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Abstract

Although autism is typically characterized by differences in language, social interaction and restrictive, repetitive behaviors, it is
becoming more well known in the field that alterations in energy metabolism and mitochondrial function are comorbid disorders in
autism. The synaptic cell adhesion molecule, neurexin-1 (NRXN1), has previously been implicated in autism, and here we show that
in Drosophila melanogaster, the homologue of NRXN1, called Nrx-1, regulates energy metabolism and nutrient homeostasis. First, we
show that Nrx-1-null flies exhibit decreased resistance to nutrient deprivation and heat stress compared to controls. Additionally,
Nrx-1 mutants exhibit a significantly altered metabolic profile characterized by decreased lipid and carbohydrate stores. Nrx-1-null
Drosophila also exhibit diminished levels of nicotinamide adenine dinucleotide (NAD"), an important coenzyme in major energy
metabolism pathways. Moreover, loss of Nrx-1 resulted in striking abnormalities in mitochondrial morphology in the flight muscle
of Nrx-1-null Drosophila and impaired flight ability in these flies. Further, following a mechanical shock Nrx-1-null flies exhibited
seizure-like activity, a phenotype previously linked to defects in mitochondrial metabolism and a common symptom of patients with
NRXNT1 deletions. The current studies indicate a novel role for NRXN1 in the regulation of energy metabolism and uncover a clinically

relevant seizure phenotype in Drosophila lacking Nrx-1.

Introduction

Autism spectrum disorder, henceforth ‘autism, is a
neurodevelopmental condition that affects 1 in 44
children in the United States, and is mainly characterized
by differences in language, socialization and sensory
perception. In addition to these core symptoms, co-
morbid disorders such as sleep disruptions, seizures and
increased stress and anxiety are also common in autistic
individuals (1-10). Furthermore, alterations in energy
metabolism and mitochondrial functioning have been
identified in autistic individuals in several biochemical,
anatomical and neuroimaging studies. For example,
neuroimaging studies using positron emission tomog-
raphy and nuclear magnetic resonance spectroscopy
have shown decreased glucose utilization and reduced
adenosine triphosphate (ATP) levels in the cerebral
cortices of autistic individuals (11,12). A more recent
meta-analysis found the prevalence of mitochondrial
disease in autistic children to be 5.0%, which is much
higher than the ~0.01% prevalence in the general
population (13). Additionally, levels of biochemical
markers of mitochondrial dysfunction, such as lactate,

pyruvate, ubiquinone and carnitine, are significantly
altered in autistic individuals compared to a control
population (13-21). Further, there is evidence to suggest
enhanced oxidative stress in autistic patients (22-25),
which can lead to impairments in electron transport
chain activity. In some autistic patients, these abnormali-
ties in energy metabolism can be explained by mutations
in mitochondrial or nuclear DNA; however, in most cases
the cause for abnormal energy metabolism in autistic
patients is unclear.

There is increasing evidence to show that disruptions
in the gene, neurexin-1 (NRXN1), are associated with
autism (26-34). NRXN1 deletions have also been asso-
ciated with other neuropsychiatric conditions such as
schizophrenia (35,36). Interestingly, there is evidence of
altered brain energy metabolism in the pathophysiology
of schizophrenia as well (37-39), suggesting a potential
shared mechanism for metabolic deficits between
autism and schizophrenia.

NRXN1 is a synaptic cell-adhesion molecule that
is primarily expressed in the central and peripheral
nervous systems and is involved in synaptic function and
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transmission (26,40). In vertebrates, there are three NRXN
genes, NRXN1, NRXN2 and NRXN3, each of which have
promoters for «, B and y isoforms. NRXNs are also subject
to extensive alternative splicing, resulting in hundreds of
differentially spliced isoforms (41). Thus, understanding
of how NRXN1 may be involved in disruptions in energy
metabolism in autism and schizophrenia presents
a challenge in vertebrates, with so many different
isoforms of NRXN that may be functioning at the
synapse.

Invertebrates such as Drosophila melanogaster only con-
tain a single gene encoding, a-neurexin, Nrx-1, which is
not subject to alternative splicing (41), lending a sim-
plified system in which we can study how Nrx-1 may
regulate energy metabolism. Additionally, the Nrx-1 pro-
tein has an identical domain structural organization to
vertebrate a-neurexins (41). Researchers studying Nrx-1
in flies have identified that loss of Nrx-1 expression
results in defects at the synapse, including abnormal
pre- and postsynaptic structure, altered bouton num-
ber and impaired synaptic transmission (42-44). Nrx-1-
null Drosophila also exhibit behavioral phenotypes that
are pertinent to autism, such as disruptions in sleep
and associative learning (45-47). Together, these findings
indicate that the Nrx-1 mutant fly model exhibits physio-
logical and behavioral phenotypes relevant to autism and
is a valuable tool to further investigate how metabolic
alterations may contribute to autism.

In this study, we show that Nrx-1-null mutants display
decreased resistance to starvation stress and heat stress,
which led us to question the metabolic status of Nrx-1-
null mutants. We demonstrate through metabolomics
and complimentary colorimetric assays that Nrx-1
mutant flies display a shift in metabolic signature, in
addition to decreased lipid and carbohydrate energy
stores. Additionally, we show that Nrx-1-null Drosophila
exhibit increased levels of tryptophan and kynure-
nine and decreased levels of nicotinamide adenine
dinucleotide (NAD') and a diminished NAD*/NADH
ratio. Further, Nrx-1 mutants show severe morpho-
logical disruptions in flight muscle mitochondria and
impaired flight ability. Finally, Nrx-1 also exhibits seizure-
like activity following an acute mechanical stimula-
tion, which is reminiscent of clinical data showing
seizures in human patients with NRXN1 deletions (48—
54). Together, these findings illustrate a novel role
for Nrx-1 in the regulation of energy metabolism in
Drosophila and identify a clinically relevant seizure
phenotype.

Results

Nrx-1 mutants show decreased resistance to
starvation and heat stress

We first set out to investigate the role of Nrx-1 in regulat-
ing or responding to environmental stress, as it relates to
stress and anxiety in autism (8). Specifically, we queried
whether Nrx-1-null flies could withstand environmental
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stressors, in this case starvation stress and HS, compared
to is031Bw- (wild-type) conspecifics. For these studies,
we utilized two null mutant alleles, Nrx-1?73 and Nrx-
1241 (42), and after six generation out-crosses with the
1s031Bw- strain all homozygous Nrx-1 mutants were
viable. To avoid potential confounds due to age or
sex, we limited our studies to 3- to 5-day-old male
flies.

For our starvation stress experiments, we recorded
the survival time of flies of each genotype on a 2%
agar medium. The 2% agar medium, while providing
zero nutritional value, allowed for a source of water
and eliminated desiccation as a cause of mortality.
These experiments were performed using the Drosophila
Activity Monitoring (DAM) system, and thus we deter-
mined the time of death for each fly by identifying
the last recorded activity count. We found that the
Nrx-1 mutants died significantly faster than their wild-
type counterparts when deprived of nutrients (Fig. 1A).
As an added control, we replicated these experiments
using transheterozygous Nrx-1?%241 mutant flies to
ensure that the decreased starvation resistance that
we observed in the homozygous Nrx-1 mutants was not
due to any extraneous background mutation in either
allele. The Nrx-1?%/241 transheterozygotes also exhibited
significantly decreased resistance to starvation stress
compared to control flies (Supplementary Material,
Fig. S1A), indicating that this increased sensitivity to
stressors is a result of loss of Nrx-1. This finding led us
to wonder whether Nrx-1 mutants are hypersensitive
to stressors other than starvation stress, so we also
assessed survival of Nrx-1 mutants after heat stress.
To measure the response of the Nrx-1 mutants and
controls flies to heat stress, we exposed flies of each
genotype to 37°C for 1 h, returned all flies to 25°C
after heat exposure, and then assessed for survival
24 h later (55). We found that the Nrx-1 mutants
had significantly decreased survival rates following
acute high heat exposure (Fig. 1B). This finding, com-
bined with our starvation stress experiments, suggests
that Nrx-1 mutants are hypersensitive to environ-
mental stressors, such as nutrient deprivation and
heat stress.

Together, these data show that Nrx-1 mutants have
decreased resistance to nutrient deprivation and heat
stress, which indicates potential alterations in energy
metabolism in the Nrx-1 mutants. Survival during star-
vation has shown to be influenced by lipid and glyco-
gen content (56,57). Additionally, survival following heat
exposure also has metabolic implications as it has been
shown that HS causes significant depletion of metabo-
lites involved in energy metabolism, such as glycogen
and triglycerides (58-60). Thus, it follows that an organ-
ism with an altered metabolic profile characterized by
decreased energy stores would have decreased survival
rates when undergoing nutrient deprivation or HS. There-
fore, our findings led us to hypothesize that the Nrx-1
mutants have an altered metabolic profile.
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Figure 1. Nrx-1 mutants have decreased resistance to environmental stressors, such as starvation stress and heat stress. (A) Survival curve of Nrx-
1 mutants (red and blue lines) and wild-type iso31Bw- controls (black line) during starvation. Log-rank (Mantel-Cox) test with Bonferroni-corrected
significance threshold for multiple comparisons indicated that Nrx-1273/273 and Nrx-124/241 mutant flies die significantly faster than wild-type flies
when on media containing 0% sucrose and 2% agar. Nrx-1%7%?73 and Nrx-1241/241 were not significantly different from each other in starvation resistance.
Sample number (N) per genotype: is031Bw- N = 64, Nrx-1273/273 N =61, Nrx-124/241 N = 58, (B) Survival curve of each genotype 24 h after an acute HS of
exposure to 37°C for 1 h. Log-rank (Mantel-Cox) test with Bonferroni-corrected significance threshold for multiple comparisons results indicated that
Nrx-1273/273 and Nrx-1241/241 mutant flies have significantly reduced resistance to HS compared to wild-type flies. Additionally, Nrx-1241/241 flies were
more sensitive to HS than Nrx-1273/273 flies. Sample number (N) per genotype: iso31Bw- N = 280, Nrx-1273/273 N = 270, Nrx-1241/241 N = 270. Values represent

mean+ SEM. **=P < 0.01. **** =P < 0.0001.

Nrx-1 mutants exhibit metabolic alterations,
characterized by decreased lipids and
carbohydrates

To understand whether altered metabolic homeostasis
underlies the decreased resistance to nutrient depriva-
tion and heat stress in the Nrx-1 mutants, we began
with a broad approach by performing a metabolomics
screen for primary metabolite and complex lipid levels.
Six independent samples of 40 whole flies per genotype
were analyzed for primary metabolites and complex
lipids by mass spectrometry. From the resultant datasets,
we used principle component analysis to determine
whether we could segregate the Nrx-1 mutants from
their wild-type conspecifics based solely on their primary
metabolite and complex lipid metabolite signature. We
found that the PCA plots for both primary metabolism
and complex lipids showed a clear separation of iso31Bw-
from both Nrx-1273/273 and Nrx-1247/241 mutants, whereas
the Nrx-1 mutants still overlapped with each other
(Fig. 2A and B). These data indicate a significant shift
in primary metabolites and complex lipid metabolites in
the Nrx-1 mutants relative to control animals.

We next performed a more detailed review of the
known metabolites that were significantly altered in both
the Nrx-17%?3 and Nrx-1?4V/?*! mutants compared to
wild-type flies according to a Mann-Whitney U test with
false discovery rate corrected P-value. Within this anal-
ysis, we were intrigued to find that all but one of the
glycerolipids that were included in the analysis was sig-
nificantly decreased in the Nrx-1 mutants relative to
1s031Bw- controls (Table 1). In contrast, other lipid classes
had a mix of lipids that were increased or decreased
in the Nrx-1 mutants. Glycerolipids are a large group
of molecules that includes triglycerides, which repre-
sent over 90% of stored lipids in Drosophila. Importantly,
triglycerides have previously been crucial for survival
during starvation and heat stress (56-60). We sought to

validate this finding of decreased glycerolipids by per-
forming an additional colorimetric assay to measure
triglyceride levels in the bodies of Nrx-1 mutants and
iso31Bw- controls. We chose to conduct these experi-
ments using decapitated bodies only, as opposed to whole
bodies, for a few reasons. First, eye pigment has the
potential to interfere with accurate absorbance mea-
sures in these colorimetric assays (61). Second, the pri-
mary tissue for the storage of fuel molecules, such as
triglycerides and glycogen, is the fat body in Drosophila.
Additionally, there is important crosstalk between cen-
tral and peripheral tissues in the regulation of energy
metabolism (62-65). Thus, we were interested in whether
loss of Nrx-1 leads to systemic alterations in nutrient
homeostasis. Consistent with the observed decrease in
glycerolipids in our metabolomics experiments, we found
that Nrx-12%?73 and Nrx-1241/241 homozygous mutants, as
well as Nrx-1?7%?41 transheterozygous mutants, exhibit
significantly diminished triglyceride levels compared to
control animals (Fig. 2C and Supplementary Material, Fig.
S1B).

In addition to diminished glycerolipids, our metabolo-
mics experiments also revealed that Nrx-1 mutants
have decreased glucose levels compared to wild-type
conspecifics (Fig. 2D). Although glucose is not the pri-
mary insect blood sugar, it is the precursor for glycogen,
which is the primary form of carbohydrate storage in
Drosophila (66). As mentioned previously, glycogen con-
tent is important for survival during nutrient deprivation
and heat stress. Given that glucose was decreased
in the Nrx-1 mutants, we sought to uncover whether
glycogen was also diminished using a colorimetric assay
with Nrx-1 mutant and wild-type bodies. Consistent
with our data showing decreased glucose levels, these
colorimetric experiments revealed that Nrx-1 mutants
have significantly diminished glycogen levels compared
to wild-type controls (Fig. 2E).
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Figure 2. Nrx-1 mutants exhibit an altered biochemical signature, with decreased lipids and carbohydrates. Principal component analysis of (A) primary
metabolites and (B) complex lipids of 3- to 5-day-old is031Bw- control (red), Nrx-124/241 (green), and Nrx-1273/273 (blue) flies reveals a clear shift in (A)
primary metabolite concentrations and (B) lipid levels between the Nrx-1 mutant flies and iso31Bw- flies. Shown are the biplot of the first two components
extracted from a principal component analysis, with point colors indicating group membership (red =is031Bw-, green = Nrx-1241/241 ‘blue = Nrx-1273/273)
and normal data ellipses for each group. (C) Quantification of triglycerides in 3- to 5-day-old adult male flies. Each data point represents an independent
sample of 3 fly bodies. One-way ANOVA with Tukey’s multiple comparisons post-hoc test indicated that Nrx-1-null mutant flies have decreased
triglycerides (P < 0.0001) compared to iso31Bw- control flies. Sample number (N) per genotype: iso31Bw- N =12, Nrx-1273/273 N =14, Nrx-1241/241 N=14,
(D) Quantification of glucose levels using GC/TOF MS reveals that the Nrx-1 mutant flies have reduced glucose levels relative to the iso31w- mutant
flies. The box plot depicts the autoscaled peak height of glucose on the y-axis. Mann-Whitney U test revealed that both Nrx-1273/273 (P=0.021421)
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Taken together, these findings suggest that Nrx-1
plays a role in the regulation of lipid and carbohy-
drate metabolism. Although there are several possible
hypotheses that could explain how Nrx-1 may regulate
energy metabolism, we first began to gather clues
to these questions by assessing feeding and activity
levels in the Nrx-1 mutant flies. To assess feeding
levels, we placed fasted flies on cornmeal-molasses
medium that was spiked with Brilliant Blue FCF, and
then performed spectrophotometry on samples from
whole flies to determine the amount of labeled food
ingested. For these experiments, we chose to starve
the flies for 18 h before the feeding period as it has
been shown that after prolonged periods of starvation,
feeding is driven by taste-independent mechanisms (67);
thus, we can avoid potential confounds due to taste
perception. We ultimately found no significant difference
in feeding levels between the Nrx-1 mutants and their
wild-type controls (Fig. 2F), suggesting that reduced
energy stores cannot be attributed to decreased food
intake. Next, we considered the hypothesis that Nrx-
1 mutants are hyperactive and thereby burn through
their lipid and carbohydrate stores faster than control
flies. To determine daily activity levels of the Nrx-1
mutants, we used the DAM System. We analyzed our
data in terms of waking activity and average daily
activity counts. These measures differ in that the waking
activity is a measure of how active a fly is during wake
times, whereas average daily activity count is a 3-day
average of the total activity throughout the course of an
entire 24-h day These experiments revealed that both
Nrx-1?73273 and Nrx-1?41241 mutants actually display
decreased waking activity compared to iso31Bw- controls
(Fig. 2G). Conversely, in terms of average total daily
activity the Nrx-1?%?73 mutant flies exhibit increased
total activity counts, and the Nrx-124/241 flies show no
difference in activity compared to control flies (Fig. 2H).
Although the Nrx-17?/%72 mutants showed increased
average daily activity (Fig. 2H), we believe this can
be attributed to decreased and fragmented sleep in
these flies lending to more time awake and therefore
an increase in daily activity counts (Supplementary
Material, Fig. S2). Additionally, the fact that we only
see an increase in average daily activity counts in the
Nrx-1%73/?73 mutants and not the Nrx-1?4?41 mutants
suggests that increased activity alone cannot explain

the decreased lipid and carbohydrates seen in both Nrx-
1 mutant alleles. Thus, it appears that decreased lipid
and carbohydrate stores cannot be fully explained by
decreased feeding or hyperactivity, as the Nrx-1 mutants
exhibit normal feeding levels and show decreased
waking activity compared to controls. Additionally, these
alterations in energy stores cannot be attributed to body
size as the Nrx-1 mutants have similar body weight
compared to controls (Supplementary Material, Fig.S3).

Nrx-1 mutants show altered tryptophan,
kynurenine and NAD * levels

Our metabolomics studies indicated significant alter-
ations in lipid metabolism and carbohydrate metabolism
in the Nrx-1 mutants, and thus we decided to further
examine this dataset to assess for any additional alter-
ations of components of energy metabolism (Supple-
mentary Material, Table S2). Interestingly, we found that
Nrx-1 mutants exhibited significantly elevated levels of
tryptophan and elevated levels of kynurenine accord-
ing to a Mann-Whitney U test (Fig. 3A and B, Supple-
mentary Material, Table S2). Tryptophan is converted to
kynurenine in the de novo synthesis pathway of NAD*
(Supplementary Material, Fig. S4). Notably, nicotinamide
(NAM), the precursor for NAD' in the salvage pathway
was unchanged in the Nrx-1 mutants compared to con-
trols (Supplementary Material, Table S3). Moreover, nico-
tinic acid, the precursor for NADT in the Preiss-Handler
pathway, was significantly increased only in the Nrx-
1241241 mutants and not in the Nrx-1%%/?’3 mutants (Sup-
plementary Material, Table S3). These findings suggest
that there may be dysregulation mainly in the de novo
synthesis pathway of NAD*. NAD" is a crucial regu-
lator of energy metabolism by functioning as a coen-
zyme in redox reactions within the major energy pro-
duction pathways, including glycolysis, the tricarboxylic
acid (TCA) cycle, fatty acid oxidation (B-oxidation), and
oxidative phosphorylation (OXPHOS) (68). Based on our
findings of dysregulated NAD* precursors, we decided to
assess NAD™ levels in the Nrx-1 mutants. We performed
these experiments using a colorimetric assay with bodies
of Nrx-1 mutants and wild-type controls. Interestingly,
we found that the Nrx-1 mutants showed significantly
diminished NAD* levels (Fig. 3C), although there were no
significant changes in NADH levels (Fig. 3D). Addition-
ally, the NAD"/NADH ratio was significantly decreased

and Nrx-1241/241 (p=0.019413) flies have decreased glucose levels compared to iso31Bw- flies. Six samples of 40 flies for each genotype were used
for the analysis. (E) Quantification of glycogen in 3- to 5-day-old adult male flies. Each data point represents an independent sample of 4 fly bodies.
One-way ANOVA with Tukey’s multiple comparisons post-hoc test indicated that Nrx-1-null mutant flies have decreased glycogen stores (P < 0.0001)
compared to wild-type conspecifics. Sample number (N) per genotype: iso31Bw- N =15, Nrx-1273/273 N=15, Nrx-1241/241 N=14. (F) Average amount of
food consumed by flies of each genotype after an 18-h overnight fasting period. Each data point represents an independent sample of 5 whole flies.
One-way ANOVA with Tukey’s multiple comparisons post-hoc test showed that Nrx-1-null mutant flies eat the same amount of food as iso31Bw-
control flies (P=0.6406). Sample number (N) per genotype: is031Bw- N =14, Nrx-12/%/273 N =14, Nrx-1241/241 N=14. (G) Average activity during wake is
shown for individual flies of each genotype. Kruskal-Wallis test with Dunn’s multiple comparisons test indicated that both Nrx-12/%2/3 flies (P=0.0001)
and Nrx-1241/241 flies (P < 0.0001) show decreased activity during wake compared to iso31Bw- control flies. Sample number (N) per genotype: iso31Bw-
N =51, Nrx-1273/273 N =52, Nrx-124/241 N = 56. (H) Average activity counts per 24-h day are shown for individual flies of each genotype, values shown are
the average of 3 days of activity data combined. One-way ANOVA with Tukey’s multiple comparisons post-hoc test revealed that Nrx-127%273 mutant
flies show increased daily activity (P=0.0003), whereas Nrx-1241/241 flies show no difference in daily activity (P> 0.9999) compared to iso31Bw- control
flies. Sample number (N) per genotype: iso31Bw- N =53, Nrx-12/3/273 N =53, Nrx-124/241 N =58 Values represent mean + SEM.
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Table 1. Significantly altered complex lipids in Nrx-1 mutants. We analyzed 3- to 5-day-old adult male flies of each genotype for
complex lipids by the CSH-QTOF MS/MS. Six samples of 40 flies for each genotype were used for the analysis. Table only includes
known lipids that were significantly different (P < 0.05) in both the Nrx-1?7%?73 and Nrx-124/241 groups when compared to iso31Bw-
controls by a Mann-Whitney U test with false discovery rate corrected P-value. Fold change, calculated as FC=median (metabolite in
group 1)/median (metabolite in group 2), is listed for Nrx-127%?73 versus iso31Bw-, and Nrx-1?41/24! versus iso31Bw-. Boxes shaded in
green indicate a significant decrease in lipid levels in Nrx-1 mutants, and boxes shaded in red indicate a significant increase in lipid
levels in Nrx-1 mutants. A more detailed version of Table 1 can be viewed in the Supplemental Material, Table S1

Nrx-1273/273 Nrx-1241/241
Lipid class Main class Lipid ot iBu ot

Fold change Fold change

Sphingolipids Ceramides Cer 34:0;30
Glycerophosphoglycerophosphoglycerols [CL 66:4|CL 32:2_34:2
Glycerophosphoinositols LPI 18:2
PC 33:1
Glycerophosphocholines PC 33:2|PC 16:1_17:1
PC P-36:1 or PC 0-36:2
PE 26:0|PE 12:0_14:0
PE 30:1|PE 14:0_16:1
PE 33:1|PE 17:0_16:1
PE 33:2|PE 16:1_17:1
PE 35:1|PE 17:0_18:1
PE 35:2|PE 17:1_18:1
Gl hosphodl | PG 32:2|PG 16:1_16:1
yEeropnosprioghycancss PG 36:2|PG 18:1_18:1
PE 33:1
Glycerophosphoethanolamines PE 33:2
PE 35:2
DG 34:1
Diradylglycerols DG 34:3
DG 36:2
TG 41:1|TG 13:0_14:0_14:1
TG 36:0|TG 12:0_12:0_12:0
TG 38:1|TG 12:0_12:0_14:1
TG 42:2
TG 42:3
TG 44:2
TG 44:3]TG 14:1_14:1_16:1
TG 46:2
TG 46:3 Isomer A
[TG 46:4 Isomer B
TG 48:2
TG 48:3
TG 48:4 Isomer A
Glycerolipids TG 50:1
Triradvigl | TG 50:3 Isomer A
riradylglycerols TG 50:4
TG 50:5[TG 16:1_16:1_18:3
TG 51:0
TG 52:2
TG 52:4
TG 52:5|TG 16:1_18:1_18:3
TG 54:3
TG 54:4|TG 18:1_18:1_18:2
[TG 54:5 Isomer A
TG 54:6 Isomer A
TG 56:4
TG 58:1|TG 16:0_24:0_18:1
TG 58:2
TG 60:3
TG 60:4
FA 19:1
FA 22:4
FA 26:0 (cerotic acid)
FA 28:0 (montanic acid)

Glycerophospholipids Glycerophosphoethanolamines

Fatty Acyls Fatty Acids and Conjugates
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in the Nrx-1 mutants compared to controls, which was
likely driven by the decrease in NAD™ levels (Fig. 3E). The
observed decrease in NAD*' and the NAD*/NADH ratio
could potentially contribute to the metabolic impair-
ments seen in the Nrx-1 mutants, as diminished NAD+
levels have been shown to be involved in the develop-
ment of behavioral, mitochondrial and metabolic disor-
ders (69-75).

To assess the hypothesis of whether decreased NAD*
levels underlie the diminished stress resistance in the
Nrx-1 mutants, we attempted treating the Nrx-1 mutants
with NAD* precursors, nicotinamide riboside (NR) and
NAM. Treatment with NR or NAM was not sufficient
to improve starvation resistance to wild-type levels
in Nrx-1?7%273 and Nrx-1?4/241 flies (Supplementary
Material, Figs S5 and S6). In fact, Nrx-127%%3 flies treated
with NAM showed significantly worsened starvation
resistance compared to vehicle treated counterparts
(Supplementary Material, Fig. S5). There are several
reasons as to why treatment with NAD* precursors may
have been insufficient to improve starvation resistance
in the Nrx-1 mutants, for example the drug dosage or
timing of drug delivery may not have been optimal for
phenotypic rescue. Additionally, it could be possible
that the starvation resistance phenotype in the Nrx-1
mutants is caused by a combination of factors whereby
treatment with NAD" precursors alone is insufficient for
rescue.

Loss of Nrx-1 leads to abnormal mitochondrial
morphology and impaired flight

Our findings thus far closely mimic those seen in a
previous study from our lab, which showed diminished
lipid and carbohydrate stores as well as decreased NAD*
levels in a Drosophila model of Fragile X Syndrome, which
is the leading monogenic cause of autism (76). This
previous study also observed striking morphological
abnormalities within flight muscle mitochondria. Thus,
we pondered whether Nrx-1 mutants would exhibit
similar morphological alterations in their mitochon-
dria as well. For these experiments, longitudinal sec-
tions of indirect flight muscle in the thorax of Nrx-1
mutants and controls were prepared for transmission
electron microscopy. We chose this section of tissue
specifically because the flight muscle requires robust
mitochondrial functioning for its high energy demands.
Additionally, this tissue has a structured organization
of mitochondria lining the space in between individual
myofibrils, making it optimal for comparison among
conspecifics. In the wild-type animals, we observed
mitochondria that appeared intact, as well as densely
packed and regularly distributed along the muscle fibers
(Fig. 4A and D). Conversely, the mitochondria in the Nrx-
1273273 and Nrx-1?4/241 mutants appeared irregularly
spaced between myofibrils (Fig. 4B, C, E andF). Upon
closer inspection using higher magnification, it was
clear that mitochondria in the Nrx-1 mutants also

appeared severely damaged with disruptions in the
cristae (Fig. 4E and F).

Given that mitochondrial ultrastructure and function
are closely linked, and that the observed pathological
lesions were within the mitochondria of indirect flight
muscle, we decided to assess flight ability in the Nrx-
1 mutants. Consistent with the severely disrupted
ultrastructure found in flight muscle mitochondria in
the absence of Nrx-1, we found that Nrx-1273/273 and
Nrx-1241/241 homozygous mutants, as well as Nrx-1%/3/241
transheterozygous mutants, had significantly weakened
flight ability compared to wild-type conspecifics (Fig. 4G
and Supplementary Material, Fig. S1C). It is likely
that the morphological abnormalities in flight muscle
mitochondria contribute to this decreased flight fitness
in the Nrx-1 mutants. Additionally, glycogen is the energy
reserve that is used during flight in Drosophila (77),
and therefore it is possible that decreased glycogen
levels in the Nrx-1 mutants (Fig. 2E) also contribute to
reduced flight ability in the Nrx-1 mutants. Overall,
these findings demonstrate that loss of Nrx-1 gives rise
to pathological disruptions in mitochondria in indirect
flight muscle, and importantly that the functional
output of this tissue, flight ability, is disrupted in Nrx-1
mutants.

Nrx-1 mutant flies exhibit seizure-like behavior
after mechanical stimulation

The striking mitochondrial defects that we identified,
coupled with multiple reports in the clinical literature
that patients with deletions in NRXN1 exhibit seizures
(48-54), prompted us to assess seizure susceptibility
in the Nrx-1 mutants. Mitochondrial dysfunction has
emerged as a primary cause of epilepsy given the critical
role of mitochondrial OXPHOS in the generation of the
ATP required to maintain the proper balance between
excitatory and inhibitory neural transmission (78-81).
Given that our findings thus far are suggestive of poten-
tial mitochondrial dysfunction in the Nrx-1 mutants, and
that NRXN1 plays an important role in the regulation
of synaptic function and transmission (40), we hypoth-
esized that Nrx-1 mutants would be hypersensitive to
mechanical shock. To assess for seizure susceptibility,
Nrx-1 mutants and controls were placed in vials and
vortexed for 10 s (82). These experiments revealed that
following an acute mechanical shock, Nrx-1273?/3 Nrx-
17417241 and Nrx-1%7%/?41 mutants exhibited a significantly
higher percentage of flies showing seizure-like activity,
consisting of hyperactivity, leg twitching and paralysis,
as well as increased time to recovery after mechanical
stimulation compared to control flies (Fig. 5A and B,
Supplementary Material, Fig. S1D and E). These findings
indicate that loss of Nrx-1 contributes to seizure-like
activity in Drosophila and are consistent with the clinical
data wherein patients with NRXN1 deletions exhibit
seizures.
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Figure 3. Nrx-1 mutants exhibit altered tryptophan, kynurenine and NAD™ levels. Quantification of (A) tryptophan and (B) kynurenine by GC/TOF-MS in
Nrx-1 mutants and iso31Bw- controls. Six samples of 40 flies for each genotype were used for the analysis. Box plots depict the autoscaled peak height
of metabolites on the y-axis. Mann-Whitney U test revealed that both Nrx-1273/273 (P=0.021421) and Nrx-1241/241 (p=0.019413) flies exhibit elevated
tryptophan levels. Similarly for kynurenine, Nrx-127%273 (P=0.021421) and Nrx-124/241 (p=(0.019413) flies showed increased kynurenine levels compared
to wild-type flies. Additionally, Mann-Whitney U test indicated no significant difference in tryptophan or kynurenine levels between Nrx-12/3/273 and
Nrx-1241/241 flies. Quantification of (C) NAD*, (D) NADH and the (E) NAD*/NADH ratio in Nrx-1 mutants and wild-type flies. The levels of NAD* and
NADH were normalized to protein content. Each data point represents an independent sample of 10 fly bodies. One-way ANOVA followed by Tukey-HSD
post-hoc test indicated that compared to is031Bw- controls, NAD* levels were significantly decreased in both Nrx-1273/273 (P < 0.0001) and Nrx-1241/241
(P=0.0001) flies. NADH levels were not significantly different than controls. The NAD*/NADH ratio was significantly diminished in both Nrx-1273/273
and Nrx-124/241 flies (P <0.0001). These experiments were performed three independent times. The NAD* and NADH values shown (C and D) are
representative figures from one experiment. The NAD*/NADH ratio is internally normalized, allowing data to be pooled from all three independent
experiments. Sample number (N) per genotype for NAD* and NADH data =3. Sample number (N) per genotype for NAD*NADH ratio data: iso31Bw-
N=7, Nrx-1273/273 N =8, Nrx-1241/241 N =8, Values represent mean + SEM.

Discussion sidered regulators of synaptic properties in the brain

In our pursuit to better understand how NRXN1 con-
tributes to the pathophysiology of autism, we uncov-
ered striking alterations in stress resistance, energy
metabolism, mitochondrial morphology and seizure-
like activity following the loss of Nrx-1 in Drosophila
melanogaster. Although neurexins are conventionally con-

(40), our findings suggest that the loss of NRXN1 also
has systemic implications for energy metabolism, which
could have a potential impact on behavior or contribute
to the increased prevalence of metabolic disorders seen
in neurodevelopmental disorders, such as autism and
schizophrenia. Here, we show that Drosophila lacking
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Figure 4. Loss of Nrx-1 leads to abnormal mitochondrial morphology and impaired flight. Longitudinal sections of indirect flight muscle of is031Bw-
flies (A and D), Nrx-1273273 flies (B and E) and Nrx-124/241 flies (C and F) were prepared from isolated thoraces for transmission electron microscopy
experiments. (A-C) Electron micrographs of Drosophila flight muscle at 7500X magnification. Scale bar indicates 2 microns. (D-F) Electron micrographs
of Drosophila flight muscle at 20 000X magnification. Scale bar indicates 800 nm. Images show mitochondria (M) aligned between rows of myofibrils
(F), where Nrx-1 mutants have irregularly spaced mitochondria with marked disruptions in the cristae. Arrowheads denote disruptions in cristae.
Asterisks signify areas devoid of cristae. (G) Quantification of the average landing height for flies of each genotype in a glycerol flight assay. Each
data point represents an individual fly. Kruskal-Wallis test with Dunn’s multiple comparisons post-hoc test showed that Nrx-127%/273 and Nrx-1241/241
flies performed significantly worse on a glycerol flight assay compared to control flies. Sample number (N) per genotype: iso31Bw- N =66, Nrx-1273/273

N =67, Nrx-1241/241 N = 63, Values represent mean + SEM. **** =P < 0.0001.

Nrx-1 exhibit decreased resistance to environmental
stress, specifically starvation stress and heat stress.
These findings lead us to investigate the metabolic
status of the Nrx-1 mutants using metabolomics and
complementary colorimetric assays, which resulted
in the discovery that Nrx-1 mutant flies have a dis-

tinct metabolic profile as well as decreased lipid and
carbohydrate stores. It is likely that these deficient
energy stores are underlying the observed decrease in
survival under starvation and heat stress in the Nrx-1
mutants, as reduced energy stores have been linked to
starvation sensitivity and heat stress exposure (56-59).
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Figure 5. Nrx-1 mutant flies exhibit seizure-like activity after mechanical stimulation. (A) Quantification of the percentage of flies seizing per genotype.
Flies were collected into groups of 5 flies per vial prior to a 10-s mechanical shock. Chi-square test was used to compare the penetrance of seizures.
Sample number (N) per genotype: iso31Bw- N =75, Nrx-1273/273 N=75, Nrx-1241/241 N = 75 (B) Quantification of the duration of seizure-like activity after
mechanical shock for flies of each genotype. Each data point represents an individual fly. Kruskal-Wallis test with Dunn’s multiple comparisons post-
hoc test showed that Nrx-1273/273 (P=0.0003) and Nrx-124/241 (P < 0.0001) flies show a significant increase in the time taken to regain their posture
following a mechanical shock. This quantification period was capped at a maximum of 60 s, and thus flies that continued seizure-like behavior beyond
that period were excluded from this analysis. Sample number (N) per genotype: iso31Bw- N =75, Nrx-1273/273 N = 68, Nrx-1241/241 N = 62. Values represent

mean + SEM. *** =P < 0.001, **** =P < 0.0001.

Interestingly, similar alterations in nutrient homeostasis
and energy metabolism have been revealed in Nrxnl
mutant mice by the International Mouse Phenotyping
Consortium  (https://www.mousephenotype.org/data/
genes/MGI:1096391) (83), which is an international effort
in phenotyping the 20000 protein-coding genes in the
mouse genome. Specifically, Nrxnl mutant male mice
were found to have decreased total body fat, increased
lean mass, as well as decreased total cholesterol
and high-density lipoprotein-cholesterol compared to
wild-type controls. These findings are consistent with
decreased lipid stores seen in the Nrx-1 mutant flies.
Additionally, female Nrxnl mutant mice had decreased
fasting circulating glucose levels compared to wild-
type animals, which closely mimics our findings of
altered carbohydrate metabolism in Nrx-1 mutant flies.
Together, these findings indicate that both Drosophila
and mice lacking NRXN1 show deficits in lipid and
carbohydrate metabolism, which suggests a potential
conserved effect of loss of NRXN1 between invertebrates
and vertebrates.

Furthermore, the findings presented here are con-
sistent with those of other animal models of neurode-
velopmental disorders that have identified metabolic
differences. Our lab previously demonstrated a signif-
icantly altered metabolome, reduced triglyceride and
glycogen stores and reduced starvation resistance in a
Drosophila model of Fragile X Syndrome (76). Additionally,
mice mutant for the Fragile X proteins, Fragile X mental
retardation 1 (FMR1) and Fragile X mental retardation
syndrome-related protein 2 have reduced fat deposits,

hypoglycemia and increased sensitivity to insulin (84).
Metabolic alterations are also seen in animal models of
neurofibromatosis type 1 (NF1), which is a monogenic
cancer predisposition syndrome resulting from loss of
function in the neurofibromin protein (Nf1) that is also
characterized by increased susceptibility to neurocogni-
tive impairments, such as attention-deficit/hyperactivity
disorder and autism. For example, Nfl haploinsufficient
mice have reduced fat mass, increased glucose clearance,
and increased insulin sensitivity (85). Additionally, loss
of Nf1l in Drosophila leads to increased metabolic rate,
increased feeding, decreased triglycerides and altered
lipid turnover kinetics (86). Moreover, a recent study
of mouse models of Down syndrome, 16p11.2 deletion
syndrome, and Fragile X Syndrome demonstrated sex-
specific alterations in basal energy metabolism as well as
differences in key plasma metabolites related to the TCA
cycle (87). Our study contributes additional evidence to
this growing body of literature, illustrating dysfunctional
energy metabolism as a co-morbid disorder in autism
and suggesting a role for NRXN1 within this narrative.
The current study provides compelling evidence that
Nrx-1 has a role in the regulation of energy metabolism
in Drosophila. However, there are still several remaining
questions as to how this cell adhesion molecule that is
primarily thought to function at the synapse may con-
tribute to broad systemic alterations in nutrient home-
ostasis. In Drosophila, Nrx-1 is expressed broadly across
the central and peripheral nervous system, as well as in
the muscle, gut and neuromuscular junction (42,47,88).
Thus, it is possible that Nrx-1 could regulate energy
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metabolism by regulating synaptic transmission within
a neuronal population involved in metabolic regulation.
In Drosophila, the insulin-producing neurons have been
shown to regulate metabolism and are located within
the pars intercerebralis region of the brain (89-93). In
vertebrates, NRXN1la regulates insulin granule docking
and insulin secretion via actions in the insulin-producing
pancreatic B-cells (94,95). Therefore, misregulation of the
release of Drosophila insulin-like peptides may lead to the
observed metabolic alterations in the Nrx-1 flies. It is well
known that there is important communication between
the brain and peripheral tissues in the regulation of
energy metabolism and nutrient homeostasis (62-65),
and thus Nrx-1 could be acting cell non-autonomously to
regulate the storage of lipids and carbohydrates within
peripheral tissues. Future studies will be imperative to
elucidate the mechanisms by which Nrx-1 regulates the
processes presented here.

Beyond the potential routes that loss of Nrx-1 function
could alter metabolism discussed above, the metabolic
defects seen in Nrx-1-null flies could also be an effect of
their diminished NAD* levels or potential altered mito-
chondrial function. Given the importance of an opti-
mal NAD*/NADH ratio in several redox reactions within
energy metabolism pathways such as glycolysis, the TCA
cycle, pg-oxidation and OXPHOS, the observed decrease
in NAD' levels and the NAD*/NADH ratio could cer-
tainly impact energy metabolism in the Nrx-1 mutants.
Although we found that NAD* precursor treatment was
not sufficient to rescue starvation resistance, the dimin-
ished NAD™ levels we observed in the Nrx-1 mutants may
not be solely explained by alterations in NAD* biosyn-
thesis, as the total pool size of NAD*' depends on the
relative rates of synthesis and degradation. In addition to
possible alterations in NAD* biosynthesis, an imbalance
in NAD* consumption due to the aberrations in other
metabolic pathways in which NAD* is a cofactor, which
is another possible area of future investigation. Thus, the
failure of NAD* precursor treatment to rescue starvation
resistance does not provide conclusive evidence that
the observed decrease in NAD' and the NAD*/NADH
ratio are not linked to the behavioral phenotypes we
see in the Nrx-1 mutants, as there are several remaining
experiments that are yet to be performed. Additionally, it
would be worthwhile to assess whether NAD* precursors
are able to improve other metabolic, mitochondrial or
behavioral phenotypes in the Nrx-1 mutants.

Additionally, we also discovered noticeable disruptions
and atrophy in the cristae in mitochondria within the
flight muscle of Nrx-1-null flies. In support of the notion
that the observed mitochondrial abnormalities are detri-
mental to the Nrx-1 mutants, we also uncovered signifi-
cantly weakened flight ability in these flies. Again, these
findings are in line with what has been seen previously in
a Drosophila model of Fragile X Syndrome, wherein dfmrl
mutant flies had decreased NAD* levels and altered
mitochondrial morphology and indications of mitochon-
drial dysfunction (76). There is increasing evidence in

mouse models as well supporting the hypothesis that
mitochondrial defects may be central to the etiology
of autism and other neurodevelopmental disorders (96—
102). Mice with a missense mutation in the mitochondrial
DNA complex I ND6 gene exhibit impaired social behav-
ior, increased repetitive behaviors and anxiety, decreased
seizure threshold, as well as alterations in mitochon-
drial respiratory function and reactive oxygen species
(102). These findings illustrate that altered mitochondrial
function can lead to ‘autistic-like’ phenotypes.

In addition to findings in animal models, there is con-
siderable research showing evidence of increased preva-
lence of mitochondrial disease in autistic individuals
compared to the general population, wherein autistic
individuals have decreased cortical glucose utilization
and ATP levels, altered levels of biochemical markers
of mitochondrial dysfunction, altered tryptophan levels,
as well as increased oxidative stress (11-25,103-107). It
will be highly informative for future studies to determine
whether these alterations in NAD™ levels and mitochon-
drial morphology in the Nrx-1 mutants contribute to
potential mitochondrial dysfunction or additional behav-
ioral phenotypes related to autism.

Furthermore, these studies show that loss of Nrx-
1 results in mechanically-induced seizure-like activity.
These findings are clinically relevant, as patients with
deletions in NRXN1 also exhibit seizures (48-54) and
autistic individuals are at an increased risk for epilepsy,
as the average prevalence of epilepsy in autistic children
is 12% and reaches 26% by adolescence (9), compared
to the <1% of children with epilepsy in the general
population. The identification of seizures in the Nrx-1-
null flies illuminates a behavioral paradigm that can
be used to assess the efficacy of potential therapeutic
options for autistic individuals who experience seizures.
Future studies will be crucial to further investigate how
loss of Nrx-1 contributes to seizure-like activity in the
Nrx-1 mutants, as these seizures could be the result
of altered synaptic transmission, altered mitochondrial
function and bioenergetics, or a combination of these
factors.

Although there has been a greater focus on investigat-
ing the role of NRXN1 deletions in neurodevelopmental
disorders, there is evidence that indicates that mutations
in the paralogous NRXN2 and NRXN3 are also associated
with autism and schizophrenia (108-113). Thus, future
studies that examine the extent to which our metabolic
and mitochondrial findings apply to the other members
of the NRXN protein family in vertebrate models would
expand our understanding of shared and divergent fea-
tures of NRXN1-3.

In conclusion, our work depicts a novel role for neurex-
ins in the regulation of energy metabolism by using a
combination of metabolomic and physiological method-
ologies. Moreover, we have identified behavioral alter-
ations in stress resistance, flight ability and seizure-
like activity resulting from Nrx-1 deficiency. These stud-
ies establish a foundation for future inquiries into the
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function of neurexins and the role of metabolic dysfunc-
tion in the etiology of autism.

Materials and Methods
Fly genetics and husbandry

Fly strains that contain the Nrx-1%? and Nrx-1?# alleles
are described in Li et al. (42). These flies were outcrossed
in the w1118(iso31Bw-) background for six generations
and maintained over a third chromosome balancer to
avoid recombination events. The fly strains were cul-
tured on a standard cornmeal molasses medium and
maintained in the presence of 12:12 h light:dark (LD)
cycle at 25°C.

Starvation stress

Male flies were collected 0-1 days post eclosion and
entrained to a stringent LD cycle for 3-4 days at 25°C.
Flies were then placed in individual glass tubes contain-
ing 0% sucrose, 2% agar and loaded into activity monitors
(Trikinetics, DAM?2 system, Waltham, MA) that were then
returned to a LD light cycle at 25°C. The experiment was
concluded when all flies were confirmed dead. Time of
death after the onset of starvation was determined by the
final activity count recorded by the activity monitors.

Heat stress

The HS protocol was modified from Folk et al. (55). We
placed 3- to 5-day-old adult male flies in groups of 10
into empty plastic vials without CO,. The empty vials
were then submerged in a 37°C water bath for 1 h. After
heat exposure, flies were flipped to new plastic vials
containing standard cornmeal molasses medium and
then returned to 25°C. After 24 h, the number of dead
flies per vial was recorded.

Metabolomics

We collected 3- to 5-day-old adult male flies on dry ice
at approximately ZT0-ZT1. Flies of each genotype were
then pooled into six independent groups comprising
40 whole flies each. These samples were then sent
for metabolomics analysis of primary metabolites and
complex lipids at the West Coast Metabolomics Center
(https://metabolomics.ucdavis.edu/). Primary metabo-
lites were probed using ALEX-CIS gas chromatography/
time-of-flight mass spectrometry (GC/TOF-MS) and
complex lipids were analyzed using the charged surface
hybrid-electrospray ionization quadrupole time of flight
mass spectrometer tandem mass spectrometry (CSH-ESI
QTOF MS/MS). A more detailed description of the data
acquisition procedures and chromatographic parameters
can be found in Fiehn et al. (114) and Matyash et al. (115).

Triglyceride measurement

Measurement of triglycerides was performed as described
in Weisz et al. (76). Briefly, 3- to 5-day-old adult male
flies were collected on dry ice at approximately ZTO-
ZT1. Samples for triglyceride measurement contained
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3 flies each, and fly heads were removed prior to
homogenization. Fly bodies were homogenized in lysis
buffer that contained 140 mM NaCl, 50 mM Tris-HCl
(pH 7.4), 20% Triton X-100 and 1X protease inhibitors
(Roche, Indianapolis, IN). The homogenate was then
centrifuged at 15871xg for 10 min at 4°C. Triglyceride
concentration for each sample was determined in
triplicate using the Triglyceride LiquiColor kit (Stanbio
Laboratory, Boerne, TX), and was normalized to protein
content using the Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL).

Glycogen measurement

Measurement of glycogen was performed as described
in Weisz et al. (76). Briefly, 3- to 5-day-old adult male
flies were collected on dry ice at approximately ZT0-ZT1.
Samples each had 4 decapitated fly bodies, which were
homogenized in 200 ul of 0.1 M NaOH. The homogenate
was centrifuged at 15871xg for 10 min at 4°C. The super-
natant was extracted from each sample and 20 ul of
the lysate was treated with 5 mg/ml Amyloglucosidase
(Sigma-Aldrich, Saint Louis, MO) in 0.2 M acetate, pH 4.8,
as this enzyme catabolizes glycogen to yield free glucose
molecules. Concurrently, another 20 wul aliquot of the
lysate was treated with 0.2 M acetate, pH 4.8 alone. Both
reactions incubated for 2 h at 37°C. Subsequently, the
free glucose content in each reaction was measured in
triplicate with the Amplex Red Glucose/Glucose Oxidase
Assay kit (Molecular Probes, Eugene, OR). The glycogen
concentration of each sample was determined by sub-
tracting the values of free glucose in the untreated sam-
ples. The protein concentration of these reactions was
then determined with the Pierce BCA Protein Assay Kit
(Thermo Scientific, Rockford, IL) for normalization.

Feeding

This feeding assay was modified from Edgecomb et al.
(116). Briefly, 3- to 5-day-old adult male flies of each
genotype were fasted for an 18-h period in plastic
vials with 0% sucrose, 2% agar medium. After the
fasting period, flies were flipped onto standard cornmeal
molasses medium containing 2.5 mg/ml Brilliant Blue
FCF (Sigma Aldrich). After 1 h of feeding, flies were
anesthetized using CO, and sorted into groups of 5 flies
each into 1.5 ml Safelock Eppendorf tubes. The tubes
were placed onto dry ice for 10 min, transferred onto
wet ice, and then 130 ul of chilled PBST was added to
each tube. Samples were homogenized and centrifuged
at max speed for 15 min at 4°C. After centrifuging,
50 pl of supernatant for each sample was loaded into
duplicate wells on a 96-well plate and absorbance was
measured at 620 nm. The concentration of Brilliant Blue
FCF consumed in each sample was determined using a
standard curve.

Activity/sleep levels

Male flies of the appropriate genotype were collected 0-
1 days post eclosion and entrained to a stringent LD cycle
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for 3-4 days at 25°C. Flies were then placed in individual
tubes containing 5% sucrose, 2% agar, and loaded into
monitors (Trikinetics, DAM?2 system, Waltham, MA) that
were returned to an LD cycle at 25°C. The activity of these
flies, as indicated by beam breaks, was measured from
days 2 to 4. The daily activity of each fly was averaged
over the 3 days used for analysis, and the average daily
activity of each genotype was determined. Sleep was also
measured during this 3-day period; sleep was defined as
a period of 5 min of inactivity. Flies that died at any time
during the assay were excluded from analysis.

Weight measurement

1.5 ml microcentrifuge tubes were first pre-weighed on a
Mettler AE 100 Analytical Balance. Then, 3- to 5-day-old
adult male flies of the appropriate genotype were placed
into the tubes in groups of 10-20. Each sample was then
weighed and the weight/fly was calculated.

NAD */NADH Quantification

Measurement of NAD'/NADH was performed as described
in Weisz et al. (76). The concentrations of nicotinamide
nucleotides were measured using the NAD*/NADH
Quantification Colorimetric Kit (BioVision, Milpitas, CA).
Briefly, adult male flies aged 3 to 5 days were collected on
dry ice. Fly heads were removed prior to homogenization
and the decapitated fly bodies were pooled in groups
of 10. The samples were homogenized for 30 pulses in
400 ul of the NAD*/NADH Extraction Buffer supplied in
the kit, and the homogenate was centrifuged at top speed
for 5 min at 4°C to remove debris. The cycling reaction
was carried out as per the manufacturer’s instructions
for 2 h and the nicotinamide nucleotide concentrations
of each standard and sample were determined in
duplicate. The protein concentration of each sample was
measured with the Pierce BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL) and the nicotinamide nucleotide
concentration of each sample was then normalized to its
respective protein content.

NAD * precursor food preparation

Standard cornmeal molasses fly food was melted down
to a liquid and subsequently cooled to 60°C. NR was
obtained from Sigma (SMBO00907) and added to the
medium at a final concentration of 500 uM. NAM was
obtained from Sigma (481907) and was added to the
medium at a final concentration of 30 mg NAM/100 g
medium. Both NR and NAM were solubilized in water
prior to adding them to the medium. A commensurate
amount of water without NR or NAM was added to a
separate batch of medium as a vehicle control medium.

Transmission electron microscopy

Tissues for electron microscopic examination were fixed
with 2.5% glutaraldehyde, 2.0% paraformaldehyde in
0.1 M sodium cacodylate buffer, pH 7.4, overnight at
4°C. After subsequent buffer washes, the samples were
post-fixed in 2.0% osmium tetroxide for 1 h at room

temperature, and then washed again in buffer followed
by dH20. After dehydration through a graded ethanol
series, the tissue was infiltrated and embedded in EMbed-
812 (Electron Microscopy Sciences, Fort Washington,
PA). Thin sections were stained with lead citrate and
examined with a JEOL 1010 electron microscope fitted
with a Hamamatsu digital camera and AMT Advantage
image capture software.

Glycerol flight assay

The flight assay was modified from Elkins et al. (117).
The inside of a 1000 ml glass graduated cylinder was
coated with a thin layer of glycerol, and a group of 5-
10 adult male flies of the appropriate genotype was
quickly flipped into the cylinder using a funnel. Imme-
diately after flipping the flies into the cylinder, a dry
erase marker was used to indicate where each fly landed
within the cylinder. The landing height was recorded as
the corresponding measurement in ml on the cylinder.
The glycerol was then rinsed out and renewed for each
group of flies.

Seizure assay

Male flies of each genotype were collected 0-1 days post
eclosion and entrained to a stringent LD cycle for 3-
4 days at 25°C. Flies of each genotype were placed into
empty plastic vials without CO, in groups of 5 flies
per vial. To induce seizure-like activity, the vials were
vortexed at maximum speed for 10 s (82). The flies were
video recorded for quantification of the number of flies
seizing per vial and the time taken to regain their posture
following the mechanical shock. Analysis of the time to
recovery was capped at a maximum of 60 s. Genotypes
were blinded to the scorer during the analysis.

Statistics

For the metabolomics data, univariate between-group
comparisons were conducted by Christopher Brydges at
the West Coast Metabolomics Center. Mann-Whitney U
tests (non-parametric) were conducted and uncorrected
and false discovery rate corrected P-values were calcu-
lated. Bayes factors were calculated for the same com-
parisons using a Bayesian Mann-Whitney U test, using
a default prior distribution (118). The PCA plots are the
biplots of the first two components extracted from a
principal components analysis, with normal data ellipses
for each group. For all other experiments, the Prism
software package (GraphPad Software, v9.2.0) was used
to generate graphs and perform statistical analyses. Para-
metric data was analyzed using either t-tests or one-
way analysis of variance (ANOVA) with post hoc Tukey’s
tests, as appropriate. Non-parametric data was analyzed
using Mann-Whitney tests or Kruskal-Wallis tests with
post hoc Dunn'’s tests, as appropriate. Chi-square test
or Fisher’s exact test were used to compare penetrance
of seizure-like behavior. The log-rank (Mantel-Cox) test
with a Bonferroni-corrected significance threshold for

20z Indy Gg uo isenb Aq £661659/221£/02/1.£/a101Me/Buy/wod dno-olwepese//:sdiy woly papeojumoq



multiple comparisons was used to examine differences
in stress resistance between genotypes.

Supplementary Material

Supplementary Material is available at HMG online.
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