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Neurobiology of Disease

Loss of Activity-Induced Mitochondrial ATP Production
Underlies the Synaptic Defects in a Drosophila Model of ALS
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Mutations in the gene encoding vesicle-associated membrane protein B (VAPB) cause a familial form of amyotrophic lateral
sclerosis (ALS). Expression of an ALS-related variant of vapb (vapb™*%) in Drosophila motor neurons results in morphologic
changes at the larval neuromuscular junction (NMJ) characterized by the appearance of fewer, but larger, presynaptic bou-
tons. Although diminished microtubule stability is known to underlie these morphologic changes, a mechanism for the loss
of presynaptic microtubules has been lacking. By studying flies of both sexes, we demonstrate the suppression of vapb™*-
induced changes in NMJ morphology by either a loss of endoplasmic reticulum (ER) Ca>* release channels or the inhibition
Ca®"/calmodulin (CaM)-activated kinase II (CaMKII). These data suggest that decreased stability of presynaptic microtubules
at vapb™*S NMJs results from hyperactivation of CaMKII because of elevated cytosolic [Ca>*]. We attribute the Ca®>* dysho-
meostasis to delayed extrusion of cytosolic Ca®". Suggesting that this defect in Ca®>" extrusion arose from an insufficient
response to the bioenergetic demand of neural activity, depolarization-induced mitochondrial ATP production was diminished
in vapb™® neurons. These findings point to bioenergetic dysfunction as a potential cause for the synaptic defects in
vapb™*-expressing motor neurons.
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Whether the synchrony between the rates of ATP production and demand is lost in degenerating neurons remains poorly
understood. We report that expression of a gene equivalent to an amyotrophic lateral sclerosis (ALS)-causing variant of vesi-
cle-associated membrane protein B (VAPB) in fly neurons decouples mitochondrial ATP production from neuronal activity.
Consequently, levels of ATP in mutant neurons are unable to keep up with the bioenergetic burden of neuronal activity.
Reduced rate of Ca>" extrusion, which could result from insufficient energy to power Ca®>" ATPases, results in the accumula-
tion of residual Ca’* in mutant neurons and leads to alterations in synaptic vesicle (SV) release and synapse development.
These findings suggest that synaptic defects in a model of ALS arise from the loss of activity-induced ATP production. j
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Introduction

Amyotrophic lateral sclerosis (ALS) is an untreatable neurodege-
nerative disease characterized by the progressive loss of motor
function leading to paralysis and death by respiratory failure
(Taylor et al., 2016). Mutations in many genes have been impli-
cated in the onset of the familial forms of the disease, which
result in one or more of the following, disrupted nucleocytoplas-
mic transport, proteostatic imbalance, alterations in RNA metab-
olism, genome instability, mitochondrial dysfunction, aberrant
Ca’* homeostasis, neuronal hyperexcitability, and neuroinflam-
mation (Ling et al., 2013; Selfridge et al., 2013; Taylor et al., 2016;
Lin et al., 2017; Frere and Slutsky, 2018). In this study, we sought
to examine the mechanisms of neuronal dysfunction in flies
expressing a missense variant of vapb, which is equivalent to the
human variant that causes a familial form of ALS (ALSS8) in
humans (Nishimura et al., 2004, 2005; Kanekura et al., 2006;
Marques et al., 2006; Landers et al., 2008). We chose vesicle-asso-
ciated membrane protein B (VAPB) because of the impor-
tance of this protein to neuronal viability. In addition to the
missense variant that functions via a dominant-negative
mechanism (Ratnaparkhi et al., 2008), spinal cords from
patients with sporadic cases of ALS exhibit decreased VAPB
expression (Anagnostou et al., 2010; Mitne-Neto et al., 2011).
Defective VAPB function is also observed in Parkinson’s dis-
ease (Kun-Rodrigues et al., 2015; Paillusson et al, 2017;
Boczonadi et al., 2018).

At the molecular level, VAPB is a single-pass endoplasmic
reticulum (ER) membrane protein that has been proposed to
regulate mTOR signaling, autophagy, lysosomal acidification,
proteasomal degradation/ER quality control, and formation of
interorganellar contacts that link the ER to endosomes, peroxi-
somes, Golgi, and mitochondria (Peretti et al., 2008; De Vos et
al., 2012; Deivasigamani et al., 2014; Moustagim-Barrette et al.,
2014; Roulin et al,, 2014; Dong et al., 2016; Stoica et al., 2016;
Hua et al., 2017; Zhao et al., 2018; Chaplot et al., 2019; Mao et al.,
2019; Sentiirk et al., 2019). Via its role in the formation of ER-
mitochondria contacts, VAPB orchestrates the transfer of Ca**
from ER into the mitochondrial matrix, and thereby, regulates
ATP synthesis (De Vos et al., 2012; Stoica et al., 2016; Gomez-
Suaga et al., 2017; Smith et al., 2017; Xu et al., 2020; Wong et al.,
2021).

Expression of the ALS-related variants of vapb in Drosophila
neurons has been shown to result in morphologic alterations in
both axons and dendrites (Chai et al., 2008; Ratnaparkhi et al.,
2008; Kamemura et al., 2021). Although it is known that
defects in the development of the axon termini stem from
diminished stability of presynaptic microtubules (Chai et al.,
2008; Ratnaparkhi et al., 2008), exactly how mutant VAPB dis-
rupts the microtubule cytoskeleton has remained unknown.
In order to uncover the underlying molecular mechanism, we
sought to examine genetic interactions between the vapb vari-
ant and genes encoding ER Ca>* channels whose absence elic-
its phenotypes that ostensibly resemble those evoked by
mutant vapb (Wong et al., 2014). These studies revealed that
the phenotypes arising from the expression of mutant vapb
are a consequence of presynaptic Ca*" dyshomeostasis, which
could stem from the inability of the neurons to synthesize the
ATP molecules needed for Ca®" extrusion. Our findings agree
with the insights gleaned from in silico modeling of ALS neu-
rons (Le Masson et al., 2014), and provide a possible explana-
tion for the presynaptic defects associated with the expression
of the ALS-causing variant of vapb in Drosophila motor
neurons.
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Materials and Methods

Drosophila husbandry

Flies were reared at 21°C on standard fly food (11 of food contained: 95
g of agar, 275 g of Brewer’s yeast, 520 g of cornmeal, 110 g of sugar, 45 g
of propionic acid, and 36 g of Tegosept) unless otherwise stated. The fol-
lowing fly lines were obtained from Bloomington Drosophila Stock
Center: 0k371-GAL4 and d42-GAL4 (Parkes et al., 1998; Mahr and
Aberle, 2006), RyR'6 (Sullivan et al., 2000), UAS-Dcrl (Dietzl et al.,
2007), UAS-CKII-LAla (UAS-CKII*™; Joiner and Griffith, 1997), UAS-
mCherry-mito-OMM (Vagnoni and Bullock, 2016), and UAS-itpr®™f
(TRiP.JF01957; Wong et al., 2021). Other strains used in the study were:
UAS—vapbWT and UAS—vapbP 588 (Tsuda et al., 2008), UAS-GCaMP5G-
tdTomato (Wong et al., 2021), Canton-S, UAS-PercevalHR (Wong et al.,
2021), iav' (also called iav'??°®!; Wong et al, 2014), and UAS-iav
(Wong et al., 2014). Canton-S flies were used as the wild-type controls in
the various crosses.

Analysis of RNAi-mediated gene knock-down
Flies expressing the relevant RNAi transgenes or UAS-Luc under the
control of heat shock-inducible promoter (hs-GAL4) and hs-GAL4/+
controls were heat shocked on three consecutive days by placing them in
a 37°C water bath for 1-h each time. The day after the third heat shock,
RNA was extracted from whole-fly extracts using RNeasy mini kit
(QTIAGEN) by following the manufacturer’s instructions. Using the
high-capacity cDNA reverse transcription kit (Applied Biosystems), 1 ug
of total RNA was reverse-transcribed. Real-time qPCR was performed
using PowerUP SYBR Green Master Mix (Applied Biosystems) by fol-
lowing the manufacturer’s instructions. The primers used were as
follows:

RpL32 forward: TACAGGCCCAAGATCGTGAA

RpL32 reverse: TCTCCTTGCGCTTCTTGGA

vapb (Vap33) forward: TGAAGTGCGTTTTCGAGATGC

vapb (Vap33) reverse: CTGAGCTAGTATTGGCACCCG

Neuromuscular junction (NMJ) immunohistochemistry and confocal
microscopy
Dissection and immunostaining of NMJ was performed as described
previously (Wong et al., 2014, 2015). Briefly, wandering third instar lar-
vae were filleted in ice-cold PBS to remove all visceral organs except the
brain and nerves. For microtubule staining, larvae were dissected in HL-
3 (70 mm NaCl, 5 mm KCl, 1 mm CaCl,, 20 mm MgCly, 10 mm NaHCOs,
115 mm sucrose, 5 mM trehalose, and 5 mm HEPES; pH 7.2), before
treated with HL-3 containing 50 uM nocodazole or 0.1% DMSO for
30 min at room temperature. The fillets were fixed in 4% paraformalde-
hyde in PBS for 30 min. The fixed fillets were washed with 0.1% Triton
X-100 in PBS before incubation with primary antibodies overnight at 4°
C. Primary antibody dilutions were 1:100 mouse anti-discs large (DLG),
1:50 mouse anti-Futsch, and 1:200 mouse anti-a-tubulin. The monoclo-
nal antibodies against DLG (4F3), Futsch (22C10), and a-tubulin
(12G10) were obtained from the Developmental Studies Hybridoma
Bank (DSHB) developed under the auspices of the NICHD and
maintained by The University of Iowa, Department of Biology, Iowa
City, TA 52242. The samples were then washed and probed with
1:200 FITC-conjugated anti-HRP (Jackson ImmunoResearch) and Alexa
Fluor 568-conjugated anti-mouse secondary antibodies (ThermoFisher) at
room temperature for 1.5 h, and then mounted on glass slides with
Vectashield (Vector Labs). Confocal images were obtained using a Nikon A1l
Confocal Laser Microscope System (Nikon). For NMJ bouton counting, a
60 oil objective was used to focus on the NMJs on abdominal segment 3.
To count the number of microtubule loops within the type 1b NM]J
boutons in larvae stained with anti-a-tubulin antibody, we applied an
HRP mask to remove the a-tubulin signal outside the boutons. Briefly,
confocal images were opened in the Fiji image processing package. We
first separated the merged Z-stacks into the anti-HRP and anti-tubulin
channels. Next, we applied the “Make Binary” function to the anti-HRP
channel using default settings, and having checked “Calculate threshold
for each image” and “Black background (of binary masks).” We then
generated a maximum intensity Z-projection of the binary image, and
inverted the color to generate the mask. Using the “Image Calculator”
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dialogue window, we subtracted the mask from the anti-@-tubulin stack
to remove the anti-a-tubulin signal outside the boutons.

To analyze mitochondria within NMJ boutons, we first separated
merged Z-stack images into the mCherry-mito-OMM and anti-HRP sig-
nals. We generated an HRP mask exactly as described above to remove
any mCherry signal outside the NM]Js. To determine the number, vol-
ume, and surface area of the mitochondria at the NMJ, we used the “3D
Object Counter v2.0” dialogue box with “Threshold” set at 50 and mini-
mum “Size filter” set to 1. We then determined the aspect ratio (volume/
surface area ratio) for each entity identified by the software. Operating
under the assumption that the aspect ratio of each mitochondrion
should be distinct, akin to a fingerprint, we filtered out all the counted
particles whose aspect ratio was duplicated in the dataset for that NM]J.
The remaining particles were counted in the analyses.

Larval crawling assay

Larval crawling assay was performed as reported previously (Kashima et
al,, 2017). Briefly, a 100 mm Petri dish half-filled with 2% agar was
placed on an LED drawing pad in a dark room. A black paper strip was
wrapped around the circumference of the Petri dish to form a 20-mm-
tall wall. Late third-instar larvae were collected from fly food-containing
vials, briefly rinsed with water, and placed in a 35-mm Petri dish. A paint
brush was used to transfer one larva to the center of the agar plate. A dig-
ital camera connected to a laptop computer was mounted at ~80cm
above the Petri dish to capture time-lapse images at 2-s intervals (0.5
frame per second). Image recording continued until the larva reached
the perimeter of the dish or for a maximum of 5 min. We used each larva
in the assay only once. For analysis, we superimposed the time-lapse
images of every 10 s (five frames) using Image] (NIH). A translucent
ruler with millimeter marks on the LED pad was used as calibration
scale. Position of each larva was tracked on the superimposed image to
measure the total crawling distance in millimeters. Mean velocity was
calculated by dividing the distance by the duration of the time. At least
six larvae were recorded and analyzed for each genotype.

NM]J electrophysiology

Wandering third instar larvae were dissected in ice-cold HL-3 (70 mm
NaCl, 5 mm KCl, 20 mm MgCl,.6H,0, 10 mm NaHCOj3, 115 mu sucrose,
5 mw trehalose, and 5 mm HEPES; pH 7.2) and rinsed with HL-3 con-
taining 0.5 mm Ca®". Recordings were made from body-wall muscle 6
(abdominal segment 3) with sharp electrodes filled with a 2:1 mixture
of 2 M potassium acetate and 2 M potassium chloride. Data were col-
lected from samples with resting membrane potential below —60 mV.
Excitatory postsynaptic junctional potentials (EJPs) were evoked by
directly stimulating the A3 hemisegmental nerve through a glass capil-
lary electrode (internal diameter, ~10 um) at 0.2 Hz. Stimulus pulses
were generated by pClamp 10 software (Molecular Devices Inc). The
applied currents were 6 *3 uA with fixed stimulus duration at
0.3ms. A total of 20-30 evoked EJPs were recorded for each muscle
for analysis. Miniature EJP (mEJP) events were collected for 5 min.
Both EJPs and mEJPs were amplified with an Axoclamp 900A am-
plifier (Molecular Devices) under bridge mode, filtered at 10kHz
and digitized at 10 kHz (EJPs) and 40 kHz (mEJPs) with pClamp 10.
Experiments were performed at 21°C. EJPs and paired-pulse stimu-
lation were analyzed with pClamp 8.0 software (Molecular Devices).
The mEJPs were analyzed using the Mini Analysis Program (Synaptosoft
Inc.). The EJPs paired-pulse amplitudes were corrected by nonlinear sum-
mation (Feeney et al,, 1998). Paired-pulse ratio was calculated as the ratio of
second to first peak. The quantal content of evoked release was calculated
from individual muscles by the ratio of the average EJP amplitude over the
average mEJP amplitude. For high-frequency stimulation, nerves were
stimulated for 10 min at 10 Hz. By fitting the decay portions of each high-
frequency trace to first order exponential function, we obtained the rate
constant of decays. Rundowns were extracted from the rate-constants of
decay.

Dissociation of Drosophila neurons
We dissociated primary motor neurons from Drosophila as described
previously (Wong et al., 2021). Briefly, the exterior of wandering third

J. Neurosci., October 19, 2022 - 42(42):8019-8037 - 8021

instar larvae was sterilized by brief submersion in ethanol, and then
washed with sterilized H,O before dissection in filtered Schneider’s me-
dium (S0146; Sigma-Aldrich) containing 10% fetal bovine serum (FBS),
antibiotic/antimycotic solution (A5955; Sigma-Aldrich) and 50 ug/ml of
insulin (I6634; Sigma-Aldrich). Brains dissected from these larvae were
washed in separate wells containing filtered Schneider’s medium before
being transferred to a filtered HL-3 solution (70 mm NaCl, 5 mm KC, 1
mu CaCl,, 20 mm MgCl,, 10 mm NaHCO3, 115 mu sucrose, 5 mum treha-
lose, and 5 mm HEPES) supplemented with 0.423 mwm L-cysteine
(Calbiochem) and 5 U/ml papain (Worthington; note, after L-cysteine
addition but before papain addition, the pH of the solution was recali-
brated to 7.4). The brains were then enzymatically digested in the papain
solution for 20 min before transfer to a 1.5-ml tube containing 1 ml of
filtered Schneider’s medium. Cells were centrifuged at 100 G for 1 min
before decantation of Schneider’s medium. The solution was replaced
with 1 ml of fresh filtered Schneider’s medium. This process was
repeated twice before neurons were dissociated by pipetting repeatedly
until the solution was homogeneous. The solution with dissociated
neurons was then placed on 35-mm glass bottom dishes (D35-10-0-N;
Cellvis) that had been coated with concanavalin A (C2010; Sigma-
Aldrich). Cells were cultured in Schneider’s medium supplemented
with 10% FBS, antibiotic/antimycotic solution (A5955; Sigma-Aldrich)
and 50 ug/ml of insulin (16634; Sigma-Aldrich) at room temperature in
a humidified container at room temperature. After each day in culture,
cells were washed with PBS to remove any yeast contamination or de-
bris remaining from dissociation.

Live-cell imaging of fly primary neurons

Live imaging of dissociated neurons was performed as described previ-
ously (Wong et al,, 2021). Briefly, culture media on plates of dissociated
neurons was first replaced with HL-3 (70 mm NaCl, 5 mm KCl, 1 mm
CaCl,, 20 mm MgCl,, 10 mm NaHCOs3, 115 mu sucrose, 5 mM trehalose,
and 5 mm HEPES; pH 7.2, room temperature). For measurements of cy-
tosolic Ca®*, GCaMP5G and tdTomato were sequentially excited at 488
and 561 nm, respectively, by an A1 laser confocal microscope with a 40x
objective (Nikon). Emission signals at 525 and 595 nm were recorded.
Backgrounds were measured from a cell-free region of interest (ROI).
Baselines were established for 1 min before addition of muscarine (1
mm). Cytosolic Ca®* transients were evoked by store-depletion with the
SERCA inhibitor, thapsigargin (TG), as described. Amplitudes of the
GCaMP5G/tdTomato ratio represented cytosolic free [Ca**]. More than
50 cells from a minimum of three independently conducted experiments
for each condition were used for the calculations.

PercevalHR signals were recorded by measuring the ratio of fluores-
cence emissions at 525nm sequentially excited at 487.5 and 407.8 nm.
An AIR laser confocal microscope with 40 objective (Nikon) was used
for measurement. Background emission signals were measured from a
cell-free ROL Baselines were established for 2 min before the bath was
replaced with high [K"] (52 mm) HL-3. Oligomycin A (oligoA; 10 um)
were added as needed and signals were recorded. Amplitudes of the
emission ratio represented the cytosolic [ATP]/[ADP] ratio (Tantama et
al, 2013; Wong et al,, 2021). Data were quantified as change in the
PercevalHR ratio over the baseline that was set to the value at the time
point immediately before the addition of the drug. We determined the
cumulative change in the ratio using a custom R code and the area under
the curve (AUC) per unit time. Cells from a minimum of three to four
independently conducted experiments for each condition were used for
the calculations.

Analysis of fly lifespan

Newly eclosed adult flies of both sexes were collected and transferred to
vials containing standard fly food (<15 flies per vial). Flies were kept at
room temperature (~21°C) and transferred to new vials twice per week.
Dead flies at the bottom of the old vials were counted after each transfer
until all the animals in a cohort died.

Experimental design and statistical analyses
Excel (Microsoft), and Prism 8 (GraphPad) were used for statistical anal-
yses and curve-fitting. We used either parametric or nonparametric tests
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of statistical significance on the basis of whether the data were normally
distributed. We assessed the normality of data using the Shapiro-Wilk
test. Descriptions of the data distribution are provided in the tables.
Multiple comparisons were made by ANOVA or Kruskal-Wallis
tests. Custom R code used for quantifying [Ca**] and PercevalHR
data. Statistical significance was defined as a p < 0.05. P-values were
shown on the figures as asterisks: *p < 0.05, **p < 0.01, ***p < 0.001,
#tp <0.0001. Lifespan (Kaplan-Meier) curves were generated
using Prism 8. We used the log-rank (Mantel-Cox) test to deter-
mine p-values. Other test-specific values are provided in the tables.

Results

Expression of an ALS-related variant of vapb results in
defective presynaptic bouton development

Either the deletion of Drosophila vapb (also called Vap33) or the
expression of a transgene equivalent to an ALS-causing variant
(vapb®>®%) disrupts presynaptic microtubules at the larval NM]J
resulting in the appearance of fewer, but morphologically larger,
boutons (Pennetta et al., 2002; Chai et al., 2008; Ratnaparkhi et
al., 2008). We confirmed that in comparison to the GAL4 and
UAS controls, ectopic expression of vapb™®S, but not wild-type
vapb (vapb™"), in motor neurons (using VGlut***’'-GAL4,
herein referred to as 0k371-GAL4) led to a significant reduction
in bouton number (Fig. 1A-E; Brand and Perrimon, 1993;
Mahr and Aberle, 2006; Tsuda et al., 2008). NMJ boutons in
neurons expressing vapb”>® also exhibited significant increases
in bouton area (Fig. 1A,B,F). Although animals expressing
vapb™" in motor neurons exhibited a slight, yet significant,
increase in bouton area (Fig. 1D,F) relative to the UAS controls,
bouton numbers in these animals were not significantly altered
(Fig. 1E). Animals expressing vapb®>**, however, exhibited sig-
nificantly fewer and larger boutons in relation to the GAL4/
UAS controls and those expressing vapb™ " (Fig. 1E,F). These
data agree with prior findings regarding the effects of VAPB"*
on Drosophila larval NM] synapse morphology (Chai et al,
2008; Ratnaparkhi et al., 2008).

VAPB"**.induced defects in presynaptic bouton
development are ameliorated by lowering the expression of
genes encoding ER Ca®>" release channels
We previously showed that decreased abundance of ER Ca®*
release channels, Inactive (Iav), ryanodine receptor (RyR), and ino-
sitol trisphosphate receptor (IP;R), result in NMJs that exhibit fewer
boutons that are larger in size (Fig. 2A; Wong et al., 2014). The os-
tensible similarities between the morphology of NMJ boutons in
iav' mutants (also called iav??°®!, strong hypomorphs of iav;
Homyk and Sheppard, 1977; Wong et al, 2014) and animals
expressing vapb™® implies a common underlying mechanism.
Therefore, we speculated that the coincidence of iav' and vapb™®
would enhance the respective phenotypes leading to an even greater
reduction in bouton number (Fig. 2A). To our surprise, expression
of vapb™™® in the iav' background restored, rather than worsened,
both bouton number and morphology to control levels (Fig. 2B,C)/,
K). Whereas bouton numbers and area elicited by vapb™* were
not significantly different from those in iav’, these parameters were
restored to wild-type levels on the coincidence of vapb™® and iav'
(Fig. 2J,K). In contrast, overexpression of vapb"" did nothing to al-
ter the paucity of boutons in iav' (Fig. 2D,E,L). Therefore, decreased
abundance of Tav rescued the synaptic growth phenotype stemming
from the expression of vapb™®.

Next, we asked whether the rescue of vapb™**-induced NMJ
phenotypes was specific to the loss of Iav, or whether similar sup-
pression would occur in response to lowered abundance of other
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Figure 1. Expression of vapbpm in Drosophila motor neurons led to significant changes

in presynaptic bouton development at the larval NMJ. A-D, Representative confocal images
of larval NMJs dissected from animals of the indicated genotypes stained with antibodies
against HRP (green) and DLG (magenta). Scale bar shown in A on the top left applies to all
panels. Please note that in all figures, UAS-transgene/+ refers to the presence of the noted
UAS-transgene construct without a GAL4 driver, and driver>transgene refers to the UAS-
transgene, whose expression was driven using the driver-GAL4. E, F, Bar graphs showing
quantification of the larval NMJ bouton numbers (E) and relative bouton area (F) in animals
of the indicated genotypes. Values represent mean = SEM; *p <<0.05, **p < 0.01,
*¥¥p < 0,001, ****p < 0.0001; n.s., not significant, ¢ tests with Bonferroni correction. Dots
represent values from distinct NMJs. Refer to Table 1 for statistical information.

ER Ca*" channels. Simultaneous knock-down of the gene encod-
ing the fly IP;R (itpr) using the d42-GAL4 motor neuron driver
and a validated RNAI line (UAS—iterNAi) ameliorated the effect of
vapb™* expression on bouton number (Fig. 2G,M; Venkatesh
and Hasan, 1997; Parkes et al., 1998; Wong et al., 2014, 2021). The
d42-GAL4/+ and UAS-vapb™*3/+ control animals did not exhibit
a decrease in bouton numbers (Fig. 2M). Absence of comparable
suppression in animals coexpressing vapb™®® and a neutral UAS
transgene (UAS-Dcrl; Fig. 2F,M) demonstrates that the suppres-
sion brought about by coexpression of itpr"*' was not because of
GAL4 dilution stemming from the presence of a second UAS
transgene. Concomitant absence of one copy of RyR (RyR'/+),
which mimics the iav’ NMJ growth phenotype, also prevented
vapb™*-induced alterations in bouton numbers (Fig. 2H,LN;
Sullivan et al., 2000; Wong et al., 2014). Taken together, these data
demonstrate that VAPB"*-induced defects in presynaptic bou-
ton development are ameliorated by cell autonomous reduction in
the expression of genes encoding ER Ca>* channels.

CaMKII overactivation underlies alterations in presynaptic
development in motor neurons expressing vapb®>

The aforementioned findings are consistent with the notion of
VAPBF*8S inducing an increase in cytosolic [Ca®*] such that the
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Table 1. Statistical information for the data shown in Figure 1
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Figure 1£

Genotype Normally distributed? Values Number of animals
0k371-GAL4/+ Yes 703 =3.1 14 (n =28 NMJs)
UAS-vapb®5/+ Yes 56.7 + 2.4 9 (n=17 NMJs)
0k371>vapb™* Yes 46.1 %19 13 (n=26 NMJs)
UAS-vapb""/+ Yes 63.8+23 11 (n=21 NMJs)
0k371=>vapb"" Yes 582+ 20 6 (n="11 NMJs)
Comparison between Test used P-value Test statistics
0k371-GAL4/+ ok371>>vapb™* t test followed by Bonferroni correction 0.0039 t=3.519, df=33.74
UAS-vapb™®/+ ok371>vapb™® t test followed by Bonferroni correction 0.0024 t=3.767, df = 28.97
0k371>vapb™* ok371>vapb"" t test followed by Bonferroni correction 0.0006 t=4379, df = 26.47
UAS-vapb""/+ ok371>vapb"" t test followed by Bonferroni correction 0.24 t=1.807, df =28.68
Figure 1F

Genotype Normally distributed? Values Number of animals
UAS-vaph""/+ Yes 10,04 8 (n=15 NMJs)
ok371>vapb"" Yes 123 +0.07 5 (1=10 NMJs)
UAS-vapb™5/+ Yes 111 £0.03 8 (n=16 NMJs)
0k371>vapb™* No 152 % 0.06 13 (n=26 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb""/+ ok371>vapb"" t test followed by Bonferroni correction 0.02 t=2.901, df =15.24
ok371>vapb"" ok371>vapb™* Mann—Whitney followed by Bonferroni correction 0.0096 U=27
UAS-vapb™®/+ o0k371>vapb™® Mann-Whitney followed by Bonferroni correction <0.0001 Uu=2

attenuation of ER Ca>" release restores homeostasis, and thus,
mitigates the bouton development phenotypes. Our data also
imply that either an increase or decrease in presynaptic [Ca’"]
results in morphologically identical bouton phenotypes. Indeed,
we previously showed that either the absence or overexpression
of iav results in comparable reduction in the number of NMJ
boutons (Wong et al,, 2014). How might this bell-shaped rela-
tionship between presynaptic [Ca®"] and NMJ bouton develop-
ment come about?

We posit that the key to understanding these outcomes is the
stability of presynaptic microtubules. We and others have shown
that destabilization of presynaptic microtubules, which manifests
as loss of characteristic intrabouton microtubule loops, results in
an increase bouton size, and a concomitant decrease in bouton
number (Roos et al., 2000; Pennetta et al., 2002; Viquez et al,,
2006; Wong et al, 2014). Indeed, the number of presynaptic
microtubule loops at NMJs of animals expressing vapb™®® in
motor neurons was significantly lower than that in animals
expressing vapbWT (Fig. 3A,B). Treatment of NMJs with the
microtubule depolymerizing agent, nocodazole, led to a reduc-
tion in the number of microtubule loops at the NMJs of animals
expressing vapb"'”, whereas we observed no further decrease in
the number of microtubule loops in nocodazole-treated NM]Js in
animals expressing vapb”>*® (Fig. 3A,B). The number of microtu-
bule loops in nocodazole-treated vapb™” NM]Js was statistically
indistin§uishable from those in nocodazole-treated or -untreated
vupbp 85 NMJs (Fig. 3B). These data are consistent with microtu-
bule depolymerization underlying the fewer microtubule loops
within the vapb®** NMJs.

We showed previously that reduction in presynaptic resting
[Ca®"] and the attendant attenuation of the Ca®*/calmodulin
(CaM) responsive phosphatase, calcineurin (CanAl), destabilize
presynaptic microtubules (Wong et al, 2014). In the event of a
Ca”" -responsive kinase having the same target as CanAl, increased
activity of that kinase could also result in hyperphosphorylation of

the target. If so, one might expect that either an increase or decrease
in cytosolic [Ca®*] would result in higher fractions of that target
being phosphorylated. Since activation of the Ca**/CaM-dependent
protein kinase II (CaMKII or CKII) by high [Ca®*] destabilizes
microtubules by phosphorylating microtubule-associated proteins
(MAPs; Baratier et al., 2006; McVicker et al.,, 2015; Oka et al., 2017),
we asked whether elevated ER Ca" release compels the observed
changes in NMJ development because of unrestrained CaMKII
activity. Mirroring the decrease in the number of presynaptic
microtubule loops, NMJs in animals expressing vapb™*® also
exhibited fewer loops of the fly MAP1b homolog, Futsch
(Hummel et al., 2000; Roos et al., 2000; Fig. 3C,D). Coexpression
of the CaMKII inhibitory peptide, CaMKII*'* (CKII*®; Joiner
and Griffith, 1997), with vapb”™** led to recovery of the numbers
of Futsch loops (Fig. 3C,D) and boutons (Fig. 3E). In iav! synap-
ses, which exhibit lower resting [Ca®™] (Wong et al, 2014),
expression of CKII* did not restore the bouton number (Fig.
3E). Suggesting a specific rescue of the vapb™*® phenotype rather
than a general increase in bouton number, overexpression of
CKII"™ without vapb™* was not sufficient to elevate the number
of presynaptic boutons (Fig. 3E). Indicating the sufficiency of
CaMKII downstream of elevated [Ca®"], in iav-overexpressing
neurons, which exhibit higher presynaptic [Ca*"] (Wong et al,,
2014), bouton number was restored to wild-type level on coex-
pression of CKII*“ (Fig. 3F). Taken together, these data suggest a
biphasic dependency of presynaptic microtubule stability and
bouton number on cytosolic [Ca**], and that vapb™*-induced
alterations in presynaptic development stem from aberrant
CaMKII activation (Fig. 3G).

Next, we asked whether vap -induced phenotypes other
than NMJ development also stem from elevated presynaptic
[Ca®"] and CaMKII activation. Since vapbp 88 is equivalent to
the ALS-causing variant of human VAPB (Nishimura et al.,
2004, 2005; Kanekura et al., 2006; Marques et al., 2006; Landers
et al., 2008), we examined locomotor activity in larvae expressing

bP58S
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release channels. 4, Model showing that the development of control

NMJs on muscles 6 and 7 of the larval body wall musles leads to the appearance of numerous small boutons. Animals either expressing vaph™ in motor neurons or harboring mutations
that diminish ER Ca>" release are characterized by the appearance of fewer, but morphologically larger, boutons. Ostensible similarities in bouton development phenotypes raises the question
of genetic interactions between these conditions. Image was created with BioRender. B-1, Representative confocal images of larval NMJs dissected from animals of the indicated genotypes
stained with antibodies against HRP (green) and DLG (magenta). Scale bar shown in B applies to all panels. J-N, Bar graphs showing quantification of the larval NMJ bouton numbers (J, L—N)
and relative bouton area (K) in animals of the indicated genotypes. Values represent mean = SEM; *p << 0.05, **p << 0.01, ***p << 0.001, ****p << 0.0001; n.s., not significant, paired t tests
with Bonferroni correction. Dots represent values from distinct NMJs. Quantification of bouton numbers in Figure 1 and this figure were from the same experiment. Refer to Table 2 for statisti-

cal information.

this transgene in motor neurons. To this end, we placed wander-
ing third instar larvae in an open field and recorded their move-
ment toward the periphery of the field (Fig. 44). In comparison to
larvae expressing vapb"”, those expressing vapb™*® exhibited a
significant reduction in velocity (Fig. 4A,B). Upon coexpression
of either itpr™*' or CKII", the velocities of vapb”*S-expressing
larvae were no longer significantly different from the animals
expressing vapb" " with itpr"™' or CKII"™, respectively (Fig. 4B).
Expression of vapb”*® in motor neurons shortens Drosophila
lifespan via overactivation of PLC-IP;R signaling, and ei-
ther the deletion of the gene encoding a fly PLCB (norpA;
Bloomquist et al., 1988) or the concomitant knock-down of
itpr strongly suppresses the effects of VAPB"*® on animal lon-
gevity (Wong et al., 2021). In contrast to the ameliorative effects
on the NMJ bouton phenotype, neither iav' nor the RyR'%/+
mutations influenced the lifespan of animals expressing vapb™*
(Wong et al., 2021). Therefore, the effects of vapb™** on NM]J
bouton development and adult lifespan occur via distinct mecha-
nisms. In agreement, coexpression of CKII*“, which mitigated
the NMJ growth and larval velocity phenotypes in animals
expressing vapb”**, did not influence the effect of mutant VAPB
on adult lifespan (Fig. 4C). Collectively, these data show that
although larval phenotypes in vapb”™**-expressing animals
involves CaMKI]I, the same is not the case for adult longevity.

Expression of vapb”**® results in diminished extrusion of
cytosolic Ca*™

Lower presynaptic resting [Ca®*] in the absence of Iav results in
reduced probability of synaptic vesicle (SV) release (Wong et al.,
2014). NMJs in iav' animals, therefore, exhibit reduced ampli-
tudes of evoked EJPs and paired-pulse facilitation in response to
a second stimulus applied after a delay of 50 ms (Wong et al,
2014). Conversely, overexpression of iav led to an increase in
presynaptic resting [Ca®"], higher EJP amplitudes, and paired-
pulse depression indicating elevated SV release probability
(Wong et al., 2014). These data point to a dose-dependent effect
of ER Ca’" release on presynaptic resting [Ca®>" ] and SV release
probability. Given that the NMJ bouton phenotypes in animals
overexpressing either vapb”* or iav were suppressed by CKII*?,
we asked whether VAPB*® also elevates SV release probability
because of an increase in resting [Ca®"]. If so, expression of
vapb™* would result in increased EJP amplitude and paired-
pulse depression. However, EJP amplitudes in vapb™*® neurons
were not significantly different from those in vapb"'”" neurons
(Fig. 5A,B), which is in agreement with the report that ectopic
expression of the ALS-causing human transgene (hVAP™*%) had
no effect on the amplitude of evoked potentials at the Drosophila
larval NMJ (Chai et al., 2008). Furthermore, relative to neurons
expressing vapb"’, those expressing vapb™** showed paired-
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Table 2. Statistical information for the data shown in Figure 2
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Figure 2J

Genotype Normally distributed? Values Number of animals
UAS-vapb™®/+ Yes 56.7 2.4 9 (1=17 NMJs)
0k371>vapb™* Yes 461+19 13 (n=26 NMJs)
iav';UAS-vapb™%/+ Yes 392+26 9 (n1="18 NMJs)
iav';0k371>vapb™* Yes 55.1+2 9 (1=17 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb™%/+ ok371>vapb™* t test followed by Bonferroni correction 0.0024 t=3.767, df = 28.97
UAS-vapb™®/+ iav';0k371>vapb™* t test followed by Bonferroni correction 1 t=0.5174, df =30.85
0k371>vapb™®® iav';UAS-vapb™*/+ t test followed by Bonferroni correction 0.12 t=2.183, df =33.57
iav’;UAS-vapb™®/+ iav’:0k371>vapb™ t test followed by Bonferroni correction <0.0001 t=14.966, df =31.30
Figure 2K

Genotype Normally distributed? Values Number of animals
UAS-vapb™®/+ Yes 1003 8 (1="15 NMJs)
0k371>vapb™* No 1.37 £ 0.05 5 (n=10 NMJs)
iav';UAS-vapb™%/+ No 149 +0.24 7 (n=13 NMJs)
iav';0k371>vapb™* No 0.98 == 0.04 9 (1=17 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb™®/+ o0k371>vapb™® Mann-Whitney followed by Bonferroni correction <0.0001 Uu=2
UAS—vapbP585/+ iav’,0k371>vapb” 585 Mann—Whitney followed by Bonferroni correction 0.9 U=99
0k371>vapb™®® iav';UAS-vapb™*/+ Mann—Whitney followed by Bonferroni correction 0.6 U=124
iav';UAS-vapb™®/+ iav';0k371>vapb™* Mann-Whitney followed by Bonferroni correction 0.018 U=46
Figure 2L

Genotype Normally distributed? Values Number of animals
UAS-vapb""/+ Yes 63.8 23 11 (n=21 NMJs)
k371> vapb" Yes 582+ 2.0 6 (n="11 NMJs)
iav';UAS-vapb™/+ Yes £5+16 6 (n=12 NMJs)
iav';0k371>vapb"" Yes 472+20 13 (n=25 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb""/+ iav';UAS-vapb""/+ t test followed by Bonferroni correction <0.0001 t=7.535, df =30.86
ok371=>vapb"" iav';0k371>vapb"" t test followed by Bonferroni correction 0.0018 t=3.853, df =27.60
0k371>vapb™®® iav';UAS-vapb™*/+ t test followed by Bonferroni correction 0.21 t=1.860, df =33.96
Figure 2M

Genotype Normally distributed? Values Number of animals
d42-GAL4/+ Yes 673 =35 10 (n=20 NMJs)
UAS-vaph™®/+ Yes 56.7 = 2.4 8 (1=15 NMJs)
d42>vaph™* Yes 445 +22 7 (n="14 NMJs)
d42>vapb** +dicer Yes 495 %21 6 (n=12 NMJs)
442> vapb®5 -+ jtp™ Yes 572+ 21 6 (1=12 NMJs)
Comparison between Test used P-value Test statistics
d42-GAL4/+ d42>vapb™* t test followed by Bonferroni correction <0.0001 t=5507, df=30.15
d42-GAL4/+ d42>vapb™* + dicer t test followed by Bonferroni correction 0.0004 t=14368, df =28.63
UAS-vapb™®/+ d42>vapb™* _ t test followed by Bonferroni correction 0.0032 t=3.767, df =28.97
UAS-vapb™®/+ d42>vapb™*+ ipr™ t test followed by Bonferroni correction 1 t=0.1462, df = 26.92
d42>vapb* d42>vapb™* + dicer t test followed by Bonferroni correction 0.44 t=1.647, df =23.98
d42>vapb™® d42>vaph™® + itp™ ‘ t test followed by Bonferroni correction 0.0012 t=1.860, df =33.96
d42>vapb®® -+ dicer d42>vapt™* + itpr™ t test followed by Bonferroni correction 0.04 t=2.606, df =22.00
Figure 2N

Genotype Normally distributed? Values Number of animals
RyR"®/+;UAS-vapb™®/+ Yes $31x18 8 (n=16 NMJs)
RyR'®/+;d42-GAL4/+ Yes 46.6 + 23 6 (n=11 NMJs)
RyR'®/+;d42>vapb™* Yes 553+ 2.1 9 (n="18 NMJs)
Comparison between Test used P-value Test statistics
RyR"/+UAS-vapb™*S/+ RyR'®/-+;d42-GAL4/+ t test followed by Bonferroni correction 0.67 t=1.246, df =20.68
RyR'®/+;d42-GAL4/~+ RyR'S/~+;d42>>vapb™* t test followed by Bonferroni correction 0.0003 t=4.430, df =32
RyR'®/+,UAS-vapb™®/+ RyR'S/-+;d42>vapb™* t test followed by Bonferroni correction 0.027 t=2813, df=23.92
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Figure 3. CaMKII underlies the alterations in presynaptic bouton development in motor neurons expressing vapb™®. A, Representative confocal images of larval NMJs dissected from animals
of the genotypes indicated on the left, stained with antibodies against HRP (green) and tubulin (magenta) as indicated on the top. Images derived by application of an HRP mask to the anti-
tubulin images are shown. Whether or not the larvae were treated with nocodazole is indicated with + or — on the right. Scale bar shown in top left image applies to all the images in the
panel. B, Bar graph showing quantification of the number of microtubule loops within each NMJ. Values represent mean = SEM; *p << 0.05; ¢ tests; and n.s., not significant, Kruskal-Wallis.
Dots represent values from distinct NMJs. €, Representative confocal images of NMJs expressing vapb™® either with or without CKI" as indicated. Samples were stained with antibodies
against HRP (green) and Futsch (magenta). White arrowheads point to individual boutons and highlight recovery of Futsch loops in neurons expressing both vapt™* and CKI“. Higher magni-
fication images (high-mag) represent the regions shown in the box overlaid on the merged images. Scale bar shown on the top left applies to all panels. D-F, Bar graphs showing quantifica-
tion of the number of Futsch loops per NMJ (D) and larval NMJ bouton numbers (E, F) in animals of the indicated genotypes. Values represent mean = SEM; *p << 0.05, **p < 0.01,
¥¥¥%¥p < 0.0001; n.s., not significant, paired ¢ tests with Bonferroni correction. Dots represent values from distinct NMJs. Quantification of bouton numbers in Figures 1 and 2 and this figure
were from the same experiment. G, Model showing that either an increase or decrease in presynaptic [Ca®*] could result in Futsch hyperphosphorylation and depolymerization of presynaptic
microtubules. Elevated [Ca*"] would lead to persistent activation of CaMKII, which could induce Futsch phosphorylation and attendant disruption of presynaptic microtubules leading to the
appearance of fewer, but larger, boutons. Decreased expression of ER Ca®™ channels results in lower presynaptic resting [Ca®* ] and diminished calcineurin activity (Wong et al., 2014), which
also results in Futsch phosphorylation and attendant disruption of presynaptic microtubules leading to the appearance of fewer, but larger, boutons. Image was created with BioRender. Refer
to Table 3 for statistical information.

pulse facilitation, rather than paired-pulse depression (Fig.  [Ca®*] and SV release probability in vapb”*5-expressing
5A,C). Amplitudes of mini-EJPs (mEJPs) and quantal con-  motor neurons.
tent were also virtually identical in vapb" " -expressing and What then could explain the hallmarks of elevated [Ca*"] in

vapb"**S-expressing NMJs (Fig. 5D,E). Taken together,  vapb”**-expressing motor neurons? Elevations in cytosolic
these data argue against elevations in presynaptic resting  [Ca®"] could stem either from greater Ca*" influx or from
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Table 3. Statistical information for the data shown in Figure 3
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Figure 38

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 7.0 = 1.1 2 (n=4 NMJs)
d42>vapb"" + nocodazole Yes 35+05 4 (n=8 NMJs)
d42>vapb™® No 3006 4 (=7 NMJs)
d42>vapb™® + nocodazole Yes 3305 5 (1=10 NMJs)
Comparison between Test used P-value Test statistics

d42>vapb"" d42>vapb"" + nocodazole t test 0.03 t=2.904, df = 4533
d42>vapb"" + nocodazole d42>vapb™* d42>vapb™* + nocodazole Kruskal-Wallis 0.9379 Kruskal-Wallis statistic = 0.1282
Figure 3D

Genotype Normally distributed? Values Number of animals
UAS-vaph™®/+ Yes 7808 3 (n=6 NMJs)
d42>vaph™® No 3503 3 (1=6 NMJs)
d42>vapb™® + ki Yes 67 +07 6 (n=6 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb™®/+ d42>vapb™* Mann-Whitney followed by Bonferroni correction 0.006 U=0

d42>vapbP 585 d42>vapbp585 +CKI Mann—Whitney followed by Bonferroni correction 0.007 U=5
UAS-vapb™®/+ d42>vapb™*+ cKire t test followed by Bonferroni correction 0.84 t="1.119, df =12.06
Figure 3£

Genotype Normally distributed? Values Number of animals
UAS-vapb®/+ Yes 56.7 = 2.4 8 (n=15 NMJs)
d42>vapb™® Yes 445 %22 7 (n=14 NMJs)
UAS-vapb”*® -+ UAS-CKII™ Yes 535 +33 6 (n=12 NMJs)
d42>vapb™® + ki Yes 53.1%25 5 (n=10 NMJs)
UAS-CKIF"/+ No 529+28 7 (n=14 NMJs)
42> CKIP" Yes 59.2 + 40 12 (n = 24 NMJs)
iav'; k371 >CKI"™ Yes 408+138 7 (n=14 NMJs)
Comparison between Test used P-value Test statistics
UAS-vapb™®/+ d42>vapb™* t test followed by Bonferroni correction 0.0032 t=3.767, df = 28.97
d42>vapb™® d42>vapb™® + K" t test followed by Bonferroni correction 0.03 t=2.555, df =19.88
UAS-vapb™*® -+ UAS-CKII™® d42>>vapb®® + k1™ t test followed by Bonferroni correction 1 t=0.09618, df =19.53
d42>vapb®® + CKI™ d42>CKII" t test followed by Bonferroni correction 0.6 t=1.272, df=32.00
d42>vapb™ 5+ CKI av'; ok371 >CKI™ t test followed by Bonferroni correction 0.003 t=3.977, df=17.07
Figure 3F

Genotype Normally distributed? Values Test statistics
UAS-iav/+ Yes 67.3 =38 8 (n=15 NMJs)
d42>iav Yes 447+ 2.1 10 (n =19 NMJs)
42> iav+ CKII™ Yes 588 =22 12 (n=23 NMJs)
Comparison between Test used P-value Test statistics
UAS-iav/+ d42>iav t test followed by Bonferroni correction <0.0001 t=5.214, df =21.89
d42>iav d42>iav+ CKI" t test followed by Bonferroni correction <0.0001 t=4.611, df = 40.00
UAS-iav/+ d42>iav+ CKII" t test followed by Bonferroni correction 0.21 t=1907, df=23.78

diminished Ca®" extrusion from the cytosol. Since the former is
ruled out by the aforementioned data, we asked whether the
effects of VAPB"* stem from diminished Ca>" extrusion (Fig.
5F). We reasoned that diminished Ca®" extrusion would pro-
mote the accumulation of residual Ca®>", boost SV release in
response to rapidly delivered stimuli, and thereby, explain the
paired-pulse facilitation in vapb”>**-expressing neurons (Fig. 54,
C). To examine the rates of Ca>™ extrusion, we performed live-
cell imaging of larval motor neurons expressing GCaMP5G-
tdTomato (Daniels et al., 2014; Wong et al., 2014, 2021). To
ensure that our assessment of Ca> " extrusion focused on transfer

to the extracellular medium rather than uptake into the ER, we
applied the SERCA inhibitor, TG (Lytton et al., 1991; Wong et al.,
2021). Incidentally, TG-treatment evokes cytosolic Ca®" transients
because of leak of ER stores into the cytosol (Wong et al., 2021),
and the kinetics of the return of these transients to baseline reflect
the rate of Ca®" extrusion. We found that the decay of TG-evoked
GCaMP5G-tdTomato elevations followed a first order exponential
function (Fig. 5G). Half-life of this decay was significantly higher
in neurons expressing vapb™*® compared with those expressing
vapb™" (Fig. 5G). These data argue in favor of diminished Ca*"
extrusion in neurons expressing vapbp oS
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-induced alterations in the velocity of larval peristalsis and adult longevity stem from overlapping and distinct underlying mechanisms. 4, Images showing the trajectory

of larval crawling in an open field. Each colored line represents the path taken by distinct individual larvae. For each larva, duration for which video capture and mean velocity of crawling are
noted. Genotypes of the larvae are indicated. B, Bar graph showing quantification of crawling velocity of larvae of the indicated genotypes. Values represent mean = SEM; *p << 0.05; n.s.,
not significant, ¢ tests. Dots represent values from distinct larvae. €, Lifespan of flies of the indicated genotypes; ****p << 0.0007; n.s., not significant, log-rank tests. Refer to Table 4 for statisti-

cal information.

Table 4. Statistical information for the data shown in Figure 4

Figure 48

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 0.24 £ 0.02 7

d42>vapb™* _ Yes 0.18 =+ 0.02 9

442> vapb®® +jtp™ Yes 0.23 +0.01 6

d42>vapb™* + CKIF" Yes 034+ 0.01 7

d42>vapb"" + itp™ Yes 0.27 = 0.01 8

d42>vapb""+ CKire Yes 0.30 = 0.01 8

Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb”* , t test 0.04 t=2.154, df = 13.69
d42>vapb®® +itp™ 442> vapb""+ itp™ t test 03 t=1.024, df=11.78
d42>vapb™® -+ CKII"® d42>vapb""+ kI t test 0.06 t=2.114, df=11.35
Figure 4C

Comparison between (number of animals) Test used P-value Test statistics
UAS-vapb”*E -+ UAS-CKI™ (125) d42>>vapb™®+ CKI™ (50) d42>vapb™® (350) log-rank <0.0001 X' =12839,df=2
d42>>vapb®® +CKI" (50) d42>>vapb™* (350) long-rank 0.5 X =04, df=1

Rates of ATP production are unable to keep up with demand
in vapbP sss—expressing motor neurons

Electrochemical homeostasis in healthy neurons is main-
tained by pumps powered by mitochondrially-derived ATP
(Fig. 6A). While SERCA and PMCA restore depolarization-
induced changes in cytosolic [Ca**] to resting levels, the
Na®/K" ATPase restores the membrane potential (Fergestad
et al., 2006; Chouhan et al., 2012; Ivannikov and Macleod,
2013; Le Masson et al., 2014). The purported coupling of
ATP production to neuronal activity, therefore, ensures the
availability of ATP for maintenance of Ca>* homeostasis and
for membrane repolarization (Fig. 64, left; Le Masson et al.,
2014; Rangaraju et al., 2014; Wong et al., 2021). In ALS neu-
rons, defects in mitochondrial function are predicted to
result in a paucity of ATP, which in turn, attenuates the ac-
tivity of Ca®" and Na®/K™ ATPases (Fig. 6A, right; Le

Masson et al., 2014). In silico modeling has revealed that the
outcome of mitochondrial dysfunction and diminished
pump activity is a “deadly loop” comprised of a rapidly bur-
geoning demand for ATP that remains unmet, and Ca*>" dys-
homeostasis (Le Masson et al., 2014). Since our findings of
diminished Ca** extrusion in neurons expressing vapbpsgS
(Fig. 5G) aligns with the notion of Ca®" dyshomeostasis, we
asked whether the expression of vapb™*® compromises mito-
chondrial ATP production, which in principle, could pre-
clude a suitable response to depolarization and [Ca®"]
elevation.

Given that mitochondrial Ca®" uptake, needed for energizing
those organelles and stimulating TCA dehydrogenases, is dis-
rupted in vapb™*>-expressing neurons, it stood to reason that
“on-demand” ATP production would be attenuated in these neu-
rons (Duchen, 1992; McCormack and Denton, 1993; Dumollard
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Figure 5.  Expression of vapb™® results in delayed extrusion of cytosolic (a*". A, Representative EIP (left) and paired-
pulse EJP (right) traces recorded from larval NMJs isolated from animals expressing vapb"” (blue trace) or vapb™® (magenta
trace) in motor neurons using 0k731-GAL4. B, Bar graph showing quantification of the EJP amplitudes from the data shown
in A. Values represent mean = SEM; n.s., not significant, paired t tests. Dots represent values from distinct NMJs. C, Bar
graph showing quantification of the paired-pulse ratio (fractional change in the amplitude of the second EJP to that of the
first EJP when the two stimulatory pulses were applied 50 ms apart) of the data shown in A. Values represent mean *
SEM; *p << 0.05, t test. Dots represent values from distinct NMJs. D, Bar graph showing quantification of the mini EJP ampli-
tudes. Values represent mean = SEM; n.s., not significant, paired t tests. Dots represent values from distinct NMJs. E, Bar
graph showing quantification of quantal content (ratio of amplitudes of EJP and mini EJP). Values represent mean = SEM;
n.s., not significant, paired ¢ tests. Dots represent values from distinct NMJs. F, Model showing that the rates of [Ca®* ] eleva-
tion and extrusion are necessary for maintaining the fidelity of synaptic transmission. Paired-pulse facilitation without a
change in the amplitude of the first pulse, as seen in A, could be explained by VAPB™® decreasing the rates of Ca*" extru-
sion. Image was created with BioRender. G, Left, Traces showing the decay of GCaMP5G/tdTomato ratio after TG-induced cy-
tosolic [Ca?*] elevations in motor neurons dissociated from animals of the indicated genotypes. Values were fit to a first
order exponential function. Values represent mean == SEM of traces from 50 neurons of each genotype. Right, Box plots
showing quantification of half-lives of decay of the signals in individual neurons of the indicated genotypes; *p << 0.05,

Mann—Whitney test. Refer to Table 5 for statistical information.

et al,, 2004; Cardenas et al,, 2010; Ding et al., 2018; Wong et al,,
2021). To test this idea, we monitored the cytosolic [ATP]/
[ADP] ratio in larval motor neurons using the genetically-
encoded sensor, PercevalHR (Tantama et al., 2013; Wong et al,,
2021). In neurons coexpressing vapb"”, depolarization by the
application of high [K"] (52 mm) led to a transient decrease in
the PercevalHR ratio (i.e., [ATP]/[ADP] ratio), whereas the ratio
remained unchanged in neurons not challenged with high [K*]
(Fig. 6B). In vapb"*S-expressing neurons, however, high [K*]
led to a more sustained decline in the PercevalHR ratio (Fig. 6B,
see below for quantification of cumulative decline).

Since prior reports have indicated that vapb”*** exerts its
effects in fly neurons via a dominant-negative mode of
action (Ratnaparkhi et al., 2008), we asked whether a reduc-
tion in vapb expression would result in a similar defect in
sustaining the [ATP]/[ADP] ratio on depolarization. We
obtained a transgenic line for vapb knock-down, vapb™™*/,
which significantly reduced vapb mRNA levels (Fig. 6C).
Upon coexpression with PercevalHR in motor neurons,
vaprNAi led to a sustained decrease in the [ATP]/[ADP] ra-
tio in response to depolarization with high [K*] (Fig. 6D).
Comparison of the cumulative change in the PercevalHR
ratio per unit time revealed that neurons expressing vapb®*® or
vapb™™4 exhibited a significantly greater cumulative decrease
in PercevalHR ratio in response to high [K*] than did neu-
rons expressing vapb"'" (Fig. 6E). In contrast, the cumulative

neurons not expressing the RNAI transgene,
those expressing vapb"™* exhibited delayed
recovery from TG-induced [Ca®*] elevation
(Fig. 6G). Together, these data indicate that
either the knock-down of vapb or the
expression of vapb™™ in Drosophila motor
neurons compromised the neurons’ re-
sponse to the bioenergetic burden of depola-
rization, and delayed the rates at which they
extrude Ca>". These conclusions agree with
the predictions made by in silico modeling
of ALS neurons (Fig. 64; Le Masson et al,
2014).

Next, we examined the role of
OXPHOS in the observed bioenergetic alter-
ations. We found that application of the
ATP synthase inhibitor, oligoA, led to the
expected decrease of the [ATP]/[ADP] ratio
in neurons expressing vapb"", vapb™*S, or
vapb™*, regardless of whether the neurons were exposed to nor-
mal or high [K"] (Fig. 7A,B). The cumulative decreases in ratio af-
ter inhibition of OXPHOS were comparable in the vapb"” and
vapb™® neurons (Fig. 7A,B). These data imply that on cessation of
ATP production, the [ATP]/[ADP] ratio comes to rest at similar
values in neurons expressing either vapb™” or vapb"™®. These data
argue that neuronal [ADP] is not significantly altered in neurons of
the two genotypes. In agreement, the cumulative decrease in
[ATP]/[ADP] ratio was reduced in depolarized neurons because the
burden of depolarization had lowered the [ATP]/[ADP] ratio, even
before the application of oligoA. Taken together, our data indicate
that the greater cumulative decline in the [ATP]/[ADP] ratio in
depolarized vapb™* neurons, as evident from Figure 6E, reflects
the diminished rates of ATP synthesis rather than changes in sub-
strate (i.e., ADP) availability. In neurons expressing vapb™ ", how-
ever, oligoA-induced reduction in the [ATP]/[ADP] ratio was
significantly higher than that in the other two genotypes, both at
normal and high [K'] (Fig. 7A,B). These data argue in favor of
higher [ADP] in those neurons, which is likely a compensatory
response to vapb knock-down.

Loss of synaptic transmission during high-frequency
stimulation in vapb®>*>-expressing motor neurons

Many vapb™*S phenotypes we describe in this study, including
elevated [Ca**] and limited [ATP], are also observed in drpl-
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Table 5. Statistical information for the data shown in Figure 5

Figure 58

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 93+ 1.1 5 (n=10 NMJs)
d42>vapb™* Yes 8910 5 (n=10 NMJs)
Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb™* t test 0.7 £=0.2961, df = 16.68
Figure 5C

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 097 £ 0.12 5 (n=10 NMJs)
d42>vapb™® Yes 142 +0.15 5 (n=10 NMJs)
Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb™* t test 0.03 t=2388, df =14.14
Figure 50

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 1.44 = 0,06 5 (n="10 NMJs)
d42>vapb™* Yes 132+0.07 5 (n="10 NMJs)
Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb™® t test 0.19 t=1372, df=17.83
Figure 5E

Genotype Normally distributed? Values Number of animals
d42>vapb"" Yes 673 1.1 5 (1=10 NMJs)
d42>vapb™* No 6.78 £ 0.9 5 (n=10 NMJs)
Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb™* Mann-Whitney 0.9 U=4
Figure 5G

Genotype Normally distributed? ~ Values

d42>vapb"" No median=1

d42>vapb™® No median = 1.6

Comparison between Test used P-value Test statistics
d42>vapb"" d42>vapb™*  Mann-Whitney 0.04 U=726

deficient animals (Verstreken et al., 2005). Since the paucity of
ATP in drpl mutant NM]Js precludes the maintenance of synap-
tic transmission during high-frequency stimulation (Verstreken
et al., 2005), we asked whether the shortage of ATP in vapb™*
motor neurons would result in similar rundown of SV release.
Although stimulation of the vapb™* NMJs at 10 Hz led to EJP
amplitudes that initially plateaued at values that were ~35%
higher than baseline, those values transitioned to periods of sus-
tained decay after ~5 min of high-frequency stimulation (Fig.
7C, left, traces with filled circles, green arrow indicates onset of
decay). EJP amplitudes in 100% of the traces recorded from
vapb™S animals stimulated at 10 Hz exhibited sustained periods
of decay after initial, transient elevations. We reasoned that
superimposed on the liminal increase in EJP amplitudes were the
rundowns of SV release, which become apparent after ~5 min of
high-frequency stimulation. We extracted the rundown compo-
nents from the traces using the rate-constants of the decay (Fig.
7C, left, traces with filled squares). Over the 10 min duration of
the high-frequency stimulation, calculated rundowns in vapb™®
NMJs dropped significantly lower than baseline (Fig. 7C, left).
The decay phase of high-frequency traces recorded from vapb"'™

Karagas et al. @ Synaptic defects in ALS are due to shortage of ATP

NMJs was relatively less-pronounced (Fig. 7C, right), with only
40% of the traces exhibiting sustained periods of declining EJP
values. Calculated rundown in vapb"" NMJs was not signifi-
cantly lower than baseline (Fig. 7C, right). Therefore, high-
frequency stimulation leads to a greater loss of synaptic trans-
mission in vapbP 585-expressing motor neurons. In agreement,
calculated rundowns in vapb™®® were predicted to plateau at
3.82mV [95% confidence interval (CI), 3.69-3.94, p <<0.0001],
whereas rundowns were predicted to plateau at 11.96 mV (95% CI,
11.81-12.11, p < 0.0001) in vapb™™.

Bioenergetic dysfunction and attendant changes in SV cycling
at the drpl mutant NMJs stem from the absence of local mito-
chondria because of defects in mitochondrial trafficking to the
axon termini (Verstreken et al., 2005). In contrast, coexpression
of the mitochondrial marker, mCherry-mito-OMM (Vagnoni
and Bullock, 2016), with the vapb variants belied putative defects
in the availability of mitochondria at the NM]J (Fig. 7D,E).
Mitochondria in the vapb™**-expressing neurons did, however,
exhibit subtle morphologic changes, slight yet significant in-
creases in the relative volume and surface-area of each mito-
chondrion at the termini (Fig. 7F,G). Mitochondrial aspect ratio
(i.e., the volume/surface area ratio of each mitochondrion) was
~2% lower in vapb™* NM]Js (Fig. 7H), which argues against
meaningful changes in fission-fusion dynamics. Collectively, our
data argue against changes in mitochondrial trafficking or dy-
namics as the underlying cause for rundown of synaptic trans-
mission in vapbp 85 NMJs.

Discussion

Our findings explain the characteristic changes to NMJ morphol-
ogy observed in animals that harbor vapb deletions or express an
ALS-causing variant of the gene (vapb™®’; Pennetta et al., 2002;
Chai et al.,, 2008; Ratnaparkhi et al., 2008). While it was known
that the reduction in NMJ bouton number and increase in bou-
ton size stem from diminished stability of presynaptic microtu-
bules (Pennetta et al., 2002; Chai et al., 2008; Ratnaparkhi et al.,
2008), the molecular underpinnings of these cytoskeletal
changes had remained unclear. Our finding that nocodazole
decreased the number of presynaptic microtubule loops in
neurons expressing vapb"'’, but not in neurons expressing
b"*S, argues in favor of microtubule-depolymerization
being constitutively elevated in the latter. The additional
finding that the morphologic defects in vapb™*® NMJs were
attenuated by inhibition of CaMKII implicates aberrant
CaMKII activation in the observed NM]J phenotypes. These
conclusions agree with prior reports of CaMKII regulating
microtubule stability by phosphorylating microtubule-asso-
ciated proteins (Baratier et al., 2006; McVicker et al., 2015;
Oka et al., 2017).

We speculate that the MAP1b homolog, Futsch (Hummel et
al., 2000; Roos et al., 2000), is the relevant CaMKII target in this
context. Previous studies have shown that hyperphosphorylation
of Futsch, which provokes microtubule destabilization, results in
the loss of Futsch-loops within NMJ boutons (Gogel et al., 2006;
Viquez et al., 2006; Wong et al., 2014). The potential involve-
ment of Futsch also agrees with prior reports of reduced Futsch
abundance at the NMJ in a fly model of TDP-43-induced pro-
teinopathy, primarily because of diminished translation of futsch
mRNA (Coyne et al., 2014). Therefore, microtubule destabiliza-
tion with the underlying involvement of Futsch could be a com-
mon occurrence in Drosophila models of ALS (Pennetta et al,,
2002; Ratnaparkhi et al., 2008; Coyne et al., 2014). Interestingly,
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Figure 6.  Response to ATP burden of depolarization in motor neurons depends on the presence of functional vapb. A, Model adapted from Le Masson et al. (2014) showing the role for neu-
ronal ATP in mediating ionic homeostasis. In healthy neurons, ATP derived from mitochondrial oxidative phosphorylation (OXPHOS) powers Ca>* ATPases, such as SERCA and PMCA, to maintain
(a*" homeostasis, and the Na™ /K™ ATPase, which is needed for setting the resting membrane potential and for repolarization of the membrane potential after bouts of depolarization. In
ALS neurons, a decrease in mitochondrial ATP production would attenuate the activities of Ca®* - and Na™ /K -ATPases. This would be predicted to set in motion a self-reinforcing “deadly
loop” comprised of continuously increasing ATP consumption coupled with diminished ATP availability, Ca>* dyshomeostasis, and the eventual loss of membrane potential. Image was created
with BioRender. B, D, Representative traces showing normalized PercevalHR ratios in Drosophila motor neurons coexpressing the indicated transgenes. Values represent mean == SEM of traces
from >>20 neurons of each genotype. Arrows indicate treatments. C, Bar graph showing relative vapb expression in animals of the indicated genotypes. Values were normalized to the mean in
hs-GAL4/+, and represent mean == SEM; ****p <C0.0001; n.s., not significant, ¢ tests with Bonferroni correction. E, Bar graph showing the cumulative change in the PercevalHR ratio per unit
time in neurons dissociated from animals of the indicated genotypes. Values < 0 denote a net decrease in the PercevalHR ratio (i.e., [ATP1/[ADP] ratio) after application of high [K*]. Values
represent median = 95% Cls; *p << 0.05, ****p << 0.0007; n.s., not significant, Mann—Whitney tests with Bonferroni correction. F, Bar graph showing the recovery of PercevalHR ratio during
a 30-s window depicted by the green lines in the traces shown in B and D. Values represent median == 95% Cls; ****p << 0.0001; n.s., not significant, Mann—Whitney tests with Bonferroni
correction. G, Box plots showing quantification of half-lives of decay of the GCaMP56G/tdTomato ratio after TG-induced cytosolic [Ca®* ] elevations in motor neurons dissociated from animals of
the indicated genotypes; ***p < 0.001, Mann—Whitney test. Refer to Table 6 for statistical information.

expression of a gain-of-function variant of vapb results in the
opposite phenotype, increased number of synaptic boutons
and Futsch loops (Sanhueza et al., 2014). Given the likeli-
hood that VAPB*®S acts via a dominant-negative mode of
action (Ratnaparkhi et al.,, 2008), there appears to be a
direct correlation between the functionality and dosage of
VAPB, Futsch-dependent microtubule stability, and bouton
number at the larval NM]J (Pennetta et al., 2002; Sanhueza
etal., 2014).

Ectopic expression of an overactive TRPV4 channel variant
that elevates intracellular [Ca*>*] and induces neuropathology via
CaMKII hyperactivation (Woolums et al., 2020) sets a precedent
for the notion that aberrant CaMKII activation in motor neu-
rons implies higher cytosolic [Ca®>"]. Blocking the sources
of presynaptic Ca®>" elevation, then, would be expected to
restore Ca>* homeostasis, and thereby, ameliorate the conse-
quences of CaMKII hyperactivation. Indeed, reduced expres-
sion of ER Ca®" release channels in Drosophila neurons
counteracts the phenotypes stemming from activating muta-
tions in a voltage-gated Ca®" channel (Brusich et al., 2018).
We found that lowering the abundance of any one of the
three presynaptic ER Ca>" release channels, Iav, RyR, and
IP;R, restored bouton morphology and number in neurons

expressing vapb”®®. These data also point to the existence of
a biphasic, bell-shaped relationship between presynaptic
[Ca**] and NMJ morphology, whereby either a supraphysio-
logical increase or decrease in [Ca®"] elicits morphologically
indistinguishable changes at the NM]J.

Do the effects of ER Ca>" channel knock-down or CKII**
expression on NMJ development in larvae expressing
vapb®>3S correlate with functional alterations in locomotion?
To answer this question, we first asked whether expression
of vapb®**S in motor neurons leads to alterations in larval
locomotion. We found that crawling velocity in an open
field was significantly reduced in larvae expressing vapb'~*°
relative to those expressing vapb"'”. Concomitant knock-
down of the gene encoding IPsR or expression of CKII**
prevented this decrease in the velocity of peristalsis in
vapb"?%5-expressing larvae. Expression of vapb™®® in motor
neurons also leads to premature lethality in adult animals
(Wong et al., 2021). In contrast to its restorative effects on
NM]J development and larval locomotion, CKII*** had no
effect on the abbreviated lifespan observed in adult flies
expressing vapb”*® in motor neurons. Therefore, the devel-
opmental and longevity phenotypes stem from partially
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Table 6. Statistical information for the data shown in Figure 6
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Figure 6C

Genotype Normally distributed? Values

hs-GAL4/+ Yes 1.0 = 0.05

hs>luc Yes 1.1+0.08

hs>vapbp585 Yes 0.4 = 0.05

Comparison between Test used P-value Test statistics
hs-GAL4/+ hs>luc t test followed by Bonferroni correction 0.6 t=1414, df=8.165
hs-GAL4/+ hs>vapb™* t test followed by Bonferroni correction <0.0001 t=9.808, df =9.999
hs-GAL4/+ hs>luc t test followed by Bonferroni correction <<0.0001 t=8.539, df =8.209
Figure 6F

Genotype Normally distributed? Values (median, lower Cl, upper Cl)

442> PercevalR+ vapb"" No (—0.38, —0.47, —0.25)

d42>PercevaltR+vapb™* No (—0.55, —0.66, —0.42)

d42>PercevalHR+vapb™* No (—0.65, —0.74, —0.50)

Comparison between Test used P-value Test statistics
d42>PercevaltiR+vapb"" 442> PercevalHR +vapb™* Mann-Whitney followed by Bonferroni correction 0.01 U=44192
42> PercevalHR+ vapbms 42> PercevalHR+ vapb”N_A’ Mann—Whitney followed by Bonferroni correction <<0.0001 U=39586
442> PercevalHR+vaph"'" d42>>PercevaliR +vapb™ Mann-Whitney followed by Bonferroni correction 0.45 U=35319
Figure 6F

Genotype Normally distributed? Values (median, lower Cl, upper Cl)

d42>PercevalHR+vapb" No (33.24, 26.88, 39.73)

d42>PercevaltR+vapb™* No (447,033, 11.59)

442> PercevalHR+vapb™ No (1.55, 1.06, 2.38)

Comparison between Test used P-value Test statistics
442> PercevalHR+vapb"" d42>PercevalHR+vapb™* ) Mann—Whitney followed by Bonferroni correction <<0.0001 U=15458
d42>PercevaltR+vapb™* d42>PercevalHR+vapb™" Mann-Whitney followed by Bonferroni correction 0.21 U=24263
d42>PercevalHR+vapb"" d42>PercevalHR +vapb™* Mann—Whitney followed by Bonferroni correction <<0.0001 U=13935
Figure 6G

Genotype Normally distributed? Values (median, lower Cl, upper Cl)

0k731>GCaMP5G-tdTomato , No Median =1

0k731>GCaMP5G-tdTomato-+vapb™ No Median = 2.5

Comparison between Test used P-value Test statistics
0k731>>GCaMP5G-tdTomato 0k731>>GCaMP5G-tdTomato+vapb™ Mann-Whitney 0.01 U=1410

overlapping, yet distinct, molecular pathways. While the
NM]J and larval motor phenotypes were suppressed by con-
comitant reductions in the abundance of Iav and RyR, or by
the expression of the CaMKII inhibitory peptide, none of these
manipulations influenced the effects of VAPB™* on adult life-
span. Only with the knock-down of the gene encoding IP;Rs do
we observe suppression of NMJ development phenotypes, larval
locomotion, and adult lethality, though the former two likely
involve CMKII attenuation while the latter, as we showed previ-
ously (Wong et al., 2021), stems from mitigation of endolysosomal
[Ca®"] overload.

Given that the NMJ phenotypes in neurons expressing
vapb™* were suppressed by the loss of ER Ca®* channels, which
are needed for maintaining presynaptic resting [Ca>*] (Wong et
al., 2014), we asked whether VAPB®*® was triggering an increase
in resting [Ca®"]. Higher presynaptic resting [Ca®"] augments
the probability of SV release resulting in increased amplitudes of
evoked postsynaptic potentials that is accompanied by paired-
pulse depression (Wong et al., 2014). In agreement with prior
reports (Chai et al., 2008), we found that expression of vapb”**

induced neither a change in the amplitude of evoked potentials
nor the appearance of paired-pulse depression. Rather, vapb®*®
NMJs exhibited paired-pulse facilitation, which in combination
with the absence of changes in the amplitude of evoked potentials,
was consistent with poststimulus accumulation of residual Ca®*
because of delayed extrusion of presynaptic Ca>*. Indeed, direct ex-
amination of cytosolic [Ca*" ] using GCaMP5G-tdTomato revealed
significantly delayed Ca®>" extrusion in vaph™**-expressing motor
neurons. These data indicate that the aberrant activation of CaMKII
in vapb™*-expressing neurons arose from the accumulation of re-
sidual Ca®* because of delayed extrusion.

What could explain the defects in Ca®>" extrusion in neurons
expressing vapb®>%5?

The plasma membrane-resident Ca** ATPase, PMCA, has been
shown to play a major role in the extrusion of presynaptic Ca®"
in Drosophila motor neurons (Ivannikov and Macleod, 2013;
Rossano et al., 2013). Given the bioenergetic burden of powering
PMCA, we reasoned that a shortage of ATP could underlie the
Ca>" dyshomeostasis observed in vapb®**-expressing neurons.
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Figure 7.  oligoA-induced changes in the [ATP]/[ADP] ratio, and effects of high-frequency stimulation in neurons expressing

vapb variants. A, Traces showing PercevalHR ratio after application of oligoA in neurons dissociated from animals of the indi-
cated genotypes. Values represent mean == SEM of traces from 20 neurons of each genotype. Arrows indicate treatments.
B, Bar graph showing the cumulative change in the PercevalHR ratio per unit time in neurons dissociated from animals of the
indicated genotypes. Values represent median == 95% Cls; ***p << 0.001, ****p << 0.0001; n.s., not significant, Kruskal-Wallis
and Mann—Whitney tests. €, Traces showing EJP amplitudes recorded from NMJs of animals of the indicated genotypes stimu-
lated at 10 Hz for 10 min. Traces connecting filled circles represent raw values that were determined experimentally, and the
traces connecting filled-squares represent calculated rundowns fit to first order exponential decay. Green arrows indicate the
onset of decay. All values represent mean = SEM of EJP values recorded from five NMJ preparations of each genotype;
**p < 0.07; n.s., not significant, paired t tests. D, Representative confocal images of larval NMJs dissected from animals of the
genotypes indicated on the top and stained with antibodies against HRP (green). Mitochondria were labeled by mCherry-mito-
OMM (magenta). Scale bar shown in top left image applies to all the images in the panel. E-H, Bar graphs showing quantifica-
tion of the parameters of mitochondrial morphology in animals of the indicated genotypes. Values were normalized to the con-
trol mean (E) or to the control median (F—H). Values represent mean == SEM (E) or median == 95% Cls (F-H). In E, n.s., not
significant, t test, and circles represent values from distinct NMJs. In F=H, *p << 0.05, **p << 0.01; Mann—Whitney tests. Refer

to Table 7 for statistical information.

In support of this model, mutated VAPB has been shown to dis-
rupt interorganellar transfer of Ca** from the ER to mitochon-
dria in both mammalian cells and Drosophila neurons (De Vos
et al., 2012; Stoica et al., 2016; Gomez-Suaga et al., 2017; Smith et
al.,, 2017; Xu et al., 2020; Wong et al., 2021). Given the role of
matrix [Ca®"] in ATP production (Duchen, 1992; McCormack
and Denton, 1993; Dumollard et al., 2004; Cardenas et al., 2010;
Ding et al,, 2018), we asked whether expression of vapb®>®
compromised mitochondrial ATP production. By examin-
ing the [ATP]/[ADP] ratio in live neurons, we found that

settles following application of oligoA,
= are functions of two parameters: (1) lev-
els of a pool of ATP that is either not
available for hydrolysis or is generated
from a source other than OXPHOS; and
(2) free [ADP]. Absence of evidence sup-
porting the presence of nonhydrolyzable
depots of ATP in the cytosol of neuronal
cell bodies, however, argues that the cu-
mulative decrease in the [ATP]/[ADP]
reflects the abundance of ADP available
for ATP synthesis. By extension, the slug-
gish response to bioenergetic demands
of depolarization in vapb™®’ neurons
does not stem from diminished substrate
availability. Rather, the rates of ATP syn-
thesis from ADP are likely lower in those
neurons, although elevated rates of ATP
hydrolysis could also be contributing to
the phenotype. Indeed, in silico modeling
has predicted that mitochondrial dys-
function in ALS neurons is sufficient to
induce a toxic self-reinforcing loop of
increased ATP consumption and a pro-
gressive decrease in the availability of
ATP (Le Masson et al., 2014). In neurons
expressing the RNAi line against vapb,
oligoA-induced cumulative decrease in [ATP]/[ADP] ratio was
significantly greater than in the other genotypes. These data
argue in favor of basally higher net [ADP] on vapb knock-down,
which could be a compensatory response to sustained defects in
ATP production. The fact that these neurons were still unable to
meet the bioenergetic demands of depolarization speaks to pro-
found defects in activity-dependent ATP synthesis in neurons
with lower vapb expression. The apparent absence of compensa-
tion in neurons expressing vapb®>* could imply a role for vapb
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Table 7. Statistical information for the data shown in Figure 7
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Figure 78

Genotype

Normally distributed?

Values (median, lower Cl, upper Cl)

442> PercevaliR +vapb"" norm K No (—1.16, —1.41, —1.01)

42> PercevalHR+ vapbms_ norm K No (—1.19, —1.42, —0.78)

42> PercevalHR+ vaprNA’ norm K No (—2.08, —1.98, —1.48)

42> PercevalR+vapb"" high K No (—0.34, —0.54, —0.23)

d42>PercevaltR+vapb™* high K No (—0.36, —0.58, —0.28)

442> PercevalR+vapb™*' high K No (—1.21, =131, —0.99)

Comparison between Test used P-value Test statistics
d42>>PercevaliR +vapb"" norm K Mann-Whitney followed by Bonferroni correction 1

442> PercevalHR+vapb™® norm K

42> PercevalHR+ vapbWT norm K Kruskal—-Wallis 0.0004 Kruskal-Wallis statistic = 15.58
042> PercevaliR+vapb™* norm K

42> PercevalHR +vapb™" norm K

442> PercevalHR+vapb"" high K Mann—Whitney followed by Bonferroni correction 0.9

442> PercevalHR+vapb™® high K

d42>PercevalHR+vapb"" norm K Kruskal—Wallis <<0.0001 Kruskal-Wallis statistic = 65.55
42> PercevalHR+ vapbms_ norm K

d42>>PercevalR +vapb™* norm K

Figure 7C

Comparison between Test used P-value Test statistics
ok371>vapb" paired t test 0.18 t=1632, df=4
0k371>vapb™* paired ¢ test 0.001 t=8347, df=4
Figure 7E

Genotype Normally distributed? Values Number of animals
d42>mCherry-mito-OMM-+vapb"" Yes 1.0 £ 0.06 11 (n=21 NMJs)
d42>mCherry-mito-OMM+ vapb™** Yes 1.1%0.08 9 (n=18 NMJs)
Comparison between Test used P-value Test statistics
d42>mCherry-mito-OMM+vapb"" d42>mCherry-mito-OMM+ vapbms t test 0.3 t=1.058, df =30.65
Figure 7F

Genotype Normally distributed? Values (median, lower Cl, upper Cl) Number of animals
d42>mCherry-mito-OMM-+vapb"" No (1.0,0.92, 1.1) 11 (n=21 NMJs)
d42>mCherry-mito-OMM-+vapb™* No (12,1.1,13) 9 (n=18 NMJs)
Comparison between Test used P-value Test statistics
d42>mCherry-mito-OMM+ vapbWT d42>mCherry-mito-OMM+ vapbms Mann—Whitney 0.0025 U=2,042,530
Figure 7G

Genotype Normally distributed? Values (median, lower Cl, upper Cl) Number of animals
d42>>mCherry-mito-OMM-+vapb"" No (1.0, 0.94, 1.1) 11 (n=21 NMJs)
d42>mCherry-mito-OMM-+vapb™* No (112,1.1,1.2) 9 (n=18 NMJs)
Comparison between Test used P-value Test statistics
d42>>mCherry-mito-OMM-+vapb"" d42>mCherry-mito-OMM+vapb™® Mann-Whitney 0.0071 U=2,055,518
Figure 7H

Genotype Normally distributed? Values (median, lower Cl, upper Cl) Number of animals
d42>>mCherry-mito-OMM-+vapb"" No (1.0, 0.97, 1.03) 11 (n=21 NMJs)
d42>mCherry-mito-OMM-+vapb™* No (0.98, 0.92, 1.03) 9 (n=18 NMJs)
Comparison between Test used P-value Test statistics
d42>mCherry-mito-OMM+vapb"" d42=>mCherry-mito-OMM-+vapb™* Mann-Whitney 0.01 U'=2,060,657

dosage in initiating the compensatory response. Nevertheless,
-expressing neurons during peri-
ods of depolarization (i.e., neuronal activity), is consistent with
diminished Ca®" extrusion, which in-turn could provoke the

the paucity of [ATP] in vapb

hyperactivation of CaMKII and attendant changes in NM]J
morphology.

Maintenance of synaptic transmission at Drosophila larval
NM]Js during periods of high-frequency stimulation depends on
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a steady supply of ATP. A local shortage of ATP, for instance,
because of an absence of presynaptic mitochondria in drpl
mutants, results in rundown of SV release during high-frequency
stimulation (Verstreken et al., 2005). These rundowns occur
because of the inability of the synapses to meet the energy
demands of SV cycling, and diminished recruitment of the
reserve pool of SV's that are otherwise mobilized to replace the
rapid depletion of the readily-releasable pool of vesicles
(Verstreken et al., 2005). In either the vapb" "-expressing or
b35S expressing NMJs, high frequency stimulation led to
initial elevation of synaptic transmission. Superimposed over
these liminal elevations were rundowns that became obvious
after ~5 min of stimulation, and were significantly greater in
vapb"*%S-expressing neurons. These data agree with enhanced
rundown of SV release in motor neurons expressing vapb™°.
The magnitude of this phenotype, however, was smaller than
that observed in the drpl mutants (Verstreken et al., 2005).
This discrepancy is explained by the absence of presynaptic
mitochondria in drpl mutant neurons (Verstreken et al.,
2005), while we observed no significant changes in the num-
ber of presynaptic mitochondria in vapb™?®. The relative se-
verity of rundown at drpl mutant NM]Js is likely because of
constitutively lower [ATP] in those mutants (Verstreken et al.,
2005), whereas shortage of ATP in vapb™**-expressing neu-
rons is contingent on depolarization.

References

Anagnostou G, Akbar MT, Paul P, Angelinetta C, Steiner TJ, de Belleroche J
(2010) Vesicle associated membrane protein B (VAPB) is decreased in
ALS spinal cord. Neurobiol Aging 31:969-985.

Baratier ], Peris L, Brocard ], Gory-Fauré S, Dufour F, Bosc C, Fourest-Lieuvin
A, Blanchoin L, Salin P, Job D, Andrieux A (2006) Phosphorylation of
microtubule-associated protein STOP by calmodulin kinase II. ] Biol Chem
281:19561-19569.

Bloomquist BT, Shortridge RD, Schneuwly S, Perdew M, Montell C, Steller
H, Rubin G, Pak WL (1988) Isolation of a putative phospholipase C gene
of Drosophila, norpA, and its role in phototransduction. Cell 54:723-733.

Boczonadi V, Meyer K, Gonczarowska-Jorge H, Griffin H, Roos A,
Bartsakoulia M, Bansagi B, Ricci G, Palinkas F, Zahedi RP, Bruni F,
Kaspar B, Lochmiiller H, Boycott KM, Miiller JS, Horvath R (2018)
Mutations in glycyl-tRNA-synthetase impair mitochondrial metabolism
in neurons. Hum Mol Genet 27:2187-2204.

Brand AH, Perrimon N (1993) Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes. Development
118:401-415.

Brusich DJ, Spring AM, James TD, Yeates CJ, Helms TH, Frank CA (2018)
Drosophila CaV2 channels harboring human migraine mutations cause
synapse hyperexcitability that can be suppressed by inhibition of a Ca2+
store release pathway. PLoS Genet 14:e1007577.

Cérdenas C, Miller RA, Smith I, Bui T, Molgé J, Miiller M, Vais H, Cheung
K-H, Yang ], Parker I, Thompson CB, Birnbaum M], Hallows KR,
Foskett JK (2010) Essential regulation of cell bioenergetics by constitutive
InsP3 receptor Ca2+ transfer to mitochondria. Cell 142:270-283.

Chai A, Withers J, Koh YH, Parry K, Bao H, Zhang B, Budnik V, Pennetta G
(2008) hVAPB, the causative gene of a heterogeneous group of motor
neuron diseases in humans, is functionally interchangeable with its
Drosophila homologue DVAP-33A at the neuromuscular junction. Hum
Mol Genet 17:266-280.

Chaplot K, Pimpale L, Ramalingam B, Deivasigamani S, Kamat SS,
Ratnaparkhi GS (2019) SOD1 activity threshold and TOR signalling
modulate VAP(P58S) aggregation via reactive oxygen species-induced
proteasomal degradation in a Drosophila model of amyotrophic lateral
sclerosis. Dis Model Mech 12:dmm033803.

Chouhan AK, Ivannikov Mv, Lu Z, Sugimori M, Llinas RR, Macleod GT
(2012) Cytosolic calcium coordinates mitochondrial energy metabolism
with presynaptic activity. ] Neurosci 32:1233-1243.

Coyne AN, Siddegowda BB, Estes PS, Johannesmeyer J, Kovalik T, Daniel
SG, Pearson A, Bowser R, Zarnescu DC (2014) Futsch/MAP1B mRNA is

J. Neurosci., October 19, 2022 - 42(42):8019-8037 - 8035

a translational target of TDP-43 and is neuroprotective in a Drosophila
model of amyotrophic lateral sclerosis. ] Neurosci 34:15962-15974.

Daniels RW, Rossano AJ, Macleod GT, Ganetzky B (2014) Expression of
multiple transgenes from a single construct using viral 2A peptides in
Drosophila. PLoS One 9:e100637.

Deivasigamani S, Verma HK, Ueda R, Ratnaparkhi A, Ratnaparkhi GS
(2014) A genetic screen identifies Tor as an interactor of VAPB in a
Drosophila model of amyotrophic lateral sclerosis. Biol Open 3:1127-
1138.

De Vos KJ, Mérotz GM, Stoica R, Tudor EL, Lau KF, Ackerley S, Warley A,
Shaw CE, Miller CCJ (2012) VAPB interacts with the mitochondrial pro-
tein PTPIP5I to regulate calcium homeostasis. Hum Mol Genet 21:1299-
1311.

Dietzl G, Chen D, Schnorrer F, Su K-C, Barinova Y, Fellner M, Gasser
B, Kinsey K, Oppel S, Scheiblauer S, Couto A, Marra V, Keleman K,
Dickson BJ (2007) A genome-wide transgenic RNAi library for con-
ditional gene inactivation in Drosophila. Nature 448:151-156.

Ding L, Yang X, Tian H, Liang J, Zhang F, Wang G, Wang Y, Ding M,
Shui G, Huang X (2018) Seipin regulates lipid homeostasis by
ensuring calcium-dependent mitochondrial metabolism. EMBO ]
37:€97572.

Dong R, Saheki Y, Swarup S, Lucast L, Harper JW, De Camilli P
(2016) Endosome-ER contacts control actin nucleation and retro-
mer function through VAP-dependent regulation of PI4P. Cell
166:408-423.

Duchen MR (1992) Ca(2+)-dependent changes in the mitochondrial ener-
getics in single dissociated mouse sensory neurons. Biochem J 283:41-50.

Dumollard R, Marangos P, Fitzharris G, Swann K, Duchen M, Carroll |
(2004) Sperm-triggered [Ca2+] oscillations and Ca2+ homeostasis in
the mouse egg have an absolute requirement for mitochondrial ATP pro-
duction. Development 131:3057-3067.

Feeney CJ, Karunanithi S, Pearce J, Govind CK, Atwood HL (1998)
Motor nerve terminals on abdominal muscles in larval flesh flies,
Sarcophaga bullata: comparisons with Drosophila. ] Comp Neurol
402:197-209.

Fergestad T, Bostwick B, Ganetzky B (2006) Metabolic disruption in
Drosophila bang-sensitive seizure mutants. Genetics 173:1357-1364.
Frere S, Slutsky I (2018) Alzheimer’s disease: from firing instability to home-

ostasis network collapse. Neuron 97:32-58.

Gogel S, Wakefield S, Tear G, Klambt C, Gordon-Weeks PR (2006) The
Drosophila microtubule associated protein Futsch is phosphorylated by
Shaggy/Zeste-white 3 at an homologous GSK38 phosphorylation site in
MAP1B. Mol Cell Neurosci 33:188-199.

Gomez-Suaga P, Paillusson S, Stoica R, Noble W, Hanger DP, Miller CC]
(2017) The ER-mitochondria tethering complex VAPB-PTPIP51 regu-
lates autophagy. Curr Biol 27:371-385.

Homyk T, Sheppard DE (1977) Behavioral mutants of Drosophila mela-
nogaster. 1. Isolation and mapping of mutations which decrease flight
ability. Genetics 87:95-104.

Hua R, Cheng D, Coyaud E, Freeman S, Di Pietro E, Wang Y, Vissa A,
Yip CM, Fairn GD, Braverman N, Brumell JH, Trimble WS, Raught
B, Kim PK (2017) VAPs and ACBD5 tether peroxisomes to the ER
for peroxisome maintenance and lipid homeostasis. ] Cell Biol
216:367-377.

Hummel T, Krukkert K, Roos J, Davis G, Klambt C (2000) Drosophila
Futsch/22C10 is a MAP1B-like protein required for dendritic and axonal
development. Neuron 26:357-370.

Ivannikov MV, Macleod GT (2013) Mitochondrial free Ca2+ levels and their
effects on energy metabolism in Drosophila motor nerve terminals.
Biophysical ] 104:2353-2361.

Joiner MIA, Griffith LC (1997) CaM kinase II and visual input modulate
memory formation in the neuronal circuit controlling courtship condi-
tioning. ] Neurosci 17:9384-9391.

Kamemura K, Chen C-A, Okumura M, Miura M, Chihara T (2021)
Amyotrophic lateral sclerosis-associated Vap33 is required for main-
taining neuronal dendrite morphology and organelle distribution in
Drosophila. Genes Cells 26:230-239.

Kanekura K, Nishimoto I, Aiso S, Matsuoka M (2006) Characterization of
amyotrophic lateral sclerosis-linked P56S mutation of vesicle-associated
membrane protein-associated protein B (VAPB/ALSS). ] Biol Chem
281:30223-30233.


http://dx.doi.org/10.1016/j.neurobiolaging.2008.07.005
http://dx.doi.org/10.1074/jbc.M509602200
https://www.ncbi.nlm.nih.gov/pubmed/16651267
http://dx.doi.org/10.1016/s0092-8674(88)80017-5
https://www.ncbi.nlm.nih.gov/pubmed/2457447
http://dx.doi.org/10.1242/dev.118.2.401
https://www.ncbi.nlm.nih.gov/pubmed/8223268
http://dx.doi.org/10.1371/journal.pgen.1007577
http://dx.doi.org/10.1093/hmg/ddm303
https://www.ncbi.nlm.nih.gov/pubmed/17947296
http://dx.doi.org/10.1523/JNEUROSCI.1301-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.2526-14.2014
http://dx.doi.org/10.1371/journal.pone.0100637
https://www.ncbi.nlm.nih.gov/pubmed/24945148
http://dx.doi.org/10.1242/bio.201410066
http://dx.doi.org/10.1093/hmg/ddr559
https://www.ncbi.nlm.nih.gov/pubmed/22131369
http://dx.doi.org/10.1038/nature05954
https://www.ncbi.nlm.nih.gov/pubmed/17625558
http://dx.doi.org/10.15252/embj.201797572
http://dx.doi.org/10.1016/j.cell.2016.06.037
https://www.ncbi.nlm.nih.gov/pubmed/27419871
http://dx.doi.org/10.1042/bj2830041
http://dx.doi.org/10.1242/dev.01181
http://dx.doi.org/10.1002/(SICI)1096-9861(19981214)402:2&hx003C;197::AID-CNE5&hx003E;3.0.CO;2-Q
http://dx.doi.org/10.1534/genetics.106.057463
https://www.ncbi.nlm.nih.gov/pubmed/16648587
http://dx.doi.org/10.1016/j.neuron.2017.11.028
https://www.ncbi.nlm.nih.gov/pubmed/29301104
http://dx.doi.org/10.1016/j.mcn.2006.07.004
https://www.ncbi.nlm.nih.gov/pubmed/16949836
http://dx.doi.org/10.1016/j.cub.2016.12.038
https://www.ncbi.nlm.nih.gov/pubmed/28132811
http://dx.doi.org/10.1093/genetics/87.1.95
https://www.ncbi.nlm.nih.gov/pubmed/17248760
http://dx.doi.org/10.1083/jcb.201608128
http://dx.doi.org/10.1016/s0896-6273(00)81169-1
https://www.ncbi.nlm.nih.gov/pubmed/10839355
http://dx.doi.org/10.1016/j.bpj.2013.03.064
http://dx.doi.org/10.1523/JNEUROSCI.17-23-09384.1997
http://dx.doi.org/10.1111/gtc.12835
https://www.ncbi.nlm.nih.gov/pubmed/33548103
http://dx.doi.org/10.1074/jbc.M605049200
https://www.ncbi.nlm.nih.gov/pubmed/16891305

8036 - J. Neurosci., October 19, 2022 - 42(42):8019-8037

Kashima R, Redmond PL, Ghatpande P, Roy S, Kornberg TB, Hanke T,
Knapp S, Lagna G, Hata A (2017) Hyperactive locomotion in a
Drosophila model is a functional readout for the synaptic abnormalities
underlying fragile X syndrome. Sci Signal 10:eaai8133.

Kun-Rodrigues C, Ganos C, Guerreiro R, Schneider SA, Schulte C, Lesage
S, Darwent L, Holmans P, Singleton A, Bhatia K, Bras J, Bras J;
International Parkinson’s Disease Genomics Consortium (IPDGC)
(2015) A systematic screening to identify de novo mutations causing
sporadic early-onset Parkinson’s disease. Hum Mol Genet 24:6711-
6720.

Landers JE, Leclerc AL, Shi L, Virkud A, Cho T, Maxwell MM, Henry AF,
Polak M, Glass JD, Kwiatkowski TJ, Al-Chalabi A, Shaw CE, Leigh PN,
Rodriguez-Leyza I, McKenna-Yasek D, Sapp PC, Brown RH (2008) New
VAPB deletion variant and exclusion of VAPB mutations in familial
ALS. Neurology 70:1179-1185.

Le Masson G, Przedborski S, Abbott LF (2014) A computational model of
motor neuron degeneration. Neuron 83:975-988.

Lin G, Mao D, Bellen HJ (2017) Amyotrophic lateral sclerosis pathogenesis
converges on defects in protein homeostasis associated with TDP-43 mis-
localization and proteasome-mediated degradation overload. Curr Top
Dev Biol 121:111-171.

Ling SC, Polymenidou M, Cleveland DW (2013) Converging mechanisms in
ALS and FTD: disrupted RNA and protein homeostasis. Neuron 79:416-
438.

Lytton J, Westlin M, Hanley MR (1991) Thapsigargin inhibits the sarcoplas-
mic or endoplasmic reticulum Ca-ATPase family of calcium pumps. J
Biol Chem 266:17067-17071.

Mahr A, Aberle H (2006) The expression pattern of the Drosophila ve-
sicular glutamate transporter: a marker protein for motoneurons
and glutamatergic centers in the brain. Gene Expr Patterns 6:299-
309.

Mao D, Lin G, Tepe B, Zuo Z, Tan KL, Senturk M, Zhang S, Arenkiel
BR, Sardiello M, Bellen HJ (2019) VAMP associated proteins are
required for autophagic and lysosomal degradation by promoting
a PtdIns4P-mediated endosomal pathway. Autophagy 15:1214-
1233.

Marques VD, Barreira AA, Davis MB, Abou-Sleiman PM, Silva WA, Zago
MA, Sobreira C, Fazan V, Marques W (2006) Expanding the phenotypes
of the Pro56SerVAPB mutation: proximal SMA with dysautonomia.
Muscle Nerve 34:731-739.

McCormack JG, Denton RM (1993) The role of intramitochondrial Ca ** in
the regulation of oxidative phosphorylation in mammalian tissues.
Biochem Soc Trans 21:793-799.

McVicker DP, Millette MM, Dent EW (2015) Signaling to the microtubule
cytoskeleton: an unconventional role for CaMKIIL. Devel Neurobio
75:423-434.

Mitne-Neto M, Machado-Costa M, Marchetto MCN, Bengtson MH, Joazeiro
CA, Tsuda H, Bellen HJ, Silva HCA, Oliveira ASB, Lazar M, Muotri AR,
Zatz M (2011) Downregulation of VAPB expression in motor neurons
derived from induced pluripotent stem cells of ALS8 patients. Hum Mol
Genet 20:3642-3652.

Moustaqim-Barrette A, Lin YQ, Pradhan S, Neely GG, Bellen H]J,
Tsuda H (2014) The amyotrophic lateral sclerosis 8 protein, VAP,
is required for ER protein quality control. Hum Mol Genet
23:1975-1989.

Nishimura AL, Mitne-Neto M, Silva HCA, Richieri-Costa A, Middleton S,
Cascio D, Kok F, Oliveira JRM, Gillingwater T, Webb J, Skehel P, Zatz M
(2004) A mutation in the vesicle-trafficking protein VAPB causes late-
onset spinal muscular atrophy and amyotrophic lateral sclerosis. Am J
Hum Genet 75:822-831.

Nishimura AL, Al-Chalabi A, Zatz M (2005) A common founder for amyo-
trophic lateral sclerosis type 8 (ALS8) in the Brazilian population. Hum
Genet 118:499-500.

Oka M, Fujisaki N, Maruko-Otake A, Ohtake Y, Shimizu S, Saito T,
Hisanaga SI, Iijima KM, Ando K (2017) Ca2+/calmodulin-dependent
protein kinase II promotes neurodegeneration caused by tau phosphoryl-
ated at Ser262/356 in a transgenic Drosophila model of tauopathy. ]
Biochem 162:335-342.

Paillusson S, Gomez-Suaga P, Stoica R, Little D, Gissen P, Devine M]J,
Noble W, Hanger DP, Miller CCJ (2017) a-Synuclein binds to
the ER-mitochondria tethering protein VAPB to disrupt Ca2+

Karagas et al. @ Synaptic defects in ALS are due to shortage of ATP

homeostasis and mitochondrial ATP production. Acta Neuropathol
134:129-149.

Parkes TL, Elia AJ, Dickinson D, Hilliker AJ, Phillips JP, Boulianne GL
(1998) Extension of Drosophila lifespan by overexpression of human
SOD1 in motorneurons. Nat Genet 19:171-174.

Pennetta G, Hiesinger PR, Fabian-Fine R, Meinertzhagen IA, Bellen
HJ (2002) Drosophila VAP-33A directs bouton formation at neu-
romuscular junctions in a dosage-dependent manner. Neuron
35:291-306.

Peretti D, Dahan N, Shimoni E, Hirschberg K, Lev S (2008) Coordinated lipid
transfer between the endoplasmic reticulum and the Golgi complex
requires the VAP proteins and is essential for Golgi-mediated transport.
Mol Biol Cell 19:3871-3884.

Rangaraju V, Calloway N, Ryan TA (2014) Activity-driven local ATP
synthesis is required for synaptic function. Cell 156:825-835.

Ratnaparkhi A, Lawless GM, Schweizer FE, Golshani P, Jackson GR
(2008) A Drosophila model of ALS: human ALS-associated muta-
tion in VAP33A suggests a dominant negative mechanism. PLoS
One 3:€2334.

Roos J, Hummel T, Ng N, Klambt C, Davis GW (2000) Drosophila Futsch
regulates synaptic microtubule organization and is necessary for synaptic
growth. Neuron 26:371-382.

Rossano AJ, Chouhan AK, Macleod GT (2013) Genetically encoded pH-indi-
cators reveal activity-dependent cytosolic acidification of Drosophila
motor nerve termini in vivo. ] Physiol 591:1691-1706.

Roulin PS, Lotzerich M, Torta F, Tanner LB, van Kuppeveld FJM,
Wenk MR, Greber UF (2014) Rhinovirus uses a phosphatidylinosi-
tol 4-phosphate/cholesterol counter-current for the formation of
replication compartments at the ER-Golgi interface. Cell Host
Microbe 16:677-690.

Sanhueza M, Zechini L, Gillespie T, Pennetta G (2014) Gain-of-function
mutations in the ALS8 causative gene VAPB have detrimental effects on
neurons and muscles. Biol Open 3:59-71.

Selfridge JE, E L, Lu J, Swerdlow RH (2013) Role of mitochondrial ho-
meostasis and dynamics in Alzheimer’s disease. Neurobiol Dis
51:3-12.

Sentiirk M, Mao D, Bellen HJ (2019) Loss of proteins associated with amyo-
trophic lateral sclerosis affects lysosomal acidification via different routes.
Autophagy 15:1467-1469.

Smith EF, Shaw PJ, De Vos KJ (2017) The role of mitochondria in amyotro-
phic lateral sclerosis. Neurosci Lett 710:132933.

Stoica R, Paillusson S, Gomez-Suaga P, Mitchell JC, Lau DH, Gray EH,
Sancho RM, Vizcay-Barrena G, De Vos K], Shaw CE, Hanger DP, Noble
W, Miller CC (2016) ALS/FTD-associated FUS activates GSK-3 8 to dis-
rupt the VAPB-PTPIP51 interaction and ER-mitochondria associations.
EMBO Rep 17:1326-1342.

Sullivan KMC, Scott K, Zuker CS, Rubin GM (2000) The ryanodine receptor
is essential for larval development in Drosophila melanogaster. Proc Natl
Acad Sci US A 97:5942-5947.

Tantama M, Martinez-Frangois JR, Mongeon R, Yellen G (2013) Imaging
energy status in live cells with a fluorescent biosensor of the intracellular
ATP-to-ADP ratio. Nat Commun 4:2550.

Taylor JP, Brown RH, Cleveland DW (2016) Decoding ALS: from genes to
mechanism. Nature 539:197-206.

Tsuda H, Han SM, Yang Y, Tong C, Lin YQ, Mohan K, Haueter C, Zoghbi
A, Harati Y, Kwan J, Miller MA, Bellen HJ (2008) The amyotrophic lat-
eral sclerosis 8 protein VAPB is cleaved, secreted, and acts as a ligand for
Eph receptors. Cell 133:963-977.

Vagnoni A, Bullock SL (2016) A simple method for imaging axonal transport
in aging neurons using the adult Drosophila wing. Nat Protoc 11:1711-
1723.

Venkatesh K, Hasan G (1997) Disruption of the IP3 receptor gene of
Drosophila affects larval metamorphosis and ecdysone release. Curr Biol
7:500-509.

Verstreken P, Ly CV, Venken KJT, Koh TW, Zhou Y, Bellen HJ (2005)
Synaptic mitochondria are critical for mobilization of reserve pool
vesicles at Drosophila neuromuscular junctions. Neuron 47:365-
378.

Viquez NM, Li CR, Wairkar YP, DiAntonio A (2006) The B’ protein phos-
phatase 2A regulatory subunit well-rounded regulates synaptic growth
and cytoskeletal stability at the Drosophila neuromuscular junction. J
Neurosci 26:9293-9303.


http://dx.doi.org/10.1093/hmg/ddv376
https://www.ncbi.nlm.nih.gov/pubmed/26362251
http://dx.doi.org/10.1212/01.wnl.0000289760.85237.4e
https://www.ncbi.nlm.nih.gov/pubmed/18322265
http://dx.doi.org/10.1016/j.neuron.2014.07.001
https://www.ncbi.nlm.nih.gov/pubmed/25088365
http://dx.doi.org/10.1016/bs.ctdb.2016.07.004
https://www.ncbi.nlm.nih.gov/pubmed/28057298
http://dx.doi.org/10.1016/j.neuron.2013.07.033
https://www.ncbi.nlm.nih.gov/pubmed/23931993
https://www.ncbi.nlm.nih.gov/pubmed/1832668
http://dx.doi.org/10.1016/j.modgep.2005.07.006
https://www.ncbi.nlm.nih.gov/pubmed/16378756
http://dx.doi.org/10.1080/15548627.2019.1580103
https://www.ncbi.nlm.nih.gov/pubmed/30741620
http://dx.doi.org/10.1002/mus.20657
https://www.ncbi.nlm.nih.gov/pubmed/16967488
http://dx.doi.org/10.1042/bst0210793
http://dx.doi.org/10.1002/dneu.22227
http://dx.doi.org/10.1093/hmg/ddr284
https://www.ncbi.nlm.nih.gov/pubmed/21685205
http://dx.doi.org/10.1093/hmg/ddt594
https://www.ncbi.nlm.nih.gov/pubmed/24271015
http://dx.doi.org/10.1086/425287
https://www.ncbi.nlm.nih.gov/pubmed/15372378
http://dx.doi.org/10.1007/s00439-005-0031-y
https://www.ncbi.nlm.nih.gov/pubmed/16187141
http://dx.doi.org/10.1093/jb/mvx038
http://dx.doi.org/10.1007/s00401-017-1704-z
http://dx.doi.org/10.1038/534
http://dx.doi.org/10.1016/S0896-6273(02)00769-9
http://dx.doi.org/10.1091/mbc.e08-05-0498
http://dx.doi.org/10.1016/j.cell.2013.12.042
https://www.ncbi.nlm.nih.gov/pubmed/24529383
http://dx.doi.org/10.1371/journal.pone.0002334
http://dx.doi.org/10.1016/s0896-6273(00)81170-8
https://www.ncbi.nlm.nih.gov/pubmed/10839356
http://dx.doi.org/10.1113/jphysiol.2012.248377
https://www.ncbi.nlm.nih.gov/pubmed/23401611
http://dx.doi.org/10.1016/j.chom.2014.10.003
https://www.ncbi.nlm.nih.gov/pubmed/25525797
http://dx.doi.org/10.1242/bio.20137070
https://www.ncbi.nlm.nih.gov/pubmed/24326187
http://dx.doi.org/10.1016/j.nbd.2011.12.057
https://www.ncbi.nlm.nih.gov/pubmed/22266017
http://dx.doi.org/10.1080/15548627.2019.1609863
https://www.ncbi.nlm.nih.gov/pubmed/31032688
http://dx.doi.org/10.15252/embr.201541726
https://www.ncbi.nlm.nih.gov/pubmed/27418313
http://dx.doi.org/10.1073/pnas.110145997
http://dx.doi.org/10.1038/ncomms3550
https://www.ncbi.nlm.nih.gov/pubmed/24096541
http://dx.doi.org/10.1038/nature20413
https://www.ncbi.nlm.nih.gov/pubmed/27830784
http://dx.doi.org/10.1016/j.cell.2008.04.039
https://www.ncbi.nlm.nih.gov/pubmed/18555774
http://dx.doi.org/10.1038/nprot.2016.112
https://www.ncbi.nlm.nih.gov/pubmed/27560175
http://dx.doi.org/10.1016/s0960-9822(06)00221-1
https://www.ncbi.nlm.nih.gov/pubmed/9273145
http://dx.doi.org/10.1016/j.neuron.2005.06.018
https://www.ncbi.nlm.nih.gov/pubmed/16055061
http://dx.doi.org/10.1523/JNEUROSCI.1740-06.2006

Karagas et al.  Synaptic defects in ALS are due to shortage of ATP

Wong CO, Chen K, Lin Y, Chao Y, Duraine L, Lu Z, Yoon W, Sullivan JM,
Broadhead GT, Sumner CJ, Lloyd TE, Macleod GT, Bellen H]J,
Venkatachalam K (2014) A TRPV channel in Drosophila motor neurons
regulates presynaptic resting Ca’*levels, synapse growth, and synaptic
transmission. Neuron 84:764-777.

Wong CO, Palmieri M, Li J, Akhmedov D, Chao Y, Broadhead GT, Zhu MX,
Berdeaux R, Collins CA, Sardiello M, Venkatachalam K (2015)
Diminished MTORCI1-dependent JNK activation underlies the neurode-
velopmental defects associated with lysosomal dysfunction. Cell Rep
12:2009-2020.

Wong CO, Karagas NE, Jung J, Wang Q, Rousseau MA, Chao Y, Insolera R,
Soppina P, Collins CA, Zhou Y, Hancock JF, Zhu MX, Venkatachalam K
(2021) Regulation of longevity by depolarization-induced activation of

J. Neurosci., October 19, 2022 - 42(42):8019-8037 - 8037

PLC-B-IP3R signaling in neurons. Proc Natl Acad Sci USA 118:
€2004253118.

Woolums BM, McCray BA, Sung H, Tabuchi M, Sullivan JM, Ruppell KT, Yang
Y, Mamah C, Aisenberg WH, Saavedra-Rivera PC, Larin BS, Lau AR,
Robinson DN, Xiang Y, Wu MN, Sumner CJ, Lloyd TE (2020) TRPV4 dis-
rupts mitochondrial transport and causes axonal degeneration via a
CaMKII-dependent elevation of intracellular Ca2. Nat Commun 11:2679.

Xu L, Wang X, Zhou J, Qiu Y, Shang W, Liu J-P, Wang L, Tong C (2020)
Miga-mediated endoplasmic reticulum-mitochondria contact sites regu-
late neuronal homeostasis. Elife 9:¢56584.

Zhao YG, Liu N, Miao G, Chen Y, Zhao H, Zhang H (2018) The ER contact
proteins VAPA/B interact with multiple autophagy proteins to modulate
autophagosome biogenesis. Curr Biol 28:1234-1245.e4.


http://dx.doi.org/10.1016/j.neuron.2014.09.030
http://dx.doi.org/10.1016/j.celrep.2015.08.047
http://dx.doi.org/10.1038/s41467-020-16411-5
http://dx.doi.org/10.7554/eLife.56584
http://dx.doi.org/10.1016/j.cub.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29628370

	Loss of Activity-Induced Mitochondrial ATP Production Underlies the Synaptic Defects in a Drosophila Model of ALS
	Introduction
	Materials and Methods
	Results
	Discussion


