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Abstract

Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases. The formation
of amyloid plaques by aggregated amyloid beta (Af) peptides is a primary event in AD pathology.
Understanding the metabolomic features and related pathways is critical for studying plaque-
related pathological events (e.g., cell death and neuron dysfunction). Mass spectrometry imaging
(MSI), due to its high sensitivity and ability to obtain the spatial distribution of metabolites, has
been applied to AD studies. However, limited studies of metabolites in amyloid plaques have been
performed due to the drawbacks of the commonly used techniques such as matrix-assisted laser
desorption/ionization MSI. In the current study, we obtained high spatial resolution (~17 gm) MS
images of the AD mouse brain using the Single-probe, a microscale sampling and ionization
device, coupled to a mass spectrometer under ambient conditions. The adjacent slices were used to
obtain fluorescence microscopy images to locate amyloid plaques. The MS image and the
fluorescence microscopy image were fused to spatially correlate histological protein hallmarks
with metabolomic features. The fused images produced significantly improved spatial resolution
(~5 um), allowing for the determination of fine structures in MS images and metabolomic
biomarkers representing amyloid plaques.
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Alzheimer’s disease (AD) affects more than 5.3 million Americans, and it is the most
common neurodegenerative disease causing cognitive impairment.! There are two major
pathologic features of AD: intracellular neurofibrillary tangles (NFTSs), which are composed
of hyperphosphorylated tau proteins, and extracellular plaques, which contain the aggregated
B-amyloid peptide (AB).2 Although the mechanisms of plaque formation are still unclear, the
most commonly accepted hypothesis is that A is secreted into the extracellular space and
aggregated to form amyloid plaques.3 A plaques are believed to be toxic to neuron cells,
both in vitro and in vivo,* causing the symptom of AD such as cognitive impairment,
oxidative damage, and inflammation.>8 In the past decades, a large number of studies have
focused on the A plaques using genomics,” proteomics,® and metabolomics.%-12 At the
gene level, the genes of B-amyloid precursor protein (APP) on chromosome 21 are highly
expressed in Down’s syndrome patients (trisomy 21),13 and the duplication of the APP gene
induces early onset AD.14 At the protein level, soluble oligomerized Aps are regarded as the
main cause of synaptic dysfunction instead of the A monomer or larger aggregates.® In
addition, studying metabolomics, which directly reflects the status of cells,1 is essential to
the research of AD. For example, certain metabolites, such as lipids,® neurotransmitters, 10
fatty acids,11 and glucose,12 are highly correlated with AD pathology, and they may play
important roles in the development of the disease. The metabolomics studies in AD can
significantly benefit the understanding of physiopathology, drug discovery, and related
metabolite pathways.

High-resolution mass spectrometry (MS), with high sensitivity and wide ranges of molecular
coverage, is one of the most important analytical methods to detect large numbers of
metabolites from samples when coupling to separation techniques such as liquid
chromatography (LC), gas chromatography (GC), and capillary electrophoresis (CE).16
However, because lysates need to be prepared from homogenized samples, the spatial
distribution of metabolites, which is critical to understanding the complex biological process
and the pathophysiology, is inevitably lost.17-18 Mass spectrometry imaging (MSI) is a
powerful technique to acquire the spatial information on metabolites on a biological sample
surface.18 Different MSI techniques, such as matrix-assisted laser desorption/ionization
(MALDI),19 desorption electrospray ionization (DESI),20 secondary ion MS (SIMS),%! and
nanospray desorption electrospray ionization (nano DESI),22 have been applied to study the
metabolomics. Among these developed MS imaging methods, MALDI and SIMS are
nonambient techniques, which have excellent spatial resolution and sensitivity, whereas
DESI and nano-DESI belong to ambient sampling and ionization techniques, which require
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less or no sample preparation. In particular, MALDI has been implemented to analyze
proteins, peptides, and metabolites in AD studies.?23-28 However, because of the complex
background of MALDI mass spectra in the low-mass range (<500 Da),2° this technique is
generally less effective for measuring small but important molecules, including
neurotransmitters, 30 fatty acids,1! and phospholipids.24 In addition to MS imaging
techniques, laser capture microdissection (LCM) coupled to MS has been used to isolate the
region of interest in tissue and to determine the metabolite profiles.2

Here we utilized the Single-probe MSI technique to study the metabolites in both AS
plaques and their surrounding regions. The Single-probe is a microscale sampling and
ionization device that can be directly coupled to a mass spectrometer to conduct research in
multiple fields, including live single-cell analysis,31-38 extracellular metabolites in
spheroids,3® and the MSI of biological tissues.39-42 Because the Single-probe MSI technique
is based on microliquid extraction without using a matrix (e.g., molecules involved in
MALDI-MSI technique), a relatively clean background, particularly in the low-mass range,
facilitates MSI studies of small molecules such as metabolites. To spatially correlate the
metabolites with Ag plaques, an image fusion method developed by Caprioli et al. for
MALDI-TOF MSI,43 which has recently been implemented to DESI and nano-DESI MSI 44
was applied to fuse the images of the Single-probe MSI and fluorescence microscopy in this
study. This combined method takes advantage of both techniques, that is, rich chemical
information from MSI and high spatial resolution from the fluorescence microscopy image,
to provide the metabolomic information correlated to Ag plagues and improve our
understanding of the pathways and functions of metabolites related to AD.

EXPERIMENTAL SECTION

Chemicals and Materials.

The chemicals used in the experiments include methanol, water (Sigma-Aldrich, St. Louis,
MO), ethanol (Pharmco-AAPPER, Shelbyville, KY), xylene (Sigma-Aldrich, St. Louis,
MO), and thioflavin S (Chem Cruz, Dallas, TX). The materials needed to fabricate the
Single-probe include the fused capillary (O.D. 105 ym; 1.D. 40 um, Polymicro Technologies,
Phoenix, AZ) and dual-bore quartz tubing (O.D. 500 ym; 1.D. 127 tm, Friedrich &
Dimmock, Millville, NJ).

The detailed fabrication protocol of the Single-probe was described in our previous work,32
and only the outlined procedures are provided here. The Single-probe has three components:
a laser-pulled dual-bore quartz needle, a fused silica capillary (solvent-providing capillary),
and a nano-electrospray (nano-ESI) emitter. A Sutter P-2000 laser micropipette puller
(Sutter Instrument, Novato, CA) is used to prepare the dual-bore needle and the nano-ESI
emitter. A Single-probe is fabricated by embedding within a dual-bore quartz needle with
one fused silica capillary and one nano-ESI emitter.

Single-Probe MSI Setup.

The experiment setup is largely adopted from our previous MS single cell and MSI study*°
(Figure S1). To precisely control the movement of the tissue slice, the sample was attached
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to an XYZ translational stage system (CONEX-MFACC, Newport, Irvine, CA) controlled
using a LabView software package.%6 A digital microscope was placed next to the Single-
probe to adjust the distance between the Single-probe tip and the tissue slice surface and to
monitor the sampling process. MS spectra were collected using a Thermo LTQ XL mass
spectrometer (Thermo Scientific, Waltham, MA) with the following parameters: mass
resolution 60 000 (rm/Am), 4.5 kV ionization voltage (both positive and negative ion mode),
1 microscan, 100 ms max injection time, and AGC on (5 x 10°). The sampling solvent (i.e.,
85% methanol/15% water (v/v)) was continuously delivered (flow rate 200 nL/min) by a
syringe pump (PHD ULTRA, Harvard Apparatus, Holliston, MA). lons of interest were
identified using tandem MS (MS?) directly on tissue slices, and results were compared with
the database METLIN. The MS images of selected ions were generated using MSI
QuickView software.*6 More experimental details related to the current study are provided
in the Supporting Information.

Animal Sample Preparation.

Animals used in this study were treated in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. All protocols were approved by the St. Jude Children’s
Research Hospital ACUC under the IACUC protocol. Experiments were carried out in
accordance with The Code of Ethics of the World Medical Association (Declaration of
Helsinki) for animal experiments.

Two pairs of control (wild type) and 5xFAD mice (Tg (APPSwFILon,
PSEN1*M146L*L286V) 6799Vas) obtained from Jackson Laboratory (Bar Harbor, ME)
were used in this study. Mice were housed in a temperature- and humidity-controlled room
with a 12:12 h reversed light/dark cycle. Food and water were available ad libitum. All mice
used in this study were sacrificed at 10-12 months old with weight between 23 and 25 g by
cervical dislocation and decapitation. Brains were rapidly removed from the calvarias and
immediately frozen on dry ice, then stored in 2 mL Eppendorf tubes at —80 °C until further
experiments. Approximately 5 min per mouse was required for the brain collection.

Mouse brain was embedded in 10% HPMC ((hydroxypropyl)methyl cellulose, Sigma-
Aldrich, St. Louis, MO), frozen on dry ice, sectioned into slices (~15 xm in thickness) using
a cryotome (American Optical 845 Cryo-cut Microtome, Southbridge, MA) at —15 °C, and
attached onto a microscope slide (VWR, Radnor, PA). The mouse brain slices were dried in
air and stored at —80 °C before usage. The bright-field optical images of slices were taken
using a PathScan Enabler IV histology slide scanner (Meyer Instruments, Houston, TX)
prior to the MSI experiment. One tissue slide of each mouse brain sample was reported in
each MSI study.

Fluorescence Microscopy Image.

The mouse brain slice adjacent to the one used for the MSI measurement of each brain
sample was thawed at room temperature for 20 min before usage. The slices were fixed (in
75% ethanol for 1 min), stained (in 1% thioflavin S aqueous solution for 1 min), and
differentiated (in 75% ethanol for 1 min) to remove excess fluorochrome. After that, the
slices were dehydrated in a series of graded ethanol (95% ethanol twice, 100% ethanol
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twice, and 3-5 s for each step), cleared (in xylene for 5 min), and dried in the air. The
stained slices were kept in a dark environment, and fluorescence microscope images were
immediately taken using a Nikon Eclipse Ti-S fluorescence microscope (Melville, NY).

Data Preprocessing.

Before conducting the image fusion, the MSI data (.raw) need to be converted into an
appropriate format that can be utilized in the Molecular Image Fusion software. The data
preprocessing method is adopted from our previous publication,3? and a brief outline is
provided here. First, the MSI data format was converted from .raw to .mzML using
MScConvert (a tool in ProteoWizard) and further converted into .imzML format using the
imzML Converter.*” Second, a built-in function of the MATLAB, Bioinformatics Toolbox,
was implemented to achieve data preprocessing, including smoothing, noise removal, peak
alignment, peak picking, and insensitivity normalization. Third, a data matrix was generated
to represent the MS imaging data. For example, the data matrix of the positive MS image is
composed of 2115 x 996, that is, 2115 pixels (141(scans/line) x 15 lines) with 996 aligned
common ions. The number of pixels of each MS image depends on the size and the spatial
resolution of the MS image. The details of data preprocessing are provided in the Supporting
Information.

Image Fusion.

The image fusion was conducted using Molecular Image Fusion software.4344 Six files,
including microscope image data, microscope image information (pixel size, pixel number,
and spatial resolution), MS image data, MS image information (pixel size, pixel number, and
spatial resolution), fusion parameters, and registration information, were needed to conduct
the image fusion. Among them, the MSI data matrix was achieved using data preprocessing,
as previously mentioned, whereas the microscopy image data matrix and registration
information were generated using an in-house developed MATLAB script. (Details are
provided in the Supporting Information.)

Averaged MS Spectra and t Test.

On the basis of the fused image, the pixels representing Ag plaques and their surrounding
regions were manually selected from the MSI data set and averaged into two mass spectra,
respectively, using an in-house-developed R script. To obtain the metabolites with significant
differences between two regions, a ftest was carried out using GraphPad.

RESULTS AND DISCUSSION

Fluorescence Microscopy Imaging of the Mouse Brain.

As a common fluorescence dye binding to Ag plaques,* thioflavin S was utilized to stain
brain slices obtained from 5XxFAD mice and from the littermate control group. Although
thioflavin S labels both amyloid plaques and tau tangles, they can be readily distinguished
based on their morphologies. AB plaques are extracellular, and they are larger with round
structures; tau tangles are intraneuronal, and they are smaller with a flame shape.*® The
fluorescence microscopy image shows that the AS aggregated areas are clearly illustrated as
bright green dots on the slice of 5XFAD mouse brain (Figure 1A), but they are not observed
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in the control sample (Figure 1B). Previous studies indicate that the plaque size generally
ranges from 10 to 80 xm with an average size of around 50-60 zm.5C In our studies, most
plaques are <50 um, indicating that high-spatial-resolution MSI techniques are needed to
conduct experiments.

MSI of Mouse Brain and Image Fusion.

Previous studies indicate that Ag plaques have relatively higher abundances in the
hippocampus because APPs are transported to the nerve terminal in this region and further
processed into AB.51 Thus we conducted MSI measurements of the selected small areas
(e.g., 1 mm x 0.3 mm) on the brain slice containing the hippocampus. For example, a slice
of whole mouse brain with AD (Figure 2A) containing the hippocampus, as shown in a
zoomed-in picture (Figure 2B), was selected for the MSI experiments. The MSI experiments
were conducted in both positive and negative ion modes to detect broader ranges of
molecules. In the positive ion mode, a large number of lysophospholipids were observed,
whereas in the negative ion mode, organic acids were primarily detected. The MS images of
the selected metabolites were then constructed (Figure 2) to demonstrate their spatial
distributions. For example, [PC(36:1) + H]* (/m/z788.6137) and [PC(38:1) + H]* (m/z
814.6292) were mainly distributed in the white matter, whereas [PC(38:4) + K]* (m/z
848.5542) and [PC(38:6) + K]* (/m/2844.5221) were primarily observed in the gray area.
Similar results of a number of lipids were reported in previous studies.>2:53 For example,
Veloso et al.>2 showed that PC(38:4) and PC(38:6) are more abundant in the gray matter,
whereas PC(36:1) has a higher abundance in the white matter. MSI experiments of mice
brain samples in the control group were also conducted (positive ion mode), and MS images
of representative metabolites in the white and gray matter are provided in Figure S10. All
metabolites were identified using MS?2 from the tissue slice, and the results were compared
with METLIN (Figure S11).

To localize the area of the Ag plaques, the adjacent slice was stained using thioflavin S, and
the fluorescence microscopy image was taken to match the region measured in the MSI
experiment (Figure 3A). Molecular Image Fusion software was employed to fuse the MS
image and the corresponding fluorescence microscopy image, and the spatial resolution of
MS images (~17 zm), which was determined based on a previously established method,>*
has been increased to ~5 gm in the fused image (Figure 3C). (The characterization of the
spatial resolution is provided in Figure S8.) For example, the fused images of [PC(34:1) +
H]* (m/z760.5851) and [PC(38:8) + H]* (/m/z834.5983) become sharper compared with
their original MS images. High reconstruction rates (76.3-78.4%, Figure S2) indicate that
the image fusion process is reliable and satisfactory (i.e., a reconstruction rate >75% is
regarded as satisfied fusion“3). In particular, the fused images correlate histological protein
hallmarks with metabolomic features. We obtained a number of ions (e.g., [LPC(18:0) + H]*
(m/z524.3693)) accumulated on AB plaques (i.e., bright spots on the fluorescence
microscopy images).

Data Analysis.

To achieve a comprehensive analysis of MSI data representing AB plaques and their
surrounding regions, a statistical data analysis was carried out. By comparing the fused
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image with the fluorescence microscope image (Figures 3A and 4A), multiple Ag plaques
were identified, and three of them were selected to determine the metabolites with
significantly different abundances between A plagues and their surrounding regions. On the
basis of the fused image, pixels representing different regions were manually selected to
generate the averaged mass spectra. For example, in region 1, the pixels encompassed by the
blue rectangle represent the Ag plaque, whereas those between the yellow and blue
rectangles represent the surrounding region of the Ag plaque. (Details of the pixel number
selection are provided in Table S1.) An averaged mass spectrum of each region (Figure 4B)
was generated using the corresponding MSI data, and ion intensities were normalized to the
TIC (total ion current) of the average mass spectrum. The #test was conducted to determine
the ions with significantly different abundances between Ag plaques and their surrounding
regions.

Except for the example shown in Figure 4, two additional plaques were analyzed (Figure
S6). Our results indicate that metabolites accumulated in AgB plaques (Figure 5) are
primarily lysophospholipids such as LPC (lysophosphatidylcholine) and LPG
(lysophosphatidylglycerol). For example, the relative intensities of [LPC(16:0) + H]* and
[LPC(18:1) + H]* were about 14 and 11 times higher in AB plaques than the surrounding
regions, respectively. Previous studies demonstrate that lysophospholipids are mainly
generated along with fatty acids through the hydrolyzation of membrane phospholipids.>®
As bioactive lipid mediators, lysophospholipids play a variety of roles such as proliferation,
differentiation, survival, migration, adhesion, invasion, and morphogenesis.>® However,
lysophospholipids may potentially cause cell membrane disruption and ultimately lead to
cell lysis due to their toxic detergent-like properties.>” Thus the change in lysophospholipid
level may deter the fundamental functions of cell membrane such as ion transportation,>8
molecule secretion,®® and membrane-related signal reception.6% According to previous
studies of immunostaining of amyloid peptide in 5XFAD mice models, the accumulation of
LPCs in the AB plaque is likely due to the hyperactivity of enzyme PLA,. (An enzyme
directly converts phospholipids to lysophospholipids and fatty acids.)8! Kaya et al.62 also
demonstrated that other lysophospholipids (e.g., LPC, lysophosphatidic acid (LPA), and
lysophosphatidylethanolamine (LPE)) are aggregated in the plaque of the AD mice brain
using the multimode MALDI-IMS technique. Furthermore, decreasing the overexpressed
PLA is regarded as one of the goals in AD treatment. For example, the PLA; inhibitor has
been employed to treat Alzheimer’s disease.%3 In fact, the reduction of PLA, can ameliorate
the cognitive deficits in a mouse model of AD.64

In addition to LPCs, we discovered that the abundances of a number of other small
molecules (e.g., spermine and arachidonic acid (AA)) are significantly different between
plaques and their surrounding regions (Table S2). Spermine, which has the largest number of
amine groups among three naturally occurring polyamines®® (i.e., spermine, spermidine, and
putrescine), plays multiple important roles such as controlling gene express, stabilizing
chromatin,®® and protecting replicating DNA from being damaged by singlet oxygen.5” The
upregulation of spermine in plaques can be understood as a protective mechanism: Ag is
toxic to neurons through a free-radical-dependent oxidative mechanism,%® whereas increased
polyamines can act as radical scavengers to neutralize free radicals generated by the Ag and
protect neurons.89:70 Another small molecule that accumulated in the Ag plaque is AA,
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which is an essential omega-6 fatty acid critical for synaptic signaling, long-term
potentiation, learning, and memory.”! Although AA can be generated from other sources,
such as the hydrolysis of fatty acid amide hydrolase and monoacylglycerol lipase, the level
of free AA in the brain is primarily determined by a specific form of PLA,, GIVA-PLA,.58
According to previous studies, the stimulation of Ag results in an increased level of GIVA-
PLAZ2 and further alters the amount of AA.”2 For example, the upregulation of AA was
previously reported in the APP-transferred PC12 cells’ and in the plaque region of the
mouse using the PET (positron emission tomography).’#

The MSI experiments were also conducted in the negative ion mode, and the area is 0.5 mm
x 0.5 mm. The fluorescence microscopy image (Figure 6A) and the MS image (Figure
6B,C) were obtained from the AD mouse brain slice and fused using the procedures
described above. Similar to the results acquired from the positive ion mode, metabolites
exhibit different distribution features. For example, ([PA(O-32:0)-2H]%") and dodecenoic
acid ([M+K-2H]™) are primarily present in the white matter and gray matter, respectively
(Figure 6D,E). Comparing the fused image with the fluorescence microscopy image,
multiple A regions were located, and two of them were selected to extract pixels
representing A plaques and their surrounding regions (Figure 7 and Figure S7). A number
of metabolites (e.g., malic acid, glutamine, aspartic acid, and docosahexaenoic acid (DHA))
possess significantly different abundances between Ag plaques and their surrounding
regions (Table S3). For example, the relative ion intensity of glutamine is two times lower in
the plaque region compared with its surrounding region (Figure 7B). Glutamine is an
important amino acid for multiple processes, such as promoting and maintaining cell
function.”® Glutamine is mainly produced by glutamine synthetase (GS), which converts
glutamate and ammonium to glutamine.”® It was reported that intense oxidative stress is one
of the important symptoms of the AD brain’8 and is closely related to the AB.72:80 The
oxidative stress leads to alterations of large numbers of molecular processes such as lipid
peroxidation,81 DNA oxidation,82 and protein dysfunction.83 In particular, the activity of GS
is significantly decreased due to the oxidative stress84:85 which may further result in the
deactivation of GS in the Ag region and lower the level of glutamine.

The relative intensity of aspartic acid was about four times lower in Ag plagues compared
with the surrounding regions. A previous study revealed that the metabolic profiles of a
number of amino acids and relevant molecules, including aspartic acid, alanine, serine,
glycine and A-acetyl aspartic acid, were significantly altered in the mice during aging.86:87
For example, the level of aspartic acid is decreased in AD mice compared with control mice
brain;® this trend is similar to our results. The potential mechanism is likely related to the
dysfunction of mitochondrial and hypometabolism in AD pathogenesis.88:89 In addition, our
results indicate that the relative abundance of malic acid is ~1.5 times higher in plaque than
in the surrounding region; the upregulation of malic acid in plaque was also reported in
previous studies.%% As an important intermediate molecule, malic acid is involved in the
Krebs cycle, mainly occurring in the mitochondria.% Thus the alteration of malic acid is
likely due to mitochondrial dysfunction and the decreased function of key enzymes in AD.92
In addition, the abundances of other metabolites, such as xanthine and DHA (Table S3), are
also significantly different between the Ag and surrounding regions, whereas the relevant
mechanisms need to be further studied.
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CONCLUSIONS

In this study, we utilized the Single-probe MSI technique to achieve high-resolution,
ambient MS images of a mouse brain with Alzheimer’s disease in both negative and positive
ion modes. Fluorescence microscopy images were obtained using the adjacent mouse brain
slices to locate A plague positions. Image fusion was carried out to integrate fluorescence
microscopy images (with higher spatial resolution) and MS images (with rich chemical
information). In particular, the fused images can provide significantly improved spatial
resolution of MS images, allowing for the correlation of histological hallmarks of AS
plaques and their surrounding regions to their relevant metabolomic profiles. Our results
indicate that a number of metabolites (e.g., lysophospholipids, spermine, AA, malic acid,
glutamine, and aspartic acid) are abnormally expressed in Ag plaques, and they are very
likely related to the development of AD. Our method can potentially be used in other studies
to illustrate the spatially resolved correlations between metabolites and potential biomarkers
of diseases. The fully established methods may benefit the physiopathology, therapeutic
resistance, and biomarker discovery.
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Figure 1.
Fluorescence microscopy images of brain slices of (A) 5xFAD and (B) control mice.
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Figure2.
Optical and MS images of FAD mouse brain. Optical image of (A) a coronal section of

mouse brain and (B) the zoomed-in region containing the area for MSI measurement
(enclosed in the red rectangle). MS images of (C) [PC(36:1) + H]* and (D) [PC(38:1) + H]™)
representing metabolites primarily distributed in the white matter. MS images of (E)
[PC(38:4) + K]* and (F) [PC(38:6) + K]™) representing metabolites primarily distributed in
the gray matter. All metabolites were identified using MS?2 from the tissue slice, and the
results were compared with METLIN (Table S4).

Anal Chem. Author manuscript; available in PMC 2019 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tian et al. Page 15

Figure 3.
Fusion of the fluorescence microscopy image and the MS image. (A) Fluorescence

microscopy image of a 5XFAD mouse brain slice stained using Thioflavin S. (B) Original
MS images of metabolites ([PC(34:1) + H]* (/m/z760.5851) (top), [PC(38:6) + H]* (m/z
844.5218) (middle), and [LPC(18:0) + H]* (/m/2524.3693) (bottom)) and (C) their fused
images. All metabolites were identified using MS?2 from the tissue slice, and the results were
compared with METLIN (Figure S3).
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Figure 4.
Pixel selection and average spectra (MS positive ion mode). (A) Fused image and the pixels

representing AS plaques and their surrounding region. (B) Averaged mass spectra of an A
plaque and its surrounding region.
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Figure5.
Representative metabolites (MS positive ion mode) with significantly different abundances

between A plaques and their surrounding regions. Results were obtained from three AS
plaques. The error bar indicates the standard deviation of the relative intensities obtained
from the selected pixels. All metabolites were identified using MS2 from the tissue slice, and
the results were compared with METLIN (Figure S3) (from ttest: ***, <0.001).
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Figure 6.
Image fusion of fluorescence microscopy and MS images (MS negative ion mode). (A)

Fluorescence microscopy image of 5XFAD mouse brain. (B) MS image of
[PA(0-32:0)-2H]?~ and (C) its fused image. (D) MS image of dodecenoic acid [M+K-2H]~
and (E) its fused image.
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Figure7.
Pixel selection and ion abundance comparison (MS negative ion mode). (A) Pixels

representing AS plagues and their surrounding areas in the fused images. (B) Representative
metabolites possessing significantly different abundances between Ag plaques and their
surrounding regions (from ftest: *** < 0.001). All metabolites were identified using MS2
from the tissue slice, and the results were compared with METLIN (Figure S4).
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