagy (Vanhauwaert et al., 2017). Our findings are consistent
with an impact of the EOP mutation on autophagy, as we demonstrate that ATG-9 is
mislocalized at synapses both in C. elegans harboring the homologous urnc-26(R216Q)
lesion and in the R258Q mutant mice. In Drosophila, the corresponding EOP mutation in
synaptojanin also resulted in neurodegeneration (Vanhauwaert etal., 2017). Together, our
findings support a model whereby lesions in endocytic genes associated with EOP, such as
unc-26(R216Q), might result in behavioral phenotypes due to their importance in sustaining
the physiological functions of neurons, in part via their regulation of ATG-9 exo-endocytosis
and synaptic autophagy. In view of the role of autophagy in the control of nerve terminal
health and homeostasis, the defect in autophagy may then contribute to neurological deficits
leading to EOP.

In conclusion, our data now support a model whereby ATG-9 couples the synaptic exo-
endocytosis to autophagy (Figure 8) and thus link synaptic autophagy to the activity state of
the neuron.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Daniel A. Colén-Ramos (daniel.colon-
ramos@yale.edu).

Materials availability—All reagents generated in this study are available from the lead
contact without restriction.

Data and code availability
. Microscopy and biochemical data reported in this paper will be shared by the
lead contact upon request.

. The code that quantifies expressivity of ATG-9::GFP subsynaptic foci at the
presynaptic region has been deposited at GitHub and is publicly available as of
the date of publication. DOIs are listed in the STAR Methods.

. Any additional information required to reanalyze the data reported in this work is
available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans Strains and Genetics—Worms were raised on nematode growth media
plates at 20°C or room temperature using OP50 Escherichia coli as a food source

(Brenner, 1974). Animals were analyzed as larva 4 (L4) stage hermaphrodites. For wild-type
nematodes, C. elegans Bristol strain N2 was used. For a full list of strains used in the study,
please see the key resources table.

Molecular Biology and Transgenic Lines—C. elegans transgenic strains were created
by injecting pSM vector-derived plasmids (listed on key resources table) by standard
injection techniques with co-injection markers punc-122::gfp and punc-122:rfp.

The cDNA constructs (UNC-26, TGN-38, Clathrin heavy chain (CHC-1)) generated were
amplified from a cDNA pool of a mixed population of C. elegans. Detailed sub-cloning
information is available upon request.

METHOD DETAILS

C. elegans CRISPR Transgenics—To introduce the lesion in unc-26/synaptojanin 1
associated with early-onset Parkinsonism (EOP), we used CRISPR-Cas9 to substitute CGA
with CAA, and generate the homozygous mutation R216Q. CRISPR transgenic strain was
generated by precision genome editing method using CRISPR-Cas9 and linear repair
templates, as previously described (Paix et al., 2017) and using the targeted gene crRNA
(GGCACUCGAUUCAACGUAC) and repair template ssODN
(GACGTGTTGCTCTAATATCTCGTCTAAGTTGTGAGCGTGTCGGCACTCGATTCAA
CGTACAAGGAGCCAATTATCTCGGAAATGTGGCTAATTTCGTCGAGACTGAGCAAT
TGTTGCTTTT)

The deletion of the ATG-9 N-terminal sorting motif (YQQID) was ordered from InVivo
Biosystems C. elegans transgenic service.

Cell Autonomy and Rescue of unc-26—The unc-26 mutant phenotype was rescued by
cell specifically expressing the wild type unc-26 cDNA under AlY-specific ftx-3 promoter G
fragment (Hobert et al., 1997).

Fluorescence Microscopy and Confocal Imaging—We imaged C. elegans by using
60x CFI Plan Apo VC, NA 1.4, oil objectives on an UltraView VoX spinning disc confocal
microscope and on a NikonTi-E stand (PerkinElmer) with a Hammamatsu C9100-50
camera. C. elegans were immobilized on a 2% agarose pad with 10mM levamisole (Sigma).
Images were processed with Volocity software or Fiji.

Inhibiting Oxidative Phosphorylation Using a microfluidic-hydrogel device
—To inhibit oxidative phosphorylation by hypoxia, a reusable microfluidic
polydimethylsiloxane (PDMS) microfluidic device was used, as described (Jang et

al., 2021) while imaging ATG-9::GFP localization in pfk-1.1(gk922689),0lals34 or
prk-1.1(gk922689),unc-13(569),;0lals34 (pttx-3::atg-9::gfp and pttx-3::mCherry::rab-3).
Normoxic and hypoxic conditions were applied to animals for 10 min sequentially by
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alternating the flow of air and nitrogen gas, respectively. As a positive control, synaptic
vesicle protein RAB-3 was also imaged as reported (Jang et al., 2016; Figures 2L and S3K).

Visualization of Different Synaptic Regions for Detecting Distinct Phenotypes
—Different synaptic Zones of Al'Y have distinct synaptic morphologies, as reported in

our ultrastructural characterizations (Figure S1) and original connectomic studies (White
et al., 1986). We used these morphologies to better detect specific mutant phenotypes. For
example, to observe ATG-9 accumulation into subsynaptic foci, we focused on Zone 2 of
ALY, which has a relatively large, continuous presynaptic region and clearly shows changes
in subsynaptic localization which are more difficult to detect in synaptic regions that are
punctate to begin with. To observe the transient hypoxia-induced ATG-9 relocalization

in pfk-1.1(gk922689) mutants, pfk-1.1(gk922689);unc-13(s69) double mutants, or other
endocytic mutants, we focused on ATG-9 presynaptic clusters at Zone 3, which enables for
us to better inspect the accumulation of the ATG-9 at the plasma membrane, a phenotype
that would be harder to detect in the Zone 2 region, where ATG-9, due to the size of the
presynaptic area, is localized in a distributed way in wild type animals.

ATG-9 Mislocalization Phenotypes in Response to the AlY Activity-state—To
test ATG-9 mislocalization phenotypes, integrated transgenic line o/als34 in different
genotypes was cultured at 20°C or 25°C. For the HisCl experiments, animals expressing
extrachromosomal array o/aEx3465 (Pmod-1::HisCl) were cultured at 15°C and used.
They were later transferred to either 10mM histamine-containing or control NGM plates
at 25°C for 24 hours prior to examination. Mounting of the animals was performed as
previously described (Hill et al., 2019). For the NpHR experiments, animals expressing
xuls230 (Pttx-3s::NpHR:: YFP, Pttx-3s::DsRed) (Li et al., 2014) were placed in NGM plates
containing 0.4mM ATR (prepared as previously described [Collins et al., 2016]) or control
plates without ATR. Green light (~560nm, ~0.2mW/mm?2) was delivered from a Leica
DM500B compound fluorescent microscope to the worms for 6 hours prior to examination
(Figure 3).

Electron Microscopy

High Pressure Freeze: Worms were prepared by high pressure freeze and freeze
substitution as described (Rostaing et al., 2004; Manning and Richmond, 2015). Worms
at the L4 stage were loaded into carriers (Specimen carrier Type A and B, Technotrade
International) filled with £. co/fand high-pressure frozen using a Leica EM HPM100.

Freeze Substitution, Morphology: After high pressure freezing, samples were transferred
to an automated freeze substitution unit (Leica EM AFS2). Samples were processed in the
following solutions inside the AFS: 0.1% tannic acid and 0.5% glutaraldehyde in acetone at
-90°C for 98 hours, washed three times with acetone over 2 hours, 2% osmium tetroxide

in acetone [-90°C for 7 hours, —90°C to —20°C over 14 hours, hold at —20°C for 16 hours,
—-20C to 4°C over 2.5 hours], washed four times with acetone over 3 hours, then moved to

a fume hood to warm to room temperature over an hour. Sample carriers were transferred

to Eppendorf tubes and infiltrated with a graded series (50/90/100%) of Epon812 in acetone
over 28 hours on a rotator. Worms were dissociated from specimen carriers and surrounding
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E. coliusing fine needles. Two-step flat embedding was performed as described in Kolotuev
(2014). Samples were cured at 60°C for two days.

Freeze Substitution, Immuno: Samples were processed in the following solutions inside
the AFS: 0.1% uranyl acetate in acetone at —90°C for 48 hours, —90°C to —50°C over 8
hours, =50°C for 12 hours, washed three times with ethanol over 2 hours, infiltrated with

a graded series (25/50/ 75%) of HM20 in ethanol over 22 hours, then pure HM?20 for 9
hours. Two-step flat embedding was performed as described in Kolotuev (2014) in the AFS
at —50°C using forceps. HM20 was polymerized under UV light at —=50°C for 48 hours,
-50°C to 20°C for 14 hours, 20°C for 24 hours.

Sectioning: Fixed worms were cut from the embedded square and mounted onto thin plastic
blocks made using Epon resin in a Chang mold (EMS). Worms were trimmed (Diatome
Trim 45) and sectioned (Diatome Ultra 45°) on a Leica UC7 (Leica) until the desired area
was identified. Thick sections (500nm) were collected and stained with toluidine blue to
check for the desired ROI.

The nerve ring and the Al'Y Zone 2 were identified using anatomical landmarks described
in the original C. efegans connectome (White et al., 1986). The nerve ring is located in the
head of the animal and forms a ring of densely packed neurites around the pharynx. AlY
Zone 2 synapses are positioned in a ventral bundle of neurites just posterior to the nerve
ring. These synapses reside at the ventral base of the neurite bundle and form a unique
humped shape with multiple dense projections. The left and right process of Al'Y contact
one another at the posterior end of Zone 2 synapses. Chemical synapses in C. elegans are
defined by the presence of presynaptic dense projection in the neurite. For the morphology
sections, 40nm serial sections were collected on copper slot grids covered with Formvar
(EMS). Reconstructions ranged 5-15um of tissue. Grids were post stained with 2.5% uranyl
acetate for 4 minutes and Reynold’s lead citrate for 2 minutes.

For Immuno-EM, sections of 50nm were collected on nickel slot grids covered with Formvar
(EMS). Grids were incubated at 20°C on droplets of: 0.15% glycine and 0.1M ammonium
chloride in PBS for 10min, 1% BSA and 1% CWEFS gelatin in PBS for 10min, anti-GFP
rabbit polyclonal (1:20 in 0.3% BSA and 0.3% CWFS gelatin in PBS, ab6556 Abcam)
overnight at 4°C and then 60min at 20°C, four PBS washes over 15min, Protein A Gold
conjugated to 10nm gold (1:75 in 0.3% BSA and 0.3% CWEFS gelatin in PBS, University
Medical Center Utrecht) for 30min, four PBS washes over 15min, 1% glutaraldehyde in PBS
for 5min, three water washes for 10sec. After drying, grids were post stained in 2.5% uranyl
acetate for 4 minutes, and lead citrate for Iminute.

Images were acquired on a FEI Tecnai Biotwin (FEI) equipped with a SIS Morada 11
megapixel CCD camera and a TALOS L120 (Thermo Fisher) equipped with a Ceta 4k x 4k
CMOS camera. For serial sections, images were aligned in z using the TrakEM2 plugin in
F1JI (Cardona et al., 2012).
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Imaging for Calcium Dynamics—Training and imaging for calcium dynamics for
assaying AlY activity levels were performed as previously described (Hawk et al., 2018;
Figure S4).

Electrophysiology—Adult hermaphrodite C. efegans were dissected as previously
described (Richmond et al., 1999; Dong et al., 2015). Animals were immobilized on
Sylgard-coated coverslips using tissue adhesive glue (Histoacryl Blue, Braun), and were
dissected in extracellular solution via a dorsolateral incision using a sharpened tungsten
needle. After removing gonad and intestines by suction through a glass pipette, the cuticle
flap was turned and gently glued down to expose the underlying ventral nerve cord and
body-wall-muscle quadrants. The worm prep was then mounted onto a fixed-stage upright
microscope (BX51WI, Olympus) equipped with a 60x water-immersion objective lens.
The integrity of the anterior ventral body wall muscle and the ventral nerve cord were
visually examined via the DIC microscopy, and ventral muscle cells were patched using
fire-polished 2-5 MQ resistant borosilicate pipettes (World Precision Instruments, USA).
Whole-cell patch clamp recordings were carried out at 20°C. Body-wall muscle cells were
voltage clamped at —60 mV to record postsynaptic currents. The currents were recorded

in the whole-cell configuration from muscle cells using an amplifier (EPC-10; HEKA,
Germany). Extracellular solution contained (in mM) 150 NaCl, 5 KCI, 1 CaCl,, 5 MgCl,,
10 glucose and 10 HEPES, titrated to pH 7.3 with NaOH, 330 mOsm with sucrose. Internal
solution contained 135 CH303SCs, 5 CsCl, 5 MgCl,, 5 EGTA, 0.25 CaCl,, 10 HEPES
and 5 Na2ATP, adjusted to pH 7.2 using CsOH. Evoked EPSC responses were induced by
applying a 0.4 ms, 30 mA pulse, generated by a stimulus isolator (A365, WPI), through

a borosilicate pipette (~2 MQ) placed in close apposition to the ventral nerve cord. Series
resistance was compensated to 70% for the evoked EPSC recording. All chemicals were
purchased from Sigma. Data were sampled at 10 kHz using Patchmaster (HEKA), following
low-pass filtering at 2 kHz. The number of animals for each experiment was specified in
Figure legends (Figures 7N, 70, and SBK-S8N).

Worm Tracking and Locomotion Analysis—Adult animals (day 1 or day 7) were
picked to 10 cm agar plates with no bacterial lawn (20 worms per plate). Imaging began

1 hour after worms were transferred. Worm crawling on the agar surface was recorded for
30 seconds using the WormLab Imaging System (MBF Bioscience, VT, USA). The center
of mass was determined for each animal using custom object-tracking software developed
using ImageJ (Schneider et al., 2012). Average speed was determined for each animal
(Figure 7P).

Hippocampal Neuron Culture—Mice were maintained on the C57BL6/129 hybrid
genetic background. Heterozygous mice were mated to generate homozygous knockout or
knock-in with their littermate controls. For neuronal cultures, PO pups were genotyped by
PCR and then hippocampi were dissected. Tissues were digested for 20 min in a papain/
HBSS solution (20 U/ml) containing DNase (20 ug/ml). Cells were dissociated by trituration
and then plated onto poly-d-lysine coated coverslips. After 3 hours incubation, the plating
medium was exchanged to complete neurobasal medium (2% B-27 and 0.5 mM L-glutamine
in neurobasal medium). Cells were maintained at 37°C in a 5% CO, humidified incubator
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and the 30% of cultured medium was replaced with new complete neurobasal medium at 4,
7 and 14 days in vitro (DIV). All adult mice for breeding were maintained on a 12 hours
light/dark cycle with standard mouse chow and water ad libitum. The general protocol used
for hippocampal neuron culture was deposited in protocols.io: https://dx.doi.org/10.17504/
protocols.io.b2dega3e. All research and animal care procedures were approved by the Yale
University Institutional Animal Care and Use Committee.

Immunofluorescence—Cultured hippocampal neurons were briefly washed in a pre-
warmed tyrode (136 mM NaCl, 2.5 mM KCI, 2 mM CaCly, 1.3 mM MgCl,, 10 mM HEPES
and 10 mM glucose) and then fixed with 4% PFA in 4% sucrose-containing 0.1M PB buffer
(pH7.3) for 15 min at RT. After fixation, cells were washed in PBS and incubated with
blocking buffer (3% BSA, 0.2% Triton X-100 in PBS) for 30 min at RT. Primary (1 hour)
and secondary antibody (45 min) incubations were subsequently performed in the blocking
buffer at room temperature. After washing, samples were mounted on slides with Prolong
Gold antifade reagent (Invitrogen). The detailed protocol used for immunofluorescence was
deposited in protocols.io: https://dx.doi.org/10.17504/protocols.io.b2c7qgazn.

Dynamin Conditional Knockout—For the tamoxifen inducible KO, Dynamin 1/2
conditional knockout (CKO) cells (Ferguson et al., 2009) were treated with 2 pM 4-hydroxy-
tamoxifen for 2 days and then further incubated with 300 nM 4-hydroxy-tamoxifen for 3
days. Depletion of total dynamin levels was confirmed by western blotting. The detailed
protocol used for dynamin conditional knockout was deposited in protocols.io: https://
dx.doi.org/10.17504/protocols.io.b2ddqa26.

Surface Protein Biotinylation—Control and dynamin 1/2 conditional KO cells were
washed three times with ice-cold PBS and incubated with ice-cold EZ-Link Sulfo-NHS-LC-
Biotin (0.25 mg/ml) in PBS for 30 min at 4 °C to label the surface proteins. Unbound
biotins were quenched and removed by 50 mM glycine in ice-cold PBS for 10 min at 4

°C. After washout, cells were lysed with 1% triton X-100 lysis buffer (20 mM Tris-HCI,

pH 8, 1% triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 1 mM PMSF, 10 mM
leupeptin, 1.5 mM pepstatin and 1 mM aprotinin) and centrifuged at 14,000 g for 20 min

at 4°C. The supernatants were collected, and protein concentrations were determined by the
BCA Protein Assay Kit. Same amount of lysates (600 |g) were incubated with NeutraAvidin
particles for 2 hours at 4 °C to pull-down the biotinylated proteins. Particles were washed
three times by lysis buffer, eluted with 2x sample buffer and boiling (5 min) and the eluates
were processed for SDS-PAGE and western blotting. The level of proteins was quantified
by densitometry using Fiji. The detailed protocol used for surface protein biotinylation was
deposited in protocols.io: https://doi.org/10.17504/protocols.io.b2c8gazw.

QUANTIFICATION AND STATISTICAL ANALYSIS

C. elegans AlY Quantifications

Presynaptic Enrichment: Morphologically, Al'Y can be divided into four segments,
consistent with the C. elegans EM reconstructions and our own ultrastructural studies (White
et al., 1986; Figure S1): the cell body; a proximal asynaptic region termed Zone 1; a ~5mm
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synaptic-rich region termed Zone 2, located at the turn of the neuron into the nerve ring; and
Zone 3, which is the distal part of the neurite located at the nerve ring.

ATG-9 or RAB-3 enrichment at synapses was quantified in the integrated transgenic

line olals34, expressing pttx-3::atg-9::gfp and pttx-3::mCherry::rab-3 in the wild type and
apb-3(0k429) mutants. Fluorescence intensity at Zone 2 was quantified in Fiji (Schindelin
et al., 2012) in maximal projection confocal micrographs. ATG-9 (or RAB-3) enrichment at
synapses represents Zone 2 signal subtracted by average cytoplasmic signal at the cell body
(Figures 1X and S2M).

Ratio of ATG-9 intensity of cell body/synapses was quantified in o/a/s34in the wild

type, apb-3(0k429), apm-3(gk771233) and apd-3(gk805642) mutants. In maximal projection
confocal micrographs, fluorescence intensities were measured, background-subtracted (from
cytoplasmic signal at the cell body) and averaged for different subcellular regions (using an
identically-sized oval-shaped object). The ‘Ratio between ATG-9 intensity at the cell body
and synapses’ represents signal of ATG-9 intensity (after the processing) at the cell body
divided by the intensity (after the processing) at Zone 2 (as shown in the equation below;
Figures 1Y and S2Q).

ATG — 9 intensity at cell body — cytoplasmic background

The ratio =
e rato ATG -9 intensity at zone 2 — cytoplasmic background

To quantify ratio of SNG-1 intensity of cell body/synapses, we used the extrachromosomal
line olaex4060in the wild type and apb-3(0k429) mutants. Maximal projection confocal
micrographs were taken on SNG-1 and measured as the intensity at Zone 2 by segmented
line scans and the intensity at the cell body by the oval selections of the whole cell body.
The ratio of SNG-1 intensity between cell body and synapses was reported as the intensity
of SNG-1 at cell body divided by the intensity of SNG-1 at Zone 2 (Figure 1Z).

Penetrance of ATG-9::GFP Subsynaptic Foci at the Presynaptic Region: To quantify the
penetrance of ATG-9 subsynaptic foci at the presynaptic region (Zone 2), we used integrated
transgenic strain o/al/s34 and o/al/s33in the wild type and mutant background animals.

For the temperature sensitive allele dyn-1(ky51) and the wild-type animals, animals were
held at either 20°C (permissive) or 25°C (non-permissive) for 3 days (or longer) prior to
examination at the L4 stage. Other mutants were kept at 20°C except for unc-26(s1710) and
epg-9(bp320) temperature experiments.

The penetrance of ATG-9 subsynaptic foci was quantified as percentage of animals showing
subsynaptic foci of ATG-9::GFP at Zone 2. Mutant phenotype was defined as two or more
than two subsynaptic foci of ATG-9::GFP at Zone 2 in endocytic mutants, or one or more
than one subsynaptic foci in autophagy mutants, as the penetrance and expressivity of the
phenotype in autophagy mutants are lower than the endocytic mutants. A Leica DM500B
compound fluorescent microscope was used to visualize and screen the worm in different
genetic backgrounds (Figures 3E, 5G, 5H, 5L, S3A, S8B, S8C, and S8J).
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Expressivity of ATG-9::GFP Subsynaptic Foci at the Presynaptic Region: To quantify
expressivity of ATG-9 subsynaptic foci at the presynaptic region (Zone 2), we obtained

the plot profiles for individual presynaptic region (Zone 2) through segmented line scans
using Fiji. A MATLAB function, finapeaks, was used to identify peaks along the line scans
of Zone 2. The index of ATG-9 mislocalization at presynaptic region is defined as the
number of peaks divided by the width of peaks at Zone 2 in each individual animal. In
endocytic mutants, two populations of mutant phenotype were identified: ATG-9 is dim at
Zone 2; ATG-9 displays subsynaptic foci at Zone 2. A threshold in the algorithm was used to
eliminate worms that have ATG-9 dim signals (Figure 2K).

Code is available here in GitHub: https://github.com/yangsisi76/Quantify-distribution-of-
cell-structures.

Mean Intensity of ATG-9 at Zone 2: To measure the level of ATG-9 at presynaptic regions,
we obtained the fluorescent value for individual presynaptic region (Zone 2) through
segmented line scans using Fiji. All settings for the confocal microscope and camera were
kept identical between the wild type and unc-26(s1710) mutants. Mean fluorescent value of
animals in the two genotypes was calculated by Fiji (Figure S3B).

RAB-3 and SNG-1 Enrichment at Zone 3: To quantify the distribution and enrichment of
synaptic proteins, such as RAB-3 and SNG-1, we used methods as described (Dittman and
Kaplan, 2006; Jang et al., 2016). Briefly, fluorescent values for the RAB-3 (SNG-1) in AlY
neurons were obtained through segmented line scans using Fiji. A sliding window of 2mm
was used to identify all the fluorescent peak and trough values for Zone 3 in each individual
neuron. The synaptic enrichment was calculated as %AF/Fas described (Jang et al., 2016;
Dittman and Kaplan, 2006; Bai et al., 2010). In short, all the identified fluorescent peak and
trough values (Fpeaxand Fyroygn) Were averaged and used to calculate the %AF/F(100 x
(Fpeak - Ftrough)! Ftrougn) (Bai et al., 2010; Dittman and Kaplan, 2006; Jang et al., 2016). All
settings for the confocal microscope and camera were kept identical between the wild type
and unc-26(s1710) mutants (Figures S5L and S8l).

Percentage of ATG-9 Subsynaptic Foci that Colocalize with the Subsynaptic Structures
and Pearson’s R Value between ATG-9 and Organelles: To quantify the percentage

of ATG-9 subsynaptic foci that colocalize with the subsynaptic structures (LGG-1

and CHC-1), we observed the transgenic lines olaex1360;0lals44 (pttx-3::gfp::lgg-1,
pttx-3::mCherry::atg-9) and olaex4290,0lals34 (pttx-3::bfp::chc-1, pttx-3::atg-9::9fp).
Confocal maximal projections were used, and percentage colocalization was calculated as
the percentage of ATG-9 subsynaptic foci that colocalize with examined, discrete organelle
marker (Figure 4L).

To quantify the Pearson’s R value between ATG-9 and organelles at cell body, we

observed transgenic lines o/aEx4710 (pttx-3::aman-2::gfp, pttx-3::atg-9::mCh), 0/aEx4966
(pttx-3::atg-9::gfp, pttx-3::tgn-38::mCh), 0laEx4805 (pttx-3::5p12::GFP, pttx-3::atg-9::mCh)
and olaEx5178 (pttx-3::tomm-20::gfp, pttx-3::atg-9::mCh). Confocal maximal projections
were used, and Pearson’s R value (no threshold) was calculated between two channels
(Figure S2H).
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Activity-induced Autophagy: To measure the synaptic autophagosomes in AlY,

animals with o/a/s35in the wild-type, unc-13(e450), atg-9(wy56), unc-26(s1710),
unc-26(s1710),atg-9(wy56) and atg-9(D AP) mutant backgrounds were grown in 20°C and
then shifted to 25°C for 4 hours and assessed for number of LGG-1 puncta in the neurite
of AIY under a Leica DM 5000B compound microscope (Hill et al., 2019; Figures 5M and
S7D-S7G).

Immuno-EM: To quantify the distribution of ATG-9 positive particles, animals with
olaex2264 (punc-14::atg-9::gfp) in the wild type and unc-26(e205) mutants were used.
Quantifications were performed in FIJI. Cross-sectional area: an image of a 40nm section.
Particles were counted using the Cell Counter plugin. Occasionally, a Gaussian Blur
processing filter was applied in FIJI to help visualize structures in the image. Staining
specificity, calculated as a signal to noise ratio of particle density in neuronal tissue divided
by particle density in nearby £. coliin the section, was >20 for all samples. Particles

were considered localized near vesicles, plasma membrane, or mitochondria if the distance
from the gold particle to that structure was <20 nm. This distance was chosen based on
estimates of the size of GFP, a GFP antibody, and protein A crystal structures. To measure
the area occupied by vesicles, a freehand shape was drawn around an apparent cluster of
vesicles occupying most or all vesicles in the neurite. To measure area occupied by plasma
membrane, the perimeter of the neurite was multiplied by 40, which accounts for the rough
measured width of the plasma membrane plus the 20 nm radius in which a particle may be
localized nearby (Figures 1G, 4A, 4B, and S1G-S1J).

Zone 2 Morphological EM: For each image of a single 40 nm section, or profile, we
segmented plasma membrane, dense projections, active zones, vesicles and mitochondria.
Active zones were defined as continuous length plasma membrane in a single cross section
that flank the dense projection, extending to the beginning of the closest adherens junction.
Data were analyzed as per profile or per synapse. A synapse is defined as reconstructed set
of profiles that span a dense projection. Zone 2 is a giant synapse that contains multiple
active zones, defined by multiple dense projections (Figures SLA-S1F and S6).

Quantification of Immunoreactivity in Hippocampal Neuron Culture and
GFP::CHC-1 in C. elegans—Quantification of ATG9 and CHC-1 clustering was
performed using Fiji as previously described (Cao et al., 2020). Briefly, the same threshold
was applied to all images after background subtraction and then ‘analyze particles’ function
of Fiji was used to obtain the raw intensity values of masked regions (Figures S5H and
S8A).

QUANTIFICATION, STATISTICAL ANALYSIS AND MODELS

Statistical analysis and data plotting were conducted with Prism 9 software. We used
Fisher’s exact test to determine statistical significance of categorical data in contingency
table, such as the penetrance of ATG-9 phenotype in AlY. 95% confidence intervals were
calculated by Wilson/Brown method and used for error bars. Each dot in the scatter plots
or n represents number of animals or ATG-9 subsynaptic structures examined. For the
continuous data, ordinary one-way ANOVA with Tukey’s multiple comparisons test and
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with Tukey’s HSD post hoc test, Welch’s t test, Student’s t test and paired t test were used
to determine its statistical significance. Each dot in the scatter plots or n represents number
of animals, sections in immuno-EM or independent experiments examined. The error bars
represent the standard error of the mean (SEM). The p value for significant differences is
reported in the figure legends.

The model and graphic abstract are adapted from “Neuronal Cells” and “Organelles”, by
BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
ATG-9 is localized in small vesicles in nerve terminals

ATG-9 vesicles undergo activity-dependent exo-endocytosis at presynaptic
sites

Mutations in endocytic proteins disrupt ATG-9 localization at synapses

ATG-9 mislocalization is associated with defects in activity-induced synaptic
autophagy
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Figure 1. In C. elegans ATG-9 is transported to synapses in vesicles generated in the trans-Golgi
network (TGN) via AP-3-dependent budding

(A) Schematic of the head of C. elegans, including pharynx (gray region) and the two
bilaterally symmetric AlY interneurons (in black dashed box) with presynaptic regions
(magenta). The synaptic-rich region is highlighted with an orange dashed square and cell
bodies with a blue dashed square. In axis, A, anterior; P, posterior; L, left; R, right; D,
dorsal; V, ventral.

(B) Schematic of a single AlY interneuron with cell body (in blue dashed square)

and presynaptic regions (magenta and black arrowheads, and synaptic-rich region
highlighted with an orange dashed square). See Figures SIA-S1F for electron microscopy
reconstructions of presynaptic regions in AlY.

(C) Schematic of a cell body in the AlY interneurons, with ATG-9 localization represented
in green. (C”) Representative confocal micrograph of ATG-9::GFP localization at the cell
body of AlY in a wild-type animal (as in C, and blue dashed box in B).

(D-F) Representative confocal micrographs of RAB-3::mCherry (magenta) (D),
ATG-9::GFP (E), and merged channels (F) in the synaptic regions of a representative
wild-type ALY interneuron. The arrows and the dashed box highlight the presynaptic
specializations.

(G) Immunogold electron microscopy of transgenic animals with panneuronal expression
of ATG-9::GFP, with antibodies directed against GFP (see Figures S1G— S1J). Blue line,
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outline of neurons. (presynaptic) dense projections, shaded in orange. “m,” mitochondria.
“SV,” examples of synaptic vesicles (pointed with lines). Purple square, representative
region and enlarged image of ATG-9 localizing to synaptic vesicles.

(H) Schematic of synaptic-rich region in the AlY interneurons (corresponding to orange
dashed box region in B).

(I-K) Representative confocal micrographs of RAB-3::mCherry (cyan) (1), SNG-1::BFP
(magenta) (J), and ATG-9::GFP (K) at synaptic-rich region (corresponding to H, also orange
dashed box in B) in wild-type. See Figures SIK-S1M for merged channels.

(L) Schematic of the AlY interneuron cell body with Golgi labeled (as gray puncta),

(L") schematic of the Golgi apparatus with medial/ cis-Golgi-specific protein AMAN-2
(magenta), and trans-Golgi-specific protein TGN-38 (crimson).

(M-0) Confocal micrographs of AMAN-2::GFP (magenta) (M), ATG-9::mCherry (green)
(N), and merged channels (O) at the cell body of AlY.

(P-R) Confocal micrographs of TGN-38::mCherry (magenta) (P), ATG-9::GFP (Q), and
merged channels (R) at the cell body of AlY. See Figures S2A-S2H for colocalization
analyses with other organelles markers.

(S) Schematic of an AIY interneuron with ATG-9 (green). Presynaptic-rich region (Zone 2)
is highlighted by orange rectangle.

(T and U) Confocal micrographs of ATG-9::GFP at Zone 2 in wild type (T) and
apb-3(0k429) mutants (U).

(V and W) Confocal micrographs of SNG-1::GFP (magenta) at Zone 2 in wild type (V) and
apb-3(0k429) mutants (W).

(X) Quantification of ATG-9::GFP enrichment at Zone 2 of AlY neurons in wild-type and
apb-3(ok429) mutant animals. Error bars correspond to standard error of the mean (SEM).
**p < 0.01 by Welch’s t test between wild-type and mutant animals.

(YY) Quantification of the ratio of ATG-9 intensity at cell body/synapses of AlY neurons

in wild-type, apb-3(0k429), apm-3(gk771233), and apd-3(gk805642) mutant animals. Error
bars correspond to SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001 (between wild-type
and the mutants) by ordinary one-way ANOVA with Dunnett’s multiple comparisons test
between wild-type and the mutant groups.

(2) Quantification of ratio of SNG-1 intensity at cell body/synapses of AlY neurons in
wild-type and gpb-3(0k429) mutant animals. “ns”: not significant (between wild-type and
the mutants) by Welch’s t test between wild-type and mutant animals.

Scale bars: 5 um in (C”) and 5um in (D) for (D)—(F); 200 nm in (G) and 2 um in (1) for
(D=(K); 2 um in (M) for (M)—(R); 2 um in (T) for (T)—(W).
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Figure 2. ATG-9 undergoes exo-endocytosis at presynaptic sites
(A) Schematic of the proteins required for the synaptic vesicle cycle examined in this study,

with vertebrate and C. efegans protein names.
(B) Schematic of ATG-9 localization in Al'Y neurons (B), enlargement of the synaptic-rich
region termed Zone 2 (B and orange dashed box), and distal part of the neurite with

synaptic clusters, termed Zone 3 (B” and purple dashed box).

(C-E) Confocal micrographs of ATG-9::GFP at AlY Zone 2 in wild type (C), unc-26(s1710)
(D), and unc-57(0k310) (E) mutants.
(F-H) As (C-E) but with wild type at 25°C (F) and a temperature-sensitive dyn-1(ky51)
mutants at the permissive temperature 20°C (G), at the restrictive temperature 25°C (H).
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(I and J) unc-13(s69),unc-26(e205) (1) and unc-18(e81);unc-26(s1710) (J) double mutants.
See Figures S3H and S31 for confocal micrographs of ATG-9::GFP in unc-13(s69) and
unc-18(e81) single mutants.

(K) Quantification of the index of ATG-9 mislocalization (see STAR Methods) in wild type,
unc-26(s1710), unc-57(0k310), and dyn-1(ky51) mutants at 25°C, unc-13(569),;unc-26(e205)
and unc-18(e81),unc-26(s1710) double mutants. Except for dyn-1(ky51) mutants, all the
other genotypes were examined at room temperature. Error bars show SEM. *p < 0.05,
**p < 0.01, and ***p < 0.001 (between wild-type and the mutants) by ordinary one-way
ANOVA with Dunnett’s multiple comparisons test between wild-type and the mutant
groups. See Figure S3A for quantification of penetrance of ATG-9 mislocalization.

(L) Confocal micrographs of ATG-9::GFP (black) at AlY Zone 3 (see B”) in
prk-1.1(gk922689) mutants under normoxia (left panels), after 10 min of transient hypoxia
(middle panels), and another iteration of 10 min of normoxia (right panels). Corresponding
fluorescence intensity is shown below the line scan image (see also Figure S3L).

(M and N) Surface levels of ATG9A and transferrin receptor (TfR) in control and dynamin
1 and 2 conditional double-knockout (Dyn1/2 CKO) fibroblasts. (M) Immunoblots (IB) for
transferrin receptor (TfR) and ATG9A of total cell extracts and of material recovered by
streptavidin affinity purification following surface biotinylation. See Figures SSA-S5C for
quantification of TfR and immunoblots of dynamin 1 and 2. (N) Quantification of surface/
total levels of ATG9A in Dyn1/2 CKO fibroblasts relative to the control cells (CTL). Error
bars show SEM. *p < 0.05 by Student’s t test.

Scale bars: 2 pum in (C) for (C)—(J); 5 um in (L).
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Figure 3. ATG-9 mislocalization phenotypes can be predictably altered by manipulating the AlY
activity state

(A) Quantification of the percentage of animals displaying two (or more) ATG-9 subsynaptic
foci at AlY Zone 2 in unc-26(s1710) mutants raised at 15°C (blue), 20°C (gray), and 25°C
(red). Higher temperatures result in an increased activity state in Al'Y (Hawk et al., 2018)
(Figures S4AA-SAC), and autophagy (Hill et al., 2019). unc-13(569);unc-26(e205) double
mutants were also raised at 25°C and quantified (red). Error bars show 95% confidence
intervals. ****p < 0.0001 by two-tailed Fisher’s exact test.

(B and C) Confocal micrographs of ATG-9::GFP at AlY Zone 2 in unc-26(s1710)

mutants expressing the heterologous Drosophila inhibitory chloride channel (HisCI) without
histamine (B) or exposed to histamine (C).

(D and E) Confocal micrographs of ATG-9::GFP at AlY Zone 2 in unc-26(s1710) mutants
expressing the inhibitory light-driven chloride pump (NpHR) in AlY, without cofactor ATR
(D) or with cofactor ATR (E) and under the light (see STAR Methods).

(F) Quantification of the percentage of animals displaying two (or more) ATG-9 subsynaptic
foci at AlY Zone 2 in unc-26(s1710) mutants expressing HisCl and mutants expressing
NpHR. Mutants expressing HisCl were raised at 15°C and incubated at 25°C for one day
with or without the histamine. Note that inhibition of Al'Y activity (expressing the HisCl

in the presence of histamine under light) results in a partial suppression of ATG-9 synaptic
foci. The difference between the control condition for this experiment and wnc-26(s1710)
mutants raised at 25°C is accounted for in the difference of the rearing of these animals (see
STAR Methods). unc-26(s1710) mutants expressing NpHR were raised at 20°C. Error bars
show 95% confidence intervals. **p < 0.01 and ****p < 0.0001 by two-tailed Fisher’s exact
test.

Scale bars: 2 um in (B) for (B)—(E).
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Figure 4. In unc-26/synaptojanin 1 mutants, ATG-9 accumulates at presynaptic, clathrin-rich
sites

(A) Immunogold electron microscopy of transgenic animals with panneuronal expression of
ATG-9::GFP in AlY in unc-26(e205) mutants, with antibodies directed against GFP. Note
that the majority of immunogold particles accumulate in the clustered vesicles. Blue ling,
outline of neurons. Dense projections, shaded in orange. “m,” mitochondria. Purple square
with dashed lines emphasizes and area with immunogold particles at the clustered vesicles.
(B) Density of immunogold particles on the clustered vesicles in wild type and urnc-26(e205)
mutants. Each dot in the scatter plot represents a section. ****p < 0.0001 by Welch’s t test.
See Figure S5D for quantification of the number of immunogold particles on vesicles.
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(C-E) Confocal micrographs of ATG-9::GFP (C), BFP::clathrin heavy chain (CHC-1)
(magenta) (D), and merged channels (E) at AIY Zone 2 in unc-26(51710) mutants.

(F-H) Confocal micrographs of ATG-9::GFP (F), SNG- 1::BFP (magenta) (G), and merged
channels (H) in unc-26(s1710) mutants.

(I-K) Confocal micrographs of ATG-9::mCherry (green) (1), GFP::LGG-1 (magenta) (J),
and merged channels (K) in unc-26(s1710) mutants.

(L) Percentage of ATG-9 foci that colocalize with LGG-1/Atg8/GABARAP, with SNG-1/
synaptogyrin or with CHC-1/Clathrin heavy chain puncta in unc-26(s1710) mutants. The
numbers of foci examined in each condition are indicated by the “n.” Error bars show 95%
confidence intervals. **p < 0.01 by two-tailed Fisher’s exact test.

Scale bars: 200 nm in (A); 2 um in (C) for (C)—(K).
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Figure 5. ATG-9 trafficking is affected in autophagy mutants and affects synaptic autophagy
(A) Schematic of the autophagosome biogenesis pathway. ATG-9 cycles between ATG-9

reservoirs and pre-autophagosomal structures (PAS) during autophagosome biogenesis
(Reggiori et al., 2004; Yamamoto et al., 2012; Suzuki et al., 2001).

(B—F) Confocal micrographs of ATG-9::GFP at AlY Zone 2 in wild type (B), unc-51(e369)/
Atgl(C), epg-9(bp320)/Atg101 (D), atg-13(bp414)/epg-1 (E), and epg-8(bp251)/Atgi4 (F)
mutants.
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(G) Quantification of percentage of animals displaying one (or more) ATG-9 subsynaptic
foci at AlY Zone 2 in wild type and indicated autophagy mutants. Error bars show 95%
confidence intervals. ***p < 0.001 and ****p < 0.0001 (between wild-type and the mutants)
by two-tailed Fisher’s exact test.

(H) Quantification of the percentage of animals with one (or more) ATG-9 subsynaptic

foci at AlY Zone 2 in epg-9(bp320)/Atg101 mutants raised at 15°C (blue), 20°C (gray),

and 25°C (red). Unc-13(569);epg-9(bp320) double mutants were also raised at 25°C and
quantified (red). *p < 0.01 and ****p < 0.0001 by two-tailed Fisher’s exact test.

(1) Sequence alignment between the N-terminal cytosolic tail of the human ATG9A (N
terminus on the left), the C. efegans ATG-9, and the C. elegans ATG-9(AAP). Conserved
binding motifs between ATGOA/ATG-9 and AP-2 are highlighted in red (Imai et al., 2016).
(J and K) Confocal micrographs of AlY synaptic Zone 2 in the wild-type animals expressing
ATG-9::GFP (J) or ATG-9(AAP)::GFP (K), which lacks a canonical motif predicted to bind
sorting complexes, such as AP-2 (Imai et al., 2016).

(L) Quantification of the percentage of wild-type animals with two (or more) ATG-9::GFP
or ATG-9(AAP)::GFP subsynaptic foci at AlIY Zone 2. Error bars show 95% confidence
intervals. *p < 0.05 by two-tailed Fisher’s exact test.

(M) Quantification of the number of LGG-1 puncta in the AlY neurites at 20°C and at 25°C
for 4 h in wild type, unc-13(e450), atg-9(wy56), unc-26(s1710), unc-26(s1710),atg-9(wy56),
and atg-9(AAP) mutants. In unc-26 mutants, LGG-1 puncta are observed in the neurite

but are likely corresponding to defective autophagosomes as they are not suppressed in
unc-26;atg-9 double mutants nor are they induced by increased activity state. atg-9(AAP)
mutants display a reduction of LGG-1 puncta, although LGG-1 increases upon conditions
that increase the neuronal activity state. “ns” (not significant) and ****p < 0.0001 (between
20°C and 25°C in each genotype) by Welch’s t test. “ns” (not significant), **p < 0.01,

***n < 0.001, and ****p < 0.0001 (between genotypes) by ordinary one-way ANOVA with
Dunnett’s multiple comparisons test between wild-type and the mutant groups. See Figures
S7D-S7G for representative images.

Scale bars: 2 um in (B) for (B)—(F); 2 um in (J) for (J) and (K).
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Figure 6. Abnormal accumulation of ATG9A in nerve terminals of mammalian neurons with
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mutations in endocytic proteins
(A-F) Representative images showing immunoreactivity for ATG9A (B and E),

amphiphysin 2 (C and F), and merged channels (A and D) in DIVV17 hippocampal neuronal

cultures from wild-type (WT) (A-C) and dynamin 1/3 double KO (Dyn1/3 KO) (D-F)

newborn mice.
(G-L) Representative images showing immunoreactivity for ATG9A (H and K) and
amphiphysin 2 (I and L) in DIV23 hippocampal neuronal cultures from wild-type (WT) (G-
I) and synaptojaninl KO (SJ1 KO) (J-L) newborn mice. See Figure S8A for quantification

on the ATG9A phenotype.
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Scale bars: 20 pm in (C), (F), (1), and (L) for (A)—(L).
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Figure 7. A mutation in unc-26/synaptojanin 1 associated with early-onset Parkinsonism (EOP)
leads to abnormal focal accumulation of ATG- and age-dependent electrophysiological and

behavioral phenotypes

(A) Domain structures of SacZ/sac-2and synaptofanin 1/unc-26. The mutated residue
associated with EOP is conserved (highlighted in yellow) (Quadri et al., 2013; Krebs et

al., 2013).

(B-E) Representative images showing immunoreactivity for ATG9A (B and D),
amphiphysin 2 (C and E) in DIVV23 hippocampal neuronal cultures from newborn wild-type
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(WT) (B and C) and mutant mice harboring an EOP associated mutation in the synaptojanin
1 (SJ1RQKI) gene (D and E).

(F-1) Representative images showing immunoreactivity for vesicular GABA transporter
(VGAT) (G), ATG9A (H), amphiphysin 2 (1), and merged channels (F) in DIV19
hippocampal neuronal cultures from SJ1RQKI newborn mice. (F'~1") Enlarged images of
squared regions in (F-I). See Figure S8A for quantification on the ATG9A phenotype.
(J-M) Representative confocal micrographs of ATG-9::GFP at Al'Y Zone 2 in wild type (J),
unc-26(R216Q) (K) mutants, unc-26(s1710) (L), and sac-2(gk346019);unc-26(s1710) (M)
mutants. See Figures S8B and S8C for quantification on the ATG-9 phenotype.

(N) Representative traces and summary data for evoked EPSC amplitude in wild-type and
unc-26(R216Q) mutants of 7-day-old adults. Error bars show SEM. **p < 0.01 by Student’s
t test between wild-type and mutant animals. See Figures S8K and S8L for quantification of
1-day-old adults.

(O) Representative traces for endogenous EPSC rates in wild type and wnc-26(R216Q)
mutants of 1-day-old adults and 7-day-old adults. See Figures S8M and S8N for
quantification of the endogenous EPSC rates.

(P) Quantification of locomotion rate in wild type and unc-26(R216Q) mutants of 1-day-old
adults and 7-day-old adults. Error bars show SEM. “ns” (not significant) and ****p <
0.0001 by Student’s t test between wild-type and mutant animals.

Scale bars: 20 pm in (B) for (B and C); 20 um in (D) for (D and E); 20 um in (F) for (F and
1); 5umin (F") for (F" and 1"); 2 um in (J) for (3-M).
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Figure 8. A model for ATG-9 neuronal trafficking, from the cell body to the synapse

Schematic model of ATG-9 trafficking in C. elegans neurons. ATG-9 vesicles originate
from the #rans-Golgi network via AP-3-dependent budding (C. elegans lacks AP-4 adaptors).
Once ATG-9 vesicles reach the presynaptic region via UNC-104/KIF1A transport (Stavoe

et al., 2016) they undergo exo-endocytosis. In mutants that disrupt endocytosis, or in

autophagy mutants, ATG-9 accumulates into clathrin-enriched synaptic foci, and activity-
induced presynaptic autophagy is compromised. Similar mechanisms operate at mammalian

nerve terminals.
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CAS: 92–31-9Experimental Models: Organisms/StrainsC. elegans: olaIs34 [DACR808 (pttx-3::atg-9::gfp) (10 ng/μl) + DACR18 (pttx-3:mCh:rab-3) (30 ng/μl)] IIIThis paperDCR4755C. elegans: olaex2264 [DACR1821 (punc-14::atg-9::GFP)(5ng/μl)](Stavoe et al., 2016)DCR4535C. elegans: olaex2264This paperDCR4535C. elegans: unc-26(e205);olaex2264This paperDCR5952C. elegans: unc-101(m1) ICaenorhabditis Genetics CenterDR1C. elegans: unc-101(m1);olaIs34This paperDCR8064C. elegans: dpy-23(e840) XCaenorhabditis Genetics CenterCB840C. elegans: dpy-23(e840);olaIs34This paperDCR8633C. elegans: apb-3(ok429) ICaenorhabditis Genetics CenterRB662C. elegans: apb-3(ok429);olaIs34This paperDGR7823C. elegans: olaex4060 [DAGR922 (pttx-3::atg-9::mCh) (20ng/μl) + DAGR2716 (pttx-3::sng-1::gfp) (15ng/μl)]This paperDGR6797C. elegans: apb-3(ok429);olaex4060This paperDGR8584C. elegans: apm-3(gk771233) XCaenorhabditis Genetics CenterVG40707C. elegans: apm-3(gk771233);olaIs34This paperDGR8058C. elegans: apd-3(gk805642) IICaenorhabditis Genetics CenterVG40775C. elegans: apd-3(gk805642);olaIs34This paperDGR8135C. elegans: olaEx4710 [DAGR941 (pttx-3::aman-2::gfp) (0.5ng/μl) + DAGR922 (pttx-3::atg-9::mCh) (20ng/μl)]This paperDGR8018C. elegans: olaEx4966 [DAGR808 (pttx-3::atg-9::gfp) (10ng/μl) + DAGR3393 (pttx-3::tgn-38::mCh) (20ng/μl)]This paperDGR8582C. elegans: olaEx4805 [DGR930 (pttx-3::sp12::GFP) (5ng/μl) + DAGR922 (pttx-3::atg-9::mCh) (20ng/μl)]This paperDGR7899C. elegans: olaEx5178 [DAGR1617 (pttx-3::tomm-20::gfp) (30 ng/μl) + DAGR18 (pttx-3::atg-9::mCh) (30 ng/μl)]This paperDGR8567C. elegans: unc-26(s1710) IVCaenorhabditis Genetics CenterEG3027C. elegans: unc-26(e205) IVCaenorhabditis Genetics CenterGB205C. elegans: unc-26(e205);olaIs34This paperDGR5578C. elegans: unc-26(s1710);olaIs34This paperDGR6121C. elegans: unc-26(pek228[unc-26_R216Q]) IVThis paperBJH728C. elegans: unc-57(ok310) IKang Shen Laboratory (Stanford University, California) (Li et al., 2016; Schuske et al., 2003)EG2710C. elegans: unc-57(ok310);olaIs34This paperDGR5599C. elegans: unc-11(e47) ICaenorhabditis Genetics CenterGB47C. elegans: unc-11(e47);olaIs34This paperDGR5893C. elegans: dyn-1(ky51) XCaenorhabditis Genetics CenterGX51C. elegans: dyn-1(ky51);olaIs34This paperDGR5953C. elegans: unc-18(e81) XCaenorhabditis Genetics CenterGB81C. elegans: unc-18(e81);olaIs34This paperDGR8033C. elegans: unc-18(e81);unc-26(s 1710);olaIs34This paperDGR8387C. elegans: unc-13(s69) IErik Jorgensen Laboratory (University of Utah, Salt Lake City, Utah) (Richmond etal., 1999)BG168C. elegans: unc-13(s69);olaIs34This paperDGR5598C. elegans: unc-13(s69);unc-26(e205);olaIs34This paperDGR6406C. elegans: unc-26(s 1710);olaex3465;olaIs34This paperDGR7497C. elegans: olaIs17 [pmod-1::GCaMP6s;pttx-3::mCherry;punc-
122:dsRed](Hawk etal., 2018)DGR3056C. elegans: xuIs230 (pttx-3s::NpHR::yfp;pttx-3s::DsRed;punc-122::yfp);unc-26(s1710);olaIs34This paperDCR8661C. elegans: olaEx4099 [DACR2739 (pttx-3::sng-1::bfp) (30ng/|μl)];olaIs34This paperDCR6894C. elegans: olaEx4099 [DACR2739 (pttx-3::sng-1::bfp) (30ng/μl)];unc-26(s1710);olaIs34This paperDCR6877C. elegans: olaEx4020 [DACR2739 (pttx-3::sng-1::bfp) (30ng/μl) + DACR808 (pttx-3::atg-9::gfp) (10ng/μl)]This paperDCR6710C. elegans: unc-26(s1710);olaex4020This paperDCR6838C. elegans: olaEx3462 [DACR4860 (pttx-3::unc-26) (5ng/μl)];unc-26(e205);olaIs34This paperDCR5950C. elegans: unc-26(s1710);olaEx1360 [DACR922 (pttx-3::mCh::atg-9) (30 ng/μl)];olaIs44 [DACR1321 (pttx-3::gfp::lgg-1) (15ng/μl)]This paperDCR7339C. elegans: unc-26(s1710);olaex4290 [DACR2877 (pttx-3::bfp::chc-1) (5ng/μl)];olaIs34This paperDCR7332C. elegans: epg-9(bp320);olaex4290;olaIs34This paperDCR8924C. elegans: pfk-1.1(gk922689) XCaenorhabditis Genetics CenterVC41001C. elegans: pfk-1.1(gk922689);olaIs34This paperDCR6129C. elegans: pfk-1.1(gk922689);unc-13(s69);olaIs34This paperDCR8873C. elegans: unc-51(e369) VCaenorhabditis Genetics CenterCB369C. elegans: unc-51(e69);olaIs34This paperDCR7527C. elegans: epg-9(bp320) IVCaenorhabditis Genetics CenterHZ1692C. elegans: epg-9(bp320);olaIs34This paperDCR7047C. elegans: epg-9(bp320);unc-13(s69);olaIs34This paperDCR8869C. elegans: epg-8(bp251) ICaenorhabditis Genetics CenterHZ1691C. elegans: epg-8(bp251);olaIs34This paperDCR7048C. elegans: atg-13(bp414) IIICaenorhabditis Genetics CenterHZ1688C. elegans: olaIs33 [DACR808 (pttx-3::atg-9::gfp) (10 ng/μl) + DACR18 (pttx-3::mCh::rab-3) (30 ng/μl)]This paperDCR4654C. elegans: atg-13(bp414);olaIs33This paperDCR7479C. elegans: olaEx4718 [DACR3209 (pttx-3::atg-9(ΔAP)::gfp) (10ng/μl)]This paperDCR7770C. elegans: olaEx4719 [DACR3209 (pttx-3::atg-9(ΔAP)::gfp) (10ng/μl)]This paperDCR7771C. elegans: olaIs35 (pttx-3::egfp::lgg-1;pttx-3::mCh)(Stavoe et al., 2016)DCR4750C. elegans: unc-13(e450);olaIs35(Hill et al., 2019)DCR5581C. elegans: atg-9(wy56);olaIs35(Stavoe et al., 2016)DCR4851C. elegans: unc-26(s1710);olaIs35This paperDCR6122C. elegans: unc-26(s1710);atg-9(wy56);olaIs35This paperDCR8128C. elegans: atg-9(ΔAP);olaIs35This paperDCR8868C. elegans: unc-26(R216Q) IVThis paperDGR7333C. elegans: unc-26(R216Q);olaIs34This paperDGR7337C. elegans: sac-2/W09C5.7(gk346019) ICaenorhabditis Genetics CenterVG20557C. elegans: sac-2/W09C5.7(gk927434) ICaenorhabditis Genetics CenterVG41013C. elegans: sac-2/W09C5.7(gk346019);olaIs34This paperDGR6730C. elegans: sac-2/W09C5.7(gk927434);olaIs34This paperDGR6731C. elegans: unc-26(s1710);sac-2(gk346019);olaIs34This paperDGR7077C. elegans: unc-26(s1710); sac-2(gk927434);olaIs34This paperDGR7062C. elegans: unc-26(R216Q); sac-2(gk346019);olaIs34This paperDGR8871C. elegans: olaex4504 [DAGR3699 (pttx-3:gfp:chc-1) (5ng/μl)]This paperDGR7480C. elegans: unc-26(R216Q);olaex4504This paperDGR7748C. elegans: olaex4016 [DAGR2716 (pttx-3::sng-1::gfp) (15ng/μl) + DAGR922 (pttx-3::atg-9::mCh) (20ng/μl)]This paperDGR6704C. elegans: unc-26(R216Q);olaex4016This paperDGR7769C. elegans: unc-26(R216Q);olaex4290;olaIs34This paperDGR8586Recombinant DNAPlasmid: pttx-3::atg-9::gfp(Liang et al., 2012)DAGR808Plasmid: pttx-3::atg-9::mChThis paperDAGR922Plasmid: pttx-3::sng-1::bfpThis paperDAGR2739Plasmid: pttx-3::mCh::rab-3(Colon-Ramos et al., 2007)DAGR18Plasmid: punc-14::atg-9::gfp(Stavoe et al., 2016)DAGR1821Plasmid: pttx-3::unc-26This paperDAGR4860Plasmid: pttx-3::sng-1::gfpThis paperDAGR2716Plasmid: pttx-3::sng-1::bfpThis paperDAGR2739Plasmid: pttx-3::aman-2::gfpThis paperDAGR941Plasmid: pttx-3::tgn-38::mChThis paperDAGR3393Plasmid: pttx-3::sp12::gfp(Hill etal., 2019)DGR930Plasmid: pttx-3::tomm-20::gfp(Hill etal., 2019)DAGR1617Plasmid: pttx-3::gfp::lgg-1(Stavoe et al., 2016)DAGR1321Plasmid: pttx-3::bfp::chc-1This paperDAGR2877Plasmid: pttx-3:gfp:chc-1This paperDAGR3699AntibodiesRabbit polyclonal anti-GFPAbcamCat#ab6556; RRID: AB_305564Rabbit monoclonal anti-ATG9AAbcamCat#ab108338; RRID: AB_10863880Mouse monoclonal anti-Bin1 (Amphiphysin2)Upstate/MilliporeCat#05–449; RRID: AB_309738Guinea Pig polyclonal anti-VGATGaibiochemCat#676780; RRID: AB_212625Mouse monoclonal anti-Transferrin ReceptorInvitrogen/Thermo FisherCat#13–6800; RRID: AB_86623Mouse monoclonal anti-DynaminBD Transduction Laboratories/BD BiosciencesCat#610246; RRID: AB_397641Rabbit polyclonal anti-beta-TubulinInvitrogen/Thermo FisherCat#PA1–21153; RRID: AB_561870Software and AlgorithmsVoiocityImprovision by Perkin ElmerN/AFiji(Schindelin et al., 2012)https://imagej.net/Fiji/DownioadsPrismGraphpad Software Inchttps://www.graphpad.com/Adobe IllustratorAdobehttps://www.adobe.com/products/iiiustrator.htmlAdobe PhotoshopAdobehttps://www.adobe.com/products/photoshop.htmlMATLABMathWorkshttps://www.mathworks.com/products/matiab.htmlTrakEM2(Cardona et al., 2012)https://imagej.net/TrakEM2ApEM. Wayne Davishttps://jorgensen.bioiogy.utah.edu/wayned/ape/Deposited DataHippocampal Neuron Culture ProtocolProtocols.io, ASAP Collaborative Research Networkhttps://dx.doi.org/10.17504/protocols.io.b2deqa3eImmunofluorescence ProtocolProtocols.io, ASAP Collaborative Research Networkhttps://dx.doi.org/10.17504/protocols.io.b2c7qaznDynamin Conditional Knockout ProtocolProtocols.io, ASAP Collaborative Research Networkhttps://dx.doi.org/10.17504/protocols.io.b2ddqa26Surface Protein Biotinylation ProtocolProtocols.io, ASAP Collaborative Research Networkhttps://doi.org/10.17504/protocols.io.b2c8qazwCode to Quantify Expressivity of ATG-9::GFP Subsynaptic Foci at the Presynaptic RegionGitHubhttps://github.com/yangsisi76/Quantify-distribution-of-cell-structures.OtherSample transfer boxCustom, Yale machine shopN/ADiamond sectioning knife (Ultra 45°,4mm)DiatomeN/ADiamond trimming knife (45°)DiatomeN/AAclar sheets 200 um (7.8mil)EMSCat#50425Chang embedding moldEMSCat#70910Nickel slot gridsEMSCat#FCF2010-NiField Electron and Ion Company (FEI) Tecnai BiotwinFEIN/AFlow-through ringsLeica MicrosystemsCat#16707157Leica EM AFS2Leica MicrosystemsN/ALeica EM HPM 100Leica MicrosystemsN/ALeica EM UG7Leica MicrosystemsN/ALeica plastic capsules (D5 x H15)Leica MicrosystemsCat#16702738Universal container for plastic capsulesLeica MicrosystemsCat#16702735UltraView VoX spinning disc confocal microscope with a 60x CFI Plan Apo VC, NA 1.4, oil objective on a NikonTi-E standPerkinElmerN/ASpecimen Carrier Type ATechnotrade InternationalPart# 241Specimen Carrier Type BTechnotrade InternationalPart# 242Talos L120GThermo FisherN/AGene Frame Adhesive FramesThermo ScientificCat#AB-0576

