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Fig. 1. TLC-Blot-MALDI-QIT-TOF-MS Imaging of Hippocampus Gray Matter Gangliosides

The raster scan of the polyvinylidene difluoride membrane was performed automatically. The number of laser irradiations was 5 shots in each spot. The interval of data
points was 200 Im. The color red indicates a d18:1 sphingosine-containing signal, the color green a d20:1 sphingosine-containing signal, and the color blue a d18:1/C22:0-
or d20:1/C20:0-containing signal. Merged images of these are shown on the right side of each panel. (Reprinted from ref. 60 with permission from Blackwell Publishing.)
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Fig. 2. Schematic Diagram Showing the Mass Microscope
(Reprinted from ref. 66 with permission from the American Chemical Society.)

recent years, MALDI imaging has resulted in many develop-
ments for assessing the localization of molecular species in
biological samples. Several applications represent the direct
entailment of this technology to basic clinical research. Here,
we discuss the recent developments concerning MALDI-IMS.

2. TARGETS OF ANALYSIS BY MALDI-IMS

2.1. TImaging of Glycosphingolipids Glycosphingolipids
(GSLs) play important roles in various brain functions. To
investigate the mechanisms of brain function in more detail,
it is necessary to understand the composition and function
of GSLs. We have studied GSLs in previous research.®*54)
Thin-layer chromatography (TLC) is routinely used for the
separation and partial characterization of neutral and acidic

Turbo molecular pump

GSLs and phospholipids in mixtures.’**® However, even

under optimized TLC conditions, TLC characterization of
individual GSLs does not yield unambiguous structural in-
formation. Information regarding the compositions of these
highly complex mixtures remains limited. The same sugar
moiety in different GSLs may migrate to different positions
owing to differences in their ceramide structures. Multi-stage
MS (MS") analysis can supply information on each ceramide
structure. However, it is difficult to identify individual molec-
ular species by MS alone. Therefore, by combining TLC and
MS, we were able to obtain a complete set of information on
GSLs.

Our group has used MALDI-MS/MS to study colon
cancer liver metastasis in 3 ym thick tissue sections. MS/
MS investigations of normal and cancerous cells revealed
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We constructed a figure by plotting the positions of the m/z 782.5, 1074.6, 1102.6, 1130.7 and 1156.7 peaks. When we compared (A) IMS with (B) a hematoxylin and
eosin-stained section, the peaks of Gb3s were more densely packed in cardiomyocytes with vacuolar degeneration, and the Gb3s existed together in some parts and sep-
arately in others. (C,D) In contrast, Gb3 was not detected in a control sample from a patient with secondary myocardial degenerative changes with aortic regurgitation.
(E,F) Gb3s were also detected on IMS in the heart of a mouse with Fabry’s disease even though there was no evidence of vacuolar changes in the myocardium on light
microscopy. Bar, 200 #um. (Reprinted from ref. 67 from Official Journal of the Japanese Circulation Society.)

that the cancerous cells accumulated sphingomyelin.*” We
have also studied the localization of seminolipids in mouse
testis during testicular maturation, and the organ-specific
distribution of lysophosphotidylcholine and triacylglycerol
in mouse embryos using IMS.*** Recently, our group has
developed a TLC-Blot-MALDI-TOF-IMS system which
can separate and partially characterize acidic and neutral
GSLs. Here, we describe gangliosides identified from a con-
trol patient and a patient with Alzheimer’s disease using
TLC-Blot-MALDI-TOF-MS imaging of the hippocampus gray
matter (Fig. 1). In the Alzheimer’s patient, the GM2 and GD3
ganglioside bands appeared to be clearer than those of the
control. The relative increases in d18:1 sphingosine-containing
gangliosides in the patient with Alzheimer’s disease are also

expressed in this image.5”

2.2. Imaging of Proteins and Peptides Immunohis-
tochemistry has been commonly used for profiling protein
distribution in tissue sections. In this approach, antibodies
are needed to detect specific proteins. Other genomic and
proteomic approaches cannot be applied to biopsies as the
quantity of sample available is only very small.'*¢-%® Qur
group has analyzed SCRAPPER (A protein we first reported
that is localized in neuronal synapses.)® knockout mouse by
utilizing a proteomic approach based on an IMS technique.®¥
We have also demonstrated that the denaturation process and
detergent-supplemented trypsin solution can improve the pro-
tein digestion efficiency for direct tissue analysis with IMS.%
We recently developed a formalin-fixed paraffin-embedded
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Fig. 4. Hair-Specific Mass Spectra of Putative Aging Markers

ROI-specific mass spectra in subject No. 1 are presented. Red peaks and blue
peaks are derived from the hair section and background area, respectively. (A) ROI
selection is illustrated: ROI A as hair section and ROI B as background area. (B)
m/z 50 to 300. (C) m/z 125.99. (D) m/z 153.00. (E) m/z 164.00. (F) m/z 207.04. (Re-
printed from ref. 68 with permission from The Public Library of Science.)
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tissue microarray to study gastric carcinoma tissue samples by
IMS, and successfully identified histone (H4)-specific signals
in poorly differentiated cancer tissue samples by utilizing tan-
dem MS.®» Proteomic-based IMS investigations have resulted
in a better understanding of carcinogenesis, invasiveness, me-
tastasis, and the prognosis process in gastric cancer patients.

3. DEVELOPMENT AND APPLICATION OF HIGH-
RESOLUTION ATMOSPHERIC PRESSURE-LASER
MASS MICROSCOPE

3.1. Development of a ‘Mass Microscope’ Recently, we
have developed a ‘mass microscope’ consisting of a micro-
scope coupled with high-resolution atmospheric pressure-la-
ser desorption/ionization (AP-LDI) and a quadruple ion
trap-time-of-flight (QIT-TOF)-analyzer®® (Fig. 2). This instru-
ment allows us to precisely observe a specific tissue section
before IMS and analyze the biomolecules with a spatial res-
olution of 10 um on the tissue section. An UV laser tightly
focused with a triplet lens was used to achieve high spatial
resolution. An atmospheric pressure ion-source chamber en-
ables us to analyze fresh samples with minimal loss of intrin-
sic water or volatile compounds.

3.2. Analysis of Disease Biomarkers in Fabry’s Disease
We have used IMS to achieve the accurate diagnosis of Fab-
ry’s disease, especially in questionable cases, and have shown
that IMS has a higher specificity than electron microscopy or
enzyme activity assays, which are based on light microscopy.
We constructed images by determining the locations of these
peaks within an endomyocardial (EMB) biopsy sample.®”
We observed that the distribution of globotriaosylceramides
(Gb3s) was consistent with that of cardiomyocytes, especially
in areas that were affected by vacuolar degeneration, and that
the Gb3 types existed together in some parts and separately
in others (Figs. 3A,B). In contrast, as shown in Figs. 3C and
D, Gb3 was not detected in the control EMB sample. When
we analyzed the heart from a mouse with Fabry’s disease, we
also detected Gb3s in the cardiac tissue, even though there
was no evidence of vacuolation in the cardiomyocytes on light
microscopy (Figs. 3E,F). Gb3 was not detected in the control
mouse heart. We could detect Gb3s not only in the heart from
a Fabry’s disease patient, but also in the heart from a mouse
model of Fabry’s disease without discernible degenerative
changes on light microscopy. Although the significance of
each type of Gb3 distribution is unknown, it is possible that
these distribution patterns could help to distinguish variations
in the disease phenotype or evaluate the effectiveness of en-
zyme replacement therapy, which may also help to elucidate
the basis for the disease. However, this issue requires further
study. The current study presents novel findings suggesting
that IMS is useful for diagnosing Fabry’s disease with cardiac
manifestations, especially in questionable cases. Because IMS
can directly analyze the molecular weight of each existing
component, IMS has a higher specificity than electron mi-
croscopy or enzyme activity assays when Fabry’s disease is
suspected based on light microscopy. Our results indicate that
IMS is a new tool that can be used to accurately diagnose not
only Fabry’s disease, but also other unknown storage diseases.

3.3. Analysis of Biomolecules in Human Hair The
mass microscope has a subcellular spatial resolution of 10 zm
for the detection of molecules from a tissue section. We have
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Fig. 5. Mass Spectrum of Famotidine and an MS Ion Image of a Whole-Body Section

(A) Structure and mass spectrum of famotidine. (B) Mass spectrum of famotidine detected in a tissue section. (C) Mass spectrum of famotidine detected in the kidney
in a tissue section. (D) Optical image of a mouse tissue section. (E) MS ion image of famotidine (m/z 338.05) on a mouse tissue section 3min after injection. Famotidine
is localized to a significant extent in the kidney. (F) MS ion image at m/z 338.05 on a control mouse tissue section. (Reprinted from ref. 69 with permission from Journal
of the Mass Spectrometry Society of Japan.)
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applied this system to analyze human hair cross sections,
and have detected biomolecules showing aging-related altera-
tions. The optical images obtained at high resolution showed
molecular distribution in the cortex and medulla region of
hair.®® Among the 31 molecules detected specifically in
hair sections, dihydrouracil and 3,4-dihydroxymandelic acid
(DHMA), which are metabolites of uracil and catecholamines,
respectively, exhibited a higher signal intensity in the young
group than in the old, and O-phosphoethanolamine displayed
a higher intensity in the old group (Fig. 4). Among the 3,
putative O-phosphoethanolamine showed a cortex-specific dis-
tribution, and exhibited changes in signal intensity with aging,
whereas the molecules in medulla did not exhibit significant
changes.

3.4. Analysis of Drug Distribution Imaging of drugs
and metabolites by MALDI-IMS offers a unique opportunity
to identify changes in the distribution of a desired compound
in different regions of a tissue of interest, and this technique
can help us to understand whether an exogenous compound
administered orally affects endogenous metabolites. Antipsy-
chotic, cancer, anti-anxiety, and hypnotic drugs have been
studied in different tissue sections by IMS to determine the
distribution of molecules.”” In these assays, a multivariate
approach with MALDI-IMS is useful to investigate the dy-
namics of metabolites.*¥ Recently, we attempted to visualize
the distribution of famotidine with a higher spatial resolution
in whole body mouse sections using the mass microscope that
we developed, and observed famotidine was mainly distrib-
uted in the kidney (Fig. 5).°” Moreover, a higher spatial-res-
olution analysis revealed that the distribution of famotidine
was in the renal pelvis of the kidney. The results suggest that
famotidine is concentrated in the renal pelvis through the cor-
tex and marrow in the kidney during the excretion process. It
can therefore be concluded that the mass microscope permits
deeper insight into therapeutic and toxicological processes as-
sociated with drug administration.

4. FUTURE PERSPECTIVES

Many great advances have been made in MALDI-IMS
to resolve molecular species in various types of biological
samples, but there is still room for improvement with respect
to sample preparation, ionization, and instrumentation. The
mass microscope could be a powerful tool for obtaining high
resolution of biomolecules in tissue samples. The fundamental
contributions of MALDI-IMS will provide a powerful tool for
the early detection and characterization of cellular processes
in both healthy and disease conditions, and help us to under-
stand and treat disorders very effectively.
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The “immortal-strand hypothesis” predicts the random segre-
gation of chromosomes during asymmetric stem-cell division.
Stem cells exhibit two cell division patterns, namely symmetric
and asymmetric division. When a stem cell divides asymmetri-
cally into two cells, it produces two different kinds of cells,
namely a daughter cell that will remain a stem cell and a pro-
genitor cell with limited self-renewal potential. During asym-
metric division, the stem cell synthesises new DNA strands
from the old DNA template. In this hypothesis, the parental
stem cell distributes the old and new strands to the daughter
and progenitor cells, respectively, so that the stem cell retains
the old strand through every asymmetric division. It was pro-
posed by John Cairns in 1975 that it is preferable for old
strands to be retained in parental stem cells in order
any accumulation of mutations in their genome.

The validity of this hypothesis has been exten

strand segregation between parent a
result was, however, not confirmed:in:
analysis of bromodeoxyuridine (Brd
it must be borne in mind th e
garding the in vivo assessme
sues, Potten and colleag

s shown by the authors, cells car-
BrdU were observed in the stem-
dministration of BrdU, whereas
d from those cells that contin-
ver the next several days: this re-
sulted in these stem being called label-retaining cells or
LRCs. This and subsequent studies using a similar approach
have been considered to provide highly supportive evidence
of nonrandom template-strand segregation; LRCs in the

rying both
cell region
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““mass. Therefore, MIMS achieves several key features simultane-

mouse mammary gland
their old templat
Adult muscle sate

subpopulation in vivo"
showed retention of the
7 On the other hand, asym-

thors used the powerful
mass spectrometry (MIMS)

capabilities for isotopic measure-
50 nm lateral resolution), which,

s to view and quantify turnovers and to follow
the fate of biomolecules with a resolution sufficient for the ob-

to samples. The ion beam is so strong that molecules on tis-
es_are disrupted to the level of atoms. Thus, the MIMS
stem uses SIMS to detect sputtered atoms according to their

ously, including high spatial resolution, high sensitivity, high
mass resolution, parallel acquisition of masses (seven molecular
species at most) and fast acquisition of ions. Acquired data on
multiple planes are compressed to form a single mass image
in order to reduce matrix effects and to increase the number
of counts of secondary ions (Figure 1B). Mass images obtained
for two species of atoms are used to form a hue-saturation
image, a representation of the isotope ratio within a sample
(Figure 1C). Furthermore, thanks to recent improvements, iso-
tope ratio reproducibility of a few tenths per il lmillion OK?
B can now be achieved.

The technique was first termed MIMS in 2004 and has
been applied to cultured cells, human hair and bacteria.'? In
human hair, the elemental compositions of melanin granules
and other components of the hair shaft were determined by
observing naturally occurring atoms such as '°0, N and 3%. In
addition, recent application of the technique in bacteria has =~
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ture enables strict evaluation of
the presence/absence of daugh-
ter strands. 2) The NanoSIMS 50
can be used to localise simulta-
neously two isotopes of the
same element, thus avoiding ar-
tefacts due to matrix effects, and
allowing unmodified molecules
to be studied rather than modi-
fied ones such as BrdU, the dis-
tribution of which can also be
determined by this technique.
Therefore it enables critical com-
parison of the location of N/
*N-labelled and BrdU-labelled
chromosomes.

First, the authors confirmed
that the technique they estab-
lished is useful for the detection
and quantification of N incor-
porated into cells in vitro and in
vivo. They supplemented
a medium containing dividing fi-
broblastswith "*N-thymidine or
HENand’BB injected it into
the venous blood of mice by
using surgically implanted os-
motic minipumps. Then, they
collected jejunal segments from
the mice and fixed them. After
fixation, the tissues were embed-

211558
0.623%

Figure 1. Multi-isotope imaging mass spectrometry (MIMS). A) Schematic depiction of the MIMS method. B) lon
images of successive planes acquired at the same location. Many successive planes can be compressed to form

a single image so as to reduce errors. C) A quantitative ratio image—a hue-saturation image—can be obtained by
comparing the quantitative data from two different masses. Reprinted by permission from Macmillan Publishers

Ltd. from ref. [9], copyright: 2012.

enabled direct imaging and measurement of nitrogen fixation
and metabolism.['2® '3

The advantages of MIMS compared with conventional meth-
ods for detecting nucleic acid metabolism are as follows:
1) MIMS can detect “N and "N as the recombinant ion W
BWCN™ or CN— ?H M to visualise nucleic acids, thus enabling si-
multaneous imaging of the newly synthesised DNA strand la-
belled with °N and the intact strand containing "*N. This fea-

2 www.chembiochem.org
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ded, sectioned at a thickness of
0.5 um, and mounted on silicon
chips. Thus, the atoms in the
small intestine of mice were vi-
sualised, and the incorporation
of ®N-thymidine was quantified.

Then they used the MIMS
technique to validate the immor-
tal-strand hypothesis in the
small intestine of the mouse at
two different stages. They inject-
ed N-thymidine into mice for
eight weeks after birth; this al-
lowed developmental stem cells
to incorporate '’N-thymidine
into their own DNA strands. A
four-week chase was performed
after adding the 'N-thymidine.
Finally, they labelled proliferating cells, including stem cells,
with BrdU and observed the results by using MIMS. If the hy-
potheses were correct, stem cells would retain the labelled
thymidine in their template strands through every asymmetric
division. However, the results showed no "N signals in the
area where the existence of stem cells was expected based on
the anatomical relationship with Paneth cells, which can be
identified by their granules. If chromosomes containing N-

1347 1239

213200 206306

0.628% 0.597%
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thymidine were equally segregated, the signal intensity of *N
would halve. Therefore, these data suggest that '*N-thymidine
in DNA was diluted during every asymmetric division, that is,
the hypothesis is incorrect.

In their next experiment, the authors injected *N-thymidine
into mice with mature stem cells. After formation, stem cells
incorporate "N-thymidine into the newly synthesised DNA
strands during asymmetric division and, therefore, do not
retain "°N-thymidine in their old DNA strands, as based on the
hypothesis. Two weeks after the administration of ">N-thymi-
dine, the authors labelled proliferating cells, including stem
cells, with BrdU and observed the results by using MIMS. The
results showed that all proliferating cells (BrdU +) exhibited '°N
signals. Thus, stem cells retain '*N-thymidine in their DNA
strands. From these data obtained during the two different
stages of stem cells, the authors confirmed the random segre-
gation of chromosomes during asymmetric division.

Finally, the authors introduced the use of MIMS for Drosophi-
la and human cells, and demonstrated its utility in these appli-
cations. Drosophila is useful for genetic analysis of the metabo-
lism of lipids, HlMthe distribution of lipids in Drosophila
having been studied OK?EM in an in vitro system.' In the
animal Il linsect 7l model, adipose accumulates in the fat

the regulation of adipose in this tissue. It was found that many
genes that function in the fat body are conserved in b

and observed cells in the gut and fat body of Drosoph
data show a difference in the amount of "*C-p:
ration between cell types in these two org
tent with the organs’ functions, namely.
lipid storage, respectively. The auth
amount of "C-palmitate decay in
that a high frequency of lipid

curve, with a half-time of
study assessed, for the fir

he Ia§ time is consistent with the
ells from the bone marrow.

can be used for the quantitative analysis of metabolism in
living mammalian bodies; 2) they provide strong evidence to
negate the hypothesis of asymmetric segregation of chromo-
somes in stem cells in the small intestine; and 3) they confirm
that MIMS following isotope labelling can be used to analyse
nucleic acids in live organisms including mammals."® In partic-
ular, Figure 4 of the article shows the first application of iso-
tope labelling to live humans and subsequent MIMS analysis of
cells in the peripheral blood."

body, which is a unique tissue; many studies have analysed *

The asymmetric segregation of chromosomes in stem cells
has been examined in many locations other than the small in-
testine, including the muscle, breast, brain and blood. As indi-
cated above, the different experimental methodologies used in
these studies hinder any strict comparison of results or elucida-
tion of the universal validity of the immortal-strand hypothesis.
Utilising MIMS for the assessment of stem cells in these organs
will provide evidence for clarifying this hypothesis. Here, the
authors have utilised the highest available spatial resolution
among the reported applications of MIMS to identify the intra-
cellular localisation of incorporated substrates at the whole-
chromosomal level. Further improvements in spatial resolution
will enable the visualisation of cules at a particular loca-
tion and the microstrug € somes." Such visu-
alisation may reve ficity of transcription or repli-
authors have identified
sm mainly by visualising
actin filaments; this has re-
ication of two papers in the
on these findings, the subcellu-
analysed could be extended to other com-
endoplasmlc reticulum, Golgi body, pro-

lar

nd. peptide motifs."® This article has re-
lar behaviour of whole chromosomes, and
MIMS could ‘therefore be used for molecular biology assess-
ing more specifically on particular genes or pro-
eral factors might limit the detection of targeted mol-
MIMS analysns, for instance the efficacy of the incor-

ﬁin/the section, the intracellular degradation of isotope-la-
lled substrates and unwanted incorporation of the isotopes
to molecules out of the target range for visualisation, among
others. Among the numerous different cells in the organisms,
the authors presumably found stem cells in the small intestine,
indicating that these particular cells might escape the prob-
lems associated with the technique. It could be beneficial to
identify organs and cell populations that are not subject to
these problems or to reduce these factors by using an exoge-
nous agent in future studies.

In conclusion, Steinhauser and co-workers have established
a methodology for visualising the physiological metabolism of
live mammalian organisms and provided evidence to negate
the theory of asymmetric chromosomal division of stem cells
in the mammalian small intestine by using this method. The
methodology described in this work has the potential to be
applied to unlimited experimental targets; thus, future reports
published by these authors are expected to extend our biolog-
ical insight further.

ChemBioChem 2012, 13, 1-5
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HIGHLIGHTS

MIMS visualises metabolism: A recent
publication by Steinhauser and co-work-
ers presents a novel application of
multi-isotope mass spectrometry (MIMS)
to visualise physiological metabolism in
live mammalian organisms, and validate
the ‘immortal strand hypothesis’ of
asymmetric chromosomal division of
stem cells in the small intestine.
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High-Resolution Multi-isotope Imaging
Mass Spectrometry Enables
Visualisation of Stem Cell Division and
Metabolism
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IMAGING MASS SPECTROMETRY (IMS) FOR

BIOLOGICAL APPLICATION

YUK SUGIuRa, [IRUKO Yao, anD MITsutossr SETou

31 INTRODUCTION

3.1 Principle and the History of Imaging Mass
Specirometry

The development of mass spectrometry (MS) has
recently entered into new paradigm. Classical mairix-
assisted laser desorption/ionization (MALD MS has
bheen established as an analvical method for o wide
range of molecules with varied physical and chersical
characteristios. and now this continuous advancing tech-
nology has been utilized into molecular imaging tech-
nigue (Figure 315 The innovation in MS has enabled
the provision of additional two-dimensional {213 axes
of recognition on tissue sections as'a new approach for
the fife science fickd.

Its unique advantages, which are summiarized as
follows, facilitate tmaging rass spectrometry (IMS) as
a versatile molecular imaging technique: (1) IMS does
nol require any specific chemical labels or probes; {2}
IMS s a “nontargeted” maging method: and (3) the
sunultancous maging of many types of molecular
species is possible. With the unique and poweriul detec-
tion principle {acilitated by MS. the matrig-assisted
laser desorption/1onzation—imaging mass spectrometry
{(MALDI-IMS) can be used for the visualization of the
distribution of large number of biomolecules i the colls
and Hssues, vanging from small metabolite molecules
{1.2} to much larger proteins |34 Figure 3.2 llusirates
the general workflow of MALDIIMS. Basics

Haadbook Fs
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searchers take thin tissue slices mounted on conductive
glass slides and apply a sditable MALDI mauwrix 1o the
tissue section, and then the shide 1s mserted into a mass
spectrometer, A focused laser beam is directed at pre-
determined positions i the tissue shive and the mass
spectrometer records the spatal distribution of mole-
cular species {typically with 10-200 pm scan pitch],
Automated data collection fakes 2-8 h. depending on
the number of points assayed, Suitable nmage processing
software can be used to import data from the mass
spectrometer o allow visuahization of on distribution
images and comparison with the histological images of
the sample

in the following sections, we will describe two major
application arcas: when using [MS as o technique for
detection/visunlization of various analvies, the applica-
tion of IMS can fall roughly into two categories:

1. measurement of proteins and peptides, and
2. measurement of small organic compounds (mass-
to-charge ratio fpr/z] < 10003,

To date. most of the reports conceraing MALDI-IMS
are with regards to the detecton and imaging of pro-
wwins or peptides. On the other hand. the amount of
res \rd} regarding  the  detectionfimaging  of small

ceitles has been growing recenty. Figure 3.3
shows the resull of o PubMed scarch using “lmaging
Muass Spectrometry” as key words {except reviews),
Reports were subdivided into the two groups, according

41
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FIGURE 3.1 Historical view of the development of analytical instruments. The progress of imaging technology was categorized
by its technology (longitudinal axis} and its analytical dimensions (horizontal axish Shaded researches have received Nobel Prizes,
CR. cathode ray: NMR, nuclear magnetic resonance: CT computed tomography: TEM, transmission clectron microscopy.

to the materials analyzed in the each study. and the
number of reports in each group was indicated. Notably,
the number of reports regarding the IMS of small com-
pounds gradually increased and occupied half of the
published work in 2007, In the following section. we

shall introduce representative sample preparation strat-
egies for analyses of distinctly structured analytes:
proteins and small organic compounds. interweaving
some research applications. Further, statistical analysis
methods of MALDI-IMS are also described.
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Histological image

FIGURE 3.2 Schematic representations of MALDIE-IMS procedures. Usually, the tissue section moumed on an indium thin
oxide (I'TO)-coated glass slide s covered with a specific MALDI matrix. Next, the 1TO slide is inserted into a mass spectrometer.
The MALDI laser scans through a set of preselected locations on the tissue {10200 pm scan piteh) and the mass spectrometer
records the spatial distribution of molecular species. Suitable image processing software can be used to import data from the mass
spectrometer to allow visualization and comparison with the histological image of the sample.
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FIGURE 3.3 The resull of the PubMed search using “Imaging Mass Spectrometry”™ as keywords,

3.2 APPLICATIONS OF MALDIIMS

32,1 IMS for Proteins and Peptides

3.2.1.1 Sample Preparation Procedure for Protein
Imaging  Intraditional MS research, analyte molecules
are basically extracted and separated from crude bio-
logical samples by gas chromatography (GCj or high

performance hiquid chromatography (HPLC), mamly
10 avoid “lon suppression effect™ [5-7]: in cases where
such crude samples are subjected to MS. numerous
molecular species compete for ionization and eventu-
ally, molecules that are easily ionized preferentially can
be detected while suppressing the ionization of other
molecules.
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Contrastingly, in MALDI-IMS. in which the tissue
sample is directly measured, researchers should pay
special attention to the fact that samples are extremely
compiex mixtures of biomolecules. Because tissues and
cells are subjected to MALDI-IMS, the sample clean-up
procedure is lmited. Figure 3.4 shows IMS results of
spotted peptide solution (0.5 pl. of 100 nM adrenocor-
ticotropic hormone [ACTH]) on both indium tin oxide
(ITO) glass slide surface and braimn section, and it clearly
demonstrates the severe ion suppression ¢ffect on the
tissue surface: the spotted ACTH peptide was detected
ondy from the I'TO surface, but not from tissue surface.
As this example indicates. an important point to con-
sider when executing an IMS experiment is the optimi-
zation of the sample’s condition, so that analyte objects
can be efficiently tonized from crude mixtures.

As a practical example, when a mouse brain section
to which 2.5-dihydroxybenzoic acid {(DHB) has been
applied as a matrix is subjected directly to MS in positive
ion-detection conditioms, strong peaks which are mainly
derived from phospholipids were observed in mass region
of 700 < m/z < 900 [8]: on the other hand. signals derived
from proteins. meanwhile. are scarcely detected at
mfz > 3000 [9]. This is because phospholipids ionize much
more efficiently than proteins, and they, on the other
hand, suppress protein/peptide ionization. Therefore, for
detecting/imaging proteins and peptides, removal of such
lipids improves the sensitivity for proteins analysis, To
this end, tissue sections should be rinsed with organic
solvent, to remove lipids from tssue samples [9-11].

Protein analysis

3.2.1.2 Rinsing of Tissue Sections: Removai of
Unwanted Components  As explained, the procedures
of rinsing tissue sections or cells are kev steps of the
sample pretreatment {Figure 3.5} Such rinsing process
enhances the sensitivity required for protein/peptide
detection by eliminating small molecules, particularly
phospholipids, from the tissues {9]. Lemaire et al. have
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FIGURE 34  An example of the severe on suppression effect
on the tissue surface. A peplide solution {03 pd. of 100 aM ACTH)
was spotied on both ITO glass slide surface and brain-homaogenate
section, Alter the spraying of matrix solution (10 mg/mL ¢-cyano-
4-hydroxycinnamic acid [o-CHCA] 50% acetonitrile, 0.1% TFA).
the spotted peptide was visualized by IMS,

Smalf molecuiar
analysis

Washing with organic solvent

%

FIGURE 335 A scheme for protein and small molecular measurement.



examined the use of variable organic solvents in the
rinsing step to enhance the efficiency of protein detec-
tion in tissue [9] (Table 3.1). They showed mass spectra
obtained from mouse brain sections with or without
rinsing using chloroform. acetone, or hexane. and found
that the predominant signals in the vicinity of m/z 700
are abolished with rinsing procedure, and conversely,
the number of peaks derived from proteins at a high
molecular weight {i.e.. 3000 < /2y increased more than
4i1% alter rinsing. We consider that this treatment also
helps remove salts, a detrimental factor that otherwise
interferes  with the matrix—analyte cocrystallization
process and thus degrades sensitivity, particularly for
large proteins, while also complicating the spectrum
assignment by producing both protonated and cation-
ated molecular fons [10].

Figure 3.6 shows an example of protein imaging in the
mouse brain section. With a proper sample preparation
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TABLE 3.1 The Average Number of Detected Compounds
from Rat Brain Treated with Various Organic Solvents [9]

Treatment # Number of Detected Increase in
Compounds £ Standard Detection
Deviation (%) {%)
Chioroform 10 81 22 34
Hexane 5 75428 25
Toluene 3 a8+ 22 13
Kylenz b R+ 13 44
Acetone 3 fd + 29 7
Untreated 10 60+ 34 4]

The aversge number of detected compounds and caleulated increase
detection for peptides/proteins of my/z > 5000 is determined from the
mass spectra recorded on untreated rat brain sections versus organic
solvent-treated ones.

o, number of experiments.,
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FIGURE 3.6 With proper sample preparation procedure, IMS facilitates simultaneous imaging of multiple protemns in a single
tissue section. The figure shows the ion distribution images for mass peaks at m/z 9919 {B) and 14675 {13}, and a microscopic
observation of the same mouse brain section stained with HE after IMS measurement (€ and E). The ton at m/z 14675 was local-
ized in the white matter region. while 177 9919 was found in choroid plexus (B and O, Averaged mass spectra from the choroid

plexus and entire brain region (overall) were also presented (FL
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FIGURE 3.7  Distribution of six amyloid § variants in the tssue prepared from a mouse model of Alzheimer’s disease. A, Optical

image of the sagittal AD brain section. B-F. The molecalar images of wr/z 4515, 4330942317, 4132.6, und 4077

5 shows the dis-

tribution of AR-(1-423 AB-(1-40). AB-(1-39), AB-(1-38), and AB-(1-371, respectively [14].

procedure shown in Figure 3.5, MALDI-IMS provides
simultanecus imaging of multiple proteins in a single
tissue section at a time. We additionally note that
researchers can histochemically stain the tissue sections
which are measured by IMS after removal of the matrix
and fixation procedure {(in this case.immersed in metha-
nol for 3 min}. As can be seen in Figure 3.6, in conjunc-
tion with traditional light-microscopic histochemical
observation. ion distribution images obtained by IMS
provides valuable information regarding molecular dis-
tribution: this example demonstrates that ion at #/z
9919 is o specific protein expressed by cells of choroid
plexus, while s/7 14675 is localized in the white matter
region of the brain.

3.2.1.3  Application of Protein Imaging re Disease
Model Mice One of the advantages of traditional MS,
including both MALDI- and ESI-MS, 15 that they can
distinguish even slight structural variations of analvte
molecules by their masses. Due to this unique advan-
tage MS has frequently been applied to the identification/
characterization of posttransiational modifications in
modern proteome researches [12]. In this context. IMS
also enables the distinet detection of the protein molec-
ular species as well as the visualization of the distribu-
tion of these species on the tissue sections. As an
excellent example. in the Stoeckli et al. study, amyloid

B molecular species were visualized, which is generated
by cleaving the amyloid precursor protein at a different
cleavage site |13} They revealed the distinet distribution
of five amyloid § variants in the brain sections prepared
from a mouse model of Alzheimer’s disease [3.14]
{Figure 3.7).

From the analytical aspect, while traditional and well-
established immunohistochemistry techmique requires
specific antibadies which recognize each protein variant,
and generntion of such antibodies is u quite time-
consuming procedure, on the other hand. IMS could
determine the distribution of protemn molecular variants
at once, even vig a simple protocol.

3.2. 1.4 On-Tissue Digestion Method Traditional
MALDI is used to generate intact molecular ions of
proteins up 1o #/z 100,000, In the current IMS technol-
ogy. however, the upper mass limit of protein detection
is approximately 401 kDa because the detection sensitive
ity severely falls at higher mass 151 This is 4 consider-
able limitation which narrows the application capability
of this technology. As another important problem. insol-
uble proteins to the matrix solution, such as membrane
proteins. which is a protein molecule that is auached o
the membranes, are difficult to be extracted into the
applied matrix solutions and thus hardly crystallize with
matrix. and thev were in turn difficult to detect. On this

1



regard, on-tissue digestion method in which proteins are
denatured and enzymatically digested has been devel-
oped as an effective solution for these problems [16-18].
In this method, by cleaving large proteins, such proteins
can be measured as digested proteins which are observed
mainly in the mass range of 900 < m/z < 3000, The
protein digestion process also makes it easier to perform
tandem mass spectrometry {MS/MS). thus to identify
the molecular species directly on the tissue section
[16.08] (Figure 3.8). For all these reasons, on-tissue
digestion is an attractive alternative method for detect-
ing proteins that cannot be lonized by standard methods.
We previously studied this method and found that
this process was enhanced by a heat-denaturation
process (80°C, for 10 h) and the use of a detergent-
supplemented trypsin solution (200 mg/mL trypsin in
25 mM NH4HCO: and 20 mM n-octylglucoside) {Figure
3.9: see detail protocol for Setou et al. [19]).

3.2.2  IMS for Small Organic Compounds

3.2.2.1 Emplovment of Optimized Experimental
Prorocols Is an Essential Issue In the field of the
molecular biology, localization of transeripts is visual-
ized with oligonucleotide probe in situ hybridization,
and localization of proteins is visualized using immuno-
histochemistry based on antibodies. The emergence and
continuous development of IMS could add another
standard imaging technique for metabolites, whereas we
do not have an established visualization technology for
them. In fact, until today, the small metabolites (Le.
m/z < 1000} have been intensively investigated by IMS
and this research application can be further subdivided
into two distinet areas: (1) measurement of endogenous
small organic compounds and {2) measurement of exog-
enous compounds (such as administrated drugs). For
both, the nature of MS-based detection principle facili-
tates the IMS as an effective imaging tool for these
mietabolites in which any chemical labels and probes are
not required. Such uniqueness of IMS provides a capa-
bility for simultancous visualization of multiple metabo-
tites, enabling to follow molecular conversion of these
small organic compounds (ke metabolism  itself)
between times or conditions {Table 3.2). However, ¢ach
of such diverse molecular species could have quite dif-
ferent chemical/physical properties, and therefore, in
practical. an optimization process of experimental pro-
tocol for cach analyte s still an essential issue. As a
representative example, Figure 3,10 demonstrates that
concentration of the organic solvent (in this case, meth-
anol} in the matrix solution affects the detection sensi-
tivity of lipids and peptides. The results showed that a
high composition of methanol (80%-100% ) was favor-
able for lipid detection. while a low concentration solu-
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tion {20%-40%) was f{avorable for the detection of
peptides. indicating that lipids and peptides could be
efficiently extracted from tissue sections into organic
and nonorganic solvents, respectively.

Figure 3.11 summarizes such key experimental
points. As a first point. we have to choose the appro-
priate ionization method: for the detection of small
metabolites, we have alternative choices other than
MALDI such as secondary ion mass spectrometry
(SIMS) [15], nanostructure-initiator inass spectro-
metry (NIMS) [20.21], desorption/ionization ou silicon
(DIOS) |22]. nanoparticle-assisted laser desorptiopn/
ionization (nanc-PALDIY  [23], and even laser
desorption/ionization (LD} [24.25]. We consider that
MALDI is still the most versatile method, particularly
due to the soft jonization capability of intact analvte
However, other methods each have unique advantages:
for example, SIMS and nano-PALDI have achieved
higher spatial resolution than conventional MALDI-
IMS, and above all, these mentioned alternative methods
are all matrix-free methods. and thus can exclude the
interruption of the matrix cluster ion. Next, if MALDI
is chosen, experimenters should choose a suitable matrix
compound. solvent composition, and further matrix
application method for their target analyte, All these
factors are critical to obtain sufficient sensitivity because
they affect efficiency of analvte extraction. condition of
cocrystallization. and, above all, analyte~ionization effi-
ciency. In addition, based on the charge state of the
analyte molecule, suitable MS polarity (ie. positive/
negative ion detection mode) should be used in MS
measurement. Below. we shall describe the key experi-
mental points for MALDI-IMS applications of repre-
sentative metabolites.

3.2.2.2 IMS of Endogenous Metabolites: Lipids
Among the endogenous metabolites, MALDI-IMS for
profiling [8.26-28] and visualizing distribution [1.29] of
lipids is the best established application area. In the
body, numerous lipid species play specific functional
roles, for example, energy storage, structural compo-
nents of cell membranes, and important signaling mol-
ecule. Such lipid species may be roughly divided into
three large categories: complex lipids, which contains
phosphate and sugars in their structures {e.g., glycero-
phospholipids, GPLs): simple lipids, which are alcohol
fatty acid esters (e.g.. acylglyveerols): and derived lipids,
produced via hydrolysis of the simple/complex lipids
(e.g., fatty acids). Table 3.3 shows the representative
application studies of MALDI-IMS for lipids. and as can
be seen, explorations of complex lipids have been the
most intensively performed. This may be due to their
casily charged stractures, for example, phosphate group
in phospholipids, sialic acids in gangliosides, and sulfate
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FIGURE 3.8 Tryptc-digested protein imaging and precursor ion mass spectra with positive 1on detection mode. AL A scheme
showing overview of on-tissug digestion method. B, An example of IMS of tryptic-digested proteins. (a} Optical image of imaging
region and (b} accumulated mass spectrum from imaging region. {¢. d} Imaging results of 127214608 and 17439, which are labeled
by asterisks in (b}, The merged image (n/z 1460.8 and iz 1743.9) is shown in (¢} These peaks were kientified by direct multistage
tandem mass spectrrometry (MSn) and were identified as the fragment jons of (1 myvelin basic protein (MBP) and (g} hisione
H2B [18]



