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ABSTRACT
Macroautophagy/autophagy is a major pathway for the clearance of protein aggregates and 
damaged organelles, and multiple intracellular organelles participate in the process of autophagy, 
from autophagosome formation to maturation and degradation. Dysregulation of the autophagy 
pathway has been implicated in the pathogenesis of neurodegenerative diseases including amyo
trophic lateral sclerosis (ALS) and frontotemporal dementia (FTD), however the mechanisms under
lying autophagy impairment in these diseases are incompletely understood. Since the expansion of 
GGGGCC (G4C2) repeats in the first intron of the C9orf72 gene is the most common inherited cause of 
both ALS and FTD (C9-ALS-FTD), we investigated autophagosome dynamics in Drosophila motor 
neurons expressing 30 G4C2 repeats (30 R). In vivo imaging demonstrates that expression of 
expanded G4C2 repeats markedly impairs biogenesis of autophagosomes at synaptic termini, whereas 
trafficking and maturation of axonal autophagosomes are unaffected. Motor neurons expressing 30 R 
display marked disruption in endoplasmic reticulum (ER) structure and dynamics in the soma, axons, 
and synapses. Disruption of ER morphology with mutations in Rtnl1 (Reticulon-like 1) or atl (atlastin) 
also impairs autophagosome formation in motor neurons, suggesting that ER integrity is critical for 
autophagosome formation. Furthermore, live imaging demonstrates that autophagosomes are gen
erated from dynamic ER tubules at synaptic boutons, and this process fails to occur in a C9-ALS-FTD 
model. Together, these findings suggest that dynamic ER tubules are required for formation of 
autophagosomes at the neuromuscular junction, and that this process is disrupted by expanded 
G4C2 repeats that cause ALS-FTD.
Abbreviations: 3R: UAS construct expressing 3 G4C2 repeats (used as control); 3WJ: three-way 
junction; 12R: UAS construct expressing leader sequence and 12 G4C2 repeats; 30R: UAS construct 
expressing 30 G4C2 repeats; 36R: UAS construct expressing 36 G4C2 repeats; 44R: UAS construct 
expressing leader sequence and 44 G4C2 repeats; ALS: amyotrophic lateral sclerosis; Atg: autophagy 
related; atl: atlastin; C9-ALS-FTD: ALS or FTD caused by hexanuleotide repeat expansion in C9orf72; 
ER: endoplasmic reticulum; FTD: frontotemporal dementia; HRE: GGGGCC hexanucleotide repeat 
expansion; HSP: hereditary spastic paraplegia; Lamp1: lysosomal associated membrane protein 1; 
MT: microtubule; NMJ: neuromuscular junction; Rab: Ras-associated binding GTPase; RAN: repeat 
associated non-AUG (RAN) translation; RO-36: UAS construct expression “RNA-only” version of 36 
G4C2 repeats in which stop codons in all six reading frames are inserted.; Rtnl1: Reticulon-like 1; SN: 
segmental nerve; TFEB/Mitf: transcription factor EB/microphthalmia associated transcription factor 
(Drosophila ortholog of TFEB); TrpA1: transient receptor potential cation channel A1; VAPB: VAMP 
associated protein B and C; VNC: ventral nerve cord (spinal cord in Drosophila larvae)
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Introduction

In neurons, efficient clearance of aggregated proteins and dys
functional organelles is essential to meet cellular extremes in 
metabolism and longevity, particularly motor neurons which 
have long, large diameter axons. For this reason, neurons are 
highly dependent on macroautophagy (hereafter referred to as 
autophagy) to maintain protein and organelle homeostasis [1– 
4], and thus, defective autophagy has been heavily implicated in 
the pathogenesis of neurodegenerative diseases [5–8]. Due to 
their polarized morphology and compartmentalized cellular 
functions, neurons are critically reliant on robust spatiotemporal 

regulation of organelle dynamics in the autophagy pathway [9– 
11]. The soma is thought to be the primary site of major degra
dative pathways and is enriched in acidified lysosomes [12–15], 
whereas presynaptic terminals, responsible for signal transmis
sion, are the primary site of autophagy initiation and autopha
gosome formation [9,16–18]. The precise spatial and temporal 
regulation of the autophagy pathway during retrograde axonal 
transport, from autophagosomal biogenesis to autolysosomal 
maturation and degradation [16,17,19,20], are likely to be espe
cially critical in neurons with extremely long axons, such as 
human motor axons that may be up to a meter in length.
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Although autophagy has been widely investigated as 
a cellular catabolic process that can be triggered by starvation 
in non-neuronal cells [21–23], biogenesis of neuronal auto
phagosomes is thought to occur primarily in a constitutive 
manner at the distal neurite [10,16]. The main source of 
autophagic membranes at the presynaptic terminal remains 
unclear, and many distinct membrane compartments, includ
ing synaptic vesicles, mitochondria, plasma membranes, and 
the endoplasmic reticulum (ER) [24–26], have been suggested 
to contribute to phagophore generation. Unlike other intra
cellular organelles, ER forms a continuous structure through
out the neuron [27], and thus the ER has been suggested to 
spatially regulate autophagy [9,28]. Due to its physical con
tinuity with dynamic ER tubule growth, retraction and rear
rangement, axonal ER is a potential platform for the 
coordination of multiple steps in autophagosomal processes, 
from autophagosome formation [9,29–31] to transport [32– 
34] and maturation [32,35]. In neurons, the underlying 
mechanisms of how ER structure and dynamics impact the 
autophagy pathway remain unclear. Because mutations in 
genes encoding ER membrane proteins cause neurodegenera
tive diseases affecting motor neurons including hereditary 
spastic paraplegias (HSPs) [36–38] and amyotrophic lateral 
sclerosis (ALS) [39,40], altered ER function may contribute to 
the pathogenesis of neurodegenerative diseases.

ALS is a neurodegenerative disease characterized by the degen
eration of upper and lower motor neurons leading to muscle 
weakness and atrophy [41–43], and it shares a range of genetic, 
cellular and pathologic features with frontotemporal dementia 
(FTD) [44–46]. Like many neurodegenerative disorders, key 
pathological hallmarks of ALS and FTD include the presence of 
cytoplasmic protein inclusions, suggesting disrupted neuronal 
proteostasis in affected neurons [47–50]. Although the majority 
of ALS and FTD cases are sporadic, a GGGGCC (G4C2) hexanu
cleotide repeat expansion (HRE) in C9orf72 is the most common 
inherited cause of ALS and FTD (C9-ALS-FTD) [51,52]. 
Haploinsufficiency of C9orf72 may contribute to C9-ALS-FTD 
pathogenesis [51,53]; however, the preponderance of evidence 
indicates that disease results from gain-of-function toxicity from 
expression of the G4C2 repeat containing RNA molecules [54–56] 
and/or repeat-associated non-AUG (RAN) mediated translation 
of dipeptide repeat (DPR) proteins [57–59]. We previously 
demonstrated that expanded G4C2 repeats inhibit nucleocytoplas
mic transport [60], and impaired nuclear localization of the tran
scription factor TFEB/Mitf causes impaired autolysosomal 
function [61]. As enhancing autophagic clearance and ER home
ostasis recovery are promising therapeutic targets in ALS [62,63], 
an understanding of whether and how impaired autophagy is 
related to ER defects in C9-ALS-FTD model needs to be explored.

In this study of autophagy in Drosophila models of C9- 
ALS-FTD, we investigate an in vivo link between ER 
dynamics and autophagosomal biogenesis and test how G4 
C2 repeats alter autophagy in motor neurons. Expression of 
the G4C2 HRE in motor neurons leads to a specific reduc
tion in autophagosomal number and a severe impairment 
in ER structure and dynamics. Despite this impairment in 
autophagosome biogenesis, autophagosome maturation and 
retrograde autophagosome axonal transport occur normally. 
Similarly, disruption of ER integrity by expressing 

mutations in reticulon or atlastin impairs autophagosome 
formation. Importantly, we find that autophagosomal bio
genesis at presynaptic terminals is spatiotemporally asso
ciated with dynamic ER tubules, and our in vivo data 
suggest that defective ER dynamics in C9-ALS-FTD models 
impairs autophagosome formation. Taken together, our 
findings suggest that an impairment in ER dynamics leads 
to a disruption of autophagy initiation in C9-ALS-FTD and 
emphasize an important role for the ER in autophagy 
regulation at synapses.

Results

Expanded G4C2 repeat expression inhibits axonal 
autophagosomal flux without impairing retrograde 
transport

We previously demonstrated that expression of an expanded G4 
C2 repeat disrupts nucleocytoplasmic transport [60], leading to 
cytoplasmic mislocalization of the transcription factor TFEB/ 
Mitf [61]. Since defects in axonal transport and autophagy are 
implicated in the pathogenesis of neurodegenerative diseases 
[64–66], we hypothesized that altered axonal transport of auto
phagosomes might underlie neuronal vulnerability in C9-ALS- 
FTD. Axonal autophagosomes were visualized in motor neurons 
of the intact Drosophila larval nervous system by expressing 
mCherry-Atg8a under control of VGlut-GAL4, and their traffic 
was monitored in vivo [11]. Consistent with our previous obser
vation of a reduced number of autophagic vesicles in motor 
neuron cell bodies [61], there is a pronounced loss of autopha
gosomes in axons of motor neurons expressing 30 G4C2 repeats 
(30 R) (Figure 1A,B; Movie S1,S2). To confirm that the reduction 
in axonal autophagosome density observed with 30 R expression 
is caused by expression of G4C2 repeats, we also examined axonal 
autophagosome density in motor axons expressing 3 R, 36 R, or 
an “RNA-only” version of 36 R (RO-36) in which RAN transla
tion is inhibited by the introduction of stop codons [67]. There 
was a significant reduction of autophagosomal density in axons 
expressing 36 R compared to those expressing either 3 R or RO- 
36 (Fig. S1A,B), demonstrating that uninterrupted, expanded 
repeats are required for autophagosome inhibition. Thus, 
expression of a pathologic G4C2 repeat expansion reduces autop
hagosomal density in Drosophila motor axons.

Next, we assessed axonal autophagosome motility to 
determine whether the reduction in autophagosome density 
in 30 R-expressing axons is accompanied by alterations in 
transport. Consistent with our prior observation [11], the 
majority of neuronal autophagosomes travel retrogradely in 
control motor axons (Figure 1C). However, retrograde 
autophagosomal flux was severely reduced in 30  
R-expressing axons (Figure 1D). Next, we quantified addi
tional parameters of autophagosomal movement in axons 
including velocity, run length, and duty cycle, and found 
that none of these parameters were affected in 30  
R-expressing neurons (Figure 1E-H). Indeed, autophagoso
mal motility dynamics and the percentage of motile auto
phagosomes in axons were unchanged by 30 R expression. 
These data indicate that the reduced autophagosomal flux 
seen in 30 R-expressing fly motor axons results from 
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a reduction in organelle density rather than changes in 
motility. An impairment in autophagosome number in 
axons could be due to a decrease in formation at distal 
axon termini, an increase in degradation or maturation of 
autophagosomes, or both.

Autophagosomal biogenesis is inhibited in motor 
synaptic terminals by expression of expanded G4C2 

repeats

Though the mechanisms of autophagosome biogenesis in 
axons remains unclear, autophagosomes have been shown to 

Figure 1. Expression of 30 G4C2 repeats (30 R) reduces motor axon autophagosomes without altering motility. (A) autophagosomes, labeled with mCherry (mCh)- 
tagged Atg8a, are imaged within motor axons of the third-instar larval segmental nerve. In control 1 (CTL 1), UAS-mCh-Atg8a is driven by VGlut-GAL4. In control 2 
(CTL 2), mCherry-Atg8a is co-expressed with mito-GFP to control for GAL4/UAS dilution. Two independent UAS-(G4C2)30 transgenic lines are used (30 R 1 on 
chromosome 3 and 30 R 2 on chromosome 2). White dashed lines denote boundaries of segmental nerves. Scale bar: 10 µm. (B) quantification of autophagosomal 
density in motor axon. Number of animals in total; n = 25 (CTL 1), n = 12 (CTL 2), n = 25 (30 R 1) and n = 14 (30 R 2). (C) representative kymographs of 
autophagosome axonal transport in motor axons from the indicated genotypes. Blue angle brackets indicate retrograde transport of autophagosomes. Scale bars: 
1 min (vertical) and 10 µm (horizontal). Axonal transport of autophagosomes is analyzed by measuring: flux (D), the number of autophagosomes moving through 
axon cross-section per minute, velocity (E), run length (F), and percentage of autophagosomes that are moving (G) in the retrograde direction (R), anterograde 
direction (A), or stationary (S). (H) retrograde moving autophagosomes are individually analyzed by measuring duty cycle, the percentage of time spent moving in 
retrograde direction (R), anterograde direction (A), or stationary (S). Number of animals in total; n = 10 (CTL 1), n = 9 (CTL 2), n = 16 (30 R 1) and n = 6 (30 R 2). Error 
bars indicate mean ± SEM. Significance is determined by one-way ANOVA with Bonferroni’s multiple comparisons test (B, D, E and F), and by Chi-Square test with 
a post-hoc analysis (G and H), respectively. *p < 0.05, ***p < 0.001, ****p < 0.0001, and ns = not significant.
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Figure 2. Autophagosome formation is inhibited in synaptic boutons in Drosophila models of C9-ALS-FTD. (A) representative images of autophagosomes in motor 
axons (i) and synaptic boutons (ii) from the indicated genotypes. Autophagic vesicles and preautophagosomal structures are visualized by Atg8a+ and Atg9+ signals 
respectively. anti-DsRed antibody immunostaining is used to amplify mCherry-Atg8a and anti-GFP is used to amplify Atg9-GFP. White dashed lines denote (i) motor 
axons and (ii) motor synaptic terminal boutons. Scale bars: 10 µm. (B) density of autophagosomes is quantified from motor axons and synaptic boutons. Number of 
animals in total; n = 15 (CTL) and n = 22 (30 R) for autophagic vesicle (Atg8a+) analysis, and n = 8 (CTL) and n = 9 (30 R) for preautophagosomal structure (Atg9+) 
analysis. (C) representative images of mitochondria in synaptic boutons from the indicated genotypes. Scale bars: 10 µm. (D) density of mitochondria is quantified by 
measuring mitochondrial area from motor synaptic boutons. Number of animals in total; n = 32 (CTL) and n = 27 (30 R). (E) representative synaptic boutons of the 
indicated genotypes without (20°C) or with (29°C) TrpA1 activation. Laval motor neurons are excited through activation of calcium permeable ion channel, TrpA1, by 
incubation at 29°C for either 30 min or 1 h. Synaptic terminal bouton is indicated by white angle bracket. Scale bars: 10 µm. (F) number of autophagosomes is 
quantified for autophagosomal density in a single terminal bouton. Number of animals in total; n = 14 (CTL in 20°C, 1 h), n = 5 (CTL in 29°C, 30 min), n = 17 (CTL in 
29°C, 1 h), n = 12 (30 R in 20°C, 1 h), n = 4 (CTL in 29°C, 30 min) and n = 7 (30 R in 29°C, 1 h). Error bars indicate mean ± SEM. Significance is determined by unpaired 
two-tailed t-test (B and D), and by one-way ANOVA with Bonferroni’s multiple comparisons test (F). *p < 0.05, **p < 0.01, ***p < 0.001, and ns = not significant.

AUTOPHAGY 97



be formed constitutively in the distal axon terminal 
[9,16,19,68]. Since autophagosomes in Drosophila motor neu
rons primarily form at synaptic boutons of the neuromuscular 
junction (NMJ), we investigated the localization of vesicles 
positive for Atg8a and Atg9, the only known integral mem
brane protein present on preautophagosomal structures 
[18,69,70]. We found that 30 R expression caused a severe 
reduction in the number of Atg8a+ autophagosomes in both 
axons and synaptic boutons and also led to a reduction in 
Atg9-GFP-positive punctae at synaptic boutons (Figure 2A,B). 
Importantly, there was not a generalized reduction of orga
nelles at the NMJ, as 30 R expression did not reduce mito
chondrial density at synaptic boutons (Figure 2C,D), 
consistent with our previous finding that mitochondrial traf
ficking in motor axons occurs normally [71]. Together with 
our prior analyses of the motor neuron soma [61], these data 
indicate that 30 R expression leads to a severe impairment in 
autophagosome formation throughout motor neurons.

Previous studies in fly motor neurons have shown that 
neuronal stimulation increases autophagosome biogenesis in 
presynaptic terminals [18]. Thus, we reasoned that if 30 R 
expression down-regulates autophagosomal biogenesis, then 
it may also block autophagosome formation induced by neu
ronal activation in synaptic boutons. To test this hypothesis, 
we overexpressed the temperature-sensitive TrpA1 (Transient 
receptor potential cation channel A1) in motor neurons, and 
shifted the animals to 29°C for either 30 min or 1 h to stimu
late neuronal activity [18,72]. Without TrpA1 expression, 
incubating control animals at 29°C for 30 min did not affect 
neuronal autophagy, though 1-h incubation slightly increased 
presynaptic autophagosome number (Fig. S2A,B). As pre
viously described, however, induction of action potentials 
via TrpA1 activation increased the formation of Atg8a+ auto
phagic vesicles in synaptic boutons of control animals 
(Figure 2E,F). In contrast, TrpA1 activation failed to increase 
autophagosome formation in animals expressing 30 R. 
Therefore, our results indicate that 30 R expression prevents 
neuronal activity-mediated autophagosome formation at the 
synapse, which consequently reduces the number of retro
gradely-moving autophagosomes in motor axons.

Autophagosome maturation is unaffected by expanded  
G4C2 repeat expression

Studies from non-neuronal cells have shown that autopha
gosomes strongly colocalize with late endosomes and/or 
lysosomes, ultimately maturing into amphisomes and/or 
autolysosomes [73]. In addition, studies in embryonic neu
rons in vitro [16] as well as in fly neurons in vivo [17] have 
shown that retrograde movement of autophagosomes is 
tightly coupled with organelle maturation. Thus, we asked 
whether autophagosomes mature properly as they move 
retrogradely along axons in 30 R-expressing motor neurons. 
To examine autophagosome maturation, we visualized axo
nal amphisomes and autolysosomes in fly motor neurons 
by co-expressing mCherry-Atg8a with Rab7-GFP and with 
GFP-Lamp1, respectively, under the control of VGlut-GAL4 
(Figure 3A; Movie S3-S6). Organelles double-positive for 
Atg8a and Rab7 (amphisomes) or for Atg8a and Lamp1 

(autolysosomes) primarily moved retrogradely in fly motor 
axons, and 30 R expression did not affect their retrograde 
velocity (Figure 3B) or run length (Figure 3C). 
Interestingly, despite the reduced density of autophago
somes in 30 R-expressing axons compared to control 
axons, the proportion of motile autophagosomes that fuse 
successfully with late endosomes (38.46% vs 32.75%) or 
lysosomes (15.28% vs 8.40%) were not significantly differ
ent (Figure 3D). These findings are consistent with a model 
in which autophagosome fusion with late endosomes is 
required for robust retrograde motility [74]. Collectively, 
our results indicate that while autophagosome biogenesis 
is severely reduced in 30 R-expressing neurons, autophago
some fusion and maturation is preserved to enable retro
grade transport of the remaining autophagosomes.

ER integrity is impaired in Drosophila motor neurons 
expressing expanded G4C2 repeats

Since the endoplasmic reticulum (ER) has been suggested to 
contribute to autophagosome generation [9,28], and muta
tions in genes regulating ER structure and dynamics are 
implicated in ALS pathogenesis [75,76], we hypothesized 
that impaired autophagosome biogenesis in C9-ALS-FTD 
could be caused by alterations in the ER network. Indeed, 
the ER is the source of the earliest distinguishable autophagic 
structures in mammalian and fly cells [29,30]. Therefore, we 
examined the ER network in motor neurons in vivo to test 
whether altered ER integrity might contribute to defective 
autophagosome biogenesis in neurons expressing expanded 
G4C2 repeats. To visualize ER architecture in vivo, we 
expressed an ER retention signal (HDEL) fused with 
a Drosophila Hsc70–3/BiP (Heat shock protein 70 cognate 3) 
and Superfolder GFP (sfGFP) in motor neurons (sfGFP- 
HDEL), as previously described [77]. ER from control animals 
formed a reticular structure with a network of tubules in 
motor neurons (Figure 4A; i-iii), whereas ER in animals 
expressing 30 R displayed disrupted morphology with ER 
knots (clustered ER network) in cell bodies and ER disconti
nuities in axons and neuromuscular junctions (Figure 4A; iv- 
vi). To define the alterations in ER structure, we quantified ER 
tubule three-way junction (3WJ) density in cell bodies and the 
number of ER tubule fragments at synapses [78]. This analysis 
showed a significant reduction of ER 3WJ density (Figure 4B, 
C) and a marked increase of ER fragment number (Figure 4D, 
E) in 30 R-expressing motor neurons. Similarly, these mor
phological ER defects were also observed using additional 
fluorescent ER markers including Lys-GFP-KDEL for ER 
lumen and tdTomato-Sec61β for ER membrane in 30  
R-expressing neurons (Fig. S3A,B).

To determine whether the ER and autophagosome impair
ments persistent into adulthood, we also examined these 
organelles in adult fly motor neurons. In motor neurons of 
the adult ventral nerve cord (VNC), 30 R expression signifi
cantly altered the ER morphology and reduced the autopha
gosome density (Figure 5A-C), similar to what was observed 
in larval motor neurons. Since newly formed adults are paral
yzed in 30 R animals, we are unable to determine if this 
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phenotype becomes progressively worse with age. To deter
mine if non-neuronal cells were affected, we analyzed the ER 
in the larval fat body and muscle cells and found that the ER 
in 30 R expressing non-neuronal cells was indistiguishable 
from controls (Figure 5D). Indeed, the periodic structure of 
the sarcoplasmic reticulum of 30 R-expressing larval muscles 
was unaffected (Figure 5E). Collectively, these data demon
strate that 30 R expression causes morphological disruption of 
the ER in Drosophila motor neurons. 

Since live imaging demonstrates that the ER is remark
ably dynamic [79–81], we next acquired time-lapse images 
of the ER to determine whether the morphological abnorm
alities are accompanied by alterations in ER motility. In 30  
R-expressing motor neurons, disrupted ER dynamics was 

observed throughout the neuron, with severely impaired ER 
motility in cell bodies (Figure 6A and Fig. S4A,B; Movie S7, 
S8), axons (Figure 6B; Movie S9,S10) and synaptic termini 
(Figure 6C; Movie S11,S12). At NMJ synapses, where ER 
tubule growth and retraction was readily observed in con
trol animals, there was a marked reduction of these 
dynamic events along with an increase in the number of 
static ER particles in 30 R-expressing animals (Figure 6D,E). 
Strikingly, though ER discontinuity was apparent and ER 
tubule growth and retraction events were rare, 30 R axons 
showed a preserved linear arrangement of axonal microtu
bules (MTs) (Fig. S3C), consistent with normal retrograde 
axonal transport of autophagosomes across ER discontinu
ities (Figure 6B; Movie S10). Thus, our results indicate that 

Figure 3. Autophagosomal maturation occurs normally in motor axons expressing 30 G4C2 repeats (30 R). (A) representative time-lapse images of axonal transport of 
amphisomes and autolysosomes in fly motor neurons. White angle brackets denote retrograde moving organelles that are visualized by co-expressing either 
mCherry-Atg8a with Rab7-GFP for amphisomes or mCherry-Atg8a with GFP-Lamp1 for autolysosomes. White dashed lines denote segmental nerves. Scale bars: 10  
µm. Axonal transport of organelles is analyzed by measuring velocity (B) and run length (C). (D) quantitative ratio of organelle to autophagosome in motor axons. 
Number of animals in total; n = 22 (CTL for Atg8+ and Rab7+), n = 13 (CTL for Atg8a+ and Lamp1+), n = 13 (30 R for Atg8a+ and Rab7+) and n = 12 (30 R for Atg8a+ 

and Lamp1+). Error bars indicate mean ± SEM. Significance is determined by unpaired two-tailed t-test (B, C and D). ns = not significant.
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Figure 4. Expression of 30 G4C2 repeats (30 R) disrupts ER morphology throughout Drosophila larval motor neurons. (A) representative images of ER in motor 
neuronal soma (i and iv), axon (ii and v) and synaptic terminal (iii and vi) from the indicated genotypes. sfGFP-HDEL is used for imaging ER network. White angle 
brackets denote ER knots (iv), and ER discontinuity and fragmentation (v and vi). Scale bars: 10 µm (white) and 5 µm (red). (B) analysis of ER morphology and network 
in motor neuron cell bodies from the indicated genotypes. Images are binarized (i and iii) to acquire skeleton (ii and iv) of the ER network. Inset shows the skeleton of 
the ER network and three-way junctions (3WJs) between tubules (red circles). Scale bars: 5 µm. (C) in motor neuron cell bodies, ER network is quantified by 
measuring number of 3WJs per ER tubule length. Number of animals in total; n = 16 (CTL) and n = 19 (30 R). (D) representative images of ER and autophagosomes at 
the neuromuscular junction from indicated genotypes. White angle brackets denote terminal boutons. Scale bars: 10 µm and 5 µm (insets). (E) in motor synapses, ER 
structure is analyzed by measuring number of ER fragments per bouton. Number of animals in total; n = 14 (CTL) and n = 15 (30 R). Error bars indicate mean ± SEM. 
Significance is determined by unpaired two-tailed t-test (C and E). **p < 0.01 and ****p < 0.0001.
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30 R expression impairs ER structure and dynamics in 
motor neurons, without impeding MT-based organelle 
movements.

Autophagy is downregulated in Drosophila larval motor 
neurons expressing disease-associated ER membrane 
proteins

Given the inhibition of autophagosome biogenesis 
(Figure 2) and impaired ER integrity and dynamics 
(Figures 4, 5 and 6) in 30 R-expressing motor neurons, we 

further examined the relationship between these two pro
cesses using two additional fly models of C9-ALS-FTD, one 
expressing 36 R and the other expressing 44 R that also 
expresses GFP-tagged GR via RAN translation. In both 
the 36 R and 44 R models, we observed a similar alteration 
in the ER and reduction of autophagosomes as was 
observed in the 30 R model (Fig. S3D-F). In mouse hippo
campal neurons, conditional knockout of the essential auto
phagy protein, Atg5, leads to accumulation of ER tubules in 
axons [82], suggesting a role for autophagy (reticulophagy) 
in limiting axonal ER. To test whether disruption of auto
phagy might directly impair ER dynamics in motor 

Figure 5. Expression of 30 G4C2 repeats (30 R) disrupts ER morphology specific to Drosophila motor neurons. (A) representative images of autophagosomes and 
ER in motor neuronal soma from the adult VNC. White angle bracket denotes ER knot and insets show the skeleton of the ER network from the indicated 
genotypes. Scale bars: 5 µm (white) and 1 µm (red). (B) density of autophagosomes is quantified from adult motor neuron cell bodies. Number of animals in 
total; n = 8 (CTL) and n = 17 (30 R). (C) in adult motor neuron cell bodies, ER network is quantified by measuring number of 3WJs per ER tubule length. 
Number of animals in total; n = 8 (CTL) and n = 17 (30 R). (D) representative images of ER in larval fat bodies and muscle cells from the indicated genotypes. 
Insets show the periodic structure of larval sarcoplasmic reticulum at horizontal (anteroposterior, i and iii) and vertical (lateral, ii and iv) axes. Scale bars: 10  
µm. (E) signal intensity profiles of the sfGFP-HDEL are denoted from the dashed arrow lines in (D). The representative periodic distance of sarcoplasmic 
reticulum is indicated; 4.33 µm and 1.43 µm from control (i and ii) and 4.31 µm and 1.44 µm from 30 R (iii and iv) animals. Error bars indicate mean ± SEM. 
Significance is determined by unpaired two-tailed t-test (B and C). ****p < 0.0001.
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Figure 6. Expression of 30 G4C2 repeats (30 R) impairs ER dynamics in Drosophila motor neurons. (A) temporal color code of neuronal ER dynamics from the 
indicated genotypes. ER in motor neuronal soma was captured at 1 sec time intervals for 1 min. Single frames of pseudo-colored images were extracted from 
the time-lapse images for ER dynamics analysis; merged image of single ER network at indicated timepoint, t = 1 sec (red), t = 30 sec (green) and t = 60 sec 
(blue). With this representation, white ER tubules are static, whereas colored ER tubules are dynamic during the 1 min imaging. Reconstructed images are 
generated by Imaris 9.0.1 from the sections of 14.85 µm width (x) with 14.85 µm height (y). Scale bars: 5 µm. (B) axonal ER dynamic events from indicated 
genotypes. An example of ER tubule growth (red angle brackets), ER tubule retraction (blue angle brackets) and ER discontinuity (yellow angle brackets) are 
indicated. Axonal transport of autophagosomes (white angle brackets) is co-visualized with dynamic ER. Reconstructed images are generated by Imaris 9.0.1 
from the sections of 25.27 µm width (x) with 9.95 µm height (y). Scale bars: 5 µm. (C) dynamics of neuronal ER in motor synaptic terminal from the indicated 
genotypes. An example of ER tubule growth (red angle brackets), ER tubule retraction (blue angle brackets) and ER fragmentation (yellow angle brackets) are 
indicated. Scale bars: 5 µm. Terminal ER dynamics is quantified by measuring number of events for ER tubule growth and retraction (D) and by measuring 
number of static ER particle per single bouton (E). Number of animals in total; n = 14 (CTL) and n = 15 (30 R). Error bars indicate mean ± SEM. Significance is 
determined by unpaired two-tailed t-test (D and E). ***p < 0.001 and ****p < 0.0001.
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Figure 7. Expression of mutant ER membrane proteins inhibits autophagy in Drosophila motor neurons. (A) representative images of motor neuron ER in cell bodies 
(CB) and synaptic terminal boutons (BT) from the indicated genotypes. UAS-luciferase RNAi is used for control. Scale bars: 5 µm. ER morphology is analyzed by 
quantification of 3WJs in CB (B) and by quantification of ER fragments in BT (C). Number of animals in total; n = 11 (CTL) and n = 15 (Atg5 KD) for ER analysis in CB, 
and n = 7 (CTL) and n = 7 (Atg5 KD) for ER analysis in BT. (D) representative images of motor neuron ER and autophagosomes in cell bodies (CB) and synaptic 
terminal boutons (BT) from the indicated genotypes. UAS-luciferase RNAi is used for RNAi control (CTL 1), and UAS-lacZ is used for UAS overexpression control 
(CTL 2). White dashed lines denote motor neuron cell body and motor synaptic terminal. Scale bars: 5 µm. (E) in motor synapses, ER morphology is analyzed by 
quantifying the number of ER fragments in BT. Number of animals in total; n = 11 (CTL 1), n = 9 (Rtnl1 KD), n = 9 (atl KD), n = 10 (CTL 2), n = 8 (atlR192Q), and n = 6 
(atlR214C). (F) density of autophagosomes is quantified from motor neuron CBs and BTs. Number of animals in total for CB/BT quantification; n = 16/7 (CTL 1), n = 11/7 
(Rtnl1 KD), n = 14/9 (atl KD), n = 11/9 (CTL 2), n = 9/7 (atlR192Q), and n = 12/8 (atlR214C). Error bars indicate mean ± SEM. Significance is determined by unpaired two- 
tailed t-test (B and C), and by one-way ANOVA with Bonferroni’s multiple comparisons test (E and F). *p < 0.05, **p < 0.01 and ***p < 0.001.
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neurons, we analyzed ER morphology in cell bodies and 
synapses of flies coexpressing Atg5 RNAi. Quantitative RT- 
PCR confirmed a > 60% knockdown of Atg5 gene expres
sion in Atg5 RNAi-expressing larvae (Fig. S5A), consistent 

with prior observations [83]. In fly motor neurons, Atg5 
knockdown significantly reduced autophagosome number 
in both cell bodies and synaptic boutons (Fig. S5B,C). 
Despite this inhibition of autophagy, the morphology of 

Figure 8. Developing autophagosomes co-migrate with ER at Drosophila terminal boutons. Time series of developing autophagomes with ER dynamics in terminal 
bouton of the distal motor axon. Two representative images are shown from the indicated genotypes, from control (A) and 30 R (B) animals. White angle brackets 
denote autophagosomal biogenesis events that co-localize and co-migrate with the ER tubule. Signal intensity profiles of line scans between mCherry-Atg8a and the 
sfGFP-HDEL are denoted from the dashed arrow lines, and black angle brackets denote the peak of Atg8a+ signals corresponding to white angle brackets on the 
images. Kymographs are generated from the corresponding dashed arrow lines on the images to display dynamics of ER and terminal autophagosomes de novo, from 
control (A, (i)) and 30 R (B, (ii)). Scale bars: 5 µm (horizontal) and 10 sec (vertical).
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the ER network and terminal ER tubule structure were not 
affected in motor neurons (Figure 7A-C). These results 
indicate that inhibition of autophagy is not sufficient to 
disrupt ER morphology in fly motor neurons, and suggest 
that impaired ER morphology is not caused by reduced 
autophagosome formation in 30 R-expressing animals.

An alternative hypothesis is that an impairment in auto
phagosome formation is caused by an impairment in ER 
tubule dynamics. Indeed, in cortical neurons from a mouse 
model of hereditary sensory and autonomous neuropathy, 
lack of axonal atlastin 3 (ATL3), an ER-network forming 
GTPase, resulted in fewer axonal autophagosomes, though it 
did not change axonal ER morphology [84]. In addition, it has 
been reported that depletion of ATL2 and ATL3 impairs the 
initial step of autophagosome formation [85]. Furthermore, 
recent data suggest that ER-derived vesicles, regulated by the 
endosomal sorting complex required for transport (ESCRT), 
facilitate the formation of autophagosomes in the Drosophila 
intestine [86]. To test whether alterations in ER morphology 

lead to an impairment in autophagosome formation in fly 
motor neurons, we performed multiple genetic manipulations 
known to disrupt the ER in flies, including knockdown of 
either Rtnl1, a Drosophila ortholog of RTN (reticulon), or 
ATL (atlastin) [78,79,87], and expression of HSP-associated 
atl mutations, atlR192Q or atlR214C [87]. In motor neuron cell 
bodies, while the ER network appeared slightly altered by 
Rtnl1 knockdown, there were no obvious changes with either 
atlastin knockdown or expression of atlR192Q (Figure 7D and 
Fig. S5D,E). However, there was a severe disruption of the ER 
network structure in cell bodies expressing atlR214C, as pre
viously observed [87]. Next, we investigated the effects of 
these genetic manipulations on ER morphology in NMJ 
synaptic boutons. Interestingly, unlike motor neuron cell 
bodies, expression of AtlR214C or knockdown of Rtnl1 or atl 
led to marked ER fragmentation at the presynaptic NMJ 
terminal (Figure 7D,E). These disruptions in ER morphology 
correlated with a reduction in autophagosome density (Fig. 
S5F), most notable at NMJ synaptic boutons (Figure 7D-F). In 

Figure 9. Schematic model for autophagosome biogenesis from dynamic ER tubules in healthy synapses and dysfunction in C9-ALS-FTD motor neurons. ER network 
is continuously distributed throughout the cytosol within motor neurons, including cell body, axon and presynaptic terminals. In healthy neurons, the ER is highly 
dynamic, with tubular extensions and retractions. Developing autophagosomes primarily form in distal axons from dynamic ER tubules in presynaptic terminals. In 
C9-ALS-FTD neurons, the ER is rigid, forming membrane “knots”, tubule discontinuity, and fragmentation. This disrupted ER dynamics in C9-ALS-FTD neurons impairs 
formation of autophagosomes at synaptic boutons without impeding autophagosome maturation or retrograde transport. These defects in organelle dynamics 
eventually cause a reduction of autophagic vesicles in neuronal cell body (Cunningham KM et al., Elife 2020). ER; endoplasmic reticulum, AP; autophagosome, MT; 
microtubule.
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axons, defective ER structures were progressively apparent in 
distal axons, containing predominantly ER fragments with 
only sparse ER tubules (Fig. S5G). Collectively, our data 
indicate that ER integrity, especially distal axon ER tubule 
structure, is critical for autophagosome maintenance in fly 
motor neurons.

Expanded G4C2 repeat expression impedes ER-mediated 
autophagosome formation at the Drosophila 
neuromuscular junction

In primary neurons, autophagosome membranes are gener
ated from ER at ZFYVE1/DFCP1 (zinc finger FYVE-type 
containing 1)-positive subdomains [9]. In Drosophila motor 
neurons expressing 30 R, we observed an inhibition of 
autophagosome biogenesis (Figure 2) as well as disrupted 
ER dynamics (Figure 6). We therefore hypothesized that the 
impairment in ER dynamics at synapses might directly 
impair autophagosome biogenesis. To determine whether 
neuronal autophagosomes form from dynamic ER tubules 
at synaptic boutons, we performed dual-color time-lapse 
confocal imaging of autophagosomes and the ER using 
mCherry-Atg8a and sfGFP-HDEL, respectively. Consistent 
with our previous observations, 30 R expression reduced the 
number of distal autophagosomes in NMJ synaptic boutons. 
In both 30 R and control animals, we noted that autopha
gosomes predominantly appeared on dynamic ER tubules 
as evidenced by Atg8a+ signals coinciding with HDEL+ 

signals (Figure 8A,B). Remarkably, at control terminal 
synaptic boutons, the emerging autophagosomes closely co- 
localized and co-migrated with ER (Figure 8A, (i); Movie 
S13), and migrating autophagosomes moved along with the 
tips of ER tubules (Fig. S6A; Movie S15). Though autopha
gosomes primarily colocalized with ER in 30 R-expressing 
animals, the autophagosomes in 30 R-expressing terminal 
boutons appear static, colocalizing with fragmented ER 
(Figure 8B, (ii) and Fig. S6B; Movie S14,S16). Together, 
these results provide in vivo evidence of a dynamic connec
tion between distal autophagosomes and the ER, and sug
gest that developing autophagosomes form from dynamic 
ER tubules in Drosophila motor neuron synaptic boutons. 
These findings suggest that one mechanism whereby dis
ease-associated G4C2 repeats impair neuronal autophagy is 
through disrupting ER dynamics and inhibiting autophago
some biogenesis (Figure 9).

Discussion

While autophagy has long been known to play an essential 
role in clearance of protein aggregates and prevention of 
neurodegeneration [5–8], much less is known about the 
spatiotemporal regulation of autophagy in neurons, parti
cularly in axons and synapses [9–11]. Our previous study in 
fly models of C9-ALS-FTD, the most common genetic 
cause of these diseases, suggested that autophagy was dis
rupted in motor neuron cell bodies due to impaired nuclear 
import of the transcription factor TFEB/Mitf [61]. 

However, since neuronal autophagosomes primarily form 
at synapses, whether and how autophagy is disrupted in 
axons and synapses in C9-ALS-FTD has remained unclear. 
To better understand how autophagosomes form in 
synapses and are retrogradely trafficked along axons, we 
have performed live imaging in fly models of C9-ALS- 
FTD. We find that while autophagosomes fail to form 
normally at NMJ synapses, even with neuronal stimulation, 
they are able to mature and undergo retrograde axonal 
transport normally. Strikingly, our investigations of auto
phagosome biogenesis at synapses show that autophago
somes at the NMJ normally form at tips of dynamic ER 
tubules, and this process is severely disrupted in C9-ALS- 
FTD. Furthermore, ER integrity and dynamics are severely 
disrupted in our C9-ALS-FTD models, and mutations in 
reticulon and atlastin known to disrupt the ER also impair 
autophagosome formation. Together, these findings support 
a model (Figure 9) whereby dynamic ER tubules are 
required to form new autophagosomes at synapses prior 
to their retrograde axonal transport.

At the synapse, the precise mechanisms of how local 
machinery regulates biogenesis of autophagosomes remain 
unclear [88,89]. One key regulator of this process is Atg9, 
a transmembrane lipid scramblase present on Golgi-derived 
vesicles enriched at synaptic sites [18,19]. Atg9-containing 
vesicles undergo exo-endocytosis at synapses and enable the 
expansion of the isolation membrane critical for autopha
gosome formation [70]. In Drosophila NMJ synaptic bou
tons, we observe large Atg9-GFP+ structures within 
synaptic boutons, and these vesicles are dramatically 
reduced with 30 R expression (Figure 2A,B). A recent 
study suggests a role for Atg9+ vesicles in phase separation 
of RB1CC1/FIP200 on the ER to specify autophagosome 
initiation sites [90]. This proposed role for the outer surface 
of the ER in autophagosome biogenesis is consistent with 
our model in which ER dynamics is required for formation 
of autophagosomes. Thus, Atg9 may integrate signals of 
synaptic function (e.g. exo-endocytosis at synapses) with 
dynamic ER tubules to define sites of autophagosome bio
genesis. In this model, impaired delivery of Atg9 to 
synapses and/or impaired ER structure (Figure 4) and 
dynamics (Figure 6) may underlie defective autophagosome 
formation in C9-ALS-FTD.

A surprising finding in our investigation of the mechanism 
of autophagy disruption in Drosophila C9-ALS-FTD models is 
a profound impairment in ER morphology and dynamics, not 
previously demonstrated in C9-ALS-FTD models. Although 
future studies will be required to clarify the mechanism for 
disrupted ER in C9-ALS-FTD, our live imaging studies of ER 
within motor neurons reveals key differences between the cell 
body and axons. Within the perinuclear soma, ER shows an 
interconnected reticular network with oscillating movement 
(Figure 6A; Movie S7), similar to movement described in 
nonneuronal cells [91]. In contrast, ER within axons and 
terminal boutons show single tubule growth and retraction, 
similar to movements described in the periphery of non- 
neuronal cells (Figure 6B,C; Movie S9,S11) [80,92]. We 
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hypothesize that these distinct ER dynamics are due to differ
ences in MT polarity within the soma and in axons. Indeed, 
recent evidence suggests that MTs regulate both ER morphol
ogy [93,94] and dynamics [95–97]. Though 30 R-expressing 
animals display rigid ER dynamics, we detect normal linear 
arreangement of MTs with intact axonal transport of auto
phagosomes (Figure 1) and mitochondria [71]. Interestingly, 
ER arrangement regulates endosomal positiong and traffic 
independent of MTs [32], and HSP disease mutations in 
RTN2 disrupt both axonal ER structure and dynamics and 
also trafficking of dense core vesicles [98]. In this regard, we 
previously showed that 30 R expression impairs axonal trans
port of endo-lysosomes and dense core vesicles [71]. Thus, we 
hypothesize that impaired ER dynamics might underlie both 
the impairment in synaptic autophagosome biogenesis as well 
as altered axonal trafficking of endo-lysosomes and other 
organelles.

Recently, the ER has been increasingly viewed as a hub for 
organelle dynamics and interactions [97,99,100]. In neurons, 
however, it is still not clear whether and how ER influences 
the dynamics of autophagosomes: from organelle formation 
to maturation and axonal transport. By investigating the 
in vivo spatiotemporal coordination of ER and autophago
somes in fly motor neurons, we propose that dynamic, pre
synaptic ER contributes to the biogenesis of distal 
autophagosomes (Figure 9). This proposed mechanism is 
based on several observation. First, an analysis of multiple 
mutations that disrupt axonal ER morphology also impair 
synaptic autophagosome formation (Figure 7), and the degree 
of impairment correlates with the degree of ER disruption 
(Fig S5F). Second, we observed co-migration of autophago
somes with dynamic ER tubules at synaptic boutons 
(Figure 8). Third, in 30 R-expressing motor axons, we see 
both a severe disruption of ER dynamics (Figure 6) as well 
as a severe reduction of autophagosomes at synapses 
(Figure 2). This model is consistent with prior evidence in 
cultured neurons that the biogenesis of autophagosomes is 
enriched in the distal axon, and that neuronal autophago
somes form at DFCP1-positive subdomains of the ER [9]. 
A recent study suggests that Ca2+ transients on the ER surface 
can specify autophagosome initiation sites [90], suggesting 
a potential mechanistic link between neuronal activity, ER- 
resident calcium channels, and autophagosome biogenesis.

Many ER membrane proteins, including Spastin, Atlastin, 
REEP and Reticulon, are known for shaping ER morphology. 
Notably, ER structural derangements via mutations in any 
one of these genes are linked to the neurodegenerative dis
ease HSP [36–38,101]. Furthermore, mutations in another 
ER resident membrane protein VAPB (vesicle associated 
membrane protein B and C) cause familial ALS [39]. 
Although the mechanism whereby mutant VAPB causes 
motor neuron degeneration is still under debate, these muta
tions disrupt ER integrity and cause an accumulation of 
undegraded materials, likely due to autophagy dysfunction 
[102]. Furthermore, increasing evidence suggests that defects 
in autophagic flux may contribute to ALS. In addition to 
C9orf72 [103,104], multiple genes that cause ALS when 
mutated are strongly implicated in autophagy, including 

OPTN [105,106], TBK1 [107,108] and SQSTM1/p62 
[109,110]. In addition, other ALS-linked genes such as 
DCTN1 [111,112] and VAPB [39] have been shown to poten
tially affect autophagy pathway through regulating organelle 
dynamics.

Despite the severe impairment in ER integrity and auto
phagosome biogenesis that we observed in our Drosophila 
models of C9-ALS-FTD, the synaptic localization 
(Figure 2C,D) and axonal transport of mitochondria [71] do 
not appear to be disrupted, and maturation and retrograde 
axonal transport of autophagosomes occurs normally, consis
tent with the intact morphology of axonal MTs (Fig S3C). 
This observation suggests that during the larval stages when 
we perform our assays, the disruption in ER dynamics and 
autophagosome biogenesis occur early, prior to axonal degen
eration. Our genetic epistasis experiments using Atg5 knock
down and mutations that alter ER morphology suggest that 
the ER phenotypes are likely upstream of the defect in auto
phagosome formation at synapses. However, the mechanisms 
underlying the severe disruption of ER morphology and 
dynamics in our fly C9-ALS-FTD models remains unclear 
and is the subject of ongoing investigations.

Materials and methods

Fly strains and larval maintenance

Drosophila melanogaster flies were reared at 25°C on standard 
molasses-based cornmeal agar medium supplemented with 
yeast. The fly crosses for GAL4-UAS system were used to 
express (G4C2)n repeats, and to visualize fluorescently labeled 
organelles under the control of the glutamatergic neuronal 
driver VGlut-GAL4 to investigate intracellular organelle 
dynamics in motor neurons. All cultured larvae from experi
mental fly crosses were kept at 25°C except for experiments 
using TrpA1. For experiments using TrpA1, larvae were 
raised at 20°C, and placed in a moisturized 29°C heated agar 
medium for either 30 min or 1 h before larval dissection 
[18,72]. The following transgenic stocks were obtained from 
the Bloomington Drosophila Stock Center (BDSC), the 
Vienna Drosophila Resource Center (VDRC), or other sources 
as indicated: w1118 (3605), OK371-GAL4 (VGlut-GAL4) 
(26160), nSyb-GAL4 (51635), Mhc-GAL4 (55133), Cg-GAL4 
(7011), UAS-dTrpA1 (26263 and 26,264), UAS-mito-GFP 
(8442 and 8443), UAS-Rab7-GFP (42705), UAS-GFP-Lamp1 
(42714), UAS-sfGFP-HDEL (64748 and 64,749), UAS-GFP- 
KDEL (31423 and 30,903), UAS-tdTomato-sec61β (64746 and 
64,747), UAS-luciferase RNAi (31603), UAS-LacZ (3956), 
UAS-Atg5 RNAi (27551), UAS-atl RNAi (36736), UAS- 
atlR192Q (93456) and UAS-atlR214C (93455) were obtained 
from the BDSC. UAS-Rtnl1 RNAi (7866) was obtained from 
the VDRC. UAS-mCherry-Atg8a and UAS-Atg9-GFP were 
obtained from T.P. Neufeld (University of Minnesota, USA). 
UAS-(G4C2)30 was a gift from P. Jin (Emory University, USA). 
UAS-(G4C2)3, UAS-RO36 and UAS-(G4C2)36 were obtained 
from A.M. Isaacs (University College London, UK). UAS- 
LDS-(G4C2)12 and UAS-LDS-(G4C2)44 were kindly provided 
by N.M. Bonini (University of Pennsylvania, USA).
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Confocal microscopy and live image acquisition

Samples were imaged on either Zeiss LSM800 or LSM880 laser 
scanning confocal microscope equipped with an Airyscan detec
tor. Images were acquired by using Plan-Apochromat 63×/1.4 NA 
oil immersion objective with either 2× or 4× zoom, and collected 
through the frame size of 512 × 512pixel (50.71 µm x 50.71 µm) in 
16-bit with bi-directional 2-line averaging. Late third instar larvae 
were rinsed in distilled water and sacrificed for imaging motor 
neurons with intact ventral nerve cord (VNC), segmental nerves 
(SNs) and neuromuscular junctions (NMJs) [11,71,113]. Selected 
larvae were dissected in HL3 buffer containing 0.6 mM CaCl2 and 
4 mM L-glutamate at room temperature, and images were imme
diately acquired within 20 minutes of dissection to ensure normal 
physiological conditions of the nervous system [11,71,114]. 
Temperature stimulated dTrpA1 expressing larvae were dissected 
in pre-heated HL3 at 30°C. Motor neuronal cell bodies were 
imaged from the larval VNC, while axons were observed at the 
middle region (~800 µm from the VNC) of the longest SN, and 
NMJs were monitored between muscles 6 and 7 from A6 or A7 
SNs. Single motor neuron axons that are connected with synaptic 
terminal boutons were observed at the distal region (~100 µm 
from the NMJs) from A6 or A7 SNs. Time-lapse confocal images 
from the SNs were obtained at 1-s time intervals for 2 minutes for 
axonal transport analyses, while images from NMJs were obtained 
at 1 sec time intervals for 1 minute for analyzing distal organelle 
dynamics at terminal boutons. For imaging ER dynamics in motor 
neurons, images were taken from the VNCs, SNs and NMJs at 1  
sec time intervals for 1 minute.

Immunohistochemistry

Larval dissections and immunostaining procedure were followed 
as previously described [11,71]. In brief, dissected animals were 
washed with PBS (Quality Biological, 119-069-131), and fixed in 
4% paraformaldehyde for 20 minutes at room temperature. The 
fixed samples were permeabilized in PBS-T (PBS containing 0.1% 
Triton X-100 [Sigma Aldrich, 9036-19-5]) for 10 minutes and 
blocked with PBS-TB (PBS-T containing 2% BSA [Sigma 
Aldrich, 9048-46-8]) for 30 minutes at room temperature. The 
blocked samples were then incubated in PBS-TB with antibodies 
overnight at 4°C. Immunostained samples were washed 3 times 
(twice with PBS-TB and once with PBS in sequence) before 
mounting, and prepared on glass-slides in mounting medium 
(Vector Laboratories, H-1000; vectashield antifade mounting 
medium) for microscopy. For immunostaining larval autophago
somes, primary rabbit anti-DsRed antibody was used to target 
mCherry-Atg8a. For detecting preautophagosomal structures, pri
mary chicken anti-GFP antibody was used to amplify Atg9-GFP+ 

signals. Antibodies were used at the following concentrations: 
rabbit anti-DsRed (Takara Bio, 632496; 1:250), chicken anti-GFP 
(Abcam, ab13970; 1:1000), Alexa Fluor 488-conjugated goat anti- 
chicken (Invitrogen, A-11039; 1:500), Alexa Fluor 488-conjugated 
donkey anti-mouse (Life Technologies, R37114; 1:500), Alexa 
Fluor 546-conjugated goat anti-rabbit (Invitrogen, A-11035; 
1:500), Alexa Fluor 488-conjugated goat anti-HRP (Jackson 
ImmunoResearch, AB-2338965; 1:1000), Alexa Fluor 594- 
conjugated goat anti-HRP (Jackson ImmunoResearch, AB- 

2338966; 1:1000), and acetyl-TUBA/α-tubulin mouse monoclonal 
antibody (Cell Signaling Technology, 12152S; 1:500).

In vivo image processing and axonal transport 
analyses

To determine the number of organelles in motor axons, 
the second frame from the acquired time-lapse images was 
selected for quantification. Either Zeiss Zen Blue or Zeiss Zen 
Black 2.3 software was used for detecting autophagic vacuoles, 
and the following thresholds for each positive fluorescent 
signal (mCherry or GFP) were used to determine as individual 
vesicle or organelle in the region of observation: autophago
some (mCherry-Atg8a ≥300), late endosome (Rab7-GFP 
≥500) and lysosome (GFP-Lamp1 ≥ 500) in 16-bit range 
with an adapted gamma value of 1.20. Spot analysis by using 
TrackMate Plugins in ImageJ Fiji software was used for auto- 
detection of axonal autophagosomes, and the DoG detector at 
following thresholds for mCherry-Atg8a was used to deter
mine an individual autophagosome in the region of observa
tion: blob diameter (0.7 µm, in a median filter threshold as 
2.0) with spot (filter quality ≥ 10).

To analyze axonal transport of autophagic vesicles, the 
acquired time-lapse confocal images were pre-calibrated 
using Image Stabilizer in ImageJ Fiji software. Axonal trans
port quantification was performed as previously described 
using manual tracking in ImageJ Fiji software: flux, moving 
and stationary %, duty cycle, run length and velocity 
[11,71,114]. For flux measurement, two defined points were 
designated within the observed axon using Zeiss Zen software, 
and the counted numbers of moving organelles/vesicles pas
sing the defined points were averaged for both anterograde 
and retrograde movement. For measuring moving and sta
tionary %, the total population of organelles acquired from 
the second frame of the time-lapse images was used, and 
categorized as anterograde, retrograde or stationary using 
Cell Counter in ImageJ Fiji software. To measure duty cycle, 
run length or velocity, organelles/vesicles were considered for 
axonal transport analysis only if they could be continuously 
tracked for more than 60 frames. Since one pixel represents 
0.099 µm in our image acquisition, only net velocities greater 
than 0.1 µm/s with more than 3 consecutive frames in one 
direction were selected as bona fide anterograde or retrograde 
movement. At least 5 organelles/vesicles per animal were 
selected for axonal transport analyses, and the representative 
kymographs were generated using either Zeiss Zen Blue or 
Zeiss Zen Black software.

Image processing and organelle verification

For determination of organelle density and co-localization, 
Imaris x64 9.0.1 software was used, and the designated region 
of motor neuronal axons and/or synaptic terminal boutons 
was analyzed either from stacked time series or from selected 
2-dimensional images. To measure organelle density, an indi
vidual polygon is manually created to set region of interest 
(ROI), and volumetric measurement by Surface Segmentation 
using Imaris was applied with the following criteria: surface 
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detail of 0.08 µm for synaptic boutons, and surface detail of 
0.1 µm for organelles followed by smooth quality processing. 
The absolute signal intensity threshold within created ROI 
was varied to cover the surface of a single terminal bouton 
and/or organelle individually, and IsoSurface for each channel 
was created under Surpass Tree to measure the covered area 
by each signal. To determine organelle co-localization, spot 
detection in XT functions from Imaris was applied, and 
IsoSpot for each channel was created under Surpass Tree. 
MATLAB R2015a linked to Imaris x64 9.0.1 software was 
utilized for counting spots and spot co-localization measure
ment with the following thresholds: spot (0.8 µm diameter 
with quality ≥ 7) for organelle recognition, and spot distance 
(≤1) for defining co-localization. At least 3 boutons and/or 2 
axons per animal were selected for verifying organelle density 
and co-localization.

Image processing and ER morphology quantification

Drosophila larval motor neurons expressing sfGFP-HDEL 
driven by VGlut-GAL4 were monitored to verify ER structure, 
and motor neuronal cell bodies from VNC and synaptic 
terminal boutons at the NMJ were selected for ER morphol
ogy determination. ER structure in motor neuronal cell bodies 
was also verified from the adult VNC by sacrificing unhatched 
flies in pupal cases and dissecting their thorax. In cell bodies, 
to parameterize the ER shape and/or structure, ER network 
segmentation was skeletonized for quantification of ER tubule 
three-way junction (3WJ) density. To quantify 3WJs, the 
acquired images were binarized with open processing and 
outlier noise removed by 2.0 pixel radius, and then images 
were skeletonized and classified into each branch using 
Skeleton Plugin in ImageJ Fiji. Only the longest branch 
among the skeleton was considered for 3WJ quantification 
to avoid misreading of ER branch from the adjacent cell body. 
3WJ quantification was conducted by measuring the number 
of 3WJs per ER tubule length. In synaptic terminal boutons, 
ER structure was determined by quantifying ER fragmenta
tion. ROI for synaptic terminal boutons was designated by 
in vivo staining with anti-HRP to label neuronal membranes, 
and the number of punctate ER fragments per bouton was 
measured for ER morphology quantification in motor neuro
nal synaptic terminal boutons. ER morphology in larval fat 
bodies and muscle cells was monitored driven by Cg-GAL4 
and Mhc-GAL4, respectively. To analyze ER structure in larval 
muscle cells, longitudinal muscles either 6 or 7 in A4 segment 
were selected, and periodic organization of sarcoplasmic reti
culum was identified by measuring horizontal (anteroposter
ior axis) and vertical (lateral axis) distances.

In vivo image processing and analysis of ER dynamics

Neuronal ER dynamics were obtained in cell bodies from 
VNC, in axons from SN, and in synaptic terminal boutons 
from the NMJ, respectively. The regions from acquired time- 
lapse image where the ER tubules and/or network could be 
continuously resolved in a single plane of view were consid
ered for analyses of ER dynamics. To quantify the dynamics of 
the ER network in motor neuronal cell bodies, the acquired 

time-lapse confocal images were stabilized with surface binary 
processing using ImageJ Fiji. The calibrated time-lapse images 
were then imported to Imaris x64 9.0.1 software for image 
pre-correction through background subtraction (estimated 
XY diameter in 0.35 µm) without smoothing. Individual 
frames were subtracted from the corrected images and 
coded for pseudo-color masking. The color-coded frames 
were converted to surface channels separately, and then 
merged into one by using Surface Segmentation in Imaris to 
get co-localization data per time points. Pearson coefficients 
were measured to quantify linear correlation between two- 
color variables in every 10 sec time-lag from the combined 
channels. At least 3 motor neuron cell bodies were monitored 
from the VNC per animal. To verify axonal ER dynamics, 
time-lapse images were processed under Slice Representation 
and adjusted through Deconvolution Sharpening using Imaris 
with the following parameters: deconvolution parameters set 
in Advanced with Robust (iterative) algorithm. Pre- 
sharpening gain was varied (5–15%) to improve the contrast 
and resolution of reconstructed distal images. Within the 
branched axonal ER, either ER tubule elongation or shrinkage 
greater than 2 µm with more than 3 consecutive frames in one 
direction were defined as bona fide ER tubule growth or 
retraction. Axonal ER tubule discontinuity was defined as 
ER tubule fragmentation that appeared for more than 10 
consecutive frames. At least 2 regions from the longest SN 
per animal were monitored for axonal ER dynamics analysis. 
To quantify dynamics of terminal bouton ER, terminal ER 
tubulation was monitored in motor neuron synaptic boutons 
at the NMJ, and tubulation was observed by measuring the 
number of events of ER tubule growth and retraction. The 
acquired time-lapse confocal images were stabilized, and edge 
detected through Canny-Deriche filtering (alpha parameter 
from 0.5 to 1.2) using ImageJ Fiji before quantification. 
Manually created elliptical selection of ROIs were applied 
within the observed single bouton, and ER tubules crossing 
the defined ROIs for more than 3 sec continuously in one 
direction were designated as ER tubule growth or ER tubule 
retraction. Terminal ER fragmentation was defined as punc
tate ER that appeared for more than 10 consecutive frames, 
and the ER fragments were considered as static particles when 
they displayed restricted movement within 0.25 µm radius for 
more than 10 s. Within synaptic boutons, only terminal 
boutons were monitored, and at least 2 terminal boutons 
per animal were analyzed for the terminal ER dynamics.

Quantitative RT-PCR analysis

For each genotype, pan-neuronal nSyb-GAL4 was used to express 
the gene of interest. Total RNA was isolated from 24 larval brains 
containing brain lobes and VNC by using miRNeasy Mini Kit 
(Qiagen, 217004) according to the manufacturer’s protocol. RNA 
concentration was measured using a spectrophotometer 
(NanoDrop 2000c) and reverse transcription was performed 
using ProtoScript II First Strand cDNA Synthesis Kit (Life 
Technologies, E6560S) following the manufacturer’s instructions. 
Quantitative PCR was performed using SYBR Green PCR system 
(Applied Biosystems, A25741) on a QuantStudio 3 fast Real-time 
PCR system (Applied Biosystems, A28136). Actin was used as 
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a reference gene for relative quantification and the primers used to 
amplify either Act (Actin) or the Atg5 gene were as follows: Act 
forward (5’-GCGCGGTTACTCTTTCACCA-3’), Act reverse (5’- 
ATGTCACGGACGATTTCACG-3’), Atg5 forward (5’- 
GCACTACATGTCCTGCCTGA-3’) and Atg5 reverse (5’- 
AGATTCGCAGGGGAATGTTT-3’) [83].

Statistical analysis

GraphPad Prism 8 (Version 8.4.2) was used to generate 
graphical display of the data, and to perform statistical 
analyses. For comparison of two groups, an unpaired 
homoscedastic t-test was used. For multiple group compar
isons, one-way ANOVA with a Bonferroni correction 
(Bonferroni post-hoc test) was applied as indicated in each 
figure legend. For the multiple subgroup comparision, Chi- 
Square test with a post-hoc analysis was performed to 
examine the frequencies of nominal categories for antero
grade, retrograde and stationary. Boxplots were depicted by 
drawing the first and third quartile with the horizontal bar 
at the median and whiskers showing the most extreme data 
points. Bar graphs display mean ± SEM. The number (n) of 
biological samples used in each experiment is indicated in 
each figure legend. In all cases, at least three independent 
experiments were performed, and the data quantification 
was performed with blinded analysis. In all analyses, sig
nificance is expressed as p values, and the difference 
between groups was defined as statistically significant for 
the following p values: * < 0.05, ** < 0.01, *** < 0.001 and 
**** < 0.0001.
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