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Abstract

Aneuploidy, having an aberrant genome, is gaining increasing attention in neurodegenerative diseases. It gives rise to
proteotoxic stress as well as a stereotypical oxidative shift which makes these cells sensitive to internal and environmental
stresses. A growing body of research from numerous laboratories suggests that many neurodegenerative disorders, especially
Alzheimer’s disease and frontotemporal dementia, are characterised by neuronal aneuploidy and the ensuing apoptosis,
which may contribute to neuronal loss. Using Drosophila as a model, we investigated the effect of induced aneuploidy in
GABAergic neurons. We found an increased proportion of aneuploidy due to Mad?2 depletion in the third-instar larval brain
and increased cell death. Depletion of Mad2 in GABAergic neurons also gave a defective climbing and seizure phenotype.
Feeding animals an antioxidant rescued the climbing and seizure phenotype. These findings suggest that increased aneuploidy
leads to higher oxidative stress in GABAergic neurons which causes cell death, climbing defects, and seizure phenotype.

Antioxidant feeding represents a potential therapy to reduce the aneuploidy-driven neurological phenotype.
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Introduction

Aneuploidy is the state in which cells carry an abnormal
DNA complement (Santaguida and Amon 2015). Generally,
the distribution of aneuploid chromosomes varies only by
one or a small number of chromosomes from the wild type.
Numerous genetic and environmental causes can cause ane-
uploidy, which has long been recognised as a significant
contributor to human diseases, particularly in the context
of cancer. However, the potential role of aneuploidy in
non-malignant disorders, such as neurological diseases, has
gained increasing attention in recent years. Aneuploidy has
been linked to an increased incidence of neurodegenerative
diseases, and with our aging population, these diseases are
becoming more common (Faggioli et al. 2011; Iourov et al.
2009). Aneuploidy is well tolerated in the young brain, but
aneuploid neural cells are sensitive to age-related metabolic
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disorders and senescence that impact motor function and
lifespan (Mirkovic et al. 2019) as well as mental health
(Yurov et al. 2018). Aneuploidy has been observed in the
neural tissues of people who have neurodegenerative dis-
eases, raising the question of whether it contributes to the
onset and development of these disorders.

Owing to the in vivo inaccessibility of human brain tis-
sue, several researchers used peripheral cells such as lym-
phocytes and fibroblasts to examine the association between
genomic damage and neurodegenerative diseases such as
Alzheimer’s disease (AD). Several studies have been pub-
lished with a link between AD and enhanced peripheral ane-
uploidy (Buckton et al. 1982, 1983; Geller and Potter 1999;
Matsuyama and Bohman 1988; Ward et al. 1979). Since
then, a connection between aneuploidy and AD has been
confirmed by various studies that show a role for aneuploidy,
particularly hyperploidy, early in the family and sporadic
AD (Boeras et al. 2008; Yang et al. 2003; Yurov et al. 2014).
Alzheimer’s brain disease has been shown to have elevated
levels of spontaneous aneuploidy (Arendt et al. 2017; Bajic
et al. 2015; Yurov et al. 2019, 2014). Consistent with these
findings, Alzheimer’s disease genes are involved in molecu-
lar mechanisms that cause changes in chromosome misseg-
regation and aneuploidy (Granic et al. 2010). Even in the
absence of disease, neurological aneuploidy is not rare. As
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many as a third of neuroblasts are aneuploid in developing
mouse brains, a number which declines during development,
but the remaining aneuploid neurons are incorporated into
the circuitry (Kingsbury et al. 2005).

Despite the mounting evidence suggesting a connection
between aneuploidy and neurological diseases, the specific
mechanisms by which aneuploidy might lead to neurological
phenotypes remain poorly understood. Therefore, understand-
ing the role of aneuploidy in the progression of neurodegenera-
tion is important for successful therapeutic interventions.

To investigate the mechanisms by which aneuploidy
changes neurological phenotypes, we used Drosophila as
a model to knock down Mad?2 specifically in GABAergic
neurons. These cells are of particular interest as inhibitory
neurons that are affected in epilepsy, Huntington’s, and other
neurological diseases (Kleppner and Tobin 2001). Mad?2
(Mitotic Arrest Deficient 2) is an essential spindle assembly
checkpoint (SAC) protein. The spindle assembly checkpoint,
which guarantees normal chromosomal segregation during
cell division, is a crucial regulatory checkpoint involved in
preventing aneuploidy. Consequently, depletion of Mad2 has
been found to cause aneuploidy in a range of tissue types
(Buffin et al. 2007; Lentini et al. 2012).

This study aims to address the gap in our understanding of
how increased aneuploidy, following Mad2 depletion, may
contribute to the development of a neurological phenotype
in a Drosophila model. We hypothesised that elevated ane-
uploidy induced by Mad?2 depletion could result in oxidative
stress in neural tissues, ultimately leading to neurological
dysfunction which might be rescued by feeding antioxidants.
Antioxidants are endogenous or exogenous substances that
either prevent the free radical formation or react with them
to neutralise, potentially shielding the cell from oxidative
damage. We can feed antioxidants that pass the blood—brain
barrier (Moulton et al. 2021), and our previous published
data revealed that antioxidant feeding can rescue cell death
in other aneuploid cell types (Islam et al. 2023).

This study sheds light on the intricate molecular pathways
that connect aneuploidy and neurobiology, with implications
for future research in both model organisms and human neu-
rodegenerative diseases.

Materials and Methods
Aneuploidy Analysis by Karyotyping

Third-instar larval brains were dissected in 1 X PBS, and
then the brain was soaked in 0.5% sodium citrate for 5 min.
After that, it was transferred to the 45% acetic acid for 2 min.
Then each brain was moved to a drop of 60% acetic acid on
a coverslip for 1 min. The labelled glass slide was gently
placed on the cover slip, inverted, and then squashed very
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hard with a thumb under filter paper. Then the slide was
quickly placed in liquid nitrogen for 10 min, and after that,
slides were removed from liquid nitrogen, and the cover-
slip flicked off with a scalpel. Then slides were placed in
100% ethanol for 10 min after that tissue was washed with
1 xPBS and stained with Hoechst 33,342 solution (2 pg /ml)
for 10 min. After staining, tissues were washed with 1 X PBS
and mounted with 80% glycerol. Finally, slides were ready
for taking pictures for karyotyping using the 20 X objective
lens on an Olympus IX71 microscope.

Cell Death Analysis by Hoechst Stain

The slides for cell death analysis were prepared as described
above for aneuploidy analysis. The pictures were taken under
a 20 x objective lens on an Olympus IX71 microscope. The
bright, pyknotic, and round-shaped nuclei were considered
to be undergoing cell death in our analysis, and we manually
counted the numbers blinded for each genotype.

Drosophila Stocks

Drosophila were cultured in 12-h light/dark cycles at 25 °C
on a fortified medium (1% agar, 1% glucose, 6% fresh
yeast, 9.3% molasses, 8.4% coarse semolina, 0.9% acid
mix, and 1.7% Tegosept). The following Drosophila lines
were obtained from the Bloomington Drosophila Stock
Centre (Indiana, USA): w'''® (BL3605), GADI-GAL4
(BL51630). The GADI1-GAL4 line (BL51630, 3.089 kb
fragment of the GADI promoter) drives GAL4 expression
in GABAergic neurons (Ki and Lim 2019; Ng et al. 2002).
The UAS-mad2®™A1 (VDRC 47918) was obtained from
Vienna Drosophila Resource Centre, Austria. The polyala-
nine repeat sequence stock (GCA,;) was obtained from Dr
Louise O’Keefe’s laboratory at the University of Adelaide
(van Eyk et al. 2012). The expression pattern of the GADI-
GALA driver is shown in supplementary Fig-1 (Nassel et al.
2008). In all cases where there is a negative control, it is gen-
erated from the cross between Gad1-Gal4 with w'''8, while
the experimental cross is Gad1-Gal4 with UAS-Mad2RNAi.

Climbing Assays

Climbing assays capitalise on the natural tendency of flies to
climb, known as negative geotaxis. Climbing assays were per-
formed according to the previous published methodology with
little modification (van Eyk et al. 2012). Climbing assays were
performed on flies either wild-type control, Mad2-depleted flies,
and polyalanine repeat sequence stock (GCAy,) under the GAD -
GALA driver. For every genotype, three sets of 15 to 20 freshly
enclosed male or female flies were gathered and maintained at
25 °C on a fortified medium until the test was carried out. When
the flies were analysed, they were all 8—12 days old. Each batch
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of flies was moved to a 500 ml measuring cylinder with a 48 mm
diameter and a parafilm-sealed lid and allowed to acclimatise for
3 min before the cylinder was tapped on the bench to give twenty
strong mechanical shocks. A Dino-Lite digital microscope (Prod-
uct# AD3713TB; AnMo Electronics Corporation, New Taipei
City, Taiwan) was used to record and save the videos of all the
experiments. Videos were replayed to count the number of flies
remaining below the 1 cm mark, between 1- and 5-cm mark, and
above the 5-cm mark after 40 s. The polyalanine repeat sequence
stock (GCAy,) was obtained from Dr Louise O’Keefe’s labo-
ratory as a positive control known to be defective in climbing
assays (van Eyk et al. 2012). The chi-squared test was used to
analyse the proportion of climbing defects between each geno-
type compared to the wild-type control.

Bang-Sensitive Behavioural Assays to Investigate
a Seizure-Like Phenotype

The bang-sensitivity behavioural assay (banging assay)
was used to measure the recovery of Drosophila from
seizure-like activities induced by mechanical shock and
was performed as described previously (Tao et al. 2011).
Experiments were performed between 8 and 11 am to
minimise the potential effects of circadian oscillation
on animal activity. Between ten and twenty Drosophila
(females and males) aged between 8 and 12 days after
eclosion were collected under CO,. The Drosophila were
transferred to an empty clear 500-ml measuring cylinder
and allowed to acclimatise for 3 min before the cylinder
was tapped on the bench to give twenty strong mechanical
shocks. We considered the flies for seizure-like phenotype
based on the following characteristics: unusual loss of pos-
ture, erratic flapping and buzzing of the wings, leg shak-
ing, spinning, and uncontrollably flying, as well as total
immobilisation and falling during clumsy attempts at ris-
ing and flying. A Dino-Lite digital microscope (Product#
AD3713TB; AnMo Electronics Corporation, New Taipei
City, Taiwan) was used to record and save the videos of
all the experiments. Videos were replayed to score the
Drosophila behaviour. Drosophila showing seizure-like
behaviour were counted for 30 s. The Fisher’s exact test
was used to analyse the data between genotypes compared
to the wild-type control. The polyalanine repeat sequence
stock (GCAy,) was obtained from Dr Louise O’Keefe’s
laboratory as a positive control for seizure assays (van
Eyk et al. 2012).

Drug Treatments

Drugs were purchased from Sigma. Drugs were mixed
with common fly food for larvae (water, molasses, yeast,

glucose, acid-mix, agar, semolina, Tegosept), and when
the mixture solidified, they were administered to the host
animals throughout their life cycle. The antioxidant utilised
was N-acetylcysteine amide (NACA, Sigma A0737) 0 ug/
ml, 100 pg/ml, 200 pg/ml, and 400 pg/ml.

Data Analysis

GraphPad Prism was utilised for statistical analysis. Com-
parisons of proportions were carried out using Fisher’s
exact test where possible; otherwise, chi-squared tests
were used (where there were multiple outcomes such as
Fig. 2A). Where samples had skewed distributions (e.g.
Figure 1F), Mann—Whitney testing was used rather than
a t test. All error bars indicate 95% confidence intervals
for the mean.

Results

Mad?2 Depletion in GABAergic Neuron Increased
the Aneuploidy Rate in the Larval Brain Which
Enhances Cell Death

To investigate the effect of Mad2 depletion in GABAer-
gic (inhibitory) neurons, we used Drosophila as a model,
depleting Mad?2 by RNA interference using the Gadl-Gal4
driver. The knockdown of Mad2 in GABAergic neurons
gave a significant increase in the aneuploidy rate in third-
instar larval brains compared to the wild-type control
(Fig. 1C). We observed losses of a chromosome pair or
one chromosome from the pair. (Fig. 1A, B). This con-
firmed that we were able to generate the desired modest
increase in aneuploidy in the central nervous system. The
molecular mechanisms by which aneuploidy can arise in
the CNS are a current topic of debate that we have not
addressed experimentally (see “Discussion”). Previ-
ous published results found that increased aneuploidy
enhanced oxidative stress and cell death (Liu et al. 2016;
Shaukat et al. 2015; Sheltzer et al. 2012). Different brain
pathologies and clinical characteristics are present in age-
associated neurodegenerative illnesses, all of which are
linked to decreased neuronal numbers in particular brain
regions (Wyss-Coray 2016). Therefore, we wanted to see
whether enhanced aneuploidy had any detrimental effects
on neuronal cells. To measure cell death, we counted pyk-
notic nuclei in third-instar larval brains. Pyknosis is an
irreversible condensation of the DNA usually associated
with apoptotic or necrotic cell death. We found that this
cell death significantly increased in Mad2-depleted larval
brains compared to the wild-type control (Fig. 1D, E, F).
Because increased aneuploidy enhanced brain cell death
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Fig. 1 Mad?2 depletion in
GABAergic neurons increased
the proportion of aneuploidy
and cell death. A Normal
karyotype with four chro-
mosome pairs; B abnormal
karyotype missing a chromo-
some pair; and C analysis

of aneuploidy proportion in
wild-type controls and Mad2-
depleted larval brains. There
are aneuploid cells in wild-type
brains, but the proportion of
karyotypes that were ane-
uploid significantly increased
in Mad2-depleted brain cells
compared to the control (C).
The p-values were calculated by
Fisher’s exact test *p <0.0212,
n>130 karyotypes from>7
animals for each genotype. The
scale bar =50 pm. Hoechst stain
was used to visualise DNA. D
DNA staining in a wild-type
larval brain; F DNA staining in
a Mad?2-depleted larval brain;
and E showing the analysis of
pyknotic nuclei in wild-type vs
Mad?. The p-values were cal-
culated by the Mann—Whitney
test ***¥p <0.0001. The scale
bar=50 pm, n=45 from > 8
animals for each genotype

Normal

in the early stages of development, we then looked for
neurological defects, particularly locomotor defects, in
adult Drosophila.

Mad2 Depletion in GABAergic Neurons Caused
Neurological Phenotypes

We carried out neurological phenotype analysis based
on previous experimental approaches known to detect
neurodegeneration. The climbing assay has revealed neu-
rodegenerative defects in the investigation of numerous
conditions such as Alzheimer’s disease (Chakraborty
et al. 2011). We measured climbing performance in 8- to
12-day-old flies, recording the proportion that was unable
to reach the 1-cm mark, those between the 1- and 5-cm
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mark, and those above the 5-cm mark (normal climbing
ability). Mad2 depletion in GABAergic neurons signifi-
cantly degraded climbing ability compared to the wild-
type control (Fig. 2A), close to the level of functional
impairment seen when a well-characterised neurodegen-
eration was induced by overexpression of a polyalanine
repeat sequence (+ ve control) (van Eyk et al. 2012).

We also carried out seizure phenotype analysis in 8- to
12-day-old flies. In Drosophila, a seizure-like phenotype can
be generated by a range of physical stressors. It is character-
ised by an unusual loss of posture, erratic flapping and buzz-
ing of the wings, leg shaking, spinning, and uncontrolled
flying, as well as total immobilisation and falling during
clumsy attempts at rising and flying. The incidence of these
phenotypes has been extensively used as a measure of neu-
rological impairment in Drosophila models for Alzheimer’s,
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Fig.2 Mad?2 depletion in
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the frequency of climbing
defects (A) and seizure pheno-
types (B) in flies aged between -
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neurons showed significant
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to the wild-type control (A).
Positive control: + ve, wild
type: — ve. We used overexpres-
sion in GABAergic neurons of
GCA,, a polyalanine repeat
sequence, as a positive control
for neurodegenerative climbing
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Huntington’s, and Parkinson’s disease (Holth et al. 2013;
Jacquemyn et al. 2023; Lee et al. 2004). Mad?2 depletion in
GABAergic neurons significantly increased the incidence
of seizure-like phenotypes compared to the wild-type con-
trol (Fig. 2B), reaching a level comparable with the repeat
sequence positive control.

Because male Drosophila are dosage-compensated ane-
uploids relative to females, we tested whether there was
any effect of sex on these Mad2-induced climbing and sei-
zure phenotypes. We performed these analyses separately
for males and females and found no significant difference

Mad2R

between the sexes in climbing defects or in seizure pheno-
types (Supplementary Fig-2A, 2B).

Antioxidant Feeding Rescued the Climbing Defect
and Seizure Phenotype in Adult Drosophila

Oxidative stress is a typical cellular response to aneuploidy
(Liu et al. 2016; Shaukat et al. 2015), and in some cases,
feeding antioxidants can rescue the cell death caused by
aneuploidy (Islam et al. 2023; Liu et al. 2016). NACA is an
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Fig.3 Antioxidant feeding A
rescues the climbing defects (A)
and seizure phenotype (B) in
aneuploid flies aged between 8
and 12 days. 100 pg/ml N-acetyl
cysteine amide (NACA) feed-
ing significantly decreased the
climbing defects compared

to the positive control (+ ve)
and Mad2-depleted flies (A).
The p-values were calculated

by Fisher’s exact test compar-
ing proportions climbing less
than 5 cm ****p <0.0001,

ns: p>0.05, n>450 for each
genotype. The GCA, poly-
alanine repeat sequence was
used as a positive control for
climbing defects and seizure
phenotype. Seizure phenotype

Climbing result (% of group)
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effective antioxidant in Drosophila, and one of the benefits
of NACA feeding is that it can pass the blood-brain barrier
(Moulton et al. 2021).

NACA feeding showed a significant reduction of climbing
defects (Fig. 3A) as well as a significant reduction of seizure
phenotypes (Fig. 3B) in the flies. In our assays, even 100 pg/
ml NACA feeding was sufficient to show rescue of the neu-
rological phenotypes, with no advantage from higher doses
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(Supplementary Fig-2C, 2D). The rescue was not complete,
suggesting that although oxidative stress is clearly a major part
of the aneuploidy phenotype, there are likely to be other con-
tributing factors (such as protein folding stress, etc.) (Haynes
et al. 2004; Khan et al. 2018). The GCA,, polyalanine repeat
sequence was used as a positive control for climbing defects
and seizure phenotypes (van Eyk et al. 2012), and as expected,
it was also significantly rescued by antioxidant feeding.
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Discussion

The role of aneuploidy in the pathogenesis of various dis-
eases, particularly in neurological disorders, has been a
subject of intense investigation. In this study, we explored
the link between increased aneuploidy and the develop-
ment of a neurological phenotype, focusing on the impact
of Mad? depletion in the Drosophila model. Our findings
provide compelling evidence that aneuploidy, induced by
the depletion of Mad2, leads to oxidative stress and sub-
sequently contributes to the manifestation of functional
neurological deficits.

We found that Mad?2 depletion in third-instar larval
brains leads to increased aneuploidy, consistent with pre-
vious studies that have identified a role for Mad2 in neu-
rological disease progression (Shi et al. 2019; Wu et al.
2018). Our findings align with studies in mammals, where
aneuploidy has been implicated in neurodevelopmental
disorders, including intellectual disabilities and autism
spectrum disorders (Iourov et al. 2006). One of the most
common causes of dementia among the aging population
has implicated aneuploidy: Alzheimer’s disease. Lym-
phocytes and splenocytes isolated from AD patients show
mitosis and chromosomal segregation defects (Migliore
et al. 1999; Petrozzi et al. 2002), demonstrating AD
patients’ vulnerability to aneuploidy and their predisposi-
tion to produce aneuploid cells. In some studies, as much
as 90% of the cell death observed in AD neurons has been
attributed to aneuploid neurons (Arendt et al. 2010).

In our current study, we present evidence suggesting
that increased aneuploidy leads to more cell death in the
brain. Consistent with this, there is evidence that micro-
cephaly is caused by KNLI mutations. Like Mad2, KNLI
mediates the spindle assembly checkpoint, which acts as
a protective mechanism against aneuploidy. Segregation
mistakes in mitotic neural progenitor cells subsequent to
KNL]I deletion result in DNA damage on the missegre-
gated chromosomes. This leads to a large-scale eradication
of cells with somatic genome damage by p53 activation
and strong apoptotic and microglial phagocytic responses,
ultimately resulting in microcephaly (Shi et al. 2019). In
several other experimental systems, aneuploidy has been
shown to promote cell death like neurodegeneration (Kai
et al. 2009; Oromendia and Amon 2014; Rajendran et al.
2008) consistent with our current study. Previously, we
have shown that Mad2 depletion causes chromosomal
instability which generates aneuploid cells (Shaukat et al.
2012), resulting in mitochondrial stress, proteotoxic stress,
DNA damage, alteration of cellular signalling pathways,
and cell death in proliferating Drosophila epithelia (Islam
et al. 2023; Khan et al. 2018; Liu et al. 2016; Shaukat et al.
2015). In these cases, cell death has been apoptotic, but

we have not yet confirmed whether neuronal cell death in
response to aneuploidy is also apoptotic. It would be desir-
able to validate our model of aneuploidy using alternative
methods to deplete Mad2. We have previously used null
mutants, but in this case, the effect of systemic aneuploidy
would make the interpretation of behavioural phenotypes
highly problematic. The advantage of the model we use
here is that it is targeted to a very narrow subset of brain
cells, so we can be confident that they are responsible for
the behavioural phenotypes observed.

Since neurons have historically been believed to remain
post-mitotic (Bhardwaj et al. 2006), how mosaic aneuploidy
can occur in neurodegenerative or neurodevelopmental dis-
orders has been unclear. Aneuploidy rates in the hippocam-
pus, cortex, and cerebellum of the brain were studied by
Tourov and co-workers, relating AD patients with a group
of unaffected aged-matched controls (Iourov et al. 2008;
Yurov et al. 2007). They suggested that the increased levels
of aneuploidy in AD were due to aberrant adult neurogen-
esis resulting from mitotic non-disjunction in neurons re-
entering the cell cycle. Neurogenesis in the adult brain may
be an indicator for the initial identification of AD (Culig
et al. 2022). The main evidence for this hypothesis is that
neurons of the AD brain showed cyclin B1, cyclin D1, cdc2,
and Ki67 phospho-protein expression which are normally
identified during mitosis (Arendt 2012; McShea et al. 1997,
Vincent et al. 1997, 1996; Yang et al. 2001). Additionally,
it has been demonstrated that amyloid beta peptide (Ap)
triggers the expression of mitotic proteins and cell cycle
entrance by mature neurons in culture (Absalon et al. 2013;
Majd et al. 2008; Seward et al. 2013). This raises the pos-
sibility that re-entering into an aberrant cell cycle may
result in aneuploidy. Previously, aneuploidy was presumed
to result from proliferation during development, with defec-
tive clearance of these cells explaining their existence in the
adult brain (Devalle et al. 2012; Rohrback et al. 2018). In
recent times, it has become clear that neurogenesis is more
common than had been assumed and that the potential for
neurogenesis persists into old age, even though it is not usu-
ally used (Boldrini et al. 2018; Sorrells et al. 2018; Spalding
et al. 2013; Zhao et al. 2008). There is good evidence that
neurogenesis can arise in many areas of the brain during life.
In general, genetic and environmental stressors can produce
and accumulate aneuploidy in the division or regeneration
of cell populations at any time in life (Oromendia and Amon
2014; Potter 1991). In addition, evidence from several stud-
ies indicates that neurogenesis in many brain regions can be
induced in adult mice and rats in response to brain injury
and attempted self-repair by the brain (Ibrahim et al. 2016;
Zheng et al. 2013; Zhou et al. 2004).

Recent evidence has shown that striatal astrocytes may
transdifferentiate into new neurons able to form active neuronal
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circuits with pre-existing neurons following ischemic brain
injury, which is the basis of an alternative potential mechanism
for neuronal aneuploidy (Zheng et al. 2013; Zhou et al. 2004).
These results suggest that in AD and FTLD-MAPT brains,
some of the aneuploid neurons may originate from glia.

Increased total exposure to environmental stressors is
related to aging, which can enhance the missegregation of
chromosomes and neuronal aneuploidy (Iourov et al. 2013;
Potter 1991). Age may be triggering all other mechanisms
mentioned to form neuronal aneuploidy because evidence
has shown that neuronal and non-neuronal aneuploidy
increase with age (Arendt et al. 2009; Fantin et al. 2019;
Fischer et al. 2012; Yurov et al. 2009, 2010). It appears,
then, that there are several possible mechanisms to account
for the observed aneuploidy in adult neurons, which our
experiments have been modeling with the objective of iden-
tifying potential interventions. We do not know which, if
any, of these mechanisms are contributing to the aneuploidy
generated in our model. Because we are using Mad2 deple-
tion, it is likely that adult cell division (rather than fusion)
is involved. Previous experiments to induce neuronal ane-
uploidy, such as by expressing mutant Tau protein, have
shown similar neuronal cell death (Caneus et al. 2018),
though in that case, because Tau has many effects, it was
harder to confidently attribute the phenotype to aneuploidy.

We identified oxidative stress as a significant mediator of
the neurological phenotype observed in Mad2-depleted Dros-
ophila. Oxidative stress is a stereotypical cellular response
to aneuploidy (Newman and Gregory 2019), and oxidative
stress is also known to be a common detrimental observation
in various neurodevelopmental disorders and neurodegenera-
tive diseases (Barnham et al. 2004). Our data suggested that
induced aneuploidy in GABAergic neurons increased oxida-
tive stress and generated functional neurological phenotypes.
Feeding antioxidants could rescue the neurological defects,
showing that oxidative stress was a significant contributor to
the neurological phenotype generated by aneuploidy. Reactive
oxygen species (ROS) production typically leads to protein
oxidation, lipid peroxidation, and DNA damage, all of which
are implicated in the pathogenesis of neurodegenerative dis-
eases (Singh et al. 2019). The antioxidant we used, NACA,
is known to significantly reduce the accumulation of lipid
droplets (LD) and the production of peroxidised lipids in flies
(Moulton et al. 2021). LD buildup in the brain is triggered
by increased oxidative stress, and the dysregulation of lipid
droplets is known to play a role in the progression of neuro-
logical diseases (Farmer et al. 2020). The known associations
between oxidative stress, neurodegeneration, and aging sug-
gest a likely effect of neuronal aneuploidy on lifespan, which
would be worth testing in the future.

In conclusion, our study provides important insights into the
connection between increased aneuploidy and the development
of a neurological phenotype in a Drosophila model system. We

@ Springer

highlight the role of oxidative stress as a mediator of this pheno-
type and suggest potential therapeutic avenues for neurodegen-
erative diseases. This research contributes to our understanding
of the complex interplay between aneuploidy and neurobiology
and opens new doors for further investigations into the patho-
genesis and treatment of neurological disorders.
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