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Lipid alterations in the brain are well-documented in disease and aging, but our understanding of their
pathogenic implications remains incomplete. Recent technological advances in assessing lipid profiles
have enabled us to intricately examine the spatiotemporal variations in lipid compositions within the
complex brain characterized by diverse cell types and intricate neural networks. In this study, we coupled
time-of-flight secondary ion mass spectrometry (ToF-SIMS) to an amyotrophic lateral sclerosis (ALS)
Drosophila model, for the first time, to elucidate changes in the lipid landscape and investigate their
potential role in the disease process, serving as a methodological and analytical complement to our prior
approach that utilized matrix-assisted laser desorption/ionization mass spectrometry. The expansion of
G4C;, repeats in the C9orf72 gene is the most prevalent genetic factor in ALS. Our findings indicate that
expressing these repeats in fly brains elevates the levels of fatty acids, diacylglycerols, and ceramides
during the early stages (day 5) of disease progression, preceding motor dysfunction. Using RNAi-based
genetic screening targeting lipid regulators, we found that reducing fatty acid transport protein 1 (FATP1)
and Acyl-CoA-binding protein (ACBP) alleviates the retinal degeneration caused by G4C, repeat
expression and also markedly restores the G4C,-dependent alterations in lipid profiles. Significantly, the
expression of FATP1 and ACBP is upregulated in G4C,-expressing flies, suggesting their contribution to
lipid dysregulation. Collectively, our novel use of ToF-SIMS with the ALS Drosophila model, alongside
methodological and analytical improvements, successfully identifies crucial lipids and related genetic
factors in ALS pathogenesis.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegen-
erative disease characterized by a gradual loss of motor
neurons in the spinal cord, brainstem, and motor cortex." The
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GGGGCC (G,C;) hexanucleotide repeat expansion mutation in
the intron of the C9o0rf72 gene is the leading genetic cause of
familial ALS (C9-ALS).>™ ALS patients suffer from gradual
muscle weakness and atrophy throughout the body, which ulti-
mately leads to death within 2-5 years from the onset of symp-
toms. Once ectopic neuronal cell death and muscle atrophy
become prevalent in the late stages of the disease, the disease
progression cannot be reversed. However, the pathogenic
mechanisms and associated neuropathic features in the early
stages of the disease remain unclear.

To understand the pathogenic mechanisms and associated
neuropathic features of ALS, researchers have profiled altered
levels of proteins,” mRNAs, and lipids in afflicted neurons of
both human patients and animal models.*” Although lipids
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are a major component of cell membranes, energy sources,
and a functional element of living organisms,®’
handful of studies have investigated lipid alteration in ALS
due in part to technical limitations. For example, Cutler et al.
reported that the levels of sphingomyelin, ceramides, and
cholesterol esters were increased in the spinal cord of the
SOD1 ALS mouse model and in ALS patients compared to con-
trols.’® Such changes in lipids have been conventionally
assessed through extracted samples using liquid chromato-
graphy tandem mass spectrometry, inevitably limiting our
understanding of site-specific alterations in lipid profiles
associated with ALS. Analytical approaches involving mass
spectrometry imaging (MSI) have emerged as powerful tools
for linking spatial information with molecular changes in bio-
medical research. MSI techniques also facilitate label-free
mapping by analyzing intrinsic information within the sample
itself. Since changes in site-specific lipids may reflect patho-
logical and metabolic alterations during disease progression,
monitoring these changes presents a promising approach for
disease studies. Therefore, identifying spatiotemporal altera-
tion of lipids in ALS may provide valuable insights into under-
standing the pathogenic mechanisms of the disease.

In this regard, it is noteworthy that we have recently intro-
duced matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) as an MSI technique in conjunction with
the Drosophila ALS model and successfully identified a
number of phospholipids associated with ALS pathogenesis in
the Drosophila ALS model expressing PR80 dipeptide repeat
proteins.'® However, the selective ionization process of mole-
cules specific to the matrix used, a characteristic unique to the
MALDI-TOF technique,'” necessitates additional MSI tech-
niques that enable a broader spectrum of molecular detection.
This expansion is crucial for a comprehensive understanding
of the overall lipid alterations pathogenically associated with
ALS. In contrast to aforementioned MALDI-TOF, time-of-flight
secondary ion mass spectrometry (ToF-SIMS) allows obser-
vation in the low mass region around m/z 100-500 without
matrix interference. This is achieved by utilizing a matrix-free
liquid metal ion beam with high lateral resolution. Due to
these analytical features, ToF-SIMS has been applied to a
variety of biological samples, ranging from cell to tissue ana-
lysis. Ostrowski et al. applied SIMS to the analysis of single-cell
imaging, demonstrating lipid changes with cell surface curva-
ture during mating in Tetrahymena thermophile.'® Tian et al.
conducted a comparative study of mouse brain tissue, compar-
ing normal and injured samples using GCIB-SIMS, and discov-
ered an enhancement in signals such as cardiolipin and
gangliosides after injury."® In addition, studies have been con-
ducted with various types of tissues, including lipidomics in
kidney?® tissue and the distribution of inorganic nanoparticles
in lung tissue.>' Notably, ToF-SIMS makes it possible to study
images of small samples, such as Drosophila heads, wherein
local lipid alterations can be detected, revealing their site-
specific roles in disease pathogenesis or symptoms.*>™>*
Considering that the detectable mass range and image resolu-
tion in SIMS analysis are influenced by the type of ion beam,
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improvements in detection and analysis are expected to be
achieved through the appropriate selection of the ion beam,
such as liquid metal ion beam or gas cluster ion beam.

In this study, we aimed to explore the potential of ToF-SIMS
for monitoring disease-related lipid changes in a C9-ALS
Drosophila model, focusing on the early stages of disease pro-
gression. Our research was designed to build upon and
enhance previous studies, including our own,'® by implement-
ing several key methodological and analytical improvements.
These enhancements included the adoption of ToF-SIMS as a
complementary technique to MALDI-TOF for mapping lipid
changes in ALS, the use of a Bi;' ion beam to achieve high-
resolution imaging at the micron level, and the application of
matrix-free ionization to detect significant signals in the small
molecule region within the m/z 200-600 range. From a biologi-
cal perspective, we sought to investigate variations in specific
lipid levels during the course of ALS progression using a
genetic model. For this purpose, we employed the well-estab-
lished (G,C,)s6 C9o0rf72 gene model to analyze the spatial dis-
tribution of ALS-related lipid changes with ToF-SIMS. The
expanded G,C, model is widely used for pathogenic mecha-
nism studies related to both ALS and frontotemporal dementia
(FTD).> As mentioned earlier, despite C9-ALS being the primary
genetic cause of ALS, the mechanisms behind lipid alterations
associated with C9-ALS remain unclear and have only recently
begun to be reported.>>*® Our results indicate a significant
increase in lipid levels during the initial 5 days of (G,C»)ss
expression, even preceding the onset of motor dysfunction.
Notably, we observed the accumulation of fatty acids (FAs), tria-
cylglycerols (TAGs), and ceramides (Cer) in the fat body region
outside the brain following (G,C,);s expression, indicative of the
isolation and storage of lipids. Our data suggest that lipid
accumulation just outside the brain is an early manifestation of
disease progression, likely originating from neurons, and con-
tributes to C9-ALS pathogenesis in flies. The successful identifi-
cation of novel lipids associated with ALS pathogenesis,
achieved through the methodological and analytical enhance-
ments in this study, holds promise for future research, extend-
ing beyond ALS and applicable to various diseases.

2. Material and methods

2.1. Animal and sample preparation

Control flies (w1118) and an ALS Drosophila model carrying an
expanded (G,C,);6 repeat in the C9orf72 gene were used in this
study. The inducible GeneSwitch Gal4 system (elav-GS) was
also used so that the (G,C,)ss gene could be expressed upon
RU486 treatment (mifepristone, Sigma-Aldrich, USA). The
control and ALS flies were the progeny of elav-GS flies crossed
with w1118 flies and (G,C,)s¢ flies, respectively. The prepa-
ration steps for the Drosophila used in this study are described
in Scheme 1. The preparation procedure for ALS flies with
RU486 treatment is as follows. Parents for the cross (w1118
with elav-GS flies and (G,C,)3s with elav-GS flies] were put into
vials with normal media (Bloomington Formulation, Genesee
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Scheme 1 Schematic workflow of untargeted metabolomics analysis.
(A) Preparation procedure for the ALS flies with RU486 treatment. Adult
progenies were collected and analyzed with ToF-SIMS after 1, 3, 5, and
9 days. To find the lipid regulators, genetic modification via G4C,
models and retinal screening were conducted. (B) The tape-supported
method was used to prepare the 14 pym Drosophila head sections. (C)
Then the lipid profile spectra were subjected to principal component
analysis (PCA) to identify date-specific changes and key altered lipids.
Differences in the spatial distribution of these lipids were identified by
mass imaging to determine which regions of the body had disease-
specific changes.

Scientific, Cat #. 66-112) (Scheme 1A) and then removed after 3
days. After the eggs hatched, the larvae were fed with normal
media. After eclosion, the adult progenies were transferred
into new normal media vials at 25 °C, after which male flies
were collected and fed with RU486-treated media. The flies
were collected for analysis after 1, 3, 5, and 9 days from the
start point of the RU486 media. The flies were attached to a fly
collar and embedded in 10% gelatin (G1890, Sigma-Aldrich,
USA). Subsequently, the gelatin block was frozen in liquid
nitrogen and stored at —80 °C until the cryosection procedure.
Similarly, gelatin blocks of RNAi fly stocks were prepared to
study genetic interactions. The following lines were used in
this study: w1118, (BL5905), UAS-(G,C,)3s (BL58688), elavGS-
gal4 (BL43642), UAS-Luciferase (BL35788), GMR-gal4 (BL84247),
UAS-ACC RNAi (BL34885), UAS-SREBP RNAi (BL25975), UAS-
Mondo RNAi (BL27059), UAS-GPAT RNAi (BL61335), UAS-CDS
RNAi (BL58118), UAS-FATP1 RNAi (BL50709), UAS-FABP RNAi
(BL34685), UAS-ACBP RNAi (BL67020), UAS-dob RNAi
(BL65925), UAS-Bmm RNAi (BL25926), and UAS-CPT2 RNAi
(BL62455) from Bloomington Drosophila Stock Center (BDSC).
The sample sections were prepared by the tape-supported
method as reported in our previous work.”” A cryostat CM
3050 S (Leica, Nussloch, Germany) was used to section the
Drosophila samples with a thickness of 14 pm. The sections
were then attached to SUS substrates using conductive carbon
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double-sided tape (NEM tape, Nisshin Co., Ltd, Japan), as
shown in Scheme 1B. The samples were freeze-dried on a pre-
chilled aluminum block in a vacuum under 1 x 10~ torr for
2 h. The dried samples were then stored at —80 °C in vacuum-
sealed bags to keep them fresh until ToF-SIMS analysis.

2.2. Instrumentation and analysis

ToF-SIMS experiments were performed using a TOF-SIMS V
instrument (IONTOF GmbH, Muenster, Germany) equipped
with a pulsed 25 keV Bi;" primary ion beam. The Bi;" clusters
were employed to analyze the sample in positive and negative
ion mode, while the beam was operated in bunched mode to
obtain the highest possible mass resolution with an approxi-
mate primary ion current of 0.1 pA. Images were acquired on
an area of 500 x 500 pm* by scanning with 256 x 256 pixels in
random mode.

For lipid identification, a hybrid SIMS instrument was
employed (Hybrid SIMS, IONTOF GmbH Muenster, Germany)
using a 20 keV Arzpgo’ cluster primary ion beam with an ion
current of 5.5 pA. A ToF analyzer and an Orbitrap (Q Exactive HF,
Thermo Fisher Scientific GmbH, Bremen, Germany) were used in
combination for better resolving power. An area of 500 x 500 pm®
was scanned with 50 x 50 pixels in sawtooth mode at a pixel
resolution of 10 pm. By using the Orbitrap, a mass resolution of
260 000 at m/z 200 was achieved. Cluster signal patterns of a silver
foil were used to calibrate the mass scale of the Orbitrap analyzer.

Images of 500 x 500 pm” were obtained with an ion dose of
8 x 10" ions em™ (TOF-SIMS V) and 1.7 x 10" jons em™>
(Hybrid SIMS). During the experiments, an electron flood gun
was used for charge compensation. All SIMS data were ana-
lyzed with the Surface Lab 7.0 software suite (IONTOF GmbH,
Muenster, Germany). In the current study, we aimed to achieve
more accurate external calibration by employing the Drosophila
sample as calibration material and conducting additional
measurements using the Hybrid instrument’s Orbi SIMS
mode. In order to increase the mass accuracy of the Bis"
measurement spectra from TOF-SIMS V, Arsqo,' measurement
was performed using the Hybrid SIMS on the same Drosophila
sample, after which the Bi;" measurement spectra were recali-
brated based on the Arso, value (Fig. S1t). Hybrid SIMS is
more accurate in identifying specific molecules because it is
equipped with an Orbitrap analyzer and has about 30 times
higher mass resolution than ToF-SIMS. Utilizing accurate
mass values from the Orbitrap analyzer, we were able to sig-
nificantly reduce the average mass error from 57.57 to 12.18
for positive ions and from 210.74 to 67.35 for negative ions.
The results of the mass deviation calculations are summarized
for each ion and shown in Table S1.1 Mass calibration was per-
formed using C,H;', C;H,', CsH;,N', Cs;H;3NPO;", and
CsHsNPO," peaks in positive mode and C4H~, C¢H,
C16H3,0,7, and CygH350,” peaks in negative ion mode.
Identification of all molecules was based on precisely verified
m/z values. Lipid identification was then carried out by the
best fit of experimental m/z values with theoretical m/z values
from the LipidMaps database (LIPID MAPS: https:/www.lipid-
maps.org).

This journal is © The Royal Society of Chemistry 2024
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2.3. Negative geotaxis assay

In the negative geotaxis assay, 15 flies of each genotype at 1
day after eclosion were collected and transferred to an acrylic
cylinder (3 cm diameter, 18 cm height). To prevent escape, the
top of the cylinder was sealed with sponges. After acclimation
(30 min), the flies were placed on the inner bottom surface of
the cylinder by lightly tapping (5 times) against a foam pad.
Climbing ability was analyzed by measuring the number of
flies that arrived at a target line (10 cm from the bottom of the
cylinder) within 5 s.

2.4. Retinal screening

The fly eyes (left eyes only) were imaged on day 1 after eclosion
using a Leica microscope (Leica M205). Images were taken at
160x magnification immediately upon dissection.

2.5. qRT-PCR

Total RNA was extracted from the heads of Drosophila (n = 20)
using easy blue solution (iNtRON Biotechnology, Korea) with
the following genotypes: +/elavGS-gal4, (G,C,)ss/+; elavGS-
gal4/+. The concentration of the total RNA of each sample was
measured with a NanoDrop spectrophotometer. The mRNA
level of the elav gene was used as a control. qRT-PCR was per-
formed using SYBR reagent (QPCRBIO SyGreen Mix Separate-
ROX, PCR Biosystems Ltd, UK) and a Real Time PCR Detection
System (CFX96, Bio-Rad, USA). The primer sequences for each
gene were as follows: FATP1 Ri, 5 FATP1: ATGGGCTGGATT-
TTTGCTGTG and 3’ FATP1: GTCGCACCCGCTATGTAGAAC;
ACBP Ri, 5’ ACBP: CAGGCGGCAGTCAATGTGATA and 3' ACBP:
GAACAGCCCGTAGAACTTGAG; SREBP Ri, 5 SREBP: AGTCG-
CCGCTTCTCGTCTA, and 3' SREBP: TGTATGGTGGCTGTTGG-
TTGG, dob Ri, 5 dob: GTCCAGGAGATACAACGGCAT and 3’
dob: TCCTCGGGCAACCAACTTC; Bmm Ri, 5 Bmm: TCCCTG-
GGTCCCTTCAGTC and 3' Bmm: TCGTCTGGTAGATGCTTCTGTA.

2.6. Statistical analysis

A principal component analysis (PCA) is often used to facili-
tate the discrimination of the most characteristic spectral
data and the significant signals; detailed descriptions of PCA
are given in previous publications.’®*' The PCA in the
current work was performed using the NESAC/BIO MVA
Toolbox running in MATLAB (MathWorks, Inc., Natick, USA).
The scores are plotted within the 95% confidence limit. Peak
selection was done manually from the peaks in the range m/z
100-900. To reduce the influence of background signals, the
selected peaks were normalized by the sum of their corres-
ponding peak intensities to account for the fluctuations
between the spectra.

3. Results and discussion

3.1. Monitoring of lipid changes in ALS Drosophila by
ToF-SIMS analysis

To identify a molecular basis for lipid alteration in ALS, we
expressed (G,C,)s¢ repeats in Drosophila, using the well-charac-
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terized C9-ALS fly model.>® With the C9-ALS model, ToF-SIMS
analysis was conducted and PCA was used to gauge the extent
of lipid changes during disease progression. PCA, a type of
multivariate analysis, is a powerful regression method used to
extract meaningful information through dimensionality
reduction of complex mass spectral data. For the PCA, we
selected peaks within the m/z range of 100-900 at positive
mode and negative mode, and combined peak lists used to
study the changes in the lipid levels in entire Drosophila head
samples. Each spectra was normalized to the total ion counts
of the corresponding ion mode. Using the gene switch, we
identified temporal changes in the Drosophila lipids that
occurred with the onset of ALS. To check the level of lipids in
the early stages of C9-ALS, we selected flies at 1, 3, 5, and 9
days after eclosion, which correspond to the timepoint of gene
expression. To synchronize the expression of the ALS gene with
the growth stages of the adult flies, we used RU486-treated
medium to activate the gene switch. This allowed us to align
the timing of gene expression with the date the flies started
growing in the RU486-treated medium after being transferred
from the normal medium as adults. Fig. 1 shows representa-
tive scores of the PCA results used for differentiating the
extracted mass spectra from the different groups. We only plot
the first principal component (PC1) and the second principal
component (PC2) because they accounted for 75% of the total
variance in the experiment.

As the scores plotted in Fig. 1 demonstrate, PC1 showed
increasing separation between the control and ALS samples
with age, suggesting an imbalance of lipid content in ALS
flies. More specifically, we analyzed the difference between the
control and ALS flies at days (A) 3 (B) 5, and (C) 9 relative to
day 1 control and ALS flies. The results indicated that a clear
difference in lipids between control and ALS flies began on
day 5 and became more evident by day 9. On day 1 and day 3,
the ALS flies did not show significant differences in lipid levels
compared to the control flies. Although a segregation of the
control and ALS by PCA was observed from day 3 onward,
Fig. 1A indicates a substantial overlap of the 95% confidence
level ellipses.

Next, we checked whether the ALS flies showed locomotive
defects on day 5. Surprisingly, we found no significant differ-
ence in their climbing ability compared to the control flies
(Fig. 1D); however, by day 10, the difference became apparent
(Fig. 1D). Together, these data demonstrate that the changes
in lipid content preceded discernible motor symptoms in the
ALS flies, suggesting that altered lipid content might be an
important early pathological feature of ALS.

We next identified the types of lipids that were upregulated
in the “pre-symptomatic” day 5 flies. According to the highest
loading values, the molecular candidates that contributed the
most to these results were the fatty acid (FA), triacylglycerol
(TAG), and ceramide (Cer) groups (Table S2f). The lipids of
these three groups increased rapidly in the ALS flies compared
to control flies starting at day 3 and onward until at least day
9. This is remarkable, considering that motor dysfunction was
not observed until day 10. Characteristically, the three groups

Analyst, 2024,149, 846-858 | 849
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Fig. 1 Principal components analysis (PCA) results of the ToF-SIMS spectral analysis were plotted with PC1 versus PC2. This allowed us to see the
difference between the control and ALS flies as the aging period increased to (A) 3 days, (B) 5 days, and (C) 9 days, relative to day 1 control and ALS
flies. The ellipses indicate the 95% confidence interval of group membership. (D) Quantification of climbing ability between the control and ALS flies
at 5 and 10 days. In the ALS flies, (G4C,)36 expression was induced after eclosion by RU486 treatment for 5 or 10 days. ****p < 0.0001, N.S., not sig-
nificant, p > 0.05 by two-way ANOVA; error bars + SEM; n = 16 replicates. (E) The levels of representative FAs, TAGs, and Cer at different ages includ-
ing 1, 3, 5, and 9 days after eclosion in ToF-SIMS spectral data, errors bars + SEM, n = 4 [genotype: control, +/elavGS-gal4, ALS, (G,4C,)ss/+; elavGS-

gal4/+].

of lipids, namely FAs, TAGs, and Cer, began to change on day
3 and showed significant differences on day 5. This pathologi-
cal change that occurred quite early compared with behavioral
changes in Drosophila suggests that lipid imbalance is closely
linked to ALS.

850 | Analyst, 2024, 149, 846-858

3.2. Alterations in lipid levels and their distribution in
Drosophila in the early stage of ALS

The C9-ALS C9orf72 gene model used in this study targets the
gene that most commonly causes ALS/FTD. ALS involves the
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loss of motor neurons in the upper brain and spinal cord, and
FTD is a brain disease in which nerve cells in the frontal and
temporal lobes are lost.>® Because motor neurons and nerve
cells are clustered in the head region, the onset of ALS/FTD
should be associated with pathological changes in lipids of the
head. We examined where in the head the three aforemen-
tioned lipid classes accumulated in C9-ALS flies. To obtain
spatiotemporal information about the lipids in the heads of
fruit flies, Drosophila heads were sectioned coronally, which
included the labellum, head fat body, and the brain (Fig. 24A).
Among the sampled Drosophila heads, mass imaging measure-
ments were carried out on the fat body and brain regions, as
indicated by the pink dotted line in the optical image
(Fig. 2B). Mass imaging was carried out with a highly focused
Bi;" ion beam, which enabled an improved image resolution
compared to conventional gas cluster ion beams in
ToF-SIMS™ or laser beams in MALDI-TOF.*°

To confirm the difference in lipid levels between control
and ALS flies on day 5, PCA was performed again after exclud-
ing all other days. In the day 5 samples, PC1 clearly separated
the control and ALS samples, confirming a lipid imbalance in
the ALS flies (Fig. 2C). Molecular candidates that contributed
the most to the distinction between the two groups can be
identified from the PC1 loading values (Fig. 2D). The detailed
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discriminant ions as significant contributors to the classifi-
cation are summarized in Table S1.f Molecular candidates
contributing to this distinction were identified to belong to
the FA and TAG groups, including myristic acid at m/z 227.2 FA
(14:0), palmitoleic acid at m/z 253.2FA (16:1), palmitic acid at
m/z 255.2FA (16:0), oleic acid at m/z 281.2FA (18:1), TAG (28:0)
at m/z 495.4, and TAG (30:0) at m/z 523.5. Also, Cer (t30:2) at
m/z 496.4, Cer (t32:3) at m/z 524.4, Cer-derivatives, and phos-
pholipids showed variation between control and ALS flies.
Next, the distribution of upregulated lipid species in the
ALS flies was determined by ToF-SIMS image analysis. We
employed tape-supported sampling method for image analysis,
effectively preserving the spatial information of molecules
within the sample.”” The ToF-SIMS images indicated that FAs
(Fig. 3A), TAGs, and Cer (Fig. 3B), which were highly abundant
in the ALS flies were accumulated near the proboscis area,
specifically in the fat body regions. The fat body regions sur-
rounding the brain contain many glial cells, and an imbalance
in lipid metabolism causes the accumulation of lipid droplets
(LDs) in the glial cells.* The LD-rich glial cells are less sensi-
tive to harmful reactive oxygen species (ROS) activity than
neurons, so they are considered the main site of FA storage
and lipid metabolism in the brain.>* Neuronal FAs that are not
been used during the electron transport chain (ETC)-mediated
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(A) Schematic of the position of the sagittal section of a fly head. Locations of the antennal lobes are indicated. (B) Optical image of a

Drosophila head with the analysis area marked with a pink square. The head is outlined with the white dashed line, and the yellow and gray areas are
filled to present the fat body and brain regions, respectively. (C) PC2 versus PC1 bi-plot. (D) PC1 loadings for the PCA of the spectral data for the
control and ALS flies at day 5 [genotype: control, +/elavGS-gal4, ALS, (G4C2)s¢/+; elavGS-gal4/+].
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Fig. 3 ToF-SIMS images of control and ALS flies on day 5 in positive
and negative ion modes. (A) FAs, (B) TAGs and Cer, and (C) SHexCer and
phospholipids. The magenta arrows show the lipid droplet regions.
Violin plots of the relative intensity of control and ALS flies. (D) FAs, (E)
TAGs and Cer, and (F) SHexCer and phospholipids. **p < 0.005, *p <
0.05 by two-tailed t-test, n = 4 [genotype: Ctrl, +/elavGS-gal4, ALS,
(G4C2)z6/+; elavGS-gal4/+].

synthesis of adenosine triphosphate (ATP) are transported to
glial cells by apolipoproteins. As the accumulation of FAs is
toxic to neuronal cells, FAs must be stored as TAGs in LDs.
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Interestingly, we found a highly localized distribution of FAs
and TAGs in the fat body regions (Fig. 3A and B). Also, the
presence of Cer, a key component of biosynthesis and catabo-
lism, was also observed in the fat body regions in the ALS flies.
It has been shown that increased production and accumu-
lation of Cer in mouse models induced apoptosis in cortical
and motor neurons,”>** and accordingly, their accumulation
may contribute to ALS pathogenesis.?* We also performed two-
tailed tests on each group of four fruit flies to test for statistical
significance, and we found that all FA, TAG, and Cer subunits
showed a significant increase in ALS compared to controls
(Fig. 3D and E). Based on the reported results, the localization
of FAs, TAGs, and Cer in the fly model we identified may be
considered a strategy to avoid the potential effects of toxic
lipid accumulation in neurons that may lead to neurodegen-
eration. In Fig. 3C, we also found increased sulfatides hexosyl
ceramide (SHexCer), a type of sphingolipid, and phosphatidy-
lethanolamine (PE) and phosphoinositol (PI), types of phos-
pholipids in the brain area of ALS flies. It is well known that
dysfunction of sphingolipid and phospholipid metabolism
causes the pathogenesis of neurodegenerative diseases.>®™®
Notably, the distribution of these molecules was site-specific,
and its intensity in the ToF-SIMS images was higher than that
of the control. However, statistical comparisons of the total
intensity of images of the four flies showed that they did not
have a significant difference in ALS compared to controls
(Fig. 3F).

In this study, we observed increases in fatty acids (FAs), tia-
cylglycerols (TAGs), and ceramides (Cer) in the fat body
regions of ALS flies. These lipids were concentrated in the fat
body regions, potentially as a mechanism to mitigate neuro-
toxicity caused by lipid accumulation. Furthermore, we
detected elevated levels of sphingolipids and phospholipids in
the brain regions, known to accompany changes in neurode-
generative diseases. Our results, analyzed using a Bi;" ion
beam, demonstrated that differences in the relative low mole-
cular weight region (m/z 200-600) were region-specific and stat-
istically significant. However, in the m/z 600-900 range,
although region-specific differences were observed, statistical
distinctions were less clear, suggesting that for lipid metab-
olism above m/z 600, methods such as our previous use of
MALDI-TOF'® may offer advantages in studying fruit flies. In
this regard, these findings align well with our intention of this
study design to optimize methodological and analytical set-
tings for understanding overall lipid alterations implicated in
ALS by complementing our prior approach.'® Taken together,
while a variety of lipid changes are associated with ALS, we
were able to confirm that they are site-specific. This infor-
mation can enhance our understanding of the relationship
between lipid metabolism and ALS.

3.3. Monitoring lipid changes through the regulation of
lipid-related genes involved in ALS

ToF-SIMS analysis allowed us to monitor the changes in the
lipid levels in a fly model of ALS. The major lipids that were
increased by day 5 were FAs, TAGs, and Cer. To identify how
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these lipids were increased, we examined lipid regulators
involved in lipid metabolism such as lipid biosynthesis,
trafficking, and lipolysis (Fig. S2t). By knocking down regulat-
ory genes, we sought to identify genes that could modify the
levels of FAs, TAGs, and Cer in the ALS flies. To do this, we per-
formed an RNAi (Ri) screen of lipid regulators that modify
(G4C5)ss-induced retinal degeneration, given that expression of
expanded G,C, repeat in Drosophila eyes induces obvious
degenerative changes in the overall appearance of the eyes
characterized by pigment loss and ectopic necrosis of ommati-
dium (Fig. 4A). Among the regulatory genes, FATP! Ri and
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ACBP Ri considerably suppressed the loss of pigment in the
eyes expressing (G,Cs)ss (Fig. 4C and D). These data suggest a
possibility that (G,C,)ss causes toxicity in the ALS flies partly
through upregulating FATP! and ACBP mRNAs. To test this
hypothesis, we conducted qRT-PCR experiments to measure
the mRNA levels of FATPI and ACBP as well as other regulatory
genes that showed a slight rescue of eye phenotypes, namely
SREBP, dob, and Bmm. Interestingly, FATP1 and ACBP mRNA
levels were significantly increased compared to the control
(Fig. 5A and B). However, SREBP, dob, and Bmm mRNA levels
did not show any noticeable change (Fig. 5C and Fig. S37).

| GMR + (G4Calss

H]l %2 m3 w4 m5

ACCRI

SREBP Ri

Mondo Ri

GPAT Ri

FABP Ri

- H n i I || I
T g EEEEEERE g & &
e}
cegEBzsasEp
FweaOoOkEaQ 8 E
x 0 O < w g o O
wE e
+ GMR + (G,C)3
D ..

Bmm Ri

CPT2Ri

Average score

daad Ao
Sl B E @ @@ @ & @
WP (\boqv 00? stQ& &® 50%‘(\ oq’\

W ¥

No pigment loss

Mild pigment loss

Moderate pigment loss

Severe pigment loss

Severe pigment loss & necrosis

+ GMR + (G,C,)3

Fig. 4 Restoration of retinal degeneration of Drosophila expressing ALS-associated (G4C,)z¢ by down-regulation of lipid regulators. (A) Retinal
images of Drosophila co-expressing (G4C>)s¢ with denoted RNAI (Ri) transgenes. Fly eyes were imaged on day 1 after eclosion. (B) Classification of
retinal degeneration into 5 types based on the relative severity of the phenotype. (C) Evaluation of retinal degeneration according to the classification
in (B). (D) Quantification of the relative severity of retinal degeneration in Drosophila expressing the denoted transgenes. ***p < 0.001, *p < 0.05 by
two-tailed t-test; error bars + SEM; n > 11 eyes [genotype: Ctrl, (G4C,)36/+; UAS-luciferase/ GMR-gal4, ACC Ri, (G4C5)3¢/+; UAS-ACC RNAi/GMR-
gal4, SREBP Ri, (G4C2)3s/+; UAS-SREBP RNAi/GMR-gal4, mondo Ri, (G4C2)36/UAS-mondo RNAi; GMR-gal4/+, GPAT Ri, (G4C>)36/UAS-GPAT RNAi;
GMR-gal4/+, CDS Ri, (G4C_)36/UAS-CDS RNAi; GMR-gal4/+, FATP1 Ri, (G4C2)36/+; UAS-FATP1 RNAiI/GMR-gal4, FABP Ri, (G4C5)36/+; UAS-FABP RNAI/
GMR-gal4, dob Ri, (G4C;)36/UAS-dob RNAi; GMR-gal4/+, bmm Ri, (G4C)36/+; UAS-bmm RNAi/GMR-gal4, CPT2 Ri, (G4C5)36/UAS-CDS RNAi; GMR-
gal4/+].
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(A—C) Quantification of mRNA levels of denoted genes in Drosophila heads expressing ALS-associated (G4C,)3¢ on day 5 after the induction

of (G4C,)z¢ expression by RU486 treatment. *p < 0.05, N.S., not significant, p > 0.05 by two-tailed t-test; error bars + SEM; n > 3 replicates. (D—F)
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95% confidence interval. The clusters associated with control flies are presented in blue, while the clusters associated with ALS flies are presented in
red. Loading plots for PC1 of each PCA results are shown in Fig. S5.1 PC1 separates control samples from ALS samples [genotype: Ctrl, +/elavGS-

gal4, ALS, (G4CJ)ze/+; elavGS-gal4/+].

Through the Ri screening for lipid regulators that could
modify the retinal degeneration caused by (G,C5)ss, we found
that FATP1, ACBP, and Bmm showed the least pigment loss.
These results suggest a possibility that the Ri of the three
genes may also alter lipid levels in ALS flies as well. To
confirm the lipid changes upon knockdown of these genes, we
performed ToF-SIMS analysis and conducted PCA on three
groups: control, ALS, and ALS + Ri of lipid regulators (RNAi of
FATP1, ACBP, and Bmm). The PCA score plots revealed that ALS
+ FATP1 Ri and ALS + ACBP Ri were similar to the control
(Fig. 5D and E), while ALS + Bmm Ri was similar to ALS
(Fig. 5F). The FAs, TAGs, and Cer were identified as the main
factors that influenced the similar grouping between FATP1 Ri
and ACBP Ri and the control. Details of the PC1 loading values
are shown in Table S3.7

854 | Analyst, 2024, 149, 846-858

We discovered that FATPI Ri and ACBP Ri primarily affected
the fatty acid pathways of the ALS flies, particularly in the fat
body regions rather than in the brain. It is worth noting that
in the ToF-SIMS images showing the relative lipid abundance
(Fig. 6A), the levels of FA (14:0), TAG (28:1), and Cer (t36:3)
were decreased in FATPI Ri and ACBP Ri compared to the ALS
flies, while in bmm Ri, the levels of these lipids were only
slightly decreased compared to the ALS flies. The differences
are also evident in the violin plots showing the differences in
FA (14:0), TAG (28:1), and Cer (t36:3) were decreased in FATP1
Ri and ACBP Ri compared to the ALS flies, while in bmm Ri,
the levels of these lipids were not significantly decreased com-
pared to the ALS flies (Fig. 6B). In ALS + bmm Ri, we observed
that the PE-Cer level was significantly reduced in the brain
region compared to the ALS model and other ALS + Ri models

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (A) ToF-SIMS images in positive and negative ion modes of FAs,

TAGs, and Cer including myristic acid FA (14:0) at m/z 227.2, TAG (30:1)
at m/z 521.4, and Cer (t32:2) at m/z 496.4. The spatial distribution of
phospholipids, like phosphatidylethanolamine ceramide PE-Cer (d36:1)
at m/z 687.6 and sulfatides hexosyl ceramide SHexCer (d33:1) at m/z
804.5, is high in the brain. Brain regions are marked with red dashed
lines. (B) Violin plots of the relative intensity of ALS, control, and gene-
modified flies (****p < 0.0001, ***p < 0.001 and n = 4) [genotype:
Control, UAS-luciferase /elavGS-gal4, ALS, (G4Cj)s6/+; elavGS-gald/+,
ALS + FATP1 Ri, (G4C3)s6/+; elavGS-gal4/FATP1 RNAI, ALS + ACBP Ri,
(G4C>)36/ACBP RNAI; elavGS-gal4/+, ALS + Bmm Ri, (G4C»)z¢/+; elavGS-
gal4/Bmm RNAI].

(Fig. 6A and B). We suspected that the decreased PE-Cer level
in the brain also contributed to recovering the eye degener-
ation of the ALS model (Fig. 4D). However, based on the
effects of the FATP1 Ri and ACBP Ri models on the eye degener-
ation (Fig. 4D) and the PCA results (Fig. 5D and E), it can be
inferred that FAs, TAGs, and Cer are the main contributors to
the C9-ALS model.

By knockdown of the lipid regulators, we discovered two
candidate genes that can regulate the lipids that are increased
in ALS. Also, by performing mass spectrometry analysis on the
FATP1 Ri and ACBP Ri models, we found that we could signifi-
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cantly lower the three lipid groups of FAs, TAGs, and Cer,
which showed the largest increase in ALS. As demonstrated
here, the molecular imaging approach using Bi;" in ToF-SIMS
has a significant advantage in revealing spatial information
about molecules undergoing changes in the ALS disease
model with high-resolution MSI. But on the other hand,
ToF-SIMS has a weak ion beam current and it operates in a ras-
tering mode, taking a longer time to obtain sufficient signals
from secondary ions compared to MALDI-TOF, which ionizes
with a laser source. The extended measurement time makes it
challenging to apply to screening methods that require rapid
analysis of large-area samples or to intergroup analysis of bio-
logical samples with substantial sample sizes. In addition,
ToF-SIMS is an ionization method specialized in the low-mass
range, from m/z 200-600, making the measurement mass
range a critical consideration. Although the cluster ion beam
in SIMS allows for the ionization of larger molecules, the
difficulty of focusing the beam makes it challenging to image
samples as small as, for example, a fruit fly. However, it is
possible to image samples about the size of a mouse. In con-
trast, MALDI-TOF can detect a wide range of masses while
maintaining an image resolution of about 10 microns, but
with this approach there is a tendency for matrix-dependent
ionization, making it crucial to select the appropriate matrix
for the type of molecule that should be ionized. Collectively,
we anticipate that combining MSI analysis of small samples or
localized regions and low molecular ranges with gene knock-
down studies will be a promising approach to uncover patho-
logical pathways associated with different disease information,
which may not be obtainable by other analytical approaches.

4. Conclusions

In the study of ALS, one essential aspect is the understanding
of the pathological processes. In this work, we showed that
ToF-SIMS measurement and PCA result can reveal significant
details regarding the content and spatial information of
specific lipid groups in ALS flies. Alteration of the lipid profiles
was observed by day 5 in the fly model, notably before locomo-
tive defects were seen on day 10. Specifically, the MSI approach
using ToF-SIMS helped us identify differences in the lipid
levels throughout the brain and its nearby regions between
control and ALS flies. The visual distributions of ToF-SIMS
imaging revealed a close relationship between the increase in
fat body lipid droplets and the accumulation of FAs, TAGs, and
Cer in the fat body regions of ALS fly heads.

With the support of ToF-SIMS and PCA results, our findings
point out that the pathways of fatty acid binding proteins and
Acyl-CoA-binding proteins strongly affect changes in the lipid
metabolism of ALS flies. With ToF-SIMS imaging, decreases in
the high levels of FAs, TAGs, and Cer were observed in lipid
droplets localized in the fat body regions. In contrast, in the
bmm Ri model, we found that the suppression of the lipolysis
process of storage TAGs had a relatively small influence on
reducing the toxicity of metabolic disorders in our ALS-linked
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Drosophila models. Therefore, the current approach combining
ToF-SIMS analysis with genetic models can be a useful tool for
further studies on the causal relationship between the identi-
fied lipids upregulated during disease progression, leading to
a better understanding of the pathogenic mechanisms of ALS/
FTD and thus helping to identify potential targets for thera-
peutic intervention, particularly at the early stages.
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