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Abstract

Cu/Zn superoxide dismutase (SOD1) is a cytoplasmic antioxidant enzyme, which, when
mutant in humans, is linked to familial cases of the motor neurodegenerative disease
amyotrophic lateral sclerosis (ALS). The Drosophila SOD1 gene (Sod) shares a highly
conserved sequence with the human homolog, and this study includes examinations of the
established hypomorphic n708 allele (Sod"'%), alongside a knock-in construct of the G85R
allele found in human ALS patients (Sod®®F). In addition to previously documented
decreased adult lifespan and attenuated motor function, we show that Sod mutant
Drosophila display high mortality rates during larval and pupal development. Immunostaining
of neuronal membrane at neuromuscular synapses in Sod mutant larvae revealed
presynaptic terminals of abnormal, swollen morphology. In Sod®®F larvae, in vivo
mitochondrial staining demonstrated the presence of aggregated mitochondria inside the
swollen synaptic terminals, and a genetically encoded GFP construct targeted to
mitochondria revealed aggregates of mitochondria inside the axon bundles of Sod®®F larvae.

In whole-cell recordings of neuromuscular transmission, both Sod”’% and Sod®**F exhibited
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lower muscle input resistance and smaller miniature excitatory junction potentials (MEJPs)
compared to WT. However, evoked EJPs were similar to those of WT. Focal
electrophysiological recording showed that both Sod"’% and Sod®%f NMJ

terminals displayed slightly higher release probability than WT terminals. Treatment of
Sod®®R with the Shaker channel (Kv1) blocker 4-aminopyridine (4-AP) and the broad-
spectrum K* channel blocker tetraethylammonium (TEA) induced prolonged “plateau-like”
potentials at the larval NMJ upon electrical stimulation. Altogether, this study provides a
snapshot of the alterations in mitochondrial distribution, synaptic morphology, and
neurotransmission that characterize the motor neurons of Sod mutants prior to

neurodegeneration and death of the organism.

Introduction

The generation of reactive oxygen species (ROS) is a ubiquitous feature of energy
metabolism in living cells. ROS are a class of oxygen-containing molecules that readily
oxidize other molecules upon contact, and as a result can cause a significant amount of
damage to cellular components over time (Lushchak, 2014). To mitigate this effect, a broad
variety of eukaryotic and prokaryotic organisms produce antioxidant enzymes to maintain
oxidative homeostasis (Matés et al., 1999). While ROS are produced endogenously as
byproducts of metabolic processes, including mitochondrial oxidative phosphorylation, they
can also be generated from exogenous sources like toxins, drugs, and pollutants (Chen et
al., 2003; Ali et al., 1996; Block & Calderén-Garciduefias, 2009). The disruption of oxidative
homeostasis that occurs as a result of increased ROS load or a decrease in antioxidant

activity is termed ‘oxidative stress’ (Sies, 1997).
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The accumulation of oxidative damage due to oxidative stress over time is considered a
normal part of aging in macroorganisms, and ROS have been implicated as signaling
molecules in healthy physiological processes ranging from cell differentiation to synaptic
plasticity (Thannickal & Fanburg, 2000; Massaad & Klann, 2011). However, under increased
oxidative stress, cellular proteins are more prone to misfolding, lipids to peroxidation, and
nucleic acids to breakage and mutation (Berlett & Stadtman, 1997; Altan et al. 2003; Aitken &
Krausz, 2001). Possibly as a result of these effects, increased oxidative stress has been
implicated in neurodegenerative diseases, cardiovascular diseases, and cancer (Liguori et

al., 2018; Uttara et al., 2009; Dhalla et al., 2000; Sosa et al.,2013).

Molecular species considered ROS include both free radicals such as the superoxide (O2),
the peroxide O,?, and the hydroxyl OH", and molecules without unpaired valence electrons,
such as hydrogen peroxide (H202) and the hydroxyl OH (Lushchak, 2014). Cells express a
variety of antioxidant enzymes to neutralize these ROS and their derivatives. These enzymes
include catalase, glutathione peroxidases, and superoxide dismutases (Matés et al., 1999).
Evidence suggests that production of antioxidant enzymes may be generally downregulated
in aged organisms, so the contributions of oxidative stress to the aging process may include
not just oxidative damage accumulated over the lifespan, but also damage from increased

oxidative stress later in the lifespan (Baek et al, 2016).

The antioxidant enzyme Cu/Zn superoxide dismutase (SOD1) behaves as a protein
homodimer that mainly localizes to the cytosol, and specifically targets superoxide molecules
(O2) for neutralization (Perry et al., 2010; Culotta & Daly, 2013; Mondola et al., 2016). As
SOD1 interacts with O, , the enzyme alternates between reducing Cu?* to oxidize O, to

molecular oxygen (O:), and oxidizing Cu* and donating protons to reduce O, to H,0-
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(Mondola et al., 2016; Perry et al., 2010). H.O2 produced by this process is then converted by

the enzyme catalase into molecular oxygen and water (O2 & H20) (Mondola et al., 2016).

The gene encoding SOD1 (Sod) is highly conserved across a wide range of species,
including humans, mice, the worm Caenorhabditis elegans (C. elegans), and the fruit fly
Drosophila melanogaster. The functionally null n708 allele of the Drosophila gene for SOD1
(Sod) was generated by exposure of Drosophila to the mutagen ethyl methanesulfonate
(Campbell et al., 1985). Flies homozygous for the n708 allele display hypersensitivity to
paraquat (Pg?*), a toxin that induces acute oxidative stress (Phillips et al., 1989). All Sod""%
flies in a cohort died when exposed to an aqueous solution containing 5 mM Pg?* for 48 hrs,
whereas over 80% of control flies survived in identical conditions (Phillips et al., 1989). Even
without exposure to toxins, Sod""% confers a reduced adult lifespan, with fewer than 5% of
Sod""%flies living longer than 20 d., compared to lifespans longer than 50 d. for over 70% of

flies in control cohorts.

In contrast, C. elegans that lack activity not just of their homolog of SOD1, but lack the
activity of all five SOD genes present in wild-type C. elegans, have a wild-type lifespan under
normal conditions, though they display increased sensitivity to pharmacologically-induced
oxidative stress (Van Raamsdonk & Hekimi, 2012). Mice null for their SOD1 gene have a
mean lifespan ~87% as long as that of their wild-type counterparts, a phenotype less striking
than the Drosophila lifespan phenotype (Zhang et al., 2016). The disparities between the
percent decreases in lifespan of SOD1 null mutants of different species suggest that, while
principal enzymatic functions appear to be evolutionarily conserved, the relative importance
of SOD1 in general organismal physiology or additional functions of the protein may be more
divergent. One such additional SOD1 function has been observed in yeast, where, under

elevated oxidative stress, the protein relocates to the nucleus. Association of SOD1 with
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promoters in the yeast nucleus suggests that it regulates expression of 'oxidative response'
genes (Tsang et al., 2015). Some human patients with the neurodegenerative disease
amyotrophic lateral sclerosis (ALS), popularly known as Lou Gehrig’s disease or motor
neuron disease, have been found to carry mutations in the gene for SOD1, and can exhibit

decreased overall SOD1 activity (Rosen et al., 1993; Saccon et al., 2013).

ALS is a fatal neurodegenerative disease in which the gradual death of upper motor neurons
in the cortex and brainstem and of lower motor neurons in the spinal cord causes the
muscles they innervate to weaken and atrophy (Rosen et al., 1993; Rowland & Shneider,
2001). As a result, patients progressively lose the ability to walk, swallow, and breathe, with
an average life expectancy of three to five years after diagnosis (Galvin et al., 2017;
Hardiman et al, 2011). Approximately 2.7 in 100,000 people are affected by ALS across
Europe and North America, with an age of onset most commonly between 50 and 65 years
(Zarei et al., 2015). Precise causes for the development of ALS are still under study, but
research-supported risk factors include specific genetic mutations, as well as cigarette
smoking (Zarei et al., 2015). More controversially proposed risk factors include physical
activity and exposure to agricultural chemicals and electromagnetic fields (Zarei et al., 2015).
Also missing from current research are clear, early signs of ALS progression. The 5-10% of
ALS cases demonstrated to have a heritable genetic component are classified as familial
ALS (FALS), and the remaining 90-95% of cases are classified as sporadic ALS (SALS)
(Zarei et al., 2015). Mutations in the gene for SOD are the most commonly identifiable risk
factor for FALS, and other mutations found in FALS patients include mutations in the genes
for the nucleic acid-binding proteins TAR DNA-binding protein 43 (TDP-43), Fused in
sarcoma (FUS), and angiogenin (Zarei et al., 2015). While ALS is believed to involve
relatively-specific degeneration of motor neurons for reasons that remain unclear, the

disease has at times been observed to appear alongside frontotemporal dementia (FTD),
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which involves non-motor neuron degeneration in the frontal and temporal lobes (Mackenzie

& Rademakers, 2008).

Due to its central antioxidant function, dysfunction of SOD1 in an organism as a result of
mutation results in an increase in oxidative stress. Extremely high oxidative stress can cause
enough damage that cells die by necrosis, a disorderly form of cell death that does not follow
from distinct signaling pathways (Tang et al., 2013). However, oxidative stress has also been
shown to induce cell death by apoptosis, a programmed form of cell death (Kannan & Jain,
2000). Dying motor neurons in Drosophila and mouse models of ALS have been shown to
express apoptotic markers, making increased oxidative stress as a result of a loss of SOD1
function one possible element of the disease mechanism (Xia et al., 2012; Guegan &

Prezedborski, 2003).

Mitochondria have a place in the apoptotic pathway, through the release of proteins from the
intermembrane space, and human ALS patients display aberrant mitochondrial morphology
and distribution (Ott et al., 2007; Smith et al., 2017). In a mouse model of SOD1-mediated
ALS, mitochondria in spinal cord motor neurons displayed more rounded and swollen
morphology than the mitochondria of control mice (Vande Velde et al., 2011). The
mitochondrial distribution in motor neurons of control mice was relatively homogenous, but
the mitochondria in the ALS-model neurons were visibly aggregated in various regions of the
cell (Vande Velde et al., 2011). A mouse model has also shown that axonal transport in
motor neurons is impaired, which may contribute to abnormal mitochondrial distributions in
the cell (Bilsland et al., 2010; De Vos et al., 2007). In addition to their key roles in apoptosis,
oxidative homeostasis, and energy metabolism, mitochondria carry out essential regulations

of calcium dynamics by uptaking or releasing calcium from the cytosol (Giorgi et al., 2018).
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Mice carrying an ALS-linked allele of the SOD1 gene displayed attenuated calcium buffering
capacity, possibly as a result of mitochondrial dysfunction (Beers et al., 2001). The possible
effects of a loss of mitochondrial calcium sequestering ability extend to the broad array of
physiological processes that employ calcium as an intracellular messenger. Regulation of
calcium concentrations is crucial for synaptic transmission, and human patients with ALS
display abnormal presynaptic physiology at motor synapses, with a selective loss of
excitatory amino acid transporter 2 (EAAT2) (Lin et al., 1998). A loss of EAAT2 allows for
increases in extracellular glutamate and overstimulation of glutamate receptors, which in turn
could induce excitotoxic neurodegeneration (Zarei et al., 2015). Key factors in excitotoxicity
include increases in oxidative stress and presynaptic calcium influx, both of which an
organism with mutated SOD1 and dysfunctional mitochondria would have difficulty
compensating for (Salinska et al., 2005). The finding revealing a loss of EAAT2 in ALS

humans has been replicated in a mouse model (Trotti et al., 1999).

When Sod carries a missense mutation at or near structural Zn-binding sites, the SOD1
protein can misfold due to structural instability, forming aggregates as a result (Forsberg et
al., 2011). The Sod alleles G85R and H71Y, examined in this study, are two such missense
mutations. Some mutated forms of TDP-43 and FUS have also been shown to form
aggregates, indicating that the formation of protein aggregates may be a shared mechanism
for cases of ALS caused by mutations in a variety of genes (Chen & Cohen, 2019; Patel et
al., 2015; Mackenzie & Rademakers, 2008). Mice carrying YFP-tagged transgenic ALS-
related human alleles of SOD1 displayed motor paralysis phenotypes and died before
reaching a year of age (Wang et al., 2008). Cells in sections of spinal cord from affected
animals contained fluorescent punctae. Fractionation and gel filtration of spinal cord extracts
revealed the presence of high molecular weight SOD1 multimers, heavier than either the

SOD1 monomer or dimer alone, and protein sequencing of the SOD1-containing aggregates
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revealed that they contained cytoskeletal proteins, including multiple species of

neurofilament, glial fibrillary acidic protein, and vimentin (Wang et al., 2008).

The fruit fly Drosophila melanogaster is a model organism with well-characterized physiology
and a fully sequenced genome (Adams et al., 2000). It is also a diploid organism with just
four pairs of chromosomes, including sex-linked X and Y chromosomes, allowing for
relatively easy genetic characterization. Due to its rapid lifecycle and the high number of
progeny each female produces, it is possible to generate datasets gathered from a large
number of rapidly-aging individuals, for example in studies of ALS. As a result, Drosophila
studies of ALS-related mutants can provide us with significant insight into physiological
variability between individual organisms in the context of the many heritable diseases that

express variably between human patients.

As a result of approx. 62% AA homology and the conservation of essential functional sites
between human and Drosophila SOD1, the Drosophila Sod alleles G85R and H71Y,
generated by ends-out homologous recombination, are homologous to mutations found in
human familial ALS-linked Sod alleles (Sahin et al., 2017). G85R and H71Y were generated
on the genetic background of w'’® (white), the white-eyed Drosophila mutant. In Sod®®F, the
wild-type glycine residue at position 85 has been replaced with an arginine residue, and in
Sod"""Y, the wild-type histidine residue at position 71 has been replaced with tyrosine. Both
mutation sites are in close proximity to metal ion binding sites that enable SOD1 to maintain
structural stability. Sahin et al. found that Drosophila homozygous for Sod®®F and Sod""""
displayed locomotor defects as larvae, pupal eclosion defects (full pupal lethality in Sod®°F),
and short lifespans in Sod””" adults. Sod"””"" adults exhibited locomotor defects, along with

a loss of efferent branches in their leg neuromuscular junctions. In spite of this, no loss of

motor neuron cell bodies in the CNS was observed, suggesting that ALS-related
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neurodegeneration at the synapse could precede death of motor neurons (Sahin et al.,

2017).

Sod mutation-related neuromuscular defects may therefore also be observable at larval
neuromuscular junctions (NMJs). The Drosophila larval fillet preparation, a live dissection
method in which most internal organs are removed, and the muscle wall is laid bare,
provides easy access to several repeating segments of stereotypically arranged NMJs for
vital staining or electrophysiology-based investigations (Lee and Wu, 2010; Zhong et al.
1992; Ueda and Wu, 2006). The larval NMJ has well-documented morphology, which has
been shown to display significant plasticity under the influence of genetic perturbations,
including ion channel mutations and cAMP cascade dysregulation (Lee and Wu, 2010;
Zhong et al., 1992). A readily accessible live NMJ is also ideal for imaging mitochondria
made visible by staining, to investigate for distribution defects similar to those seen in a

mouse ALS model (Vande Velde et al., 2011).

Materials and Methods

Fly stocks

Flies and larvae were housed in bottles containing a cornmeal-agar medium (Frankel &
Brousseau, 1968). Flies were reared at a room temperature of 22 + 1°C. The Sod mutants
examined were those of alleles n108 (Phillips et al., 1989), G85R, and H71Y (Sahin et al.
2017). The wild-type control strain used for experiments without genetically encoded labels
was Canton-S. For experiments in which a motor neuron membrane tag was needed, the
stock used carried a chr. Il UAS-CD8-GFP recombined with a chr. || motor neuron Gal4
driver (Brand & Perrimon, 1993), either C164-Gal4 (Torroja et al., 1999) or OK371-Gal4
(Mahr and Aberle, 2006). Sod lines used to produce the data represented in Figure 1 were

balanced over a TM6 balancer with a dominant Tubby (Tb) marker.
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Developmental lethality studies

Glass housing bottles used for these experiments contained cornmeal-agar medium,
supplemented with 3g of yeast paste prepared as a 1:1 mixture of ddH,O and active dry
yeast (Red Star Yeast Co., LLC). Flies including 20-40 females were used to seed each

bottle. Counts of deaths and eclosions were performed 16-17 d. after seeding.

Larval preparations, vital staining, & immunohistochemistry

Wandering third instar larvae were dissected, as per the "fillet preparation method", in HL 3.1
saline (Feng et al., 2004). All HL3.1 used in these experiments contained 0.1 mM Ca?*.
Tetramethylrhodamine (TMRM, C2sH25CIN207) vital staining of larval preps for mitochondria
was done at 100 nM in HL 3.1 for 20 minutes (in a light-impermeable chamber to prevent
TMRM photobleaching), after which the bath was replaced with TMRM-free HL 3.1 before
microscopy. Before antibody staining, larval preps were fixed in 3.7% formaldehyde in HL 3.1
for 25-30 minutes. Fixed preps were incubated with an FITC-conjugated goat antibody to
HRP at 1:50 in phosphate buffer saline, at 4°C for 12-48 h. The antibody was obtained from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Anti-HRP recognizes a
neural carbohydrate antigen in Drosophila (Kurosaka et al., 1991). Larval NMJ images, vital
and fixed, were gathered on a Leica DM IL LED inverted microscope (Leica Microsystems

Inc., Buffalo Grove, IL, USA), using the Leica Application Suite X software.

Larval NMJ morphology

NMJ boutons and branches were counted from muscles 4 (M4) and 13 (M13), in abdominal
segments A3, A4, and A5. Counts from the three segments were pooled after no clear
differences in the counts from different segments were found (data not shown). Counts of

boutons from M4 include only type Ib boutons, and counts from M13 include both type Ib and
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type Is. For branch counting, a branch was defined as a terminal process carrying at least
two boutons (Zhong et al., 1992). An "enlarged terminal bouton" was defined as a bouton at
the very end of a branch that was measurably larger than any other bouton on that branch,
past the last branching point. This was often checked by holding a ruler up to the computer
screen, to measure the width of the terminal bouton and nearby boutons, measured
perpendicular to the directionality of the branch. "Elongated" boutons appear sausage-like,
running down the branch past the point where a normal bouton would have narrowed to the
"neck" that generally separates boutons. They had to also be of width equal to or greater
than the widths of other boutons in the branch with the more common round morphology. If
multiple elongated boutons appeared in a row, it could be difficult count them. In these

cases, counts were conservative.

NMJ mitochondrial distributions

Imaging was completed within 30 minutes after TMRM staining to mitigate effects of post-
dissection physiological decline on results. Boutons described as containing putative
mitochondrial aggregates are those that stained strikingly more brightly than other boutons in
the NMJ, and than the muscle staining in the background of the image. Fluorescence
intensity was not computer-quantified, and so counts of terminal boutons that were especially
brightly stained relied on the observer's judgement, but counts were conservative. Counts of
putative mitochondrial aggregates in enlarged terminal boutons were obtained from larvae in
which the NMJ membrane carried CD8-GFP driven by C164-Gal4 or OK371-Gal4, making
bouton morphology visible in the green fluorescence channel during vital staining in the red

channel.

11
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Electrophysiology

All electrophysiological recordings were based on published protocols. Excitatory junction
potential recording (EJP) was adapted from Ueda and Wu, 2006 .Electrotonic stimulation
with tetrodoxin, 4-AP and TEA has been shown in Lee et al. (2014) for electrotonic
stimulation. Focal recording method was shown in (Ueda and Wu, 2012) and (Xing and Wu,

2018).

Statistics

Overall distributions of deaths throughout the lifecycle (Figure 1) were compared using
Fisher's exact test. Counts of NMJ boutons and branches and of enlarged terminal and
unsegregated boutons (Figures 2 and 4) were examined with Kruskal-Wallis testing between
all groups within muscle # and parameter (eg. M4, boutons), followed by rank-sum (Mann-
Whitney U) post hoc between individual groups. Distributions of counts of NMJ mitochondrial
aggregations of different categories (No aggregation, aggr. in terminal bouton, aggr. in

terminal + neighboring bouton) (Figure 3) were compared using Fisher's exact test.

Results

Sod developmental lethality

Wild-type produces no recorded wandering 3rd instar larval death, a low rate of pupal death
at ~3%, and no death during eclosion (Figure 1). In contrast, homozygotes from all three Sod
mutants display clear lethality during development. n108 and G85R exhibited wandering 3rd
instar larval death rates of approx. 10% and 2%, respectively. The percent death rate refers

to a percentage of the total number of individuals counted at all stages. Only 4% of
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individuals of the functionally-null n708 allele died during the pupal stage. In the case of
individuals of the ALS-linked G85R allele, almost all pupae died before eclosion, though 1
out of 106 individuals made it into eclosion, before dying partway through the process,
leaving the room temperature G85R eclosion rate at 0. 44% of n108 individuals died during
the eclosion process. The successful eclosion rates were 42% of n108 and 43% of H71Y. No
dominant or semi-dominant Sod phenotype in the Sod/TM6, Tb individuals was apparent
during the stages of life leading up to eclosion. Like wild-type, none of them displayed larval

death or death at eclosion, and none had a pupal death rate above 4% (WT rate: 3%).

Larval neuromuscular junction morphology

When larvae were reared at room temperature, differences in neuromuscular junction
complexity between genotypes were mild in both muscles 4 (M4) and 13 (M13) (Figure 2).
Within genotypes, trends sometimes differed slightly the two muscles. M4 counts included
only type Ib bouton/branches, and M13 counts were from a combination of type Ib and type
Is boutons/branches, so small divergences in morphological quantifications between the two
muscles could reflect contributions from different bouton types. In M4, n108 and H71Y both
displayed mean bouton numbers of approx. 17, compared to the mean of 14 in WT (p <
0.05). G85R M4 NMJs had on average 12 boutons, a non-significant decrease from WT.
Branch numbers exhibited the same relationships, but mean branch numbers for all
genotypes were between 2.3 and 2.8, with no statistically significant differences. Room
temperature M13 bouton and branch numbers showed mild decreases in n708 and G85R
compared to WT, 13 boutons and 2.6 branches in n708, and 14 boutons (p < 0.05) and 2.6

branches in G85R, compared to 16 and 2.9 in WT.

The most notable NMJ morphology results were those concerning the morphology of

individual boutons. Depending on the allele and temperature conditioning, Sod mutants
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displayed terminal boutons that appeared enlarged relative to other boutons on the same
branch (Figure 4A), and thick, elongated boutons of morphology that could be described as
"sausage-like" (Figure 4B). NMJs in WT reared at room temperature did occasionally carry
boutons that fit the criteria (see methods) for these morphologies, but at low rates of about
0.5 enlarged terminal boutons and 0.3 elongated boutons per NMJ (Figure 4C). n708 NMJs
carried both bouton morphology types at higher rates than WT, approx. 0.9 of each type
(compared to WT, enlarged p < 0.05, elongated p < 0.001) per NMJ. Enlarged terminal
boutons appeared most frequently in G85R and H71Y, at rates of about 1.4 and 1.5 enlarged
terminal boutons per NMJ (p < 0.001 in both genotypes), respectively. Elongated boutons in
occurred at a rate of about 1.1 per NMJ (p < 0.001) in G85R. H71Y deviated from the trend a
bit, producing elongated boutons only at a rate of ~0.6 per NMJ, which was less than n708

and G85R, but still twice as much WT (p < 0.05).

Mitochondrial distributions at the larval NMJ

TMRM staining of the larval NMJ in Sod®®F reared at RT revealed brightly stained, putative
mitochondrial aggregations (Figure 3) in over half (55%) of all terminal boutons (p < 0.001),
compared to just around 20% in WT (Figure 3). These apparent aggregations are in contrast
to the more diffuse staining seen in most WT NMJs. Unlike G85R, the n108 allele did not
produce many mitochondrial aggregates in NMJ terminal boutons, in fact the rate was a little
lower than WT, at 17%. Very interestingly, rearing the G85R larvae under heat stress
actually appeared to provoke the disappearance of mitochondrial aggregations (drop to 14%,
p < 0.001 for comparison to G85R RT), while in WT, heat stress prompted a mild increase in
aggregates (~30% of terminal boutons), though this change was not statistically significant.
G85R reared at RT and WT reared at HT, the two conditions under which the highest rates of
terminal boutons containing aggregates appeared, also displayed the highest rates of

immediately neighboring boutons carrying aggregates. In G85R RT, 29% of terminal boutons
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containing aggregates were accompanied by neighbors also containing aggregates, and the
rate for WT HT was 33%. This is compared to 15% in WT RT, 14% in G85R RT, and 12% in
n108 RT. If aggregation in both a terminal bouton and one or more neighbors represents a
more severe phenotype than aggregation in the terminal bouton alone, then more frequent
occurrences of the mitochondrial aggregation phenotype are accompanied by increased

severity of those occurrences.

In larvae carrying expressing GFP targeted to motor neuron membrane (UAS-CD8-GFP
under the control of OK371-Gal4 or C164-Gal4), an association between bouton morphology
and the presence of mitochondrial aggregates became apparent (Figure 5C). 83% of
enlarged terminal boutons in G85R reared at RT contained aggregates, compared to 55% of
terminal boutons of all morphologies. The aggregation-morphology relationship was also
present and conspicuous in wild-type: although only 15% of all terminal boutons contained
mitochondrial aggregates, 63% of terminal boutons that were enlarged contained

aggregates.

Mutants of sod and pk synergistically cause defects in synaptic transmission and excitability

Seeing the striking growth and structural defects in the synaptic terminals of Sod and Pk, we
would like to see if these phenotypes indicate any severe physiological symptoms. EJP
recording from postsynaptic muscle showed that Sod and Pk™ both exhibited enhanced
transmission compared to WT and Pk (Figure 5A and B). Most strikingly, the double
mutant of Sod and Pk synergistically enhanced the EJP amplitude, suggesting the

importance of Sod in Pk-mediated transport.
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Additional analysis of the presynaptic terminal excitability was performed using electrotonic
stimulation. NaV channels were all inhibited by TTX. Stimulation pulses were delivered at 1
ms duration instead of 0.1, and the stimulation electrode sucked the segmental nerve to
nearly entry point into the muscle, so as to allow the stimulation to passively propagate to the
synaptic terminals and depolarize the endplate membrane (Lee et al., 2014). In this way,
CaV channels were directly triggered to open independent from NaV effects. Last but not
least, a large portion of K+ channels were blocked by co-application of 4-AP and TEA. Such
manipulations allow for the examination of terminal excitability fully driven by Ca2+ and
potentially some less well-known K+ channels, with the axonal effects excluded. Using this
method, we again observed that Sod and Pk mutants both generated gigantic plateau EJPs
that could last more than 1 s, longer than those from WT. Although not in every case, double
mutant of sod and pk sometimes even produced plateau EJPs that lasted more than 5 or 6 s.
Similar results were obtained in the double mutant Pk™/+ with Sod"'%, another allele of Sod
mutant by focal recording (Fig 7). The focal recording results confirmed the dominant effects
of pk allele, and indicated that the excitability defect was mainly in type Ib boutons (type Is
not shown). All these results suggest a synergistic effect between sod and pk alleles in
controlling the excitability of presynaptic terminals, which was governed by the local

expression of Ca2+ and K+ channels.

Discussion

Developmental death in Sod mutants

The developmental data presented in this study deviate a bit from the results produced by

H71Y
a’,

Sahin et al., in that they reported a little under 30% successful eclosion for So as

opposed to our rate of over 40%. One possibility is that the food supplementation with a large
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amount of yeast (see methods) induced an increase in successful eclosion. In recent years,
the Wu lab has been in the habit of adding chunks of yeast paste to the cornmeal-agar
medium our Sod mutants are reared on, because it seems to improve the numbers and
health of the mutant flies. Future experiments to clarify the basis and magnitude of this effect
will naturally include more control experiments without yeast added, but also studies of Sod
developmental health with the addition of yeast extract or heat-killed yeast in the place of our
standard active yeast. This substitution could give indications as to whether any yeast-
feeding effect is due to activity of live yeast, for example in the microbiome of Drosophila, in
which case live yeast would be necessary, or to a simple nutritional value provided by the
yeast, in which case yeast extract or heat-killed yeast would be sufficient to induce an effect

on developmental health.

Aberrant NMJ morphology and physiology

The way in which the n108 allele operates in synergy with heat stress to produce overgrowth,
but does not produce overgrowth alone, is somewhat reminiscent of Drosophila mutants for
other genes. The hyperexcitable K* channels mutants Shaker and ether-a-go-go each
produce morphologically unremarkable NMJs on their own, but induce overgrowth once
expressed together in the same larvae (Zhong et al., 1992). NMJ overgrowth in the cAMP
phosphodiesterase mutant dunce is also magnified by the combination of dunce with either
Shaker or ether-a-go-go (Zhong et al., 1992). Studies of the genetic interactions (or lack
thereof) between Sod"'* and any of these mutants will help us understand the mechanisms
that underlie overgrowth in heat-stressed n708, as well as the roles of oxidative stress in K*
channel activity and cAMP metabolism.

The neuromuscular junction is, of course, primarily a synaptic structure, but this study stops

short of any examination of synaptic transmission in Sod mutants. However, current
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observations from the Wu lab indicate that presynaptic failure to release neurotransmitter
upon stimulation in n7108 and G85R larvae reared at room temperature is not significantly
different from wild-type (Dr. Xiaomin Xing, unpublished observations). Similarly, it also
appears that n108 reared at room temp. displays excitatory junction potentials upon nerve
stimulation that are not significantly different from those in WT (Dr. Atsushi Ueda,
unpublished observations). Further information about NMJ function in Sod mutants can be
extracted from the system with the use of antibody stains for synaptic machinery. In
particular, the densities and distributions of presynaptic active zones (stained by an antibody
to Bruchpilot) and postsynaptic glutamate receptors (stained with an antibody to one of the
DGIuRII subunits) (Lee & Wu, 2010), can give us information on not just the functionality of
the entire NMJ, but also of individual boutons of specific morphologies, including the
enlarged terminal boutons and elongated boutons documented in this study. Staining of the
subsynaptic reticulum, using an antibody to Discs large, will give us further information on
any way in which the postsynaptic area has adapted, or failed to adapt, to boutons of
unusual morphology (Lee & Wu, 2010). Staining may also be the key understanding the
structural basis of the Sod-linked enlarged terminal and elongated boutons. It is unclear
whether they are built up with expanded cytoskeletal components, or simply inflated. A
practical and systematic way to approach this issue is to stain for various cytoskeletal
component, such as actin and tubulin, using fluorophore-conjugated phalloidin and antibody
stains. If the boutons are inflated beyond an earlier developmental shape and size, it is
possible that some cytoskeletal components will have been left behind in the original shape

of the boutons, and some will have moved outwards with the membrane.

Mitochondrial aggregation, between systems and ages
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The mitochondrial aggregates observed at the larval NMJ and in culture could be related to
dysfunctional intracellular transport, which has previously been reported in SOD1-based
models of ALS (Bilsland et al., 2010; De Vos et al., 2007). In the case of the NMJ, reduced
retrograde transport and/or increased anterograde transport could trap mitochondria at the
end of the NMJ. This could then mean the aggregates disappear in G85R reared at HT
because conditioning under heat stress somehow facilitates intracellular transport. But it's
unclear what implications this would have for the phenotype in culture. Mitochondrial
aggregates do not seem to localize to the very ends of neurites the way they localize to the
ends of NMJ branches. These questions would be easier to approach with more information
about the physical nature of the so-called mitochondrial aggregates. Due to the mechanics of
TMRM, which is pulled into mitochondria by membrane potential (Chowdhury et al., 2016),
increased fluorescence intensities due to higher membrane potential or due to mitochondrial
volume may not be distinguishable. A possible solution could be to employ an indicator that
is not sensitive to mitochondrial membrane potential, such as the genetically encoded
mitochondrial indicator mito-roGFP (Albrecht et al., 2011). On the other hand, by design, it
has the feature of becoming brighter when oxidized. This could complicate its use as a
control for TMRM, but the additional information it could provide us may prove invaluable.
Alternatively, dihyrorhodamine 123 (DHR123) (Ueda & Wu, 2008) is also a mitochondrial
indicator relying on oxidation, though of the three it is likely the least practical: like TMRM, it
relies on membrane potential to get into the mitochondria. Like mito-roGFP, DHR123
fluorescence is a reporter of oxidation, but DHR123 is not necessarily oxidized at the
mitochondria, but rather in the cytoplasm, and it can be oxidized by a wide range of reactive

oxygen species.

So far, the most important piece of information we have from the culture system is that there

exists an early age at which an Sod®®R mitochondrial phenotype does not strongly reveal
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itself compared to wild-type. In the case of cultured giant motor neurons, that age is 3 days,
and the phenotype somehow appears in the 3 to 4 days following that. With the current data,
we can't know if the same process occurs at the larval NMJ, because larval dissections are
done at the 6-day time point, and dissections of larvae earlier than that are tremendously
difficult due to their small size. However, larvae younger than wandering 3rd instar, the stage
at which we dissect, are quite translucent, and it is possible to use a confocal microscope to
simply image fluorescence through the cuticle (Zito et al., 1999). A requirement for this
technique would be to use a genetically-encoded mitochondrial indicator, and we have one:
mito-roGFP. Concurrently, we can use the aforementioned Drosophila lines that express
GFP in the presynaptic membrane of NMJs to track the development of elongated boutons
and enlarged terminal boutons. Finally, confocal microscopy may enable the imaging of
smaller scale structures around or within the aggregates, be it in young or older larvae, or in
culture. And so the key to continuing this line of research appears to be the proper
application of higher-power microscopy, as well as the continued, comprehensive

exploitation of the relationship between the larval NMJ and the culture system.
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Figure 1. Developmental lethality in Sod mutants.

(A) Representative images of larvae, pupae, and empty pupal casings of Sod mutant
homozygotes (Sod/Sod) and balanced heterozygotes (Sod/TM6, Th). Sod homozygotes have
wild-type body morphology, and the TM6 balancer granted the heterozygotes shorter and
fatter Tubby (Tb) body shape. The larvae represented are specifically of the wandering 3rd
instar stage, immediately pre-pupation. The empty pupal casing are left over after successful
eclosion of the juvenile fly.

(B) Images of Sod homozygotes dead during the wandering 3rd instar larval, pupal, or eclosion
stages. Dead larvae are identifiable by their immobility and dark color and dead pupae have
unevenly distributed contents and dark patches. Juvenile flies dead during eclosion were
distinguished from flies in the process of eclosing by a second observation 15-30 min after the
first. Juvenile fly corpses were also frequently darker than their live counterparts.

(C) Rates of lethality during development in wild-type (WT), Sod®®R (G85R/G85R),
Sod%5R/TM6,Th (G85R/TM6), Sod™% (n108/ n108), and Sod™%8/TM6,Th (n108/TM6). Dead
individuals were counted at the 3rd instar larval stage (red), pupal stage (purple), and eclosion
(blue). Rates of successful eclosions (white) are from counts of empty pupal casings. ***
indicates p < 0.001 (Fisher's exact test). n of individuals are indicated at the bottom of each bar.
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Figure 2. Morphological defects in larval motor synapses of Sod mutants.

(A) Representative NMJ of larval muscles 4 (M4) and 13 (M13) from WT, Sod®3°, and Sod"?%,
immunostained with anti-HRP (neuronal membrane, green in merged image) and anti-DIg
(subsynaptic reticulum, red in merged image). Type Ib (tonic glutamatergic) branches were
examined in both muscles, and type Is (phasic glutamatergic) branches were examined in M13.
Is branches are distinguishable from Ib by their smaller size , and weaker anti-HRP and anti-Dlg
immunostaining. Labels on the anti-HRP images indicate branch types. The much smaller type Il
boutons are also labeled, but were not studied. Select portions of the M4 and M13 images are
magnified to show phenotypic incomplete bouton segregation (third row, green boxes) and
terminal bouton enlargement (fourth row, gold boxes) in Sod®®°® and Sod"1%, compared to
common WT variation. Note the "satellite" buds present on the magnified terminal bouton
from Sod"%. Scale bars in the upper left and lower left images are 10 um.

(B) Per NMJ, number of branches (top) and synaptic boutons (bottom) of type Ib in M4 and
M13, and type Is in M13. Branches are defined here as terminal processes composed of two or
more synaptic boutons, distal of any bifurcations. Counts from larval abdominal segments 3, 4,
and 5 are pooled. WT counts are plotted as black circles, Sod®®f (G85R) as maroon diamonds,
Sod"% (n108) as red diamonds. Means are indicated by enlarged symbols, SEM by bars. *
indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 (Kruskal-Wallis test, rank-sum
post hoc). n numbers (n of NMJ/n of larvae) are indicated above the genotype labels.

(C) Number of incompletely segregated (unsegregated) boutons per Ib branch per M4 NMJ
(top), and percentage of Ib branches per M4 NMJ in which the terminal bouton was the largest
after the last bifurcation. A bouton was described as incompletely segregated if the width of
the narrowest point on the neck preceding it was greater than 80% of the width of the widest
point on the bouton. The statistical parameters and their layout are identical to those of panel
B.
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Figure 3. Putative mitochondrial aggregates in terminal NMJ boutons of Sod“®°% larvae,
frequently present in enlarged terminal boutons.

(A) Mitochondrial live tissue staining (TMRM, first row) in muscle 4 NMJ terminal branches
in wild-type (left), Sod®F (center), and Sod"'% (right) larvae. Second row is NMJ morphology,
visible with a presynaptic membrane-targeted GFP (CD8-GFP), expression of which was
driven by a Gal4 construct (C164 or OK371). Third row is an overlay of the first and second
row. Fourth row contains magnified portions of the whole-NMJ TMRM images (first row,
white boxes). Large white arrowhead indicates a brightly-stained potential aggregation of
mitochondrial in the Sod“®’F terminal bouton, smaller white arrowhead indicates bright
mitochondrial staining in a non-terminal bouton. Scale bars in the upper left and lower left
images are 10 pm.

(B) Percentages of branches in which putative mitochondrial aggregates appear in the terminal
bouton (gray), or in the terminal bouton and one or more immediate neighbors (black), in WT,
Sod® R, and Sod"!". For WT vs Sod, *** indicates p < 0.001 (Fisher's exact test, comparing
distributions of counts of terminal boutons without mito. aggr., with mito. aggr., and of
terminal + neighboring bouton(s) with mito. aggr..).

(C) Percentages of terminal boutons with enlarged morphology (visible with CD8-GFP) in
which putative mitochondrial aggregation appears, in WT and Sod“*® larvae. Includes counts
from NMJs of muscles 4, 6, 7, 12, 13 in segments A2 through A6. n of branches/NMIJs/larvae:

WT =93/35/3, G85R = 174/76/5, , n108 = 53/27/3.
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Figure 4.

(A) Representative NMJ of larval muscle 4 (M4) (Ib branches) from WT, Sod®®*, PkP, PkP'¢, and
the double mutants Pk”;Sod®®R and Pk°P'¢;Sod®®°F. Presynaptic neuronal membrane is
immunostained with anti-HRP (green in merged image) and the microtubule-associated protein
Futsch is stained with the monoclonal AB 22C10 (red in merged image). Is branches are labeled
where appropriate, but were not studied here. Select portions of the full-scale images are
magnified to show characteristic bouton morphologies and cytoskeletal structures (bottom
three rows). Note the greater and irregular intensities of Futsch staining in Sod®®>®, PkP¥, and
PkP*;Sod®®R, and the strongly stained "loop" structures in PkP%;Sod®8>F. Scale bars in the full-
scale and magnified HRP images are 10 um.

(B) Per M4 NMJ, number of type Ib branches (top) and synaptic boutons (bottom). Counts from
larval abdominal segments 2, 4, and 6 are pooled. WT counts are plotted as black circles, PkP* as
blue inverted triangles, Pk*;Sod®8°® (PkP¥;G85R) as purple inverted triangles, Sod®®°f (G85R) as
maroon diamonds, Pk*"'¢;Sod®®R (Sple;G85R) as purple upright triangles, (Sple) as blue upright
triangles. Means are indicated by enlarged symbols, SEM by bars. * indicates p < 0.05, **
indicates p < 0.01, *** indicates p < 0.001 (Kruskal-Wallis test, rank-sum post hoc). n numbers
(n of NMJ/n of larvae) are indicated above the genotype labels.

(C) Number of incompletely segregated (unsegregated) boutons per Ib branch per M4 NMJ
(top), and percentage of Ib branches per M4 NMJ in which the terminal bouton was the largest
after the last bifurcation. A bouton was described as incompletely segregated if the width of
the narrowest point on the neck preceding it was greater than 80% of the width of the widest
point on the bouton. The statistical parameters and their layout are identical to those of panel
B.
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Figure 5.

(A) Increased size and variability of excitatory junctional potentials (ejps) from larval body wall
muscles in Pk and Pk;Sod®®R. Ejps from two different muscles are shown as examples for each
genotype.

(B) a, b, and c indicates that differences within the group is not significant (p > 0.05, F-test).
Error bars = SEM. Number of NMJs are indicated.

(C) Excitability in Pk and Sod®8>® motor axon terminals. Synaptic transmission was induced by
direct activation of the motor axon terminals by electrotonic stimulation in the presence of a
Na+ channel blocker (TTX, 3 uM) and K+ channel blockers (4-AP, 200 uM and TEA, 20 mM).
Under this condition, prolonged ejps supported by continuous transmitter release were
recorded (see Text). Amplitude is normalized to the peak.

(D) The duration of plateau ejps were prolonged and more variable among perparations in
Pk*Ple, PkPk, and Pk"*;Sod®8>k. a, b, and c indicates that differences within the group is not
significant (p > 0.05, F-test). Error bars = SEM. Number of NMJs are indicated.
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Figure 6. Focal recording of plateau-like potentials induced at neuromuscular synapses by K*
channel blockers.

(A) Sample focal recording (efEJP) traces from neuromuscular synapses of WT, Sod®8>®, PkPk,
PkSPle, PkPX:Sod®8>R, and PkSP'e;Sod®®>R. , upon electrotonic stimulation after application of TTX

(3 uM), 4-AP (200 uM), and TEA (20 mM). Recordings are from the NMJ of muscles 6 and 7, in
larval segments A4 and A5. Each recording site contained between 1 and 4 boutons, and could
contain a mixture of type Ib and type Is boutons. Note that trace amplitude is dependent on the
variable seal resistance between the recording electrode and the NMJ. All artifacts have been
truncated.

(B) Durations of plateau-like efEJP. At each recording site, a series of single stimulation pulses
will incrementally increasing voltage was applied. The plotted plateau efEJP duration for each
site is a measurement from the first plateau observed in the stimulation series. WT counts are
plotted as black circles, Pk as blue inverted triangles, PkP%;Sod®3>® (Pk"*;G85R) as purple
inverted triangles, Sod®®°R (G85R) as maroon diamonds, Pk°"'¢;Sod®®*R (Sple;G85R) as purple
upright triangles, (Sple) as blue upright triangles. Means are indicated by enlarged symbols,
SEM by bars. n numbers (n of recording sites/n of NMJ/n of larvae) are indicated above the
genotype labels.
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Figure 7. Focal recording examination of the excitability in pkPk and sod™% synaptic terminals.

Electrotonic stimuli (1 ms pulse duration) were applied to NMJ terminals at 0.1mM Ca2+ with
Na* channel blockers (TTX, 3 uM) and K* channel blockers (4-AP, 200 uM and quinidine, 100
UM). Only type Ib boutons were recorded. (A) WT and (B) sodn108 terminals quickly ran down
after adding both 4-AP and quinidine and gave poor responses, whereas (C) pk?* heterozygous
(over CyO-GFP) and (D) pkP%/CyO-GFP; sodn108 displayed currents of striking amplitudes. Note
that pkP*/CyO-GFP; sodn108 has lower stimulation voltage (in V, labeled on the side) threshold
and wider response current width. All artifacts have been truncated.
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