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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a fatal multisystem neurodegenerative disease, 

characterized by a loss in motor function. ALS is genetically diverse, with mutations in genes 

ranging from those regulating RNA metabolism, like TAR DNA-binding protein (TDP-43) and 

Fused in sarcoma (FUS), to those that act to maintain the redox homeostasis of the cell, like 

superoxide dismutase 1 (SOD1). Although varied in genetic origin and in specific cellular 

defects, there are pathogenic and clinical commonalities between cases of ALS. Defects in 

mitochondria is one such common pathology, which is thought to occur prior to, rather than 

as a consequence of symptom onset, making these organelles a promising therapeutic target for 

multiple neurodegenerative diseases, including ALS. Depending on the homeostatic needs of 

neurons throughout life, mitochondria are normally shuttled to different subcellular compartments 

regulating metabolite and energy production, lipid metabolism, and buffering calcium, as well as 

influencing other essential cellular processes. While initially considered a motor-neuron disease 

based on the dramatic loss in motor function and motor neuron cell death, studies of ALS have 

shown molecular and cellular defects in non-motor neurons and glial cells alike, often preceding 

motor neuron death, suggesting that a disruption in these cell types could initiate and/or facilitate a 

decline in motor neuron function. Here, we investigate mitochondria in a Drosophila Sod1 knock-

in model of ALS. In depth, in vivo, examination reveals innate mitochondrial dysfunction evident 

prior to motor-symptom onset, with abnormal subcellular distributions of mitochondria in diseased 

sensory neurons with no apparent defects in the axonal transport machinery. Using genetically 

expressed biosensors in the context of the intact motor circuit, changes in mitochondrial 

morphology, oxidative phosphorylation, and mitophagy in sensory neurons are correlated with 

a reduction in locomotion. We demonstrate that targeted expression of specific electron transport 
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chain (ETC) subunits can alleviate ALS-associated defects in mitochondrial morphology and 

function.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is a debilitating neurodegenerative disease, which 

currently has no cure. The disease is fatal, with death occurring on average three years 

post diagnosis, and affecting 3-5 of 100,000 individuals worldwide (Brown, 2017). The 

specifics of symptom onset varies but typically, focal muscle weakness and wasting is seen 

in arms, hands, legs, and feet, and gradually spreads throughout the body. About 25-30% of 

patients present with bulbar onset, with a degeneration of muscles responsible for chewing, 

swallowing, speech, and jaw movement (Gale Encyclopedia of Medicine, 2008). Cognitive 

decline is evident in ALS patients, with frontotemporal dysfunction as the leading cause 

(Phukan et al., 2007). Although motor neurons are profoundly affected especially in the 

end stages of ALS, defects in skeletal muscle, cortical neurons, glia, and sensory neurons 

have all been well documented (Cassina et al., 2021; Held et al., 2019; Taylor et al., 2016; 

Pugdahl et al. 2006; Zanette et al., 2002). Thus, ALS is no longer considered an exclusively 

motor neuron disease, but manifests itself as a multisystem neurodegenerative disorder, with 

clinical, cellular, and genetic diversity (Masrori and Damme, 2020; Brown, 2017; Hardiman 

et al., 2017).

There are many genes associated with ALS, the most common of which include TAR DNA-
binding protein (TDP-43), Fused in sarcoma (FUS), chromosome 9 open reading frame 72 

(C9orf72), and superoxide dismutase 1 (SOD1) (Sultan et al., 2016). SOD1 [Cu-Zn] was the 

first of these genes to be associated with ALS and has 208 known mutations linked to ALS 

pathology (ALSoD, accessed January 2023). SOD1 encodes an enzyme comprised of 154 

amino acids (Sayers et al., 2022) that breaks down reactive oxygen species (ROS), a normal 

byproduct of cellular metabolism (Chen et al., 2013; Valentine at al., 2005). When left 

unregulated, ROS reacts with nucleic acids, lipids, metabolites, and proteins compromising 

their activity (Cooke et al., 2003). Aside from its antioxidant function, SOD1 has also 

been shown to regulate gene transcription (Chi Kwan et al., 2014), possess anti-apoptotic 

properties (Valentine et al., 2005), and exhibit peroxidase activity with H2O2 as a substrate 

(Hink et al., 2002). Point mutations in SOD1 have been shown to cause loss of protein 

activity, as well as gain of a toxic function that may reflect defects in protein folding, 

localization, and/or aggregation, in the cytoplasm, and in organelles, such as in mitochondria 

(Sultan et al., 2016, Tafuri et al., 2015). While some mutations result in a higher propensity 

for the SOD1 protein to aggregate (Sheng et al., 2012, Valentine et al., 2005), it is clear 

that ALS pathophysiology displayed by patients, as well as that seen in animal models, 

is not solely caused by SOD1 aggregation, or necessarily correlated with their presence 

(Brotherton, Li, and Glass, 2013, Saccon et a., 2013, Prudencio et al., 2009). In fact, more 

recent studies have concluded that the formation of SOD1 aggregates may be a protective 
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mechanism against neurotoxic forms, and that there is an inverse correlation between the 

presence of SOD1 aggregates in tissues most affected by disease (Zhu et al 2018; Gill 

et al., 2019). A number of SOD1-ALS models demonstrate that affected animals exhibit 

clear motor dysfunction and cellular defects analogous to those observed in ALS patients 

(Sahin et al., 2017, Muller at al., 2006). Given the proclivity of nearly any residue of 

SOD1 to be mutated in ALS, aligned with the variability with which each mutated SOD1 

protein aggregates in vivo and/or alters dismutase function, efforts to elucidate the impact 

of SOD1-based models that exhibit clear neurodegenerative phenotypes will contribute to 

uncovering mechanisms governing ALS progression.

The connection between mutant SOD1, a cytosolically located protein, and the presence 

of defective mitochondria is well-recognized in ALS, but the mechanisms underlying 

their contribution to pathogenesis is poorly understood. To maintain neuronal homeostasis, 

mitochondria are trafficked along axonal microtubules to areas of the neuron where they 

are necessary to uphold cellular function, such as in cell bodies during organelle biogenesis 

when energy demand is high, and to synapses when high calcium buffering is required for 

axonal restoration following wounding. Mitochondria are localized to specific subcellular 

compartments when metabolite-, fatty acid-, or cholesterol-biosynthesis are needed (Glancy 

et al., 2020). Mitochondrial dysfunction has been reported in virtually all neurodegenerative 

diseases (NDs) and mutations in SOD1-ALS have been shown to both directly and indirectly 

lead to changes in mitochondrial morphology, ultrastructure, fission and fusion dynamics, 

quality control, metabolic activity, and axonal transport (Velde et al., 2011; De Vos et al., 

2007; Magrane et al., 2012; Smith et al., 2017; Palomo and Manfredi, 2014). Mitochondrial 

defects typically precede disease phenotypes (Baldwin et al., 2016), an observation that 

makes identifying changes in morphology and function a promising criterion for early 

detection of ALS, with mitochondria themselves as a target for therapeutic development. 

The recently approved AMX0035 compound leveraged its effects on mitochondrial and 

endoplasmic reticulum dysfunction and cell death pathways to reduce loss of neurons 

(Amylyx Pharmaceuticals Inc., 2021, Clinical trial NCT03127514). Other therapeutic agents 

that target mitochondria in animal models of ALS, include P110, an inhibitor of DRP1/

Fis1 proteins regulating mitochondrial structure; olesoxime, an inhibitor of mitochondrial 

turnover; and resveratrol, an activator of mitochondrial turnover (Joshi et al., 2018; Martin, 

2010; Laudati et al., 2019). In all cases, these agents slow disease progression, albeit mildly. 

The ability to target mitochondria is promising and with a more complete understanding 

of the role of mitochondrial pathogenesis in ALS, more effective or of new types of 

interventions will be possible.

We employed live time-lapse microscopy and immunocytochemistry to assess and quantify 

mitochondrial dysfunction in a knock-in SOD1 model of ALS in Drosophila, and show 

that this dysfunction can be rescued. We made use of two different dSod1 knock-in models 

that contain the glycine 85 to an arginine (G85R) mutation in the highly conserved Sod1 
gene (Sahin et al., 2017; Russo et al, 2023). dSod1G85R homozygote animals recapitulate 

ALS-like phenotypes, such as neurodegeneration and defects in motor function (Sahin et 

al., 2017; Held et al., 2019), comparable to that observed in ALS patients. These studies 

revealed abnormalities in the motor circuit of dSod1G85R knock-in animals that disrupts the 
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integrated communication between muscles, motor neurons, and sensory neurons, known to 

underlie locomotor defects in ALS.

Drosophila melanogaster has proven to be an invaluable tool for modeling a range of NDs 

(Anoar et al., 2021; Chai and Pennetta, 2015) given the neuronal and genetic conservation 

across species (Pandey and Charles, 2011). Perhaps most importantly, Drosophila models 

have allowed us to study whole neural circuits and to probe a single neuronal cell type 

in the context of the intact motor circuit. Our previous electrophysiological analysis of the 

motor circuit revealed a profound disruption in sensory neuron feedback in dSod1G85R-ALS 

animals and demonstrated that this defect precedes abnormalities at the neuromuscular 

junction (NMJ) and motor neuron dysfunction that is evident with progressive loss 

of motor function (Held et al, 2019). Notably, in mammalian systems, ALS-linked 

disruptions in sensory feedback have been shown to accelerate disease onset, with sensory 

neurodegeneration evident in ALS patients, as well as in an array of ALS models (Pugdahl 

et al., 2006; Vaughan et al., 2015; Ilieva et al., 2008). The involvement of non-motor 

neurons in ALS, especially at early stages, with its apparent contribution to accelerated 

progression, highlight the multi-cellular systemic degenerative properties of ALS and the 

need to understand the extent of sensory neuron involvement.

Drosophila sensory neurons are integral to the motor circuit and, as such, are necessary 

for generating larval peristaltic locomotion, crawling, eclosion, as well as other essential 

physiological motor behaviors (Kohsaka et al., 2012, Song et al., 2007; Zdarek and 

Friedman, 1986). Consistent with the importance of sensory neurons in locomotion, coupled 

with our electrophysiological data indicating defects sensory neuron function in dSod1G85R 

ALS animals, our results reveal that mitochondria in multidendritic (MD) neurons, a well-

characterized subset of sensory neurons, exhibit severe morphological abnormalities. Live 

time-lapse imaging detected fewer mobile mitochondria in MD axons. Furthermore, we 

found that distinct subcellular compartments of MD neurons in dSod1G85R animals showed 

differences in the abundance, function, and turnover of mitochondria, based on in vivo 
analyses using genetic biosensors. Interestingly, we found that the reduced number of 

mobile mitochondria in axons of dSod1G85R animals must not result from defects in the 

axonal transport machinery, but most likely from an innate defect in the organelle itself. 

Consistent with this conclusion, we showed that the targeted expression of specific electron 

transport chain (ETC) subunits can restore organelle and neuronal function. Together, we 

reveal the molecular underpinnings of sensory neuron mitochondrial dysfunction, a novel 

avenue for studying ALS pathogenesis and provide new targets for specific therapeutic 

discovery.

Materials and Methods

Drosophila strains, staging, and dissections

All flies were raised at 25°C on standard food containing cornmeal, agar, sugar, inactive 

yeast and 0.32% Tegosept. For all experiments, 3 virgin female flies were crossed to 2 

male flies in glass vials and brooded daily. dSod1WT-loxp and dSod1G85R-hr were generated 

by homologous recombination (Sahin et al., 2017) and dSod1WT-cr and dSod1G85R-cr 

were generated by CRISPR-Cas9 editing (Russo et. al., 2023), allowing us to test and 
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compare two independently generated dSod1G85R models. It is important to note that 

the dSod1G85R-hr locus contains an additional missense mutation at nucleotide position 

1013 with an A to C substitution that appears to be a natural polymorphism present in 

dSod1WT-loxp that alone does not appear to alter dSod1 function or elicit a phenotype (Sahin 

et al., 2017; Phillips et al., 1995). dSod1WT-cr shares an identical genetic background with 

dSod1G85R-cr. The majority of homozygous dSod1G85R adults (pharates) fail to emerge 

from their pupal case in a process known as eclosion. Any dSod1G85R adults that eclose 

(<2%), exhibit severe locomotor deficits and die within a few hours (Sahin et al., 2017; 

Held et al., 2019; Russo et al., 2023). Third instar dSod1G85R larvae exhibit locomotor 

defects associated with reduced peristaltic muscle contractions (Held et al., 2019). MD-

Gal4 (P{GawB}109(2)80) drives expression in the multidendritic neurons of the PNS 

(Hughes and Thomas 2007), OK6-Gal4 drives expression in motor neurons (Sanyal, 2009). 

The mitochondria-specific redox-sensitive GFPs, mito-roGFP-Grx1 and mito-roGFP-Orp1 
biosensors are described in Albrecht et al., 2011. Further, UAS-mito-QC is a pH-sensitive 

fluorescent biosensor is used to analyze mitophagy (Lee et al., 2018; Garriga et al., 2020). 

Any other strains obtained from Bloomington Drosophila Stock Center are listed in Table 1 

with identifying BDSC #.

For dissections, early third instar larvae, picked out of the food >72hours AEL (after egg 

lay), were identified by size and by the presence of un-everted anterior spiracles. Wandering 

third instar larvae were picked from the side of the vial >96hours AEL, identified by size 

and un-everted anterior spiracles. Unless stated otherwise, all dissections were performed 

on wandering 3rd instar larvae in at least triplicate/experiment. Larvae were first washed 

with 1X phosphate buffered saline (PBS) containing 137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, and 1.8mM KH2PO4. The wash was performed to remove excess food and larvae 

were fileted to expose and leave intact, the brain, ventral nerve cord (VNC), axons, and 

body wall muscles, while removing all other internal organs and the anterior- (head skeleton, 

mouth parts) and posterior- (posterior spiracles, anal pads) most structures.

Immunohistochemistry:

Dissected larvae were fixed with 4% paraformaldehyde (PFA) and 0.3% PBT (1X PBS and 

0.3% Triton) for 15min. The samples were washed 3X with 0.3% PBT and then blocked 

in NGS for 2hours at RT or overnight at 4C. Filets were incubated with 500mL primary 

antibodies overnight at 4C on a shaker, washed 3X, and incubated with secondary antibodies 

for 2hours at RT on a shaker, and finally stained with 1ug/mL Hoechst 33342 (Molecular 

Probes) for 10min at RT. Following immunohistochemistry, samples were mounted in 

80% glycerol 0.5% N-propylgalate mounting media. Antibody dilutions: anti-GFP (chicken, 

Invitrogen cat# A10263) 1:500, anti-HRP-647 (goat, Jackson labs cat# 123-605-021) 1:500, 

anti-RFP (rabbit, Rockland cat# 600-401-379) 1:500, goat-anti-chicken 488 (Invitrogen cat# 

A11039) 1:200, goat-anti-rabbit 594 (Molecular Probes cat# A11012) 1:200. For roGFP2 

experiments, dissected samples were incubated for 10minutes in 20mM NEM, and then 

fixed in PFA (Albrecht et al., 2011). 10mM DTT incubations are done for 2 minutes when 

necessary.

Nemtsova et al. Page 5

Mol Cell Neurosci. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



All fluorescent imaging was performed using a Zeiss LSM 800 confocal microscope. Images 

to assess mitochondrial morphology were captured under 63Xoil with 0.22um slices, and 

processed according to the Fiji plugin, Mitochondrial Analyzer (Chaudhry et al., 2020). 

Presets for 3D thresholding were done using a 0.22 rolling (microns), 1.75 block size, 

and a C-Value of 5. All measurements normalized to either synaptic ROI, with synaptic 

regions A3-A6 from both hemisegment of the VNC, or cell body ROI, measurements are 

for GFP-positive puncta (particles); data shown as percent of control. Images of synaptic 

regions and cell bodies shown in the figures are 3D reconstructions of thresholded images 

via the 3D volume plugin in Fiji and are provided for qualitative assessment only. For the 

mito-ro-GFP2 experiments, the intensity of 405nm and 488nm fluorescence was measured 

within an ROI, a ratio of 405nm to 488nm was calculated, and normalized to the ROI; data 

plotted as a percent of experimental 405/488 ratio to control ratio.

Live imaging:

Dissections were performed on live larvae in Schneider’s Drosophila Medium and imaged 

with an Olympus FV1000 MPE Multiphoton. Videos of transport in the prominent A6-axon 

at 0.84 seconds/frame, 400 frames, were processed into kymographs through Fiji. The 

following steps were taken in Fiji for kymograph generation: plugins > registration > correct 

3D drift; crop 450 x 35px; image > stacks > reslice > 1.52 output spacing; image > stacks 

> Z-project > Max intensity. Kymographs are generated from blinded video datasets and 

scored for stationary, retrograde, and anterograde movement. Velocities were quantified 

from the slope of retrograde and anterograde mitochondrial movement in kymographs.

Statistical analyses

Statistical analyses on more than two genotypes are conducted in GraphPad Prism by use 

of ANOVA with Tukey’s multiple corrections for normally distributed data and a Kruskal-

Wallis test with Dunn’s correction for nonparametric data. Statistical analyses on only two 

genotypes are performed with an unpaired Students t-test for normally distributed data, and a 

Mann-Whitney test for nonparametric data.

Results

Number of mobile mitochondria reduced in axons of dSod1G85R ALS model

Disruptions in mitochondrial trafficking and innate mitochondrial function are commonly 

reported in neurodegenerative diseases (NDs) like ALS (Obrador et al., 2020; Mishra 

and Chan, 2014; Schapira and Cooper, 1992). The knock-in dSod1G85R ALS model 

exhibits a progressive loss in motor function, degeneration of motor neurons and the 

neuromuscular junction (NMJ), coupled with a disruption in electrophysiological properties 

of both motor and sensory neurons (Sahin et al., 2017; Held et al., 2019; Russo, et al., 

2023). Our previous studies have shown that the earliest motor defect correlates with a 

disruption in neurotransmission within the motor circuit that represents sensory neuron 

feedback. This disruption in the sensory neuron precedes abnormal electrophysiological 

properties which ultimately appear and correlate with motor neuron degeneration, NMJ 

fragmentation, and death (Held et al., 2019). We sought to better understand the cellular 

basis of the early sensory neuron defect and made use of mito-GFP, a GFP localized to the 
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mitochondria via a mitochondrial import signal (Pilling & Saxton 2004, RRID:BDSC8443), 

to visualize neuron-specific mitochondria in vivo by live imaging in the dSod1G85R ALS 

model. Mitochondria were visualized in multidendritic (MD) neurons, a group of well 

characterized sensory neurons, using the Gal4-UAS system to drive expression of mito-GFP 

(MD-Gal4, UAS-mito-GFP; Duffy 2002). MD-specific mitochondria were visualized in live 

preparations (larval filets) of the intact larval motor circuit. We used time-lapse microscopy 

to quantify the number of mitochondria in the segmental nerve that innervates muscles in 

abdominal segment A6 (Fig 1A, A’). Quantifications showed that the total number of mobile 

mitochondria in MD axons is reduced in dSod1G85R, with no change in the total number 

of stationary mitochondria compared to controls (Fig 1B-C, Supp Videos WT_1.0, WT_2.0, 

G85R_1.0, G85R_2.0). The number of mobile mitochondria in dSod1G85R MD axons is 

lower in both the retrograde and anterograde direction (Fig 1C).

Compartment specific change in mitochondria dSod1G85R neurons

We next quantified mitochondrial content in different subcellular compartments of MD 

neurons, at synaptic termini and in MD cell bodies by measuring mito-GFP-positive 

particles (Fig 1D,E, Supp Video SynapticMitochondria_1.0). A cluster of MD sensory 

neuron cell bodies ddaF, ddaE, ddaD, ddaC, ddaB, and ddaA, the class IV dendritic 

arborization (da) neurons (Hughes and Thomas, 2007), reside in the periphery within 

the segmented body wall musculature (Fig 1E) and make synaptic connections with 

motor and interneurons within the neuropil of the ventral nerve cord (VNC), lateral to 

the dorsal midline (Hughes and Thomas, 2007). dSod1G85R mutants showed a reduction 

in mitochondrial content in this synaptic region when compared to dSod1WT animals 

(Fig 1D). In contrast, mitochondrial content is elevated at the motor neuron synapse, 

the neuromuscular junctions (NMJ), in dSod1G85R, as evidenced by the elevation of mito-

GFP-positive particles in NMJ 6/7 in abdominal segment A2 (Fig 1F,F’). No change in 

mitochondrial content was detected within the cluster of MD da neuron cell bodies (Fig 

E,E’) or the motor neuron cell bodies between dSod1G85R and dSod1WT (Fig 1G,G’). The 

high number of mito-GFP particles in the motor axons did not allow sufficient resolution to 

quantify mobile vs stationary mitochondria in motor neurons.

While mitochondrial content in the da cluster of MD neurons was unchanged in dSod1G85R 

(Fig 1E’), the dendritic tree of the ddaE MD neuron was found to cover a larger area than 

seen in wild type, as evidenced by an increase in branch lengths, even though the total area 

of the MD cell bodies themselves was not different between dSod1WT and dSod1G85R. The 

density of mitochondria in ddaE dendrites was unchanged, but an overall increase in the 

number of mitochondria in the dendritic tree of dSod1G85R is seen given the overall larger 

dendritic area (Supp 1).

Our previous findings that show sensory neuron function is compromised prior to the 

degeneration of motor neurons (Held et al., 2019), coupled with the reduced number and 

altered subcellular distribution of mitochondria in dSod1G85R MD neurons, led us to focus 

our investigations on MD sensory to elucidate the nature of mitochondrial defects in ALS-

induced neurodegeneration.
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Transport of non-mitochondrial cargo unaffected in dSod1G85R MD neurons

We considered the possibility that the reduced number of mobile mitochondria in the 

dSod1G85R ALS model may reflect a disruption in the axonal transport machinery, 

critical for moving healthy mitochondria between the cell body and discrete subcellular 

compartments in order to provide energy, metabolites, lipid synthesis, and calcium buffering 

(Mandal and Drerup 2019; Vos, 2010; Verstreken et al., 2005). To determine if general 

transport was defective, we assayed the transport of two other types of cargo in dSod1G85R. 

Lysosomes were marked by a fusion of lysosomal associated membrane protein 1 to GFP 

(LAMP1-GFP), and vesicles carrying the ANF (atrial natriuretic factor) neuropeptide were 

marked by preproANF-Emerald, with each being expressed and visualized in MD neurons 

under the control of MD-Gal4. Live-imaging of LAMP1-GFP or preproANF-Emerald 

puncta showed no significant differences in the number of retrograde, anterograde, or 

total mobile puncta in dSod1G85R MD axons compared to wildtype (Fig 2A,B). To ensure 

that our live imaging assay system was sensitive enough to detect transport defects with 

these specific cargos, we measured retrograde movement of each cargo in a dynein knock 

down (Dhc64c-RNAi). As predicted, the positive control showed retrograde transport was 

significantly reduced for both LAMP1-GFP and preproANF particles in MD>Dhc64c-RNAi 
MD axons (Fig 2A,B). The number of LAMP1 or preproANF-labelled organelles in specific 

subcellular compartments were quantified, but no differences were evident in the distribution 

of total GFP-positive or Emerald-positive puncta in synapses or cell bodies of dSod1G85R 

and dSod1WT (Supp 2). Thus, while the number of mobile mitochondria is lower in 

dSod1G85R MD axons, all cargos are not affected.

Active transport of mitochondria is not defective in dSod1G85R MD neurons

It is possible that the disruption of mitochondrial transport in dSod1G85R MD axons reflects 

a specific defect in the functional output of microtubule motor proteins, i.e., dynein heavy 

chain (DHC), and kinesin-1 heavy chain (KHC) (Baldwin et al., 2016; Gepner 1996). To 

test this possibility, we took advantage of known mutations in Dhc and Khc and tested 

whether these alleles and dSod1G85R exhibit a genetic interaction, an indication that Dhc 
and/or Khc function is compromised in the ALS model. In each case, we tested for a genetic 

interaction by asking if mutant phenotypes associated with Dhc or Khc were modified by 

one or two copies of the dSod1G85R mutation. dSod1G85R/+ heterozygotes alone do not 

exhibit mitochondrial defects. Mutations in Dhc64C are known to decrease dynein ATPase 

activity (Martin et al., 1999). Live imaging of mito-GFP in MD axons of Dhc64C4-19/+ 

animals showed fewer mobile mitochondria in both retrograde and anterograde directions, 

a defect not previously reported (Fig 2C, Supp 3). This axonal transport defect observed in 

Dhc64C4-19/+ appears to reflect a dose-sensitive response, since a more significant decrease 

in mobile mitochondria is evident when silencing DHC activity with UAS-Dhc64C-RNAi, 
akin to reports for Dhc64C homozygotes (Reis et al., 2012) (Fig 2C). Given this dose-

dependent effect, we tested if the Dhc64C4-19/+ phenotype was modified in a Dhc64C4-19 

+/+ dSod1G85R transheterozygous animal. A more severe phenotype would indicate that 

dynein function is partially compromised in dSod1G85R and only revealed in the presence of 

a dose of the Dhc64C4-19 mutation. We found no change in the number or velocity of mobile 

mitochondria in Dhc64C4-19 +/+ dSod1G85R MD neurons compared to the Dhc64C4-19/+ 
phenotype, and no difference between Dhc64c-RNAi/+ and Dhc-64c-RNAi dSod1G85R/+ 
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dSod1G85R, indicating that the phenotype of one is not exacerbated by the other mutation, 

i.e., the two genes do not exhibit a genetic interaction (Fig 2C, Supp 3, Table 2). Targeting a 

different component which mediates dynein’s cargo-binding ability, the Dynein intermediate 

chain (DIC), with the Dic1 loss of function allele, also showed no phenotypic suppression or 

enhancement (Supp 4).

Similar tests using the kinesin (Khc) loss of function allele, Khc27-1, that decreases 

the catalytic activity of Kinesin-1, showed that genetic combinations of Khc27-1/+ with 

dSod1G85R, either in a heterozygous or homozygous state, did not alter (suppress or 

enhance) the number or velocity of mobile mitochondria (Fig 2C, Supp 3). Together, these 

data indicate that it is unlikely that a defect in either of the two major microtubule motor 

proteins is responsible for the mitochondrial movement defect observed in dSod1G85R.

Expression of Miro, a mitochondrial trafficking adaptor protein, is downregulated in 
dSod1G85R

Cargos are linked to dynein and kinesin motors through adaptor proteins, such as Miro, 

a mitochondrial Rho GTPase, with calcium-sensing domains, with diverse functions 

in mitochondrial transport, as well as mitochondrial homeostasis, dynamics and Ca2+ 

homeostasis (Lee and Lu, 2014; Panchal & Tiwari 2021). In the spinal cords of human 

patients with ALS, the level of Miro expression has been reported to be reduced, as observed 

in the transgenic SOD1-G93A mouse ALS model (Smith 2017). We found that Miro levels 

are also reduced in dSod1G85R whole larvae (Fig 2E), prompting us to test if mitochondrial 

transport defects in dSod1G85R are ameliorated by overexpressing Miro. Overexpression 

of Miro alone (UAS-Miro) in wild type caused a reduction in the number of mobile 

mitochondria in MD axons (Figure 2F). But overexpression of Miro neither exacerbated, 

nor suppressed the dSod1G85R mobile mitochondrial defect, consistent with our findings that 

alterations in the axonal transport machinery is most likely not responsible for the reduction 

in mobile mitochondria in this ALS model.

Synaptic mitochondrial morphology preferentially disrupted in late 3rd instar dSod1G85R 

MD neurons

We examined the morphology of mitochondria in greater detail given that trafficking of 

mitochondria can be affected by their shape and that Miro is a known regulator of fission/

fusion dynamics. A range of fifteen different structural elements were measured from 3D 

confocal reconstructions of mitochondria in the cell bodies and synaptic regions of MD 

neurons using the Mito-Analyzer Fiji Plugin (Chaudhry et al., 2020). First, to test the 

efficacy of Mito-Analyzer with our system, we analyzed mitochondria in MD neurons 

overexpressing Miro, known to alter mitochondrial morphology (Lee and Lu, 2014), and 

found the expected qualitative differences in structural parameters (Supp 5).

Mitochondria in the synaptic region of dSod1G85R MD neurons show a significant reduction 

in total and mean mitochondrial volume, total and mean surface area (SA), number of 

branches, branches per mitochondria, total and mean branch length, total branch length per 

mitochondria, number of branch junctions, branch junctions per mitochondria, branch end 

points per mitochondria, mean branch diameter, and a significant increase in the sphericity 
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of mitochondria (Fig 3A, Supp 6A). These data confirm our initial measurement of 

mitochondrial content which showed a reduction in dSod1G85R synapses (Fig 1D). The more 

detailed analysis demonstrates that the decrease in synaptic mitochondrial content reflects 

a loss of networked mitochondria, with a gain in spherical mitochondria in dSod1G85R. We 

found no morphological changes in mitochondria in MD da cell bodies in out MitoAnalyzer 

analysis (Fig 3B, Supp 6B), consistent with measures of total mitochondrial content showed 

(Fig 1D).

ALS is a progressive disease. We had previously identified the onset of locomotor defects 

associated with the dSod1G85R model, within a 24hr window between early 3rd instar and 

wandering larvae (Sahin et al., 2017). We found no differences in morphological measures 

of mitochondria at the cell bodies or synaptic regions of dSod1G85R and dSod1WT MD 

neurons in early 3rd instar (Fig 3C-D, Supp 6 C,D), indicating changes in the mitochondrial 

network of dSod1G85R-ALS correlates with the onset of a motor deficit.

Miro modifies mitochondrial morphology in dSod1G85R MD neurons

In addition to Miro’s function as an adaptor between mitochondrial and microtubule 

motor proteins, it has other important functions in mitochondrial biology. Miro interacts 

with mitochondrial proteins, Dynamic related protein 1 (Drp1), and Mitofusins 1/2 (Mfn1 

and Mfn2), which regulate fission/fusion dynamics, respectively (Sheng et al., 2014). 

Given the decrease in Miro expression in dSod1G85R (Fig 2E), and the shift is synaptic 

mitochondrial morphology from networked to spherical, we investigated the possibility 

that Miro’s role in fission/fusion is impacted in dSod1G85R mitochondria. We asked if an 

increase in Miro expression (Miro-OE) could restore defective mitochondrial morphology 

in dSod1G85R (Fig 4A, Supp 7). Interestingly, Miro overexpression in dSod1G85R 

heterozygotes (MD-Gal4>UAS-Miro, G85R/+ (MiroOE/G85R)) led to an increase in the 

volume of mitochondria in synapses, greater than that seen in Miro overexpression alone or 

in the dSod1G85R homozygote (Fig 4A). The volume and branching defects in dSod1G85R 

homozygotes also appear somewhat restored with the overexpression of Miro, although they 

do quite reach statistical significance.

In MD cell bodies, overexpression of Miro reduces the total volume and branching of 

mitochondria in a wild-type background (Fig 4B), however, this effect appears to be 

negated in dSod1G85R homozygotes, suggesting that the ability of elevated Miro to reduce 

mitochondrial volume and branching in cell bodies is in some way blocked, or reduced, in 

dSod1G85R. While Miro overexpression does not alone impact mitochondrial sphericity in 

cell bodies, a significant increase is seen in dSod1G85R cell bodies, a phenotype also seen 

in synapses of dSod1G85R homozygotes (Fig 4A,B, Table 2). Thus, while Miro’s levels do 

not modify mitochondrial transport or subcellular localization, the morphological changes 

apparent in dSod1G85R mitochondria (Fig 3, Suppl 6) could reflect a shift in fission/fusion 

dynamics due to a decrease in Miro expression levels (Fig 2E), defects that can be partially 

restored by experimentally increased Miro expression (Fig 4, Supp 7).

Nemtsova et al. Page 10

Mol Cell Neurosci. Author manuscript; available in PMC 2023 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fragmented dSod1G85R mitochondria restored by reducing levels of the fission factor Drp1

Miro interacts with two other Drosophila proteins, Drp1 and Marf (mitochondrial assembly 

regulatory factor), an ortholog of Mfn1/2 to regulate fission and fusion, respectively. 

Since mitochondrial morphology and function are highly connected (Guo et al., 2018; 

Daum et. al., 2013; Nunnari and Suomalainen, 2012), i.e., mitochondrial fusion of healthy 

mitochondria is known to be upregulated in stressed conditions to maximize total OXPHOS 

in the cell. Fission, which generates new mitochondria, is also known to eliminate damaged 

mitochondria from the network of organelles (Youle and van der Bliek, 2013). Consistent 

with our findings for mitochondria at dSod1G85R MD synapses, an increase in spherical 

or mitochondrial fragmentation due to increased fission is common in ALS patients and 

animal models alike (Altanbyek et al., 2016; Lopez-Gonzalez et al., 2016; Wijesekera and 

Leigh, 2009). Decreasing or inhibiting Drp1 is known to ameliorate such mitochondrial 

defects (Choi et al., 2020; Joshi et al., 2018, Liu et al., 2013, Song et al., 2013). We 

tested if genetic manipulations the Drosophila ortholog of Drp1 would modify the highly 

fragmented synaptic mitochondria in dSod1G85R. Animals homozygous for the Drp1 null 

allele, Drp1KG03815, are known to die early (1st instar stage) with elongated mitochondria 

(Rikhy et al., 2007). We found no change in sphericity of mitochondria at MD synapses in 

Drp1KG03815/+ heterozygotes, but a decrease in volume and branching was accompanied by 

a change in Drp1 dosage in wild type animals (Fig 5A, C-F, Table 2, Supp 9). Interestingly, 

a reduction in Drp1 in a dSod1G85R background results in larger and more networked 

mitochondria, exhibiting a rescue of dSod1G85R mitochondrial defects in synapses (Fig 

5A-F’, Table 2), and a reversal of the mild defects in sphericity in dSod1G85R MD cell 

bodies (Fig 5B, C’-F’). Thus, mitochondrial fragmentation in dSod1G85R can be reversed by 

reducing the function of the pro-fission factor Drp1. In a parallel set of experiments aimed 

at examining the impact of the profusion factor, Marf, we found animals homozygous for 

dSod1G85R with a reduction in Marf by one dose (Marf8 dSod1G85R/+ dSod1G85R) did not 

survive, thus a rescue could not be directly tested. No profound effects on mitochondrial 

morphology were observed in the Marf8 +/+ dSod1G85R transheterozygotes (Suppl 8, Table 

2).

Mitophagy is elevated at the synapses but not in cell bodies of dSod1G85R MD neurons

Our data thus far indicates that mitochondrial content is preferentially reduced at dSod1G85R 

MD synapses with a higher degree of spherical mitochondria (Fig 1,3), an effect that 

can be rescued by increasing expression of Miro or decreasing the pro-fission factor 

Drp1 (Fig 4,5). We questioned whether the altered morphology and abnormal distribution 

might result from an innate dysfunction of the mitochondria themselves, as trafficking 

of mitochondria does not appear to be significantly compromised. As a first measure for 

the presence of dysfunctional mitochondria, we assayed for their destruction. Damaged 

mitochondria are typically eliminated through mitophagy, a form of macro-autophagy, as 

an essential quality control mechanism for regulating mitochondrial homeostasis (Pickles et 

al., 2018). We made use of the UAS-mito-QC genetic reporter, a pH-sensitive fluorescent 

biosensor with an outer mitochondrial membrane (OMM)-localization signal fused to a dual 

mCherry-GFP fluorescent tag to assay mitochondrial turnover. In an acidic environment, 

typical of the lysosome or autophagosome, the GFP signal is quenched, while the mCherry 

signal is not, allowing us to visualize mitochondria that have been engulfed by lysosomes 
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(mitolysosomes) in vivo as red fluorescence (Lee et al., 2018; Garriga et al., 2020). The 

mito-QC biosensor was expressed in MD neurons (MD>mitoQC) and mitolysosomes were 

quantified as red fluorescing puncta (Fig 6). The MD synaptic regions of dSod1G85R VNCs 

showed a higher number of red particles compared to controls (Fig 6A-B, E), with no 

change in mitolysosomes evident in da cell bodies (Fig 6C-E). An increase in mitolysosomes 

is indicative of higher levels of mitophagy which could account for the lower number 

of mitochondria in dSod1G85R MD synapses, as well as being indicative of mitochondria 

whose function is compromised.

MD neurons of dSod1G85R show compartment-specific changes in OXPHOS

As a measure of mitochondrial function, we assessed the oxidative state of mitochondria in 
vivo. The electron transport chain (ETC) functions in mitochondria to efficiently transport 

electrons through five protein complexes, creating an electrochemical proton gradient which 

drives the production of ATP, a process known as oxidative phosphorylation (OXPHOS). 

Redox couples act as regulators of OXPHOS, and their abundance and ratios are good 

indicators of the oxidative state of a cell. Since the oxidative state of different subcellular 

compartments is fluid, with an array of redox couples that may not be in equilibrium with 

one another, we tested two different redox pairs (Meyer and Dick, 2010). Redox-sensitive 

GFPs (ro-GFPs) contain a dithiol/disulfide switch on their surface that results in a redox-

dependent shift in fluorescence that is not sensitive to pH (Dooley et al., 2004, Hanson et 

al., 2004). Glutathione:glutathione-disulfide (GSH:GSSG) is one of the most abundant redox 

couples in the cell (Schafer & Buettner, 2001) and thus, a valuable indicator of a cell’s 

oxidative state. The fusion of ro-GFP to glutaredoxin (Grx1) allows for effective measures of 

the glutathione redox potential.

Along with other oxidants, glutathione peroxidases catalyze the reduction of H2O2 into 

less reactive H2O. Although H2O2 is a typical byproduct of a healthy cell, unregulated 

levels of this reactive oxygen species (ROS) will harm the cell membrane and activate 

apoptosis (Opie, 2014). The fusion of ro-GFP to oxidant receptor peroxidase 1 (Orp1) 

enabled the production of a H2O2 sensor (Albrecht, et al., 2011). ro-GFP-Grx1 and ro-

GFP-Orp1 transgenes with sequences localizing the sensor to the mitochondrial matrix 

(mito-roGFP) allows for tissue-specific expression and in vivo measurements of GSSG:GSH 

and H2O2 levels (Albrecht, et al., 2011). We expressed ro-GFP-Grx1 pan-neuronally using 

ELAV-Gal4 (Gramates et al., 2022) and found mitochondria showed lower levels of GSSG 

in the dSod1G85R VNC, more specifically in the dorsal midline cells and the neuropil (Fig 

7A-C). The effectiveness of the probe was demonstrated by treating dSod1WT samples 

with the DTT reductant which showed the expected reduction (Fig 7C). To assess the 

redox state of mitochondria specifically in dSod1G85R MD neurons, each mito-ro-GFP was 

driven by MD-Gal4. Both redox couples exhibited a significant reduction in mitochondria 

of MD cell bodies (Fig 7G), with a non-significant but trending decrease in GSSG:GSH 

and H2O2 levels in the mitochondria of MD synapses (Fig 7E). We also tested the redox 

couples in mitochondria of motor neurons (OK6-Gal4>mito-ro-GFP) in dSod1G85R and 

found significant decreases in GSSG levels in motor neuron cell bodies (Supp 10). Together, 

these findings are indicative of a system-wide disruption of redox couples in dSod1G85R 

neurons.
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As stated above, the motor deficit associated with the dSod1G85R-ALS model, first evident 

in the latter half of the 3rd instar period (Sahin et al., 2017), correlates with a change in 

mitochondrial morphology (Fig 3). Consistent with this progressive change in mitochondrial 

morphology and motor output, we found no significant differences in GSSG:GSH or H2O2 

levels in MD neurons of early 3rd instar dSod1G85R (Fig 7 I-K), followed by a significant 

reduction in older animals. Thus, as motor activity declines, we observe a change in 

mitochondrial morphology and in the oxidative state of neurons, an indication that the 

function of mitochondria is compromised.

Downregulation of ETC Complex subunits reverses ALS-associated mitochondrial defect

OXPHOS homeostasis is impacted by the proper function of ETC complexes. Disruptions 

in a single subunit of an ETC Complex can lead to morphological changes that result in 

mitochondrial turnover. We identified four ETC complex subunit genes in an RNA-seq 

analysis, whose expressions are elevated in dSod1G85R larval brain isolates (Zhou et al., 

manuscript in prep). These genes include: NADH-dehydrogenase 51kDa subunit-like 1 

(ND-51L1), involved in dehydrogenase and nucleotide binding activity of Complex I; 

succinate dehydrogenase subunit B (iron-sulfur)-like (SdhBL), a subunit of Complex II, 

predicted to enable Complex II activity; coenzyme Q8 (Coq8) also known as the chaperone, 

ubiquinone; and cytochrome c oxidase subunit 6A-like 2 (COX6AL2) of Complex IV. 

Increases in these Complex subunits are expected to increase the flux of electrons through 

the ETC, which in turn would produce more free radicals and ROS, and thus inflict higher 

levels of cellular damage. In this context, knocking down the level of specific Complex I, 

II or IV subunits is predicted to slow flux, and thus, reduce cellular damage. We tested this 

hypothesis that reducing the expression of each genes will slow ETC flux, regain OXPHOS 

homeostasis, and restore the abnormal morphology of mitochondria in dSod1G85R to a WT 

state.

Each gene was individually knocked down first in dSod1WT and then in dSod1G85R MD 

neurons using an RNAi (Table 1). The abundance and structural parameters of mitochondria 

in synapse and cell bodies of dSod1WT and dSod1G85R MD neurons were assayed using 

3D volumetric rendering of confocal images and the MitoAnalyzer for quantification (Fig 

8, Supp 11). In wild type MD neurons, the knock down of ND-51L1 caused a significant 

increase in mitochondrial sphericity at synapses, with lower levels trending at cell bodies 

and no change in the total volume or branch number of mitochondria at synapses or cell 

bodies (Fig 8, Supp 11A). MD>SdhBL-RNAi did not affect mitochondrial morphology at 

synapses in wild type but caused a dramatic increase in the total volume and branching in 

MD cell bodies (Fig 8, Supp 11B). MD>Coq8-RNAi resulted in an increase in branching 

at cell bodies in wild type but had no effect on mitochondrial morphology at the synapse 

(Fig 8, Supp 11C). MD>COX6AL2-RNAi (CG14077-RNAi) had no effect on synaptic 

mitochondria in wild type but increased branching of mitochondria at the cell body (Fig 

8, Supp 11D). Together, these data provide a clear demonstration that the manipulations of 

individual ETC Complex subunits can alter the morphology of mitochondrial networks in 

distinct neuronal compartments (Fig 8, Supp 11).
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In a dSod1G85R background, knocking down individual Complex I, II, and IV subunits, 

ND-51L1, SdhBL, and COX6AL2, respectively, resulted in a rescue, or restoration of 

defective mitochondrial morphologies at dSod1G85R MD synapses to the wildtype state 

(Fig 8, Table 2). While its expression is elevated in dSod1G85R, knocking down Coq8, a 

chaperone, did not reverse the majority of mitochondrial defects (Fig 8, Table 2).

Of particular interest, silencing SdhBL suppressed the defect in mitochondrial trafficking 

evident in dSod1G85R MD axons, resulting in an increase the number of mobile 

mitochondria (Supp 12A-E). It has been shown that ETC Complexes exhibit compensatory 

actions, wherein the activity of one Complex is upregulated if another is downregulated 

in an attempt to restore ETC-homeostasis, an essential process for mitochondrial survival 

(Weinrich et al., 2019). We, too, found evidence of the compensatory behavior of ETC 

Complexes, when silencing one subunit, SdhBL, we found an upregulation of another, 

ND-51L1 (Sup 12F). Thus, taken together our data demonstrate that elevated levels 

of ND-51L1, SdhBL, and COX6AL2 transcripts correlate with abnormal mitochondrial 

properties in dSod1G85R animals, and in each case, the downregulation of each gene’s 

expression reverses defects in mitochondria associated with the ALS mutation.

Discussion

In this study, we sought to determine the nature of mitochondrial defects associated with 

the neurodegenerative disease ALS, using a knock-in SOD1 model in Drosophila where 

live-imaging and in vivo measurements of mitochondrial morphology and function allows 

for analysis within subcellular compartments in a cell-type specific manner, in the context of 

the intact motor circuit. We focused our study on sensory neurons, having demonstrated 

previously that functional defects in sensory feedback precedes degeneration of motor 

neurons and coincides with a decline in locomotor activity in the dSod1G85R knock-in ALS 

model (Held et al., 2019; Sahin et al., 2017). The dSod1G85R-ALS animals exhibit reduced 

numbers of mobile mitochondria in MD sensory axons, lower mitochondrial content at 

synapses with significant morphological defects, and little to no change in the mitochondrial 

pool present in cell bodies (Fig 1, 3, 9A-D). We did not detect any obvious disruptions in 

transport machinery that could account for difference in synaptic vs cell body mitochondrial 

content (Fig 2, 9E), but instead found higher levels of mitophagy in synaptic regions (Fig 6, 

9C). Studies in other models of ALS, such as transfected primary cultures of embryonic rat 

motor neurons have reported defects in axonal transport albeit how specific types of cargo, 

i.e., mitochondria, vesicles, or other cargo, respond is different between neuronal cell types, 

mutants, and animal models of ALS (Baldwin et al., 2016; De Vos et al., 2007; Moller et al., 

2017; Morotz et al., 2012). For example, the transport of neuropeptide Y-containing vesicles, 

but not mitochondria, is affected when human TDP43 is overexpressed in Drosophila motor 

neurons. In contrast, the loss of TBPH, a Drosophila TDP43 ortholog, shows compromised 

axonal transport of mitochondria, but not of vesicles, a similar finding when FUS or 

G4C2-36X repeats are overexpressed (Baldwin et al., 2016). In our knock-in dSod1G85R 

ALS model, we, too, found that the transport of all cargos is not affected, as lysosomal and 

vesicular transport is unchanged in dSod1G85R MD sensory neurons (Fig 2, 9B).
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Some transport studies have detected a preferential decrease in anterograde, or retrograde 

transport, although consistent with our findings they, too, have found that a defect in the 

microtubule transport-machinery is unlikely to give rise to the abnormal distribution of 

mitochondria (Moller et al., 2017, Magrane et al., 2013). We did not observe a preference in 

directional movement, but instead found the mobile pool of mitochondria in dSod1G85R 

sensory axons, is preferentially reduced, while the stationary pool is not (Fig 1, 9A). 

Stationary mitochondria are known to be anchored along axons in areas of high ATP 

demand, such as at spots of active translation in sensory neurons (Spillane et al., 2013). 

Local translation of mRNAs is upregulated during neuronal damage or during homeostatic 

changes that promote axon growth, regeneration, branching, synaptic formations, and 

protein transport (Nagano and Araki 2021; Holt et al., 2019). It is indeed possible that there 

may be a need In dSod1G85R sensory neurons for increased axonal translation requiring 

ATP production by anchored mitochondria, and thus, the stationary pool of mitochondria 

is maintained. In fact, our observation that the length of dendritic branches of ddaE MD 

neurons is increased in dSod1G85R (Fig 9D, Supp 1), is consistent with a need for local 

energy production perhaps to fuel translation necessary for the promotion of neuronal 

elongation, a consideration that needs further exploration.

Interestingly, in vivo biosensors revealed shifts in the oxidative state of neurons in 

dSod1G85R, indicative of compromised mitochondrial function (Fig 7). Consistent with 

an alleviation of the effects of dysfunctional mitochondria, downregulation of subunits in 

Complex I, II or IV of the ETC restored mitochondrial morphology and SdhBL of Complex 

II partially rescued the reduction in mobile mitochondria typical of dSod1G85R sensory 

axons (Fig 8).

Interestingly, the dSod1G85R knock-in model exhibits mitochondrial morphology and 

function that differ between distinct subcellular domains within MD neurons, whole-

organelle structural differences at synapses, with no significant morphological changes in 

mitochondria that reside in MD cell bodies (Fig 3, 9A,B). The morphological changes 

at the synapse can be rescued by reducing the dosage of the fission factor Drp1 (Fig 

5) suggesting that an imbalance in fission-fusion dynamics could be responsible for the 

dSod1G85R phenotype.

Although MarfB and dSod1G85R did not exhibit a genetic interaction, as MarfB/+; 

dSod1G85R/+ mitochondrial morphology at synaptic regions was unchanged (Supp 6, 

9B,C), there was noticeable clustering of mitochondria in cell bodies. Such an increase in 

mitochondrial clustering is prominently observed in studies of Charcot-Marie-Tooth Disease 

when expressing Mitofusin 2 (MFN2, the ortholog of Marf) mutants in cultured neurons 

(Baloh, et al., 2007). This study also showed a decreased in mobile mitochondria in axons of 

MFN2 mutants. Since Marf is known to directly interact with OMM components like Miro 
(Lee et al., 2016), it is not surprising that genetically manipulating these factors results in 

similar mitochondrial defects. Given that we see a genetic interaction between dSod1G85R 

and Miro, it may be that knocking down the function of Marf results in a disruption of Miro 
function, thereby enhancing the abnormal morphological changes evident in dSod1G85R 

mitochondria.
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Defects in mitochondrial function may stem from improper fluctuations in their oxidative 

state which is regulated by the ETC. Our data indicates that mitochondrial defects in an 

ALS model can be rescued by genetically manipulating subunits of ETC complex I, II, 

and IV (Fig 8, 9F). Indeed, drugs that target the ETC and its products have been tested 

in animal models of NDs to ameliorate mitochondrial dysfunction. MitoQ, a mitochondria-

specific antioxidant, shown to reduce ROS, preserves mitochondrial function in models 

of Alzheimer’s (McManus et al., 2011), Parkinson’s (Solesio et al., 2013, Ghosh et al., 

2010), ALS (Miquel et al., 2014), and other NDs (Dhanasekaran et al., 2004; Jauslin et 

al., 2003). At present difficulties in the delivery, targeting, and adverse effects of small 

molecules such as MitoQ, have to date impacted its clinical value (Xu et al., 2022). In 

another case, while Coenzyme Q10, a scavenger drug that targets ROS produced by the 

ETC, has shown beneficial effects in some models of ALS (Matthews et al., 1998), it is 

not proven effective in the clinical setting (Kaufmann et al., 2009). Interestingly, while 

expression of the Coq8 chaperone is altered in the dSod1G85R-ALS model, we found in vivo 
manipulation of Coq8 did not ameliorate mitochondrial defects, consistent with the clinical 

findings of Coenzyme Q10. The fact that common molecular pathways are revealed by both 

Drosophila and mammalian models is promising for the use of such models in efforts to 

identify more targets that provide new avenues for the development of effective therapies. 

It is also important to consider that although ETC complexes in mammals and yeast are 

known to form supercomplexes, to provide more efficient electron transfer (Cogliati et 

al., 2021), a structure not seen in Drosophila mitochondria (Shimada et al., 2018), our 

analysis has revealed that manipulations of ETC components can have clear restorative 

effects in the context of neurodegeneration. These findings also support the proposal that 

mechanisms are in place in the mitochondrial membrane of Drosophila that negate the need 

for supercomplexes to enable efficient electron transfer (Shimada et al., 2018).

An upregulation of mitochondrial turnover via mitophagy, that can stem from disruptions 

in mitochondrial homeostasis, has been documented in spinal cord motor neurons of 

ALS patients (Sasaki, 2011). We, too, see an increase in mitochondrial turnover in the 

dSod1G85R-knock-in ALS model, accompanied by a decrease in compartment-specific 

mitochondrial content (Fig 6, 9C). Pan-neuronal expression of a mitochondria-specific 

redox-sensitive GFP biosensor showed a general disruption in OXPHOS in dSod1G85R 

(Fig 7A-C) indicating a reduction in mitochondrial function, and consistent with the 

elevation of mitophagy which would eliminate defective mitochondria. Both motor neuron 

cell bodies and the neuropil, sites of sensory synaptic connections show a reduction in 

mito-ro-GFP-Grx1 signal, an indication of GSSG:GSH level (Fig 7A-C). Neuron-specific 

analysis showed that at the point in disease progression examined, the heightened level 

of mitophagy is particularly evident in the synaptic regions of MD sensory neurons (Fig 

7D-G), where dramatic changes in mitochondrial morphology are apparent (Fig 3A-B’). At 

this time, mitochondria-specific redox-sensitive GFP (mito-ro-GFP) biosensors showed a 

significant decrease in GSSG:GSH and H2O2 levels in cell bodies, with a trending, albeit 

not significant, decrease in MD synapses (Fig 7D-G, 9F), suggesting that while alterations 

in metabolic flux are detected in the cell body, a shift in metabolic dysfunction due to 

elevated GSSG:GSH or H2O2 levels may not be resolved because mitochondria harboring 

those redox changes have already been eliminated. Assessments of both mitochondrial 
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morphology and redox couples at a slightly earlier time showed no differences between the 

knock-in ALS model and wild type animals (Fig 3 C-D’, 7H-K). As such, within the later 

time window which is characterized by electrophysiological changes in sensory function and 

compromised locomotor activity, the redox changes observed in synapses may have reached 

a critical threshold but not reached in the cell bodies to warrant significant turnover of 

resident mitochondria. In addition, or alternatively, defective mitochondria are sent from the 

cell bodies to the synapses where demands on their function may be more profound, perhaps 

coupled with a defect in fission/fusion dynamics, and thus, there they are destroyed.

Decreases in mitochondrial GSSG:GSH levels are indicative of an increase in reduced 

glutathione levels, which act on ROS such as H2O2 (Armstrong et al., 2002, Fernandez-

Checa et al., 1997). Thus, a decrease in GSSG:GSH would predict an increase in 

H2O2 levels, and indeed abnormally high levels of have been observed in ALS patients’ 

blood (Woolsey, 2008). However, an upregulation of H2O2 would be accompanied by an 

upregulation of scavenging factors, such as thioredoxins, and the balance in production- 

and scavenging- of ROS would result as an irregular flux and manifest as increased H2O2 

flux (Miguel Antionio Aon et al., 2012). It is also possible that the loss of enzymatic 

Sod1 activity in the intermembrane mitochondrial space (IMS) is associated with reduced 

dismutation of superoxide anions and thus, lower H2O2, unrelated to the low levels of GSSG 

(Goldsteins et al., 2008). Our findings indicate a change in metabolic flux associated with 

dSod1G85R mitochondria that likely reflects an innate dysfunction.

Our studies presented here focused on sensory neurons based on previous in vivo findings 

that these neurons exhibit profound dysfunction prior to motor neuron defects (Held et al., 

2019), that ALS-associated motor dysfunction and death could be suppressed by genetic 

manipulations targeting only sensory neurons, and the availability of reagents that provided 

sufficient resolution of mitochondria in vivo. However, in addition to these studies, we 

were able to assay the status of mitochondria in motor neurons in some contexts of 

the dSod1G85R-knock-in animals, and documented alterations in mitochondrial content, 

morphology, and redox couples. Future in vivo studies of mitochondrial biology in motor 

neurons are warranted with more refined drivers. In addition, comparative studies at higher 

resolution such as serial block-face electron microscopy could provide a higher resolution 

3D reconstruction of the mitochondrial ultrastructure in all types of neurons. Such analyses 

would provide more detailed information about the composition and surface area of the 

cristae structure in dSod1G85R, an essential cellular compartment for maintaining proper 

mitochondrial homeostasis (Cogliati et al., 2016), especially given the observed impact of 

ETC complexes which reside within the cristae. Such high-resolution studies could extend 

our understanding between changes in mitochondrial ultrastructure and OXPHOS in the 

dSod1G85R ALS model.

Taken together, our results identify compartment-specific alterations in mitochondrial 

number, morphology, mitophagy, and OXPHOS in MD sensory neurons of a SOD1-knock-

in model of ALS, dSod1G85R. The role of sensory neurons in ALS is now becoming more 

appreciated, with such research providing evidence of the value of such studies. Our data 

highlight that abnormal mitochondrial transport, which is common in many NDs, may not 

always stem from defects in the trafficking machinery, but instead from innate mitochondrial 
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dysfunction, an important consideration in discerning mechanisms of pathogenesis. We 

demonstrate that defects in mitochondrial morphology can be restored to wild type levels 

by altered expression of specific genes encoding OXPHOS subunits, as well as by shifting 

mitochondrial fission/fusion dynamics. While advancing our understanding of the specific 

mitochondrial defects associated with ALS mutations, these findings have identified specific 

targets for future exploration of therapeutic potential, a valuable contribution to combating 

ALS.
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Figure 1: 
Abnormal mitochondrial content in compartments of sensory and motor neurons in 

dSod1G85R.

(A) Schematic of 3rd instar larval filet, CNS (brain and VNC, purple), a segmentally 

arranged muscle (gray hatching), and segmental nerves composed of motor (green) 

projecting to muscles, and sensory (blue) axons projecting from the peripherally located 

cell bodies to the VNC; boxed areas show proximal and distal regions of the A6 segmental 

nerve that were imaged, (A’) tiled confocal micrograph shows organization of body wall 

musculature (faint green), CNS (brain lobes and ventral nerve cord (VNC) stained with 

HRP (magenta); dashed box, high mag shown in D) and MD>mito-GFP (bright green) of 

a dSod1G85R larval filet. (B) Kymographs depicting live imaging of mito-GFP over time 

within a proximal region of the MD sensory axon in dSod1WT (top, control) and dSod1G85R 

(bottom). Vertical lines indicate fluorescent signal for stationary mitochondria, diagonal 

lines are indicative of mitochondria that moved in retrograde or anterograde direction within 

the imaging window (distance). (C) Quantification of mito-GFP puncta from live imaging 

in the proximal and distal regions of MD axons (MD>mito-GFP) in segmental nerve A6 

in dSod1WT and dSod1G85R 3rd instar larvae (WT and G85R n=4). Ordinary one-way 

ANOVA with Tukey’s multiple comparison test. (*) = p-value <0.05. (D) Neurons labelled 

with anti-horseradish peroxidase (HRP) (gray, magenta) and mitochondria in MD synaptic 

regions, ladder-like midline of VNC (gray, green) in MD-Gal4 UAS-mito-GFP. Higher 

magnification of synaptic regions in midline with mitochondrial volume image of a single 

synaptic region (scale bar = 5um). (E) cell bodies of MD class IV da neurons marked 

by MD>mcd8-RFP (RFP) and mitochondria (mito-GFP); Higher magnification shows a 
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mitochondrial volume image of single cell body (scale bar = 10um). (D’,E’) Quantification 

of mitochondria at MD synapses and cell bodies in dSod1G85R as percent of WT; WT 

n=39 larvae, G85R n=52 larvae. (F) dSod1G85R VNC showing neuropil (anti-HRP, magenta) 

and mitochondria in motor neurons (OK6-Gal4 mito-GFP, green). (G) body wall muscles 

6 and 7 in hemisegment A2 (phalloidin, magenta) with synaptic neuromuscular junction 

(NMJ) structure (NMJ 6/7) and mitochondria (green) labelled; all images are 40X objective 

magnification, not tiled. (F’,G’) Quantifications of mito-GFP puncta show changes in cell 

bodies and NMJs of OK6 motor neurons; WT and G85R n=4; each datapoint represents 

quantifications from one larva, as percent of WT. Scale bars = 50um unless labelled 

otherwise. Statistical analysis with student’s t-test, (*) p-value <0.05. Full genotypes in 

Table 1.
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Figure 2: 
General disruption of axonal transport machinery not affected in dSod1G85R. Quantification 

of live imaging of (A) lysosomal associated membrane protein 1 (LAMP-GFP) and 

(B) vesicles containing atrial natriuretic factor (preproANF-Emerald) in MD axon A6 

in dSod1WT (WT), dSod1G85R (G85R), and MD-expressed dynein heavy chain RNAi 

(Dhc64c-RNAi). LAMP-GFP,WT and LAMP-GFP,G85R (n=8); preproANF-Emerald,WT 

and prepro-ANF-Emerald,G85R (n=4). (C) Number of mobile versus stationary 

mitochondria (mito-GFP) observed by live imaging of MD axons quantified following 

genotypes: WT (n=19), G85R/+ (n=7), G85R (n=20), Dhc4-19 /+ (n=6), Dhc4-19 /G85R 

(n=5), Dhc64c-RNAi/+ (n=7), Dhc64c-RNAi/+, G85R (n=3), Khc27-1 /+ (n=6), Khc4/19 /

G85R (n=4), Khc4/19 /+, G85R (n=5); (D) Schematic of mitochondrial transport machinery 

show microtubule (MTs) motor proteins dynein and kinesin and the adaptor Miro. Adapted 

from Schwarz 2019. (E) Miro expression level based on qPCR in G85R compared to WT 

whole larvae; n=6 larvae; Students’ t-test. (F) Quantification of live-imaging mito-GFP, 

when the Miro adaptor protein is overexpressed (Miro-OE) or downregulated (Miro-RNAi) 

in dSod1WT (WT) or dSod1G85R (G85R). WT (n =8), G85R (n=8), Miro-OE/+ (n=4), 

Miro-OE/+, G85R (n=4), Miro-RNAi /+ (n=4). Ordinary one-way ANOVA with Tukey’s 

multiple comparison test, (*) p-value <0.05. Full genotypes in Table 1.
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Figure 3: 
Altered mitochondrial morphology in dSod1G85R MD neurons. Synaptic termini in the 

VNC corresponding to A6 (A,C) and cell bodies (B,D) of mitochondria in MD neurons 

of wandering (A,B) and early (C,D) 3rd instar larvae. A subset of quantified parameters is 

shown in each case for dSod1WT (WT, black bars) and dSod1G85R (G85R, white bars), with 

(A) WT n=18, G85R n=10, (B) WT n=18, G85R n=14, (C) WT n=7, G85R n=6, (D) WT 

n=7, G85R n=6. Full genotypes denoted in Table 1. Scale bar = 5um for synapses, 10um 

for cell bodies. Student’s t-test with a (*) p-value <0.05. Full dataset from Mitochondria-

Analyzer analysis in Supp 6.
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Figure 4: 
Genetic interaction between Miro and dSod1G85R observed in MD neurons when assessing 

mitochondrial morphology. Quantifications in synapses (A) and cell bodies (B) of MD 

neurons in dSod1G85R larvae showing total volume, sphericity, and branches. (A) synapses: 

WT (n=21), G85R/+ (n=15), G85R (n=8), Miro-OE/+ (n=7), Miro-OE/G85R (n=4), Miro-

OE/+, G85R (n=6) (B) cell bodies: WT (n=20), G85R/+ (n=18), G85R (n=15), Miro-OE/+ 

(n=7), Miro-OE/G85R (n=5), Miro-OE/+, G85R (n=6). Statistical analyses done with 

ordinary one-way ANOVA with Tukey’s multiple comparison test; (*) p-value <0.05. All 

data from Mitochondrial Analyzer in Supp 5. Full genotypes in Table 1.
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Figure 5: 
Drp1 knockdown rescues mitochondrial morphology defects in dSod1G85R MD synapses. 

(A,B) Quantification of mitochondrial total volume, sphericity, and branches in MD neurons 

of dSod1G85R larvae in relation to the functional null fission factor Drp1, Drp1KG03815, in 

synapses (A) of WT (n=4), G85R (n=9), Drp1-KD/+ (n=5), and Drp1-KD/+, G85R (n=6) 

3rd instar larva, and cell bodies (B) of WT (n=8), G85R (n=8), Drp1-KD/+ (n=6), and 

Drp1-KD/+, G85R (n=6) 3rd instar larva. (C-F) 3D reconstruction of synaptic mitochondria 

at segments A2 of the VNC, left and right side, (C’-F’) 3D reconstruction of mitochondrial 

at cell bodies of ddaE cell in the da cluster. Ordinary one-way ANOVA with Tukey’s 

multiple comparison test; (*) p-value <0.05. All data from Mitochondrial Analyzer plugin in 

Supp 9.
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Figure 6: 
Increased mitophagy at synapses of MD neurons in dSod1G85R. MitoQC, a biosensor 

for mitophagy, fluoresces in both red and green channels under physiological (top) 

conditions, but only in red under acidic conditions (bottom), such as in mitolysosomes. 

Immunocytochemistry of axon terminals (A-B”) of A3-A6 VNC segments and cell bodies 

(C-D”) in segment A3 of MD neurons expressing mitoQC biosensor. From left to right 

images are showing GFP and RFP composite, thresholded and RFP isolated, thresholded 

RFP and GFP alone. (E) Graphs show particles of RFP (mitolysosomes) normalized to 

synaptic (top) and to cell body (bottom) areas. Statistical analysis with Students’ t-test; scale 

bars at 50um; images are taken with a 63Xoil objective; (*) p-value <0.05.
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Figure 7: 
Levels of glutathione redox couple and hydrogen peroxide are altered in cell bodies of MD 

neurons in dSod1G85R. Innate fluorescence images of (A,D,H) axon terminals of A2-A6 

VNC segments and (F,J) cell bodies in segment A2 of neurons expressing mito-roGFP,Grx1 
biosensor in the WT background; (B) and (H,J) show the biosensor in dSod1G85R. From left 

to right, panels are 405nm, 488nm, and the ratio panel highlights differences between 405nm 

and 488nm. (A-B) VNCs of pan-neuronal ELAV driver expressing mito-roGFP,Grx1. White 

outlines highlight dorsal cells and neuropil in VNC segments A3-A6. (C) Graph showing 

levels of GSSG:GSH (Grx1 probe) in whole VNC, dorsal cells, and neuropil. VNCs treated 

with DTT reductant serve as a control for effectiveness of probe. Levels of GSSG:GSH 

(Grx1 probe) and H2O2 (Orp1 probe) redox couples in synapses (D,H,E) and cell bodies 

(F,J,G) of MD neurons of wandering 3rd instar, and in synapses (I) and cell bodies (J) of 

MD neurons in early 3rd instar larvae. Students’ t-test, (*) p-value <0.05.
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Figure 8: 
Knocking down complex I, II, and IV subunits ameliorates mitochondrial morphological 

defects in dSod1G85R MD neurons. (A-F) 3D reconstructions of synaptic mitochondria at 

segment A2 of the VNC – left and right side. All graphs show total volume, sphericity, 

and branches of mitochondria in synapses and in cell bodies. Mitochondria in synapses (G) 
and cell bodies (H) in WT, G85R, ND51L1-RNAi/+, G85R; SdhBL-RNAi/+, G85R; Coq8-

RNAi/+, G85R; COX6AL2-RNAi/+, G85R. Sample n shown in figure as n in “synapses, 

cell bodies.” Statistical analysis: one-way ANOVA with Tukey’s multiple comparison test 

on normally distributed data, Kruskal-Wallis test with a Dunn correction for multiple 

comparisons on non-normally distributed data; (*) p-value <0.05. Scale bars are 10um. All 

data from Mitochondrial Analyzer plugin in Supp 9. Full genotypes in Methods section.
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Figure 9: Mitochondrial number, morphology, and function exhibit compartment-specific 
abnormalities in MD sensory neurons of the dSod1G85R-knock-in ALS model.
Schematic summarizes results presented. (A) A decrease in mobile mitochondria is evident 

in axons (Fig 1) with no change in transport of lysosomes or dense core vesicles (Fig 

2). (B) No morphological changes in mitochondria observed in cell bodies. Distribution 

and overall number of lysosomes and dense core vesicles are unchanged across the 

neuronal compartments – Fig 1,3. (C) Decrease in overall mitochondria content at synaptic 

regions accompanied by an increase in mitochondrial turnover (mitophagy). In addition, 

synaptic mitochondria are more spherical and less networked. Knock down of fission 

factor Drp1 can rescue morphological defects -- Figures 1,3,4. (D) Mitochondrial content 

in MD dendrites is altered and accompanied by structural changes in ddaE – Supp 1. 

(E) Mitochondrial transport was unaffected (X) in genetic combination of dSod1G85R 

heterozygote and mutations in dynein, kinesin, and Miro suggesting that axonal transport 

machinery is not inherently defective in the ALS model (Fig 2). Schematic adapted from 

Schwarz, 2019. While mitochondrial movement is unaffected when manipulating Miro in 

a dSod1G85R background, mitochondrial morphology is rescued, suggesting that fission 

and fusion dynamics, mitophagy, and calcium buffering are more likely disrupted in 

dSod1G85R-ALS than the axonal transport machinery (Figures 1,2,3,4). (F) Levels of redox 

couple GSSG:GSH and H2O2 reduced in cell bodies indicating compromised mitochondrial 

function. Knockdown of ETC subunit ND51L (Complex I), SdhBL (Complex II), or 

COX6AL2 (Complex IV), rescues morphological defects found at synapses and changes 

mitochondrial structure at cell bodies(Fig 7,8). Manipulating coenzyme Q did not rescue 

(X). Overall, dSod1G85R-ALS sensory neurons exhibit compartment-specific mitochondrial 

defects which can be ameliorated by manipulating ETC subunits and Drp1 fission factor.
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Table 1:

Full genotypes by figure

Figure 1 Comments

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT MD-Gal4 - BSC #8769; UAS-mitoGFP - BSC #8443; 
dSod1WT-loxP

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-hr

w; OK6-Gal4/+; UAS-mitoGFP +/+ dSod1WT OK6-Gal4, generous donation from Heather Broihier; 
dSod1WT-loxP

w; OK6-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-hr

Supp 1 Comments

w; MD-Gal4 UAS-mcd8. RFP/+; +/ dSod1WT MD-Gal4 - BSC #8769; UAS-mcd8RFP - BSC #27398; 
dSod1WT-loxP

w; MD-Gal4 UAS-mcd8. RFP/+; dSod1G85R/dSod1G85R Homozygous dSod1G85R-hr

Figure 2, Supp 2, 3 Comments

w; MD-Gal4/+; UAS-LAMP-GFP +/+ dSod1WT UAS-LAMP-GFP, generous donation from Helmut Kramer; 
dSod1WT-loxP

w; MD-Gal4/+; UAS-LAMP-GFP dSod1G85R /+ dSod1G85R Homozygous dSod1G85R-hr

w; MD-Gal4/+; UAS-LAMP-GFP/UAS-Dhc64c-RNAi UAS-Dhc64c-RNAi - BSC#36698

w; MD-Gal4/ UAS-preproANF-Emerald; + UAS-preproANF-Emerald – BSC#7001; dSod1WT-cr

w; MD-Gal4/ UAS-preproANF-Emerald; dSod1G85R/dSod1G85R Homozygous dSod1G85R-cr

w; MD-Gal4/+; UAS-preproANF-Emerald/UAS-Dhc64c-RNAi

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT dSod1WT-cr (Supp 2)

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1G85R dSod1G85R-hr

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-cr

w; MD-Gal4/+; UAS-mitoGFP/UAS-Dhc4-19 UAS-Dhc4-19 gift from Tom Hays

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ UAS-Dhc4-19 dSod1G85R-cr

w; MD-Gal4/+; UAS-mitoGFP/UAS-Dhc64c-RNAi UAS-Dhc64c-RNAi - BSC#36698

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/UAS-Dhc64c-RNAi dSod1G85R Homozygous dSod1G85R-cr

w; MD-Gal4/+; UAS-mitoGFP/UAS-Khc27-1 UAS-Khc27-1 – BSC #67409

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ UAS-Khc27-1 dSod1G85R-hr

w; MD-Gal4/+; UAS-mitoGFP/UAS-Khc27-1 dSod1G85R Homozygous dSod1G85R-hr

w; MD-Gal4/+; UAS-mitoGFP, dSod1WT /UAS-Miro, UAS-Miro – BSC #51646, dSod1WT-cr (Supp 2, Supp 5)

w; MD-Gal4/+; UAS-mitoGFP, dSod1G85R /UAS-Miro, dSod1G85R Homozygous dSod1G85R-cr (Supp 5)

w; MD-Gal4/+; UAS-mitoGFP/UAS-Miro-RNAi UAS-Miro-RNAi – BSC #27695

Supp 4 Comments

w; MD-Gal4/+; UAS-mitoGFP + /+ dSod1WT

w; MD-Gal4/+; + /UAS-mitoGFP dSod1G85R

w; MD-Gal4/+; + dSod1G85R/UAS-mitoGFP dSod1G85R Homozygous dSod1G85R-hr

w; MD-Gal4/+; + Dic1/UAS-mitoGFP dSodWT+ Dic1 gift from Tom Hays

w; MD-Gal4/+; + Dic1/UAS-mitoGFP dSod1G85R+
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Figure 3, Supp 6 Comments

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT Wandering 3rd instar and early 3rd instar; dSod1WT-loxP (Supp 
3)

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Wandering 3rd instar and early 3rd instar; homozygous 
dSod1G85R-hr (Supp 3)

Figure 4, Supp 5, Supp 7 Comments

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT dSod1WT-cr

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1G85R dSod1G85R-cr

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-cr

w; MD-Gal4/+; UAS-mitoGFP dSod1WT/+ UAS-Miro, UAS-Miro – BSC #51646, dSod1WT-cr

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R /UAS-Miro dSod1G85R Homozygous dSod1G85R-cr

Figure 5, Supp 8 Comments

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT dSod1WT-loxP

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-hr

w; MD-Gal4/ UAS-Drp1KG03815; UAS-mitoGFP/+ UAS-Drp1KG03815 – BSC# 13510

w; MD-Gal4//UAS-Drp1KG03815; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-hr

yw, MarfB; MD-Gal4/+; UAS-mitoGFP/+ MarfB – BSC# 67154

yw, MarfB; MD-Gal4/+; UAS-mitoGFP + /+ dSod1G85R dSod1G85R-hr

Figure 6 Comments

w; MD-Gal4, UAS-MitoQC/+; dSod1WT/+ UAS-MitoQC was a generous donation from Alex 
Whitworth; dSod1WT-loxP

w; MD-Gal4, UAS-MitoQC/+; dSod1G85R/dSod1G85R Homozygous dSod1G85R-hr

Figure 7 Comments

w; MD-Gal4/UAS-mito-roGFP-Grx1; dSod1WT/+ For wandering 3rd instar and for early 3rd instar; UAS-mito-
roGFP2-Grx1 - BSC 67664; dSod1WT-cr

w; MD-Gal4/UAS-mito-roGFP-Grx1; dSod1G85R/dSod1G85R For wandering 3rd instar and for early 3rd instar; Homozygous 
dSod1G85R-cr

w; MD-Gal4/UAS-mito-roGFP-Orp1; dSod1WT/+ For wandering 3rd instar and for early 3rd instar; UAS-mito-
roGFP2-Orp1 - BSC 67673; dSod1WT-cr

w; MD-Gal4/UAS-mito-roGFP-Orp1; dSod1G85R/dSod1G85R For wandering 3rd instar and for early 3rd instar; Homozygous 
dSod1G85R-cr

elav-Gal4; UAS-mito-roGFP,Grx1/+; dSod1WT/+ elav-Gal4 (C155-Gal4) BSC #458; dSod1WT-cr

elav-Gal4; UAS-mito-roGFP,Grx1/+; dSod1G85R/dSod1G85R Homozygous dSod1G85R-hr

Figure 8 Comments

w; MD-Gal4/+; UAS-mitoGFP +/+ dSod1WT dSod1WT-cr

w; MD-Gal4/+; UAS-mitoGFP dSod1G85R/+ dSod1G85R Homozygous dSod1G85R-cr

w; MD-Gal4/UAS-ND51L1-RNAi; UAS-mitoGFP dSod1G85R/+ dSod1G85R UAS-ND51L1-RNAi – BSC #42591

w; MD-Gal4/UAS-SdhBL-RNAi; UAS-mitoGFP dSod1G85R /+ dSod1G85R UAS-SdhBL-RNAi – BSC 58100

w; MD-Gal4/UAS-Coq8-RNAi; UAS-mitoGFP dSod1G85R /+ dSod1G85R UAS-Coq8-RNAi – BSC #57039

w; MD-Gal4/UAS-COX6AL2-RNAi; UAS-mitoGFP dSod1G85R /+ dSod1G85R UAS-COX6AL2-RNAi (CG14077-RNAi) – BSC #53303

*
hr and loxP are the homologous recombination knock-in lines, cr is the CRISPR knock-in line
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