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1 | INTRODUCTION

Mass spectrometry (MS) has been widely used in the analysis of bio-
molecules, such as MS-based approaches for proteomics, metabolo-
mics, lipidomics, and glycomics. It has also become evident that
combine multiomics data are required to address the challenge of
translational research. Mass spectrometry imaging (MSI) has emerged
as a powerful tool for the direct detection of biomolecules, including
proteins, peptides, glycans, metabolites, phospholipids, and glycolipids,
in tissue samples (Buchberger, DelLaney, Johnson, & Li, 2018; Caprioli,
2016; Dreisewerd & Yew, 2017; Trim & Snel, 2016; Ucal et al., 2017).
Several ionization sources are capable of ionizing the molecules on
the surface of the sample and the mass spectrometer collects a mass
spectrum at each pixel on the section with the resulting spatial resolu-
tion defined by the pixel size. The combination of data obtained from
MS and visualization of spatial distributions in thin sample sections
makes this a valuable chemical analysis tool for biological specimen
characterization (Buchberger et al., 2018). Currently, most important
ionization sources in MSI studies are matrix-assisted laser desorption/
ionization (MALDI) (Caprioli, Farmer, & Gile, 1997), secondary ion
mass spectrometry (SIMS) (Chandra, Smith, & Morrison, 2000), and
desorption electrospray ionization (DESI) (Cooks, Ouyang, Takats, &
Wiseman, 2006; Takats, Wiseman, Gologan, & Cooks, 2004). MALDI-
MSI is a robust tool for spatially resolved analysis of biomolecules in
situ. Because of its ability to image a wide range of molecular weights

and molecular species, it allows imaging of large molecules such as

Mass spectrometry imaging (MSI) has emerged as a powerful tool for multiomics study in neu-
rology. MSI combines the multichannel (m/z) measurement capability of mass spectrometers
with a surface sampling process that allows for rapid probing and mapping of the characterized
intact proteins, proteolytic digested peptides, released glycans, phospholipids, glycolipids, and
small metabolites in brain tissues. The present review is focused on the application of MSI to
the study of proteomics, glycomics, peptidomics, metabolomics, and lipidomics in mouse brain

mass spectrometry imaging, mouse brain, proteomics, metabolomics, glycomics, lipidomics

proteins with spatial resolution that can reach down to the ~50 pm.
(Baker, Han, & Borchers, 2017; Buchberger et al., 2018). SIMS-based
MSI can be used for imaging targeted inorganic compounds (Gillen,
Bennett, Tarlov, & Burgess, 1994) or biomolecules with relatively low
molecular weights (Brummel, Lee, Zhou, Benkovic, & Winograd,
1994). It has the advantage of very high-spatial resolution (~100 nm),
Recently, DESI technique is being increasingly used in MSI. The typical
spatial resolution in DESI is ~200 pm, but this value can be reduced
to 40 pm under specific operating conditions (Wu, Dill, Eberlin,
Cooks, & Ifa, 2013).

Neurological disorders are diseases of the brain, spinal cord, cra-
nial nerves, peripheral nerves, nerve roots, autonomic nervous system,
neuromuscular junction, and muscles. These disorders include
epilepsy, Alzheimer disease and other dementias, cerebrovascular dis-
eases including stroke, migraine and other headache disorders, multi-
ple sclerosis, Parkinson's disease, neuroinfections, brain tumors,
traumatic disorders of the nervous system due to head trauma, and
neurological disorders as a result of malnutrition (http://www.who.
int/features/qa/55/en/). There is a great interest in deciphering the
molecular and biochemical defects under the pathogenic process in
neurological disorders. In recent years, MSl-based proteomics, glyco-
mics, metabolomics, and lipidomics have been used as an established
tool in neurological diseases. For instance, MSl-based methods can
define the regions of a tissue based on their biomolecular signatures
and thereby identify those regions displaying signatures associated

with a brain tumor but which have not yet undergone morphological
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transformation or regions that are not morphologically distinct using
established histopathologic tools. Furthermore, the abundance of
information available for each disease from multiple omics constitutes
an advantage in identifying disease-specific underlying mechanisms.
Integration of multiomics data is crucial in enhancing disease under-
standing and identifying meaningful clusters of molecular mechanisms
in neurological disorders. This review focuses on MALDI-MSI and is
designed to provide technique resource for neurologists who are

interested in applying MSI for novel applications.

2 | ADVANCE IN MSITECHNIQUES

Recent development in MALDI-MSI techniques has been greatly
increasing its application in neuroscience research. The most signifi-
cant development in instrumentation of MALDI-MSI includes high
spatial-resolution, high mass-resolution, and coupling to ion mobility
spectrometry (IMS). Attempts to use the Nd:YAG lasers for MALDI
without an additional pattern generator have been made for over two
decades, but were unsuccessful because of low ionization efficiency
per amount of material ablated for such beam profiles at spot sizes
above 50 um (Zavalin, Yang, Haase, Holle, & Caprioli, 2014). Several
strategies have been explored to increase the spatial-resolution
(Anderson et al., 2014; Bauernfeind et al., 2015; Zavalin et al., 2012;
Zavalin et al., 2014; Zavalin, Yang, Hayden, Vestal, & Caprioli, 2015).
A Gaussian beam laser was installed in the instrument in combination
with an aspheric focusing lens. This ion source produced sharp ion
images at 5 pm spatial resolution with signals of high intensity as
shown for images from thin tissue sections of a mouse brain (Zavalin
et al., 2014). Because MALDI-MSI is often complicated by numerous
high-abundance matrix derived peaks, high-mass resolution is essen-
tial to successfully implementation of MSI in the low-MW region
(Amoscato et al., 2014; Verhaert, Pinkse, Strupat, & Conaway, 2010;
Ye, Wang, Greer, Strupat, & Li, 2013). Thus high-resolution and high-
accuracy mass spectrometers (HRMS) were used in differentiation of
endogenous analytes from matrix peaks, unambiguously obtaining
biomolecular distributions (Ye et al., 2013).

Coupling of IMS technologies to MS imaging allows to separate
molecules according to their mobility in the gas phase after ionization,
thus providing a tool to reduce the latter effect and therefore to
improve the identification and image quality. This approach also
allows improved detection of low abundance ions and separation of
isobaric molecular species, thus resulting in more accurate determina-
tion of the spatial distribution of molecular ions (Sans, Feider, & Eber-
lin, 2018). IMS-MSI provides an advantage by initially separating
different classes of biomolecules, such as lipids, peptides, and nucleo-
tides, by their IM drift times prior to mass analysis (Jackson et al.,
2011; Jackson et al., 2007). Traveling-wave (t-wave) ion mobility -MS
(TWIMS), which uses electrodynamic rather than electrostatic fields
commonly used in drift cell IM-MS instruments was developed
(Ridenour, Kliman, McLean, & Caprioli, 2010), as well as application of
MALDI imaging and TWIMS for separation of lipids from interfering
background and peptide ions (Mclean, Ridenour, & Caprioli, 2007;
Ridenour et al., 2010). For example, MALDI-IMS MSI was used to

investigate amyloid deposits in formalin-fixed land paraffin-embedded
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tissue samples. On-tissue digestion was carried out by spraying
10 layers of a trypsin solution. The results demonstrated the feasibility
of IMS-MSI to investigate the amyloid's protein composition, thus
paving the way to establish classification models for the diverse types
of amyloidoses and to shed further light on the complex process of
amyloidogenesis (Winter, Tholey, Kristen, & Rocken, 2017).

Three-dimensional (3D) MALDI-MSI is an emerging label-free
bioanalytical technique capturing the spatial distribution of hundreds
of molecular compounds in 3D by providing a MALDI mass spectrum
for each spatial point of a 3D sample (Anderson et al., 2016; Duenas,
Essner, & Lee, 2017; Giordano et al., 2016; Morosi et al., 2017; Thiele
et al., 2014; Xiong et al., 2012). The first 3D MSI has used to visualize
myelin basic protein in a 3D rendered volume of the corpus callosum
of a mouse brain (Crecelius et al., 2005). In this study, a mouse brain
was sectioned coronally at 20 pm thickness resulting in a total of
264 collected sections. Ten sections, equally spaced through the
brain (400-500 pm apart), were selected for mass spectral analysis.
The spatial resolution was later enhanced to 200 pm instead of
400-500 pm, thus enabling the use of virtual z-stacks and 3D volume,
and to investigate differential localization patterns in much smaller
brain structures, such as the substantia nigra and the interpeduncular
nucleus (Andersson, Groseclose, Deutch, & Caprioli, 2008). The
advent of 3D IMS has enabled a more complete picture of interactions
taking place in signaling pathways and disease processes (Seeley &
Caprioli, 2012).

For MALDI-MSI, the identification of matrices that cover a wider
chemical scope is another factor that has been developed and
optimized to improve the sensitivity of existing platforms and increase
the application of MSI to even wide areas of neurological research
(Cerruti, Benabdellah, Laprevote, Touboul, & Brunelle, 2012; Chan
et al., 2009; Fulop et al., 2013; lbrahim, Jurcic, Wang, Whitehead, &
Yeung, 2017; Jackson et al., 2018; Liu et al., 2014; Shanta et al., 2011,
2012; Shariatgoriji et al., 2012; Wang et al., 2017; Wang, Han, Yang,
Pan, & Borchers, 2015; Yang & Caprioli, 2011, 2014; Zhou et al.,
2017). Previously, we demonstrated that MSI technique was capable
of a spatial tissue mapping of ceramide structures in gangliosides
that could not be distinguished using established histologic tools
(Chan et al., 2009). Silver nanoparticles were used as the matrix for
MALDI-MSI to simultaneously analyze 10 classes of lipids from the
brain, including fatty acids and their derivatives, sterols, CPAs, LPA
and PAs, LPE and PEs, LPC and PCs, PS, Cers, SMs, and MAGs and
DAGs, and other small metabolites (Guan et al., 2018). In addition, a
matrix deposition procedure can also affect the MSI quality. For
instance, hydration/recrystallization process was used to produce
high-quality MALDI mass spectra and high-spatial-resolution ion
images (Yang & Caprioli, 2011, 2014).

3 | MSI-BASED PROTEOMICS

Proteomics is the study of the function of all expressed proteins,
which now encompasses not only all the proteins in any given cell, but
also the set of all protein isoforms and modifications, the interactions
between them, the structural description of proteins and their higher-

order complexes (Tyers & Mann, 2003). Proteomics research of brain
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tissues, such as a comparative proteome analysis and protein post-
translational modification (PTM) characterization, will undoubtedly
increase our knowledge of how proteins influence neurodegenerative
diseases. Although no model can completely mimic the complexity of
human diseases, animal models provide valuable contributions to bio-
marker discovery efforts and are important in linking biomarkers to
the molecular mechanisms behind neurodegeneration (Lausted et al.,
2014). By combining MSI and proteomic approaches with well-
defined animal models, we do not only further our understanding of
disease onset and progression, but also identify diagnostic and prog-
nostic biomarkers that are invaluable in the development of novel
therapeutic intervention strategies. In recent years, the study on local-
ization of proteins in mouse brain tissues has been draw in a great
attention, including unambiguously identification of peptides and pro-
teins with molecular specificity, and determination of their distribution
in two and three dimensions (Figure 1) (Andersson et al., 2008;
Crecelius et al, 2005; Fletcher, 2015; Prentice, Ryan, Van de,
Caprioli, & Spraggins, 2018; Seeley & Caprioli, 2012). Without the
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need for any enzymatic digestion, MSI can be used to screen for
changes in expression of small proteins in brain structures implicated
in the different learning phases (Aerts et al., 2017). The direct compar-
ison of the late learning phase with the early phase revealed one
protein of interest with a m/z of 6,724 that was detected at a consid-
erably higher intensity in both the dorsomedial striatum (DMS) and
the dorsolateral striatum (DLS). The protein also displayed higher
intensities in the ventral striatum and the somatosensory and motor
cortex. The authors then identified the protein as PEP-19/pcp4, which
has been previously linked to cerebellar synaptic plasticity and loco-
motor learning. Recently, it was shown that the intact hemoglobin
complex could be sampled directly from thin tissue sections of a
mouse liver and correlated to a visible vascular feature, paving the
way for a native MSI (Griffiths & Cooper, 2016). The method makes it
possible to link the understanding of protein interactions to the pro-
tein environment by visualizing the spatial distribution of noncovalent
protein interactions within tissue. The MSI study of the distribution

of proteins within a mouse brain following an ischemic insult
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FIGURE1 Selected ion images of intact proteins from the mass spectra displayed in Figure 5 from reference (Prentice, Ryan, Van de, Caprioli, &

Spraggins, 2018). (a) An H&E stain of a serial tissue section allows for visualization of brain substructures and indicates the hemispheres of the
brain that were analyzed using normal source pressure (right hemisphere) or reduced pressure source conditions (left hemisphere). (b-o0) The
accurate mass of the most abundant isotope and the protein charge state are reported for each of the ion images. Internal mass calibration was
performed using singly and doubly charged species of cytochrome c and hemoglobin « using a quadratic fit. Images are displayed using root-
mean-square (RMS) normalization. lon images are plotted as +-0.25 Da for the most intense isotope. Scale bars = 2 mm. Reprinted with

permission from Prentice, Ryan, Van de, Caprioli, and Spraggins (2018)
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demonstrated that relevant proteins were involved in brain damage
(Llombart et al., 2017). It revealed for the first time new proteins that
might be involved in brain ischemia representing potential diagnostic
biomarkers or target molecules for neurological recovery.

To increase the number of detected molecular species, two sets
of sections were proposed to be collected for MSI analysis, where one
set of sections could be sprayed with sinapinic acid as matrix for
optimal detection of proteins and adjacent sections were applied
with 2,5-dihydroxybenzoic acid (DHB) matrix for the optimal detec-
tion of low-mass species, including peptides (Andersson et al., 2008).
Although the discrimination of protein expression patterns of tissues
harvested from diseased and normal animals can be accomplished, it
remains to be a problematic to identify proteins via MALDI-MS alone
due to limited fragmentation obtained from the singly charged high-
mass species, except for fairly abundant ones (Ye et al, 2014).
Bottom-up MS of tryptic-digested proteins via in situ enzymatic diges-
tion is then introduced to increase proteome coverage and to assign
identities to the peaks detected by MALDI-MSI (Heijs et al., 2015;
Heijs, Tolner, Bovee, van den Maagdenberg, & McDonnell, 2015). The
addition of ion mobility separations into MSI workflows has allowed
increased specificity and sensitivity for protein analysis, further
advancing MSI into proteomics applications. Integration of MSI with
TWIMS (traveling wave ion mobility spectrometry) and DTIMS (drift
tube ion mobility spectrometry) has been explored for tissue analysis
following on-tissue enzymatic digestions of proteins into peptides,
enabling mass spectra deconvolution, as well as increased species
detection, identification, and determination of their spatial distribution
(Sans et al., 2018). The IMS TAG was introduced for MSI method
using recombinant proteins and on-tissue digestion to detect and
identify proteins from tissues using MALDI imaging and TWIMS (Cole
et al., 2013). MSI of the distribution of proteins in fresh frozen and
formalin-fixed paraffin-embedded tissue samples following in situ
tryptic digestion were generated by isolating signals on the basis of
their m/z value and ion mobility drift time, which were correlated to
matching peptides in the recombinant standard. The tissue digestion
combined with IM-TOF-IMS approach allows a proteomics “bottom-
up” strategy with different types of tissue samples, especially paraffin-
embedded (FFPE) tissues conserved for a long time in hospital sample
banks. The combination of IM with MALDI-MSI marks the develop-
ment of MSI approaches as real proteomic tools, which brings new
perspectives to biological studies (Stauber et al., 2010).

MSI was also used in peptidomics, for example, determining the
distribution of endogenous peptides in brain tissues (Chatterji et al.,
2014; Chatterji & Pich, 2013). In the study of a rat model of Usher's
disease, a rare disease considered to be a leading cause of deaf-
blindness in humans worldwide, cryosections of brain tissue were ana-
lyzed to differentiate between healthy and diseased rats (Chatterji
et al., 2014). Three factors were found to be important for the success
of peptide quantitation. The first factor is to acquire MALDI spectra
under a temperature-controlled condition. The second factor is to
keep the matrix suppression below an experimentally determined
limit, and the third factor is to construct the image map using the
peptide-to-matrix ion abundance ratio rather than the peptide ion
abundance. Recently, a method to construct a quantitatively meaning-
ful image 'map from experimental data was developed (Park, Moon,
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Kim, Lee, & Kim, 2014). The strategy works well for contaminated tis-
sue samples and generates quantitatively meaningful maps (Figure 2).
Amyloid beta (Abeta) deposition in the brain is an early and invari-
able feature of Alzheimer's disease. MSI has been used to study the
spatial distribution of a broad range of Abeta species in human autop-
sied brains (Carlred et al., 2014, 2016; Cheng, Whitehead, Hachinski, &
Cechetto, 2006; Kakuda et al., 2017; Whitehead, Cheng, Hachinski, &
Cechetto, 2005; Whitehead, Hachinski, & Cechetto, 2005). Using
anti-Abetal-41 antibody, the observations from MSI and immunohis-
tochemistry were in agreement, suggesting that a single amino acid
alteration at the C-terminus of Abeta results in drastic distribution
changes (Kakuda et al., 2017). For a successful MSI-based neuropepti-
domic study the biological tissue sample analyzed should resemble the
premortem state as much as possible (Fridjonsdottir, Nilsson, Waden-
sten, & Andren, 2018). Heat stabilization has been proven to inhibit
postmortem degradation by denaturing proteolytic enzymes, hence
increasing identification rates of neuropeptides. MSI proved to be par-
ticularly advantageous with respect to neuropeptide characterization,
as commonly used antibody-based approaches target known peptide
sequences and previously observed posttranslational modifications. By
contrast, MALDI-MSI can unravel novel peptide processing products
and thus reveal new molecular mechanisms of neuropeptide modula-
tion of neuronal transmission (Hanrieder, Ljungdahl, & Andersson,
2012; Hanrieder, Phan, Kurczy, & Ewing, 2013). The MSI has been used
to examine the integrity and distribution of the injected peptide, for

example, neuropilins (NRP) inhibitory peptide (Jiang et al., 2010). In this

Top
' '
Bottom “L
FIGURE 2 Image maps of Y5R on a tissue that was spray-coated with

a solution containing CHCA and Y5R. The tissue was contaminated by
larger (near the top edge) and smaller (near the bottom edge) amounts
of YLYEIAR. Image maps were constructed with (a) Zili([P + H]+) and
(b) Zi{li([P + HI+)/Ii([M + H]+)}; () is the suppression (equation 2)
map. To draw (a), Zili([P + H]+) at each spot was normalized to the
largest value in the map and color-coded according to the scale in (d);
(b) was drawn similarly. To draw (c), matrix suppression at each spot
was color-coded to the scale in (d). Reprinted with permission from
Park, Moon, Kim, Lee, and Kim (2014)
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study, MSI data revealed that NRP1 inhibitory peptide permeated a
large area of the brain, both in the cortex and striatum. This approach
allowed a direct visualization of the integrity and distribution of the
injected NRP1 inhibitor peptide and validated the findings that neuro-
protection observed in the NRP1 inhibitory peptide-treated brains was

indeed due to the presence of the peptide.

4 | MSI-BASED GLYCOMICS

Protein glycosylation is one of the most important posttranslational
modifications, involved in various cellular or molecular mechanisms,
including protein folding and stability, molecular functional switching,
signaling cascades, enzymatic activity, cancer metastasis, cell adhe-
sion, and cell-cell interactions. A recent review highlights the multi-
functional role of glycosylation in organismal diversity, involving
structures, modulation, extrinsic recognition, intrinsic recognition, and
molecular mimicry (Varki, 2017). The glycan and glycoprotein distribu-
tions in living organisms are rarely homogeneous. The spatial distribu-
tions of glycans in tissues and in organisms can provide fundamental
understanding of the glycobiology, as well as locate specifically dis-
eased areas (Ruhaak, Xu, Li, Goonatilleke, & Lebrilla, 2018). MALDI-
MS is a highly sensitive and desired technique for screening of glycan
profiles, in combination with exoglycosidase cleavage (Harvey, 2018;
Ruhaak et al., 2018). Typically, N-linked glycans from eukaryotic gly-
coproteins are released from glycoproteins or glycopeptides using
Peptide-N-Glycosidase F (PNGase F). In recent years, MSI| has
emerged as a novel technique for in situ analysis of N-glycome,
especially in combination with PNGase F-based on-tissue digestion. It
has been applied to spatially mapping of the N-glycome across
formalin-fixed paraffin-embedded clinical samples (Angel, Mehta,
Norris-Caneda, & Drake, 2017; Briggs et al., 2017; Drake et al., 2017;

H4N4F2

HSNSF2

FIGURE 3

H4N6F2

Everest-Dass et al., 2016; Heijs et al., 2016; Holst et al., 2016; Powers
et al., 2013, 2014; Toghi et al., 2014). On-tissue digestion MALDI-MSI
can be used to record spatially correlated molecular information from
formalin-fixed, paraffin-embedded tissue sections (Everest-Dass et al.,
2016; Heijs et al., 2016; Holst et al., 2016; Powers et al., 2013, 2014;
Powers, Holst, Wuhrer, Mehta, & Drake, 2015; Toghi et al., 2014). It
was demonstrated that no noticeable lateral diffusion was induced
during the sample preparation. By combining the MSI approach with
extract analysis, it was also possible to assess which mass spectral
peaks generated by MALDI-MSI could be assigned to unique N-glycan
and peptide identities (Heijs et al., 2016). A new approach to simulta-
neously map the two-dimensional distribution of N-glycans in tissues
was recently reported (Powers et al., 2015). The method offered the
ability to spatially profile the location and distribution of multiple
N-linked glycan species released by peptide N-glycosidase F in frozen
or formalin-fixed tissues. Zhang's group studied the brain sections
from a C57BL/6 mouse with a resolution of 100 pm, from which
forty-two N-glycans were analyzed (Figure 3) (Toghi et al., 2014).
This technique consists of sectioning FFPE tissues, deparaffinization,
and rehydration of the sections, denaturing of tissue proteins, release
of N-linked glycans from proteins by printing peptide-N-glycosidase
F over the sections, and spray-coating the tissue with matrix.

It is worth mentioning that MALDI processing is known to result
in a loss of sialylation of glycan species. This limitation for the
measurement of sialylated N-glycans by MALDI-MSI is confirmed by
this study where the sialylated species were observed in the negative
ion mode by ESI and CID fragmentation whereas MALDI-MSI in the
positive ion mode had few sialylated species detected (Everest-Dass
et al., 2016). To stabilize labile sialic acid residues and characterize
their linkages, in situ linkage-specific derivatization was performed on
FFPE tissues (Holst et al., 2016). The results showed that sialic acids
were successfully stabilized in a linkage-specific manner. This strategy

H5N4F3

H6NSF4

lon images of representative fucosylated glycans along with AAL staining of an adjacent tissue section. (a) Based on the AAL

histostaining, fucosylation occurs in all regions of the brain, with a relatively higher abundance in the IsoCTX compared to the HPF, while BS has
the lowest abundance of fucosylation. The ion images correspond to the peaks detected at (b) 1,793.523 (H4N4F2), (c) 2,101.571 (H5N4F3),

(d) 2,158.541 (H5N5F2), (e) 2,199.585 (HAN6F2), and (f) 2,613.742 (H6N5F4) Da. The signal intensity in each ion image is calculated by dividing
the area of the corresponding peak by the normalized peak area of the internal glycan standard. Scale bar, 2 mm. Reproduced and slightly

modified from Toghi et al. (2014) with permission
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does not only increase the detection range, but also adds biological

meaning to the data.

5 | MSI-BASED LIPIDOMICS

MSI has been widely used in mapping lipids in mouse brain tissues,
including fatty acids (Hirahara et al., 2017; lbrahim et al., 2017; Lerner
et al., 2018; Wu, Comi, Li, Rubakhin, & Sweedler, 2016; Zhou et al.,
2017), ceramides (Barbacci et al., 2017; Muller et al., 2017; Nielsen
et al., 2016; Woods et al., 2013), cardiolipins (Amoscato et al., 2014;
Sparvero et al., 2016), phospholipids (Angel, Spraggins, Baldwin, &
Caprioli, 2012; Guo et al., 2017; Hama et al., 2018; Hankin et al.,
2011; Jadoul et al., 2016; Janfelt et al., 2012; Koizumi et al., 2010;
Landgraf et al., 2011; Matsumoto et al., 2011, 2017; Miyawaki et al.,
2016; Shanta et al., 2011; Smith et al., 2008; Sparvero et al., 2010;
Sugiura et al., 2009; Wang et al., 2017; Wang, Wang, & Han, 2018;
Whitehead et al, 2007; Zaima et al., 2014), and sphingolipids
(Caughlin et al., 2015, 2017; Caughlin, Park, Yeung, Cechetto, &
Whitehead, 2017; Chan et al., 2009; Dufresne et al., 2017; Ermini
et al., 2017; Goto-Inoue et al., 2010; Jackson et al., 2011, 2018; Jones
et al., 2017; Meriaux, Franck, Wisztorski, Salzet, & Fournier, 2010;
Sugiura, Shimma, Konishi, Yamada, & Setou, 2008; Weishaupt, Caugh-
lin, Yeung, & Whitehead, 2015; Whitehead et al., 2011). Gangliosides,
amphipathic molecules composed of a ceramide lipid anchor linked to
an oligosaccharide, are sialic acid-containing glycosphingolipids and
play numerous important roles in neuronal functions. Unfortunately,
MALDI imparts higher energy during ionization causing an instability
of analyte ions and sometimes inducing unwanted fragmentation. This
is a major hurdle for imaging gangliosides in tissue, as sialic acid resi-
dues can be dissociated in ionization process. To minimize the loss of
sialic acid during ionization processing, we investigated an ionic liquid
matrix for MSI of gangliosides (Chan et al., 2009). This ionic liquid
matrix offered excellent sensitivity for detection of gangliosides with-
out significant loss of sialic acid residues, which was used to study the
abundance and anatomical localization of gangliosides in a mouse
brain using MSI technique. The MSI analyses of the mouse brain tissue
sections demonstrated that the N-fatty acyl chains of gangliosides
were differentially distributed in hippocampal regions, whereby the
gangliosides with N-C18 acyl chain were enriched in CA1 region,
while gangliosides with N-C20 acyl chain were enriched in dentate
gyrus (Figure 4). In addition, this observation is the same for mono-,
di-, and tri-sialylated gangliosides. MSI is also applicable to examine
the neuroanatomical distribution of A-series gangliosides with either
18 or 20 carbon sphingosine chains (d18:1 or d20:1) in rats across the
lifespan. The ratio of d20:1/d18:1 species was determined across
11 regions of interest in the brain. Interestingly, a decrease in the
d20:1/d18:1 ratio for GM2 and GM3 was observed during early
development with the exception of the periventricular corpus callo-
sum, whereas an age-dependent increase was observed for GM3
(Caughlin, Maheshwari, et al., 2017). Several other ionic matrixes
based on 2,5-dihydroxybenzoic acid were synthesized and tested for
lipid analysis on ‘tissues, including 2,5-DHB/ANI, 2,5-DHB/DANI,
2,5-DHB/DEANI, 2,5-DHB/Pyr, and 2,5-DHB/3-AP, where ANI, DANI,
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m/z 1858 m/z 1887

m/z 2173 m/z 2201

FIGURE4 Negative ion mode imaging of mouse brain analyzed with
MALDI-TOF. (a) GDx distribution at m/z 1858 (C18:1/C18:0); (b) GDx
distribution at m/z 1887 (C18:1/C20:0); (c) GTx distribution at m/z 2,173
(C18:1/C18:0); and (d) GTx distribution at m/z 2,173 (C18:1/C20:0).
Reproduced and slightly modified from Chan et al. (2009) with
permission

DEANI, Pyr, 3-AP stand for aniline, N,N-dimethylaniline, N,N-diethyla-
niline, pyridine, and 3-acetylpyridine, respectively (Meriaux et al., 2010).

MSI technique was used to examine the spatial profile of ganglio-
side species following middle cerebral artery occlusion (MCAO)-
reperfusion injury in the mouse (Whitehead et al., 2011; Whitehead,
Gangaraju, Slinn, & Hou, 2010). Significant differences in the ratio of
expression between ipsilateral and contralateral cortices were found
for various detected ganglioside species following MCAO-reperfusion
injury. The results revealed that brain region specific expression of
gangliosides, particularly with respect to the hydrocarbon length, may
play a role in neuronal responses to injury. Fourier transform
infrared (FTIR) microscopy and MSI were integrated for analysis of
single-slide tissue specimen (Rabe et al., 2018). FTIR microscopy can
automatically guide high-resolution MSI data acquisition and interpre-
tation without requiring prior histopathological tissue annotation, thus
circumventing potential human-annotation-bias, while achieving
>90% reductions of data load and acquisition time. The general appli-
cability of multimodal FTIR-guided MSI was demonstrated with a pre-
cise tumor localization in a mouse brain bearing glioma xenografts and
in human primary gastrointestinal stromal tumors. This multimodal tis-
sue analysis method allows for morphology-sensitive lipid signature
retrieval from brains of mice suffering from lipidosis caused by
Niemann-Pick type C disease.

Mild traumatic brain injury (TBI) is a common public health issue
that may contribute to chronic degenerative disorders. Membrane
lipids play a key role in tissue responses to injury, both as cell signals

and as components of membrane structure and cell signaling. MSI has
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FIGURE5 Optical image of H&E stained mouse brain horizontal tissue section and the ion images of different lipid classes. MSI data were
acquired with a spatial resolution of 200 pm. HIP = Hippocampus; SC = superior colliculus; IC = inferior colliculus; TN = thalamic nucleus;
CC = cerebral cortex. Reprinted with permission from Zhou, Guo et al. (2017)

been used to assess sequences of responses of lipid species in a rat
controlled cortical impact model for concussion (Roux et al., 2016). In
combination with in vivo PET imaging, MSI was used to investigate
different aspects of stroke recovery (Henderson et al., 2018).
Three months after stroke, PET imaging showed minimal detection of
neurodegeneration and neuroinflammation, indicating that the brain
has stabilized. However, MSI revealed distinct differences in lipid dis-
tributions, (e.g., phosphatidylcholine and sphingomyelin) between the
scar and the healthy brain, suggesting that recovery processes were
still in play. With histology and microscopy used for identification of
anatomical landmarks, MSI and LC-MS were used to characterize the
lipidome of the subventricular zone (Hunter, Demarais, Faull, Grey, &
Curtis, 2018). It was found that the subventricular zone was rich in
sphingomyelins and phosphatidylserines but deficient in phosphatidyl-
ethanolamines. The ependymal layer had an abundance of phosphati-
dylinositols, whereas the myelin layer was rich in sulfatides and
The | hypocellular showed enrichment of

triglycerides. layer

sphingomyelins. No discrete lipid signature was seen in the astrocytic
ribbon. MSI analysis of a mouse brain revealed the distribution of 44:1
PtdCho (phosphatidylcholine), which contains 26:0 FA in the brain
(Hama et al., 2018). This is the first report describing the spatial dis-
section of phospholipid species with very long-chain fatty acid(s) in
the brain by MSI. It has been reported that cardiolipin (CL) is selec-
tively oxidized and presents itself as a target for the redox therapy fol-
lowing TBI. However, the topography of changes of CL in the injured
brain remained to be defined. CL is a mitochondria-specific structur-
ally unusual anionic phospholipid containing four fatty acyl chains.
MSI of a controlled cortical impact model of TBI in rats revealed that
TBI caused early decreases in CL in the contusional cortex, ipsilateral
hippocampus, and thalamus with the most highly unsaturated CL spe-
cies being most susceptible to loss. Phosphatidylinositol was the only
other lipid species that exhibited a significant decrease, albeit to a
lesser extent than CL. Signals for other lipids remained unchanged
(Sparvero et al., 2016).
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6 | MSI-BASED METABOLOMICS
Mass spectrometry is a major analysis platform used in metabolomics,
providing wide metabolite coverage. Because of its high sensitivity
and selectivity, MSI is useful for the investigation of exogenous and
endogenous compounds, including intermediates and end products of
metabolic pathways. MSI of neurotransmitters has so far been mainly
performed using MALDI as ion source, where derivatization reagents,
deuterated matrix and/or high resolution, or tandem MS have been
applied to circumvent problems with interfering ion peaks from matrix
and from isobaric species (Fernandes et al., 2016). However, MALDI-
MSI of metabolites and neurotransmitters present at physiological
concentrations in tissues is often complicated by numerous high-
abundance matrix-derived peaks (Trim & Snel, 2016). High selectivity
is therefore essential to successfully implement MSI in the low-MW
region (Ye et al., 2013). However, small molecule analysis is still far
from being fully reached due to the limited sensitivity and matrix
interference. Thus, graphene oxide (GO) was proposed as a MALDI
matrix to image small molecules in tissues in negative ion mode

(Figure 5). MALDI imaging of small molecules in mouse brain tissue
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sections coated with the GO matrix was performed by Fourier trans-
form ion cyclotron resonance mass spectrometry (FTICR MS) in nega-
tive ion mode.

Analysis of the distribution of small synthetic drugs and their
metabolites is important in the development of new treatment
approaches. Linking biology through histology and the intrinsic chemi-
cal properties of drugs and their metabolites could be translational in
drug development (Castellino, Groseclose, & Wagner, 2011). MSI has
also demonstrated its applicability in search of alternative animal
models such as zebrafish, Danio rerio, and the desert locust, Schisto-
cerca gregaria, which can be efficiently used in early drug discovery to
evaluate the drug activity and pharmacokinetic properties of potential
drugs and toxins in the central nervous system, (Villacrez et al., 2018).
Recently, several of on-tissue chemical derivatization strategies have
been independently reported that enable the detection of amino neu-
rotransmitters (Esteve, Jones, Kell, Boutin, & McDonnell, 2017;
Esteve, Tolner, Shyti, van den Maagdenberg, & McDonnell, 2016).
This study demonstrated the visualization of the distribution of up to
23 amino metabolites in tissue (Figure 6). The methodology was

further used to detect alterations of these compounds, following the
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FIGURE 6 MALDI-FTICR-MSI visualization ofiaccurate mass (<1 ppm) and isotope profile filtered (Pearson correlation >0.95) metabolites
involved the purine metabolic pathway for WT and 3 x Tg mice. All tissue sections are sagittal with the cerebellum located at the top.

Scale bar = 2 mm. Reprinted with permission from Esteve, Jones, Kell, Boutin, and McDonnell (2017)

www.manaraa.com



2166 | Wl L EY SKitus aevnoscce

XU AnD LI

THE JOURNAL OF COMPARATIVE NEUROLOGY

introduction of an experimental cortical spreading depression in a
mouse brain, which cause profound transient alterations in key neuro-
transmitters in one hemisphere and could be relevant to migraine and
various other neurological disorders (Esteve et al., 2016). An interest-
ing shift toward proinflammatory molecules (uric acid) in the puriner-
gic pathway was observed, which associated with a decrease in
antioxidant level (ascorbic acid). Together, these observations fit well
with the increased oxidative stress and neuroinflammation commonly
observed in AD (Esteve, Jones et al., 2017). The ability of MALDI
imaging to provide a greater understanding of drug and metabolite tis-
sue distribution is very exciting and at the heart of the widespread

interest in this technique.

7 | CONCLUSION

MSI has become an important tool to study multiomics in neurology. It
is capable of providing localization information on proteins, glycans,
metabolites, and lipids in tissues. In recent years, significant efforts have
been made to structurally or quantitatively characterize the multiomics
of brain samples from a variety of animal models. MSI has been used to
investigate the altered biological molecule profiles and their distribu-
tions in a wide assortment of diseases. It is worthy to point out that the
technological development in MSI, including higher mass resolution and
higher detection sensitivity, will certainly play a crucial role in advancing
the application of MSI in neurology. New sample preparation strategies,
including new matrix materials and novel matrix deposition methods,

will be highly desirable to improve the quality of MSI data.
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