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Abstract  
The progressive accumulation of amyloid beta (Aβ) plaques is a hallmark of Alzheimer’s 
disease (AD). However, the biochemical mechanisms of their formation and the 
consequences associated with plaque formation remain elusive. Changes in lipid 
compositions have been reported in AD using targeted mass spectrometry approaches 
and connected to neuroinflammation but provided limited spatial detail. We report here 
a new non-targeted approach for discovering and mapping region-specific, plaque-
associated lipids including isomers. We accomplish this via a multimodal framework that 
integrates matrix assisted laser desorption/ionization with laser-induced postionization 
(MALDI-2) mass spectrometry imaging and trapped ion mobility spectrometry-based 
spatial lipidomics. Our approach integrates significantly enhanced detectability and 
spatial-chemical resolution, fluorescence microscopy,  and a computational pipeline for 
multimodal image co-registration and untargeted discovery of plaque-altered lipids. 
Plaque-associated and brain-region-specific lipidomic changes with striking lipid 
heterogeneity among individual Aβ plaques across different regions were revealed, as 
well as unique spatial distributions of lipid isomers around Aβ plaques in a mouse AD 
model. This approach provides a new tool to enhance our understanding of the Aβ 
microenvironment.  
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Introduction 
Alzheimer’s disease (AD) is the most prevalent form of dementia.1 The hallmark pathologies of 

AD include amyloid beta (Aβ) plaque formation and neurofibrillary tangles, which are associated 
with cell death and brain atrophy.1,2 Recently, spatial transcriptomic studies have revelated the 
rich and complex molecular alterations in the Aβ plaque microenvironment.3 In concert, there is 
a rising interest to investigate the connections between brain lipids, which cannot be directly 
measured from gene expression data, and their relation to the progression of AD pathologies.4 
For example, the most significant genetic risk factor for late-onset Alzheimer's disease is the 
presence of the E4 allele of apolipoprotein (APOE E4), a lipid transport protein.5 It has been 
suggested that APOE4 promotes neuroinflammatory responses,6 including the formation of 
reactive astrocytes and activated microglia. Further evidence suggests that cholesterol-rich lipid 
rafts may be the primary domain in which processing of amyloid precursor protein (APP) takes 
place.7 Interestingly, several classes of lipids appear to spatially altered in the vicinity of Aβ 
plaques. These include gangliosides, an abundant class of glycolipids, and sulfatides, 
specialized components of myelin sheaths which are decreased early in AD pathogensis.8 
Taken together, these findings highlight a strong link between AD pathology and the lipidome.  

Matrix assisted laser desorption/ionization mass spectrometry imaging (MALDI MSI) is a tool 
of choice for the label-free mapping of hundreds of lipids and other endogenous molecules 
simultaneously and in situ, offering unmatched spatial-chemical specificity.9–11 The ability of 
MALDI to map lipids, as well as Aβ peptides, in rodent models of AD has been demonstrated,12–

20 revealing colocalization of several lipids to Aβ plaques including simple gangliosides, 
concomitant with the depletion of sulfatides in the same areas. Further, lipid and peptide 
imaging has been applied to postmortem human AD tissue from both familial21 and sporadic AD 
patients,22–24 demonstrating that many of the same lipid species observed to be spatially altered 
in animal models are also dysregulated in humans.  

Despite progress, the molecular portrait of the lipidome in AD is incomplete due to limited 
chemical detail, spatial resolution, and brain coverage offered by existing approaches. 
Particularly, reliance on targeted lipid analysis and manual peak selection inherently limits the 
obtainable lipid coverage leading to potential biases. Second, previously reported spatial 
resolutions are insufficient to fully characterize the plaque microenvironment. Third, large brain 
coverage is necessary to understand global lipid alterations between different key anatomical 
regions, especially those more susceptible to AD pathology versus less resilient areas. Finally, 
multiple isomeric forms of lipids are functionally important but non-trivial to characterize, 
requiring enhanced instrumentation and methods.  

Here we present a combined instrumental and computational workflow for unbiased mapping 
and nontargeted discovery of AD-associated lipids with high sensitivity and molecular specificity, 
using the 5xFAD mouse model of AD as an evaluation platform.25,26 Specifically, MALDI with 
post-ionization (MALDI-2)27,28 is employed to enhance detectability and facilitate imaging at 
high-spatial resolutions while maintaining chemical detail. We then introduce a computational 
pipeline for coregistration of MSI data with Aβ-stained fluorescence images, automatic Aβ-
plaque-localized pixel selection in the hyperspectral MS images, and unsupervised clustering of 
plaque-associated lipid profiles across brain regions. This workflow follows the concepts of our 
image-guided mass spectrometry approach, microMS29 used for single cell10,30 and subcellular 
measurements.31 Here, instead of dissociating the tissue, we use optical microscopy to guide 
the data analysis of MS images, targeting extracellular plaques rather than cells. By comparison 
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of pixels associated with plaques and control pixels, lipids enriched or depleted within and near 
Aβ plaques are highlighted. Multimodal acquisition and co-registration also revealed 
heterogeneity in lipid contents among plaques in different brain regions. Finally, we employ 
trapped ion mobility spectrometry (TIMS) to resolve lipid isomers exhibiting differential 
distribution in AD tissue and confirm the structure of the separated isomers by sequential TIMS 
– collision induced dissociation (CID). This approach enables spatial lipidomic profiling of AD 
brains with combined high spatial resolution and isomer separation, providing a powerful tool to 
study biochemistry in the Aβ plaque microenvironment 

 
Results 
Non-targeted discovery of plaque-associated lipids  

To probe the lipid landscape within the Aβ plaque microenvironment, we developed a high-
spatial-resolution MALDI-2 MSI approach with multimodal data analysis (Fig. 1). Here, the use 
of 5-µm spatial resolution with excellent detectability,14 was achieved by leveraging the signal 

 

Fig 1. Framework for discovery of plaque-related lipids with multimodal mass spectrometry and 
fluorescence imaging and computational methods. (Top) Obtained from extracted mouse brain, 
cryosections are imaged using MALDI-2 TIMS MS, followed by Aβ staining  on the same-section and 
fluorescence imaging. The images are coregistered and plaque-associated pixels and brain regions are 
automatically extracted from MSI data. (Bottom) Plaque-enriched and depleted lipids are determined 
from multiple hypothesis testing and visualized by volcano plots and subtraction spectra. Plaque-
association is confirmed by inspection of ion images for discovered features. Finally, brain-region-
specific lipid alterations with enhanced brain coverage are determined. 
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enhancement afforded by MALDI-2. A multimodal, computational approach was used to 
discover plaque-associated and plaque-depleted lipids via accurate coregistration of Thioflavin 
S-stained fluorescence images and MSI data (details in Fig. S1), non-targeted lipid discovery, 
and atlas-informed brain region segmentation and lipid analysis (Fig. 1).  

Because the utility of MALDI-2 to profile neurodegenerative disease models has not yet been 
shown, we first evaluated if MALDI-2 could provide signal enhancement for lipids previously 
shown to be dysregulated in AD. In positive ion mode, significant signal enhancement was 
obtained for known AD-associated lipids including Vitamin A1, cholesterol, and lyso-
phosphatidylcholines (Fig. S2). In negative mode, enhancement of AD-associated 
phosphatidylethanolamines (PE) and sulfatides (ST) was observed (Fig. S3). In contrast, we 
observed a decrease in signal of monogangliosides (GM) GM1(36:1) and GM(38:1), which were 
associated with the generation of asialo-ganglioside (GA1) fragment ions, in agreement with the 
observations of Soltwisch et al.27  (Fig. S3). Overall, we found that MALDI-2 enhanced the 
signal of many low-abundance species in both positive and negative ion modes. Encouraged by 
the signal enhancement observed in these characterization experiments, we next generated a 
non-targeted workflow to find plaque-associated lipids using the detection enhancement from 
MALDI-2. Because a majority of lipid classes known to be implicated in AD are better detected 
in negative ion mode, we focused on negative mode data for the remainder of this work.  

To assess the viability of our multimodal computational approach, we compared fluorescence 
images to MALDI ion images of lipids previously reported to be plaque localized. Individual Aβ 
plaques were readily detected by fluorescence imaging following Thioflavin S staining of coronal 
tissue sections from a 5xFAD mouse brain (Fig. 2a). Comparison of fluorescence images to MSI 
images of monoganglioside GM3(36:1) (Fig. 2b) a lipid known to accumulate in Aβ 
plaques,21,24,32  obtained at 5-µm spatial resolution from the same section post-MSI show a high 
degree of colocalization (Fig. 2c), validating this approach. Additional comparison to a lipid 
species known to be depleted in Aβ plaques, the sulfatide ST(42:1)21 provides further 
confirmation (Fig. 2d-f). In principle, direct imaging of Aβ peptides via MALDI post-lipid MSI can 
be done. However, since peptide imaging on the same section requires tissue rinsing, matrix 
reapplication, and an additional MSI run, we chose a multimodal MSI and fluorescence 
approach to facilitate lipid discovery due to higher throughput as well as higher spatial resolution 

Fig 2. (a) Fluorescence images of tissue stained 
for Aβ plaques by Thioflavin S post-MSI. (b) MSI 
image of the same region shows GM3(36:1), a 
monoganglioside. (c) Merged fluorescence and 
MSI data show colocalization of GM3(36:1) to 
Aβ plaques. (d). Thioflavin S and Hoechst 
highlights cell nuclei size and location relative to 
plaques, arrows indicate regions of Thioflavin 
S+ plaques (e) MSI image of ST(42:1) shows 
depletion of sulfatides around Aβ plaques, (f) 
Merged fluorescence and MSI image of 
ST(42:1) and Thioflavin S. 
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of Aβ plaques. However, to confirm the specificity of Thioflavin S to Aβ plaques, we compared 
fluorescence images to direct detection of Aβ1-40 and Aβ1-42 via MALDI (Supporting Information 
and Fig. S3) and observed excellent correlation.   

Building on these results, we next developed a computational approach to select pixels from 
Aβ plaques and compare them to control pixels for nontargeted discovery of altered lipids. 
Briefly, MSI data and fluorescence data (obtained post-MSI) were coregistered via affine 
transformation (Fig. S4). Pixels in the MSI data that aligned with Aβ plaques were extracted 
(Fig. 3a-b), while an equal number of control pixels were extracted from regions that did not 
stain for Thioflavin S (Fig. 3c). Specifically, control pixels were selected by first dilating a region 
of pixels around each plaque within a 200 µm diameter. Any pixels in the plaque-surrounding 
region that were positive for Thioflavin S, indicative of a nearby plaque, were excluded and 
replaced with the next-closest Thioflavin S negative pixels to maintain an equal number of pixels 
in each group.  

To avoid redundant features from isotopic peaks as well as matrix and fragment ions, we first 
refined m/z features to a list of putative lipids. To accomplish this, we searched all m/z features 
on LIPIDMAPS33 for negative ions with a mass tolerance of 0.01 m/z. This feature list was 
further refined by ensuring that each putative lipid also exhibited at least one expected isotopic 
peak in addition to the monoisotopic m/z. Next, we tested each of the refined lipid features for 
significance to identify putative plaque-associated lipids. A parametric t-test was used as a 
majority (79%) of lipid features were normally distributed (p>0.05 via Shapiro Wilk test).  

The results are readily visualized in volcano plots (Fig. 3d) and averaged subtraction plots 
(Fig. 3e). We observed plaque-colocalization of monogangliosides including GM3 and GM2, 

Fig 3. Non-targeted discovery of plaque-associated lipids in 5xFAD mice (n=3 animals, two sections per 
animal). (a) Representative ion image at m/z 1179.73, representative of all measurements from 5xFAD 
animals. (b) Extraction of plaque-localized pixels from the ion image (c) Extraction of control pixels from 
the same ion image (d) Volcano plot highlighting discovery of plaque enriched and depleted lipids (e) 
Average difference mass spectrum highlights discovered enriched and depleted lipids (f) A zoomed-in 
region of the difference plot from m/z 1100 to 1600 is included to highlight ganglioside differences.   
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phosphatidylethanolamines (PE), phosphatidylinositols (PI), and lyso-phosphatidylinositols 
(LPI). In contrast, sulfatides (ST) including oxidized sulfatides (ST(OH)) were depleted within 
plaques. To provide additional confidence in lipid identifications beyond mass matching, on-
tissue MS/MS was obtained for selected altered lipids (Fig. S5-S7). We next sought to 
investigate how lipids were altered beyond the single-plaque level by investigating changes 
across major brain regions. 

Brain-regional analysis 
To contextualize the discovered plaque-associated lipids, we investigated lipid alterations across 
larger anatomical regions between 5xFAD and wild type (WT) animals. Specifically, we 
investigated the hippocampus, cerebral cortex, entorhinal cortex, and midbrain. We observed 
that many plaque-associated lipids also exhibited significant brain-region-wide dysregulation. 
For instance, LPI(18:0) was significantly enriched in 5xFAD mice relative to WT animals (p ≤ 
0.05 via paired t-test) in the brain regions investigated except the midbrain (Fig. 4b). Similar 
trends were observed for other plaque-associated lipids, including GM3(36:1) and GM2(36:1 
(Fig. 4c-f). Although not achieving statistical significance, sulfatides ST(42:1) and ST(42:1(2OH) 
show a trend of decrease across all major brain regions (Fig. 4e-f). The regions more 
susceptible to pathologies (e.g., hippocampus and cerebral cortex) seem to exhibit stronger lipid 
alterations than other regions. 

We further hypothesized that plaques which appear identical in Thioflavin S-stained 
microscopy images may be associated with different lipids depending on the brain region in 
which they are located. To investigate this hypothesis, all plaque MSI pixels from 5xFAD animals 
(n=3) including all discovered plaque-associated lipids were submitted to t-SNE and labeled 
according to brain region (Fig. 4g). We observed brain region-dependent clustering, with the 
midbrain most isolated from other clusters. We further compared normalized fluorescence 
images to MSI data for several plaque-enriched lipids across brain regions (Fig. 4h). 
Specifically, the fluorescence intensity of Thioflavin S and the ion intensities in each brain region 
were normalized to their respective maximum values across all brain regions to enable 
comparison. In the hippocampus, a region that exhibits high pathology, the fluorescence 
intensity of Thioflavin S closely followed the lipid signal intensity for all the species studied. 
Notably, some differences were observed in the cerebral cortex and midbrain. For instance, the 
signal intensity for GM3(36:1) was much lower in the midbrain than the staining intensity would 
suggest, which is also the brain region where this lipid is least abundant (Fig. 4c). This 
observation is further highlighted by comparison of whole-coronal-slice fluorescence images to 
an ion image of GM3(36:1) (Fig. 4i). Although significant Thioflavin S positive plaques are found 
in the midbrain, GM3(36:1) is less abundant in this region relative to the other regions studied. 
This trend of GM3-association with plaques also follows its natural abundance in the brain in 
WT mice (Fig. 4c). In contrast, other lipids were plaque-associated across all brain regions. For 
instance, LPI(18:0) was abundant across the hippocampus, cerebral cortex, and entorhinal 
cortex. Taken together, these findings provide strong evidence of regional heterogeneities in the 
composition of lipids associated with AD pathologies.  
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Fig 4. (a) Anatomical annotations for brain regions studied and optical image showing location region of 
interest (ROI) for high-spatial-resolution imaging. (b-f) (Left) Ion image at 5 µm spot size and pitch of 
plaque associated lipids and (Right) their relative amounts in various brain regions determined from whole-
brain-slice imaging at 50 µm spot size and pitch (n=6 animals, 2 sections per animal). Error bars represent 
one standard deviation. (g) t-SNE of all plaque-localized pixels showing regional heterogeneity. (h) 
Comparison of normalized Thioflavin S intensity to normalized intensity for select plaque-associated ions. 
(n=6 animals, 2 sections per animal). Error bars represent one standard deviation. (i) Representative 
Thioflavin S staining across an entire coronal section compared (top) compared to intensity for GM3(36:1). 
The staining and MSI are representative of six measurements (n=3 5xFAD animals, two sections per 
animal). *p≤0.05, **p≤0.01 via paired t-test. 
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Trapped ion mobility of separation of AD-associated glycolipid isomers 

Next, we enabled trapped ion mobility spectrometry (TIMS) in order to determine which 
plaque-associated lipids consisted of multiple isomers, and then to separate them and map their 
spatial distribution. We observed that GM1(36:1) and GM1(38:1) both produced two peaks with 
unique mobilities at the same m/z. Gangliosides are glycolipids composed of a ceramide chain 
and a glycan, and we putatively assigned the isomers as GM1a and GM1b, which differ in the 
position of the sialic acid, a charged sugar, on the glycan (Fig. 5a,c). Performing MSI with TIMS 
engaged revealed unique spatial distributions for each peak (Fig. 5). Notably, both a- and b-
isomers were associated with Aβ plaques, suggesting that at least the localization of sialic acid 
residue within GM1 does not play a major role in its association with Aβ plaques. The 
differences in their localization was observed in other regions, for instance, GM1b(36:1) was 
more enriched in the white matter of the corpus callosum relative to GM1a(36:1) (Fig. 5b and 
5d), as illustrated by the blue color in this region.  

To confirm the identity of each isomer, we performed on-tissue TIMS with MS/MS (Fig. S8). 
Because the TIMS separation occurs prior to the collision cell, fragment ions share the mobility 
of their precursor, such that diagnostic fragment ions can be assigned to each mobility resolved 

Fig 5. (a) Extracted ion mobilogram (EIM) at m/z 1544.87 shows the TIMS-enabled separation of 
GM1b(36:1) and GM1a(36:1). (b) Ion images are shown for mobility-selected GM1b(36:1) in blue, 
GM1a(36:1) in red, and a merged image of both. In (c) the EIM at m/z 1572.90 shows separation of the 
a- and b- isomers of a longer-chain version of GM1, GM1(38:1) with corresponding ion images in (d).  
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peak. Based on diagnostic fragment ions, we identified the earlier eluting peak as GM1b and 
later eluting peak as GM1a. These results build off previous MALDI TIMS separation of 
ganglioside isomers,34,35 shown here for the first time in a neurodegenerative disease model. 

 
Discussion 

We have shown that advanced MSI tools can greatly expand our understanding of 
biochemical alterations in Alzheimer’s disease. By jointly studying plaque-associated lipids and 
their regional alterations, we discovered previously unseen rich heterogeneities in lipid profiles 
associated with individual plaques across the brain. Notably, while GM3 accumulated in plaques 
in the hippocampus, cerebral cortex, and entorhinal cortex, GM3 was not found in high 
abundance in plaques in the midbrain. This finding is interesting given the evidence that  
gangliosides promote the amyloidogenic processing and serve as “seeds” to promote amyloid 
fibrilogenesis.36,37 Our findings suggest that ganglioside-mediated formation of Aβ plaques may 
occur differently across brain regions, a hypothesis which could further explored with spatial 
transcriptomics to provide insight into region-specific ganglioside synthesis activity. 

In addition to regional variations, we demonstrated ion mobility-enabled resolution of a- and b-
series ganglioside isomers. This capability may be critical to understanding Alzheimer’s lipid 
pathology. For instance, previous work such as that Taki et al.38 showed alterations in b-series 
gangliosides (e.g., GD1b and GT1b), but not in a-series gangliosides in postmortem AD tissue, 
suggesting they play distinct roles. However, the separation of GM1a and GM1b isomers has 
not previously been shown in AD tissue—an advance facilitated by our methodology. Resolving 
more subtle forms of isomerization, such as C=C geometry and sn-position may require the 
addition of derivatization, ion/ion reactions and/or ion multiplexing techniques.39,40 Further, many 
of the plaque-associated lipids identified in our study, including gangliosides GM1 and GM3, 
also show altered concentrations in plasma41,42 suggesting that MSI-guided findings can be 
used to refine lipid biomarker panels for early AD diagnosis.   

Still, a key question remains: to what extent are the observed lipid accumulations due to 
enrichment in plasma membranes versus extracellular transport. While many plaque-associated 
lipids are likely to be enriched in plasma membranes, there is increasing evidence supporting 
lipid variation through extracellular vesicle packaging and release during AD.43 The 
characterization of extracellular vesicles in AD models, combined with MSI, could provide critical 
insight into the mechanism of lipid transport and distribution, providing a better understanding of 
their role in AD pathology.  

Last, we note that alterations in cell type and composition around Aβ plaques, such as 
accumulation of reactive astrocytes44 and morphological changes to microglia45 are likely 
contributors to the lipid heterogeneity observed. These cellular changes, along with their 
structural alterations, are expected to have a direct impact on the lipid profiles within Aβ plaque 
regions. The emerging field of single cell proteomics and metabolomics holds great potential for 
uncovering the cell-type specific contributions to lipid biosynthesis and distribution.46,47 High 
spatial resolution MSI, supported by proteomics and immunofluorescence, offers a powerful 
strategy to unravel the intricate relationship between cell type and lipid alterations.  

 
Conclusions 

We introduced a novel pipeline for unbiased discovery of Aβ plaque-associated lipids and 
mapped them with high spatial resolution and isomer separation. This was enabled by the 
integration of fluorescence microscopy, MALDI-2 ion mobility / mass spectrometry, and 
computational tools. Our approach can be extended to achieve spatial lipidomics and 
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metabolomics in various disease models and tissue types. Work is ongoing to extend this 
approach to characterize the lipidome in other AD models and human samples.  

Beyond AD, this pipeline is well suited to examining regional differences in lipids at defined 
locations within the brain, whether these are extracellular plaques, rare cells, or specific 
locations containing diseased tissue. The requirement is that these locations are highlighted via 
morphological or fluorescence-imaging. The incorporation of photocleavable mass-tags48,49 is an 
intriguing approach to make the pipeline fully MS-compatible. Photocleavable mass tags provide 
multiplexed tagging, which could allow more cell types and key protein markers to be detected 
than traditional fluorescence microscopy. This approach can also correlate changes in cell 
composition to plaque morphology, allowing inference of detailed brain response to plaque 
formation.  

 
 

Methods 
Chemicals and Reagents 

Thioflavin S, 2,5-dihydroxyacetophenone (DHAP), methanol, acetonitrile, ethanol, and 
paraformaldehyde (PFA) were purchased from Sigma Aldrich. Hoechst 33342, tris-buffered saline (TBS), 
and phosphate-buffered saline (PBS) were obtained from Thermo Fisher Scientific.  
Animals 

Five-month-old female 5xFAD mice25 along with age- and sex- matched wild type controls (C57BL/6) 
were studied (n=3 per group). Animals were housed in a 12 h light cycle and fed ad libitum. Euthanasia of 
animals was conducted via slow asphyxiation using CO2 gas following the animal use protocol approved 
by the Illinois Institutional Animal Care and Use Committee with strict adherence to both national and 
ARRIVE standards for the ethical treatment and care of animals.  
Sample Preparation 

Immediately after euthanasia, animals were transcardially perfused with 60 mL of ice-cold modified 
Gey’s balanced salt solution (mGBSS).50  Brains were quickly surgically dissected and frozen on dry ice. 
To obtain thin tissue sections for MSI, brain regions from all six animals were adhered onto the chuck of a 
cryostat-microtome (Leica Biosystems) with deionized water. Coronal sections of 12 µm thickness were 
obtained at bregma -2.80 ± 0.2 mm and thaw mounted onto ITO-coated glass slides (Delta Technologies, 
Loveland, CO). To help mitigate batch effects all animals studied were sectioned simultaneously and 
thaw-mounted together onto a given slide.  

Tissue sections were coated with 2,5-dihydroxyacetophenone (DHAP) at 10 mg/mL in 8:1:1: 
MeOH:ACN:H2O using an HTX-M5 Sprayer (HTX Technologies, Chapel Hill, NC). Matrix was applied with 
10 passes using a flow rate of 125 µL/min and a nozzle temperature of 60 ˚C. The sprayer was set to a 
distance of 60 mm from the sample and applied at 10 psi with a velocity of 1200 mm/min. Ten passes of 
matrix were applied with 15 s drying time between passes.  

For high-spatial-resolution tissue imaging of lipids, DHAP was applied with a laboratory fabricated 
sublimation setup. The setup consisted of a glass sublimation apparatus (Wilmad Glass) placed onto a 
heated sand bath. Briefly, ~500 mg of DHAP was evenly spread onto the bottom of the sublimation 
chamber using a stainless-steel tea strainer. An ITO-coated glass slide was attached to the bottom of the 
cold finger with double-sided copper tape and sealed within the apparatus with an O-Ring. Vacuum was 
established using a rough pump. The cold finger was then filled with an ice-water slush. Matrix was 
sublimed by placing the apparatus onto a sand bath heated to 170 °C for 2 min applying a matrix density 
of 50 µg/cm2.  

For TIMS imaging, DHAP matrix was applied with a newly acquired HTX SubliMATE (HTX 
Technologies) by aliquoting 40 mg of matrix into the ceramic wafer. Next, vacuum pressure was stabilized 
to ca. 40 mtorr while the top of the apparatus was cooled with an ice-water slush for 5 min. Matrix was 
sublimed by heating the ceramic wafer to 200 °C for 5 min, yielding a matrix density of 120 µg/cm2. 
Mass spectrometry imaging 
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Lipid MSI was performed on a timsTOF fleX MALDI-2 trapped ion mobility quadrupole time-of-flight 
mass spectrometer (Bruker Corp., Billerica, MA).The instrument was equipped with a Bruker SmartBeam 
3D Laser consisting of two Nd:YAG lasers operating at 355 nm (frequency tripled) and 266 nm (frequency 
quadrupled) for MALDI and MALDI-2, respectively. The instrument was configured and controlled using 
timsControl (Client version 5.1.2) and flexImaging (Version 7.4, Bruker Daltonics GmbH & Co. KG). 
Detailed instrument settings are provided in Table S1. For high spatial-resolution imaging, tissue sections 
with sublimed matrix application were imaged using a “Single M2” beam with either a 5×5 µm2 (TIMS off) 
or 10×10 µm2  (TIMS on) spot size. To profile global changes, two tissue sections from each animal (n=6 
animals, n=12 sections) were imaged with the “M5 M2” laser beam generating a 50×50 µm2 spot size. 
Spectra were collected at 1 kHz with 100 shots and a post-ionization delay of 10 µs. Before every 
acquisition, mass calibration was performed using red phosphorus in LDI mode. Lock mass calibration 
was performed using three abundant lipid ions.  
Trapped ion mobility imaging 

TIMS with high resolving power was performed to resolve ganglioside isomers using a 25 ms 
accumulation time with a 1400 ms ramp time. The TIMS In N2 pressure was increased to ~2.55 mbar in 
order to increase the resolution for high m/z ions.51 Concurrently, the Δt6 (Ramp Start -> Accumulation 
Exit) voltage was increased to -175 V to access higher mobilities. A detailed set of TIMS parameters are 
provided in Table S2. Mobility calibration was performed using the ESI source with ESI-L low 
concentration tuning mix (Agilent Technologies, USA).  
Post-MALDI Histological staining 

To correlate lipid distributions with amyloid plaque accumulation, the same brain sections analyzed by 
MSI were subsequently stained with Thioflavin S based on previous protocols52 and modified for MSI. 
First, DHAP matrix was removed by washing sections in 50% EtOH for 5 min. Next, tissues were fixed in 
4% PFA in 1x PBS for 20 min. After fixation, sections were washed for 2 min in 1x in TBS with 0.1% 
Tween 20 (TBST), followed by a quick wash in TBS and then incubated with 1% w/w Thioflavin S, filtered 
by 22 µm, for 8 min in the dark. After amyloid staining, sections were washed with 80% EtOH (2x for 3 
min), 95 % EtOH (3 min) and then stained for nuclei in Hoechst 33342 (0.5 µg/mL in 1x TBS) for 10 min. 
Slides were briefly dried under N2 and mounted with ProlongGold™ Antifade. Tiled fluorescence images 
were obtained on an Axio M2 imager (Zeiss, Jena, Germany) equipped with an AxioCam ICc5  camera 
and a .63× camera adaptor and an X-cite Series 120 Q mercury lamp (Lumen Dynamics, Mississauga, 
Canada). Images were obtained with a 10x air objective with 20% tile overlap using GFP (ex. 450–490 
nm; em. 500–550 nm) and DAPI (ex. 335–383 nm; em. 420–470 nm) filter cubes for Thioflavin S and 
Hoechst, respectively. Images were exported as .jpeg files for downstream processing.   
Data analysis 

Raw binary Bruker .d data files were parsed into Python using pyTDF-SDK.53 Peak picking was 
performed on an average spectrum generated from all pixels from each imaging file. After peak picking, 
data were aligned to a common set of m/z vales. Data were subsequently written as .mat files for 
processing MATLAB 2022b. Coregistration of fluorescence and MSI data was performed using affine 
transformation with at least 8 support points in each of the images. Anatomical annotation was performed 
by manually drawing regions of interest with reference to the Allen Brain Atlas.54 Plaque-positive pixels 
from each of the regions were submitted to t-SNE for unsupervised clustering. Each pixel consisted of an 
array of m/z values for all discovered plaque-associated lipids.  
Statistical analysis 

Data were checked for normality using a Shapiro Wilk test. Suitably normal data (p>0.05 from Shapiro 
Wilk) were compared with a two-tailed t-test. t-SNE was performed in MATLAB 2022b with the function ‘t-
sne’ using Euclidean distance as the distance metric and with all other parameters as default.   
Code Availability 

The scripts used to perform image registration and regional analysis are publicly available on GitHub at 
https://github.com/timtk1/MALDI2Alz. 
Data Availability 
The data that support the findings of this study are publicly available via the Illinois Data Bank 
(https://doi.org/10.13012/B2IDB-4907703_V1) 
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