S International Journal of

7
Molecular Sciences m\D\Py

Article
Axon Injury-Induced Autophagy Activation Is
Impaired in a C. elegans Model of Tauopathy

Su-Hyuk Ko 230, Gilberto Gonzalez ?, Zhijie Liu 3 and Lizhen Chen 1>3*

1 Barshop Institute for Longevity and Aging Studies, University of Texas Health Science Center at

San Antonio, San Antonio, TX 78229, USA; KOSH@uthscsa.edu

Department of Cell Systems and Anatomy, University of Texas Health Science Center at San Antonio,

San Antonio, TX 78229, USA; gonzalezgl1@livemail. uthscsa.edu

Department of Molecular Medicine, University of Texas Health Science Center at San Antonio, San Antonio,
TX 78229, USA; liuz7@uthscsa.edu

*  Correspondence: chenl7@uthscsa.edu; Tel.: +1-210-562-5062

Received: 23 October 2020; Accepted: 11 November 2020; Published: 13 November 2020 ﬁr;e(f;tfgsr

Abstract: Autophagy is a conserved pathway that plays a key role in cell homeostasis in normal
settings, as well as abnormal and stress conditions. Autophagy dysfunction is found in various
neurodegenerative diseases, although it remains unclear whether autophagy impairment is a
contributor or consequence of neurodegeneration. Axonal injury is an acute neuronal stress that
triggers autophagic responses in an age-dependent manner. In this study, we investigate the
injury-triggered autophagy response in a C. elegans model of tauopathy. We found that transgenic
expression of pro-aggregant Tau, but not the anti-aggregant Tau, abolished axon injury-induced
autophagy activation, resulting in a reduced axon regeneration capacity. Furthermore, axonal
trafficking of autophagic vesicles were significantly reduced in the animals expressing pro-aggregant
F3AK280 Tau, indicating that Tau aggregation impairs autophagy regulation. Importantly, the reduced
number of total or trafficking autophagic vesicles in the tauopathy model was not restored by the
autophagy activator rapamycin. Loss of PTL-1, the sole Tau homologue in C. elegans, also led to
impaired injury-induced autophagy activation, but with an increased basal level of autophagic
vesicles. Therefore, we have demonstrated that Tau aggregation as well as Tau depletion both lead to
disruption of injury-induced autophagy responses, suggesting that aberrant protein aggregation or
microtubule dysfunction can modulate autophagy regulation in neurons after injury.
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1. Introduction

Autophagy is a lysosome-mediated intracellular catabolic process that is a central component
in stress response [1]. It plays a conserved role in maintaining cellular homeostasis by degrading
dysfunctional proteins, lipids, and organelles through an autophagosome-lysosome pathway [2].
In response to increased energy demands of cells, autophagy provides metabolic substrates, making
autophagy a cytoprotective mechanism [3]. Autophagy was first discovered in conditions of starvation,
which activates autophagy [4]. Autophagy is initiated with the formation of a double membrane
structure around cellular substances, followed by the formation of autophagosome that then fuses
with a lysosome. The engulfed substances are then degraded and recycled back to the cell as amino
and fatty acids [5].

Connections between autophagy and human disease or physiology have been active research
topics. It has become apparent that autophagy plays a central role not only in cancer and aging
but also in neurodegeneration. As neurons become terminally differentiated post-mitotic cells early
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in development, they are unable to dilute out misfolded proteins and damaged organelles through
cell division like replicating cells [6]. The mice lacking the essential autophagy-related geneAtg7 in
the central nervous system showed massive neuronal degenerations in the cerebral and cerebellar
cortices [7]. Ineffective autophagic lysosomal clearance, resulting in toxic protein accumulation, is
found in various neurodegenerative diseases [3]. Tauopathies in particular share a commonality
in their aggregation of either wild-type or mutant, phosphorylated Tau. A key role of autophagy
in tauopathies is the removal of aggregated Tau [8-10]. Autophagy activators have been shown to
reduce the levels of misfolded and aggregated proteins, mitigating the spreading of tau and neuronal
loss [11-17], although whether autophagy impairment is a contributor or a consequence of tauopathy
remains unclear [18,19].

Accumulating evidence also supports that proper function of autophagy is critical for the
maintenance of normal axonal function by supporting local axon homeostasis and protecting against
axonal degeneration under stress conditions [20-23]. An explicit acute neuronal stressor is axonal
injury with extreme responses involving calcium influx, axonal membrane sealing, injury signaling
and transcriptional changes [24]. Previous studies in rodent models reveal that autophagy is among
the cellular process altered after axon injury [25-27]. Axon injury has been shown to up-regulate
essential autophagy genes, including Ambra, Atg5, Beclin 1 and LC3 in both CNS and PNS [28,29].
Activating autophagy after spinal cord injury lesion attenuated axonal retraction and promotes axon
regeneration by stabilizing microtubules [28]. Using a reporter that monitors autophagosomes and
autolysosomes, we have recently reported that axon injury triggers autophagy activation, which
declines with age, and that the injury-induced autophagy activation is critical for axon regeneration
by limiting NOTCH [30]. However, the injury-induced autophagy response has not been previously
investigated in the context of neurodegeneration.

In this study, we monitor the dynamics of autophagosomes and autolysosomes in response to
axon injury in a C. elegans model of tauopathy that expresses pro-aggregant F3AK280 Tau fragment [31].
We found that pro-aggregant Tau abolished axon injury-triggered autophagy activation and reduced
axon regeneration capacity. In addition, axonal trafficking of autophagic vesicles were significantly
reduced in the tauopathy model. The autophagy activator rapamycin failed to rescue the defects in
autophagy activation or trafficking caused by Tau aggregation. Loss of PTL-1, the sole Tau homologue
in C. elegans, also led to impaired injury-induced autophagy activation, with an increased basal level of
autophagic vesicles. Therefore, like in aged neurons, injury-triggered autophagy induction is impaired
in neurons with Tau aggregation or Tau depletion, suggesting a negative impact of aberrant protein
aggregation and MT dysfunction on neuronal autophagy response to injury.

2. Results

2.1. Axon Injury-Triggered Autophagy Induction Is Abolished in a Transgenic Tauopathy Model

Previous studies have suggested that autophagy dysfunction contributes to the toxic aggregation
in neurodegenerative diseases. Conversely, increasing evidence also implicates the protein aggregation
itself in affecting autophagy regulation [32]. We have recently reported that axon injury activates
autophagy, which is required for effective axon regeneration through limiting Notch signaling [30].
To test whether injury-induced autophagy is affected by protein aggregation, we investigated
autophagy dynamics in a transgenic Tau aggregation model that expresses chromosomally integrated
versions of the amyloidogenic F3DK280 fragment of human Tau derived from the repeat domain
of TauDK280 [31,33,34]. We expressed a dual-fluorescent mCherry::GFP::LGG-1 protein under the
control of a touch neuron-specific promoter (Figure 1A) in the strains carrying integrated transgene
of the pro-aggregant F3AK280 (BR5270 byls161) or the anti-aggregant F3AK280-PP control (BR5271
byls162). The dual-fluorescent reporter has been previously used to monitor both autophagosomes
and autolysosomes, and has been shown to be functional as it was able to rescue an embryonic lethal
Igg-1(tm3489) mutant [35,36]. In cells expressing this reporter, autophagosomes are positive for both
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GFP and mCherry, while autolysosomes are only positive for mCherry, as GFP is quenched due to the
low pH in autolysosomes.
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Figure 1. Axon injury-induced autophagic induction is impaired in transgenic Tauopathy models.
(A) Schematic diagram showing the mCherry::GFP::LGG-1 reporter specifically expressed in PLM
touch neuron. (B,C) Quantification and representative images of PLM cell body of wild type, BR5270
and BR5271 animals expressing Prmec-4-mCherry::GFP:LGG-1. PLM axon was axotomized on Day 1
of adulthood. Images were taken immediately before axotomy (Uninjured) and 24 h post axotomy
(injured). AP, autophagosome; AL, autolysosome. Scale bar: 10 um. Statistics: one-way ANOVA; mean
+ SEM; * p < 0.05; ** p < 0.01; ns, Not significant.

As we previously reported [30], we observed significantly increased numbers of mCherry/GFP
double-positive autophagosome puncta and mCherry single-positive autolysosome puncta in injured
PLM neurons compared to uninjured neurons in wild-type animals (Figure 1B,C), indicating that
axon injury induces autophagic vesicle formation and promotes autophagy flux. This injury-induced
autophagy activation was completely abolished in the BR5270 strain expressing pro-aggregant Tau,
although we were able to detect a significantly enhanced number of autolysosomes puncta in the
control strain BR5271 (Figure 1B,C). These aforementioned findings suggest that Tau aggregation
impairs the autophagy response to axon injury.

2.2. Transgenic Expression of Pro-Aggregant Tau Leads to Reduced Axon Regeneration after Injury

Our previous studies implicated only autophagic activation in response to injury, as opposed
to basal autophagy itself, is correlated with the regeneration capacity of axons [30]. In addition, this
response is reduced with age [30]. This age-related diminishing of autophagic induction correlates
to the gradually reduced axon regeneration in PLM neurons [37]. In dlk-1 mutant, in which PLM
axon regrowth is completely inhibited, axotomy fails to induce autophagy, although loss of DLK-1
does not affect the basal autophagy level in non-injured neurons [30]. Similarly, blocking internal
calcium release is sufficient to inhibit axon regrowth [38] and block autophagy induction after
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injury [30]. As transgenic expression of pro-aggregant Tau abolished injury-triggered autophagy
response, we hypothesized that it would also diminish axon regeneration. Indeed, PLM axon
regrowth in BR5270 was significantly less than that in wild-type control, while regrowth in BR5271
was comparable to wild-type (Figure 2A,B). This supports our claim that injury-induced autophagy
activation correlates with axon regeneration capacity.
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Figure 2. Pro-aggregant Tau impairs axon regeneration post injury. (A) Representative images of
PLM axon regeneration 24 h post-laser axotomy in the wild-type animals, BR5270 strain expressing
pro-aggregant Tau, and BR5271 strain expressing anti-aggregant Tau. PLM axon is visualized by touch
neuron-specific GFP expression driven by a mec-7 promoter. Scale bar: 10 um. (B) Quantification
of axon regeneration for experiments in (A). Statistics: one-way ANOVA; mean + SEM; * p < 0.05;
** p < 0.01; ns, Not significant.

2.3. Injury Induces Autophagic Vesicles Trafficking in Wild-Type Neurons but Not in Neurons Expressing
Pro-Aggregant Tau

Autophagic vesicles have been shown to move bidirectionally in axons of primary neurons [39].
We observed very few moving autophagic vesicles labeled by GFP:LGG-1 in intact PLM axons
in wild-type young adult animals. Remarkably, the portion of moving vesicles significantly
increased in regenerating axons 24 h post injury, with majority of the puncta moving retrogradely
(Figure 3A,B). This observation is consistent with previous studies showing that autophagosomes move
bidirectionally along MTs and ultimately concentrate around the centrosome in the perinuclear region
MT minus-end-directed motor dynein [40]. However, when we examined the vesicle trafficking in
BR5270 strain, we did not detect this injury-associated movement of autophagic puncta (Figure 3A,B),
possibly due to the inhibited autophagosome formation by pro-aggregant Tau.
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Figure 3. Injury induces autophagic vesicles trafficking in wild-type animals but not in tauopathy
models. (A) Representative kymograph of autophagic vesicles movement in touch neuron (visualized
with Pmec-4-mCherry::GFP::LGG-1 reporter); each arrow (red, blue, and white) indicate autophagic
vesicles on PLM axon. Kymographs were generated by Olympus IX83 software from movies taken
immediately before axotomy (Uninjured) and 24 h post axotomy (injured). (B) Quantification of
trafficking % (number of trafficking vesicles/total vesicles in 50 um region of proximal PLM axon) for
experiments in (A). Statistics: one-way ANOVA; mean + SEM; *** p < 0.001; ns, Not significant.

2.4. Autophagy Activator Rapamycin Failed to Rescue Autophagy Defects in the Tauopathy Model

Autophagy activators, such as rapamycin, have been shown to reduce the levels of aggregated
Tau proteins, mitigating the Tau aggregation-induced neurodegeneration phenotypes [11-17].
Given this, we explored whether rapamycin was able to rescue the defects in both autophagy induction
and trafficking in neurons expressing pro-aggregant Tau. As we have previously reported [30],
rapamycin treatment was able to significantly enhance the numbers of autolysosome puncta in intact
PLM neurons, although it was not sufficient to further increase autophagic vesicles in injured neurons
(Figure 4A). This is possibly due to the already high basal level of autophagy in injured young neurons,
as rapamycin treatment was sufficient to elevate the number of autophagic vesicles in injured old
neurons, which had shown diminished autophagic response to injury [30]. Like aged neurons, neurons
expressing pro-aggregant Tau failed to activate autophagy in response to axon injury (Figures 1 and 4A).
We therefore predicted that rapamycin would at least partially restore the autophagic response to
injury in the tauopathy model. However, rapamycin treatment was found to not increase autophagic
vesicles in the presence of pro-aggregant Tau, despite the low basal level.
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Figure 4. Defects in autophagic induction and trafficking are not rescued by Rapamycin.
(A) Quantification of autophagosomes (APs) and autolysosomes (ALs) in PLM cell bodies with
indicated treatments. Rapamycin or axotomy alone was sulfficient to enhance the numbers of APs and
ALs in PLM neurons of wild type. In contrast, neither rapamycin nor axon injury was able to induce
the formation of autophagic vesicles in PLM neurons of the Tauopathy model. (B) Quantification of
autophagic vesicles movement in the PLM axons with indicated treatments. Rapamycin or axotomy
alone was sufficient to enhance trafficking in wildtype animals, but not in BR5270. Statistics: one-way
ANOVA; mean + SEM; *** p < 0.001; ns, Not significant.
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We next examined the effect of rapamycin on autophagic vesicle trafficking. Rapamycin treatment
greatly enhanced the percentage of moving autophagic vesicles in uninjured PLM axons of wild-type
animals. Either rapamycin or axotomy alone was sufficient to promote the trafficking of autophagic
vesicles, whereas combining both treatments did not further enhance trafficking (Figure 4B). We also
examined rapamycin effect on trafficking in BR5270 strain. No change was observed treated and
untreated neurons in both intact and injured neurons (Figure 4B), consistent with the inability of
rapamycin in promoting autophagic vesicle formation.

2.5. Loss of PTL-1 Blocks Injury-Induced Autophagy Activation

Like many other membrane-bound organelles and vesicles, autophagosome dynamics rely in
part on their interactions with the cytoskeleton and especially with microtubules (MTs) [41]. Tau is
a MT-binding protein that promotes MT assembly and stability. In Tau-induced neurodegeneration,
Tau aggregation is often associated with Tau hyperphosphorylation and loss of Tau-MT interaction [42].
These prompted us to examine how Tau depletion affected injury-triggered autophagy induction
using a genetic mutant allele of pt/-1 gene, which encodes the sole ortholog of human MAPT in
C. elegans [43,44]. Interestingly, we observed a higher number of autolysosomes in uninjured PLM
neurons of ptl-1(ok621) mutants (Figure 5A,B). It has been proposed that MTs are not involved in
autophagosome formation under basal conditions, as several studies have reported that acute treatment
of a MT destabilization drug, nocodazole, as well as a MT stabilization drug, Taxol, did not affect basal
autophagosome formation [45-47]. The high basal autophagy level of autophagy in ptl-1 mutant might
be due to prolonged loss of function of PTL-1 in the mutant, possibly resulting in a stress-like condition.
We found that both axotomy and rapamycin treatment failed to promote autophagic vesicle formation
in ptl-1 mutant (Figure 5A,B), thus indicating the important role of MTs in autophagy regulation.
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Figure 5. Defective autophagic induction and trafficking in pt/-1 mutant. (A,B) Representative
images and quantification of APs and ALs in PLM cell bodies of ptl-1(0k621) expressing
Pmec-4-mCherry::GFP::LGG-1 with indicating treatment. Rapamycin treatment did not rescue the
autophagic activity in PLM neurons of the pt/-1 mutant animals. Scale bar: 10 pm. (C) Representative
kymograph of autophagic vesicles movement in touch neuron with indicating treatment. Axotomy or
axotomy with rapamycin treatment did not enhance the movement of the autophagic vesicles on the
PLM axon of ptl-1(0k621). (D) Quantification of autophagic vesicles movement in the PLM axons with
indicated treatments (measured as number of trafficking vesicles/total vesicles on PLM axon). Statistics:
one-way ANOVA; mean + SEM; ns, Not significant.
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We also observed higher basal level of autophagic vesicle trafficking in intact PLM axons in ptl-1
mutants (Figure 5C,D). Unlike in the wild-type animals, rapamycin treatment did not significantly
enhance trafficking in intact axons in ptl-1 mutants. Axotomy also failed to promote trafficking in the
absence of PTL-1 (Figure 5C,D). Therefore, these findings suggest that loss of PTL-1 leads to diminished
autophagic response to axon injury, despite the enhanced basal level of autophagy.

2.6. The High Basal Level of Autolysosomes in Ptl-1 Mutant Is Resistant to Autophagy Inhibitor BA1

Bafilomycin Al (BA1) is a wildly used inhibitor of the late phase autophagy. BA1 blocks vacuolar
type H*-ATPases and prevents maturation of autophagic vacuoles by inhibiting fusion between
autophagosomes and lysosomes. As we previously reported [30], BA1 treatment by injection into the
body cavity resulted in an increase in mCherry/GFP double positive puncta (indicating an increase
of autophagosomes) and a decrease in mCherry single positive puncta (indicating a decrease of
autolysosomes) in injured neurons of wild-type animals (Figure 6A,B). Ample evidence from previous
studies has shown that MTs are involved in the formation and motility of autophagosomes, but not
in the process of autophagosome fusion with lysosomes [48]. We found that BA1 treatment did not
significantly affect the numbers of autolysosomes in injured neurons in ptl-1 mutant (Figure 6A,B).
The reduced sensitivity of autolysosomes in ptl-1 mutant to BA1 suggests that fusion events between
autophagosomes and lysosomes might be reduced in pt/-1 mutants.
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Figure 6. The high basal level of autolysosomes in the ptl-1 mutant is less sensitive to BA1 compared
to wild type. (A) Representative images of both wild-type and pt1-1(0k621) transgenic PLM cell
bodies, expressing Pmec-4-mCherry::GFP::LGG-1, 24 h post axotomy. Images taken with and without
injection of 50uM of BA1 into tail region. Treatment occurred at day 1 of adulthood 1 h before axotomy.
BA1 suppressed autolysosome formation in injured wild-type neurons, but not in ptl-1(0k621) mutants.
Scale bar: 10 pm. (B) Quantification of APs and ALs in PLM cell bodies for experiments in (A). Statistics:
one-way ANOVA; mean + SEM; ** p < 0.01; *** p < 0.001; ns, Not significant.

3. Discussion

Accumulation of misfolded proteins is a common pathology shared by various neurodegenerative
diseases. Since autophagy is a conserved mechanism that maintain cellular homeostasis by
degrading damaged organelles and misfolded proteins, autophagy activity can affect the onset
and progression of neurodegenerative diseases, with which Autophagy dysfunction is often associated.
However, it remains unclear whether autophagy impairment is a contributor or consequence of
neurodegeneration. In this study, we examined the autophagic response to axon injury in a C. elegans
model of tauopathy that expresses pro-aggregant Tau fragment. We showed that injury-triggered
autophagy induction is impaired in neurons with Tau aggregation, demonstrating the detrimental
effect of Tau aggregation on autophagy regulation.

This impaired neuronal autophagy response to axon injury is also found in aged neurons [30].
Numerous studies have reported that, as the organism ages, regulation of protein homeostasis
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becomes disrupted, resulting in accumulation of misfolded proteins. In C. elegans, a sharp decline in
chaperone expression correlates with the end of the reproductive phase and leads to the aggregation
of misfoled mutant proteins [49]. In mammals, the ER stress-induced unfolded protein response is
impaired with age [50]. Similarly, lysosomal chaperone-mediated autophagy activity is reduced in
old-aged rat livers and senescent human fibroblasts [51]. It’s also known that physiological age-related
aggregates resemble disease aggregates in several aspects [52]. Therefore, the impaired autophagic
response in aged neuron could be partially due to age-related protein aggregation. However, our
data on rapamycin treatment suggest that Tau aggregation and aging might impact autophagy
through different mechanisms. We have previously shown that treating young adult animals with
autophagy-inducing agents leads to elevated autophagosome and autolysosome numbers in un-injured
neurons. However, in injured young neurons, which have high level of autophagy activity in response
to injury, autophagy-activating drugs do not further activate autophagy. Additionally, these autophagy
activating agents were sufficient to increase autophagic vesicle number in aged wild-type neurons.
These summarized observations suggest that axonal injury maximally activates autophagy in young
wild-type neurons. This may explain the failure of autophagy-inducing agents to further augment
autophagy. However, in neurons with defective injury response, such as those in aged animals,
autophagy activity is not at the maximal level and therefore can be elevated by autophagy-activating
agents. Interestingly, in neurons expressing pro-aggregant Tau, rapamycin treatment was not sufficient
to enhance the number of autophagy vesicles, despite the low level in these neurons.

Tau aggregation is often associated with Tau hyperphosphorylation and loss of Tau-MT interaction
in Tau-related neurodegeneration [42]. The involvement of MTs in different steps of autophagic process
has been a debatable topic over the past years, but it becomes clear that MTs play essential roles in
regulating autophagy dynamics. In this study, we found that loss of PTL-1/Tau lead to enhanced basal
level of autophagy, inconsistent with previous reports that acute treatment of nocodazole or Taxol did
not affect basal autophagosome formation [45—-47]. We suspect that the high basal autophagy level of
autophagy in ptl-1 mutant might be due to a stress-like condition caused by the loss of PTL-1 function in
MT assembly and stabilization. Although it is generally believed that basal autophagosome formation
does not involve MT, stress-induced autophagosome formation requires proper MT function [48].
WIPI1-positive pre-autophagosomal structures move along MTs upon starvation of the cells and such
movements are highly sensitive to nocodazole treatment [53]. MTs and MT motors are also known to
regulate mTORC1 and the class III PI3-kinase complex, the two major complexes required to initiate the
autophagic response [54]. We found that either axotomy stress or rapamycin was sulfficient to promote
autophagic vesicle formation in ptl-1 mutant (Figure 5), indicating the important role of MTs in neuronal
autophagy regulation in response to axon injury. Furthermore, the high level of autolysosomes in
ptl-1 mutant is relatively more resistant to BA1, which inhibits the fusion of autophagosomes with
lysosomes. This suggests that fusion events might be reduced in pt/-1 mutants, despite the high basal
autophagy level. This is consistent with the important role of MTs in regulating the movement of
autophagosome toward the perinuclear region, where autophagosomes fuse with lysosomes [55].
We showed that injury-triggered autophagy induction is negatively impacted by both Tau aggregation
and PTL-1/Tau deletion. However, elevated basal autophagy level is only observed in pt/-1 mutant,
but not in Tau transgenic animals, suggesting that Tau aggregation and PTL-1/Tau loss-of-function
might affect autophagy regulation through distinct mechanisms. Extensive studies have demonstrated
that Alzheimer’s disease is associated with defects in different steps of autophagy, including initiation,
autophagosome transport and lysosomal fusion [56]. These defects are likely due to a combined effect
of protein aggregation and abnormal MT function.

In summary, we employed a dual reporter to monitor the dynamics of autophagosomes and
autolysosomes in response to axon injury. We found that this injury-induced autophagy response was
abolished in neurons expressing pro-aggregant Tau and neurons with PTL-1/Tau depletion, and that
rapamycin was not sufficient to restore these defects in autophagy response, suggesting that aberrant
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protein aggregation or abnormal MT function can modulate autophagy regulation in neurons after
injury through distinct mechanisms.

4. Materials and Methods

4.1. C. elegans Genetics

C. elegans strains were maintained at 20 °C using standard procedures on nematode growth
medium (NGM) agar plates with OP50 E. coli. Mutant C. elegans strains carrying ptl-1(ok621) alleles
and transgenic Tau strains carrying byls161, and byls162 alleles were provided by the C. elegans gene
knockout consortium (CGC). This consortium is funded by the NIH Office of Research Infrastructure
Programs (P40 OD010440). Microinjection was utilized to generate transgenic animals. PCR was used
for genotyping.

4.2. Transgene Construction

To construct the Pmec-4::mCherry::gfp::1gg-1 vector, mCherry::gfp::1gg-1 sequence was amplified by
PCR from the lysate of MAH215 (Chang et al., 2017) and PCR product was inserted into TOPO TA vector
to generate entry vectors. The expression vectors were generated using LR gateway recombination
between the entry vectors and the Pmec-4 gateway cloning destination vector.

4.3. Laser Axotomy

Axotomy was performed as previously described by Wu et al. [57], with slight modification.
Batches of 12 adult day 1 animals, unless otherwise indicated, were first immobilized using either 0.7%
phenoxypropanol (484423, MilliporeSigma, St. Louis, MO, USA) or muscimol (M1523, MilliporeSigma,
St. Louis, MO, USA). An Olympus IX83 microscope using 100X objective was then used to visualize
GFP labeled PLM axons. Axotomies were performed with a Micropoint UV laser (Andor Technology,
Oxford Instrument, Belfast, United Kingdom) at 50 pm from the cell body. Animals were then recovered
in agar plates for 24 h prior to remounting, unless otherwise indicated, for scoring. A minimum of
20 animals were axotimized. Image] was used to measure 10 axons of each genotype. All experiments
performed with a matched control in parallel.

4.4. Rapamycin and Bafilomycin Al treatment

Rapamycin (AG-CN2-0025, AdipoGen, San Diego, CA, USA) was first dissolved in DMSO at a final
concentration of 100 nM. This mixture was then added to standard NGM agar plates. Administration
of rapamycin was performed by culturing on rapamycin NGM plates for 24 h prior to imaging,
unless otherwise indicated. Bafilomycin A1 (BA1; BBVT-0252-C100, BioViotica, Dransfeld, Germany)
was suspended in 0.2% DMSO and 0.1% phenol red solution at a final concentration of 50 uM and
administered via injection into body cavity at tail position. This was done as BA1 is not cuticle
permeable. Injections were performed 24 h before imaging. For axotomy experiments involving BA1
treatment, animals were cultured on NGM plates for 2 h post injection prior to axotomy.

4.5. Quantification of Autophagic Vesicles

Live animals were first immobilized with either 0.7% phenoxypropanol or 30 mM muscimol on a
5% agarose pad for quantitative analysis of both vesicles and puncta. Fluorescence images were taken
on either an Olympus IX83 fluorescence microscope or a Zeiss LSM780 confocal microscope at 100X or
63X oil objectives. Confocal Z-stack images were generated with 0.5 um slice intervals. Autophagic
vesicle puncta in PLM neuron cell bodies were manually counted. Puncta were labeled by GFP:LGG-1
and mCherry::LGG-1. In neurons with the tandem sensor, total puncta were counted of either only
mCherry-positive, only GFP-positive, or mCherry and GFP double-positive. Autolysosome puncta,
indicated by mCherry-only, were counted subsequent to merging separate red and green channel
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images. Autolysosome puncta was verified by substracting the total number of GFP-positive puncta
from the total number of mCherry-positive puncta.

4.6. Live imaging of Autophagy Dynamics

Live imaging of autophagic vesicles was performed 24 h after axotomy. Videos were taken with an
Olympus IX83 microscope. Each video was 5 min in duration. Kymographs were generated with the
software Kymograph of the Olympus IX83. The kymographs were utilized to determine autophagic
vesicle trafficking. Kymographs are two-dimensional displays of a video with the x-axis is a line-scan of
each video frame at a particular time, representing space along the process, and the y-axis representing
time. This sequential assembly visualizes autophagic vesicle behavior over time.

4.7. Statistical Analysis

The software GraphPad PRiSM (version 8, San Diego, CA, USA) was utilized for all statistical
analysis. Student’s t tests were utilized for all two-way comparisons. ANOVA tests were performed
for comparisons involving multiple groups in the design.
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