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Antibody availability and specificity are other constraints with IHC that
limit its capacity (Luongo de Matos et al., 2010). Thus the introduction of
IMS has provided complementary resources.

What IMS lacks in terms of sensitivity, it compensates for by enabling
untargeted studies with the possibility to detect hundreds of molecules
in a single run. In the so-called bottom-up approach, the proteins present
in the tissue sample must first be subjected to in situ digestion by a pro-
teolytic enzyme. Usually trypsin is used since it renders peptides that
contain at least one lysine or arginine amino acid and hence are easily
ionized. Setou et al. (2008) investigated whether the addition of deter-
gent into the trypsin solution could improve the digestion efficiency of
proteins for direct analysis of tissue section in MALDI-IMS. Trypsin solu-
tion can be spotted directly onto the tissue sections, rendering spot sizes
~150-200 um. Considering the possibility for peptide migration within
this spot area, the tryptic spot size can also be said to determine the
resolution of the IMS experiment, although the spatial resolution from
the actual data acquisition is determined by the instrument used and is
usually lower. Organic matrices such as DHB and CHCA are used for
ionization.

For biomarker studies, the tissues available through biobanks around
the world have generally been treated with formalin for increased tissue
stability over time. Formalin fixation and subsequent paraffin embedding
allows for stable histomorphology, but it also causes difficulty in IMS since
it cross-links proteins and hampers protein mining. This problem has been
overcome by deparaffinization methods followed by the same antigen-
retrieval methods used in THC experiments (enzymatic or heat-mediated)
(Aoki et al., 2007). Recently formalin-fixed, paraffin-embedded tissue
microarrays were analyzed in MALDI-IMS and MS/MS experiments to
study the gastric carcinoma tissue, thereby identifying the histone (H4)-
specific signal in poorly differentiated cancer tissue samples (Morita et al.,
2010). Other groups have demonstrated the direct analysis and identifi-
cation of tryptically digested proteins from tissue samples of lung cancer
(Groseclose et al., 2008), breast cancer (Ronci et al., 2008), prostate cancer
(Cazares et al., 2009), and pancreatic adenocarcinoma (Djidja et al., 2009).
Chaurand et al. (2004) showed the level of the binding protein (S100B)
in tissue samples using MALDI imaging to distinguish a high-grade and
low-grade glioma. In addition, the combined approach of MALDI-IMS
and MS/MS analyses of digested myelin basic protein (MBP) in a coro-
nal section of rat brain has been demonstrated (Figure 17a—c) (Groseclose
et al., 2007). After digestion, a total of eight tryptic peptides from MBP
were detected (Figure 17d). This protein is essential for the formation of
myelin in the central nervous system. MALDI-IMS also has been used to
classify a pancreatic cancer tissue microarray where a number of proteins
that appear to discriminate between different tumor classes were detected
(Djidja et al., 2009). Direct proteomic-based imaging was also performed
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FIGURE17 (a) H&E stain of rat brain tissue section serial to the sections used for
digestion and imaging. (b) Tissue section spotted with a sinapinic acid matrix solution.
(c) Image of the 14.2-kDa isoform of myelin basic protein. (d) Images of 8-tryptic
peptides generated from the digestion of the 14.2-kDa isoform of myelin basic protein.
Reprinted from Groseclose et al. (2007) with permission from John Wiley and Sons.

on a gene knockout mice tissue section of rat that could be useful for the
diagnosis of human diseases (Yao et al., 2008). Figure 18 shows the PCA
of mass spectra from Scrapper-knockout (SCR-KO) and WT mouse brains
analyzed by MALDI-IMS.

7.3. IMS for Pharmacokinetic Studies

Imaging of pharmaceuticals samples is performed to examine pharmaco-
kinetics—that is, the absorption, distribution, metabolism, and excre-
tion of drugs in laboratory animals and humans. HPLC combined with
MS/MS is used to analyze and characterizze most drugs. However,
HPLC-MS/MS analyses cannot provide the distribution of drugs in differ-
ent organs or tissues of laboratory animal experiments (Hsieh et al., 2003).
Whole-body autoradiography (WBA) is normally used for the visualiza-
tion of drug candidates in all tissues; however, it requires the compound
of interest to be radioactively labeled (Kertesz et al., 2008). This disad-
vantage of WBA can be overcome by using MALDI-IMS to analyze the
drugs in tissue samples. The drug distribution profile obtained by IMS
tells whether the oral administration of an exogenous compound affects
the endogenous metabolites (Rubakhin et al., 2005). Reyzer et al. (2003)
reported images of two antitumor drugs in mouse tissue samples using
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FIGURE18 In situ proteomics of the SCR-KO mouse brain using IMS and PCA.
(a) H&E-stained images of the WT and SCR-KO mouse brain. The regions focused in

IMS analyses are indicated by colors. (b) Mass spectra obtained from each region of the

WT or SCR-KO mouse brain sections. Specific signals of the regions are indicated by
arrowheads. (c) Distributions of principal component scores of mass spectra from
various brain regions (left spray graphs; WT, blue; KO, red) and the loading factors

plot (right graphs). The signal intensities of mass spectra of the substances with indicated

m/z are shown in the reconstructed images of the mouse brain analyzed by IMS.
Reprinted from Yao et al. (2008) with permission from John Wiley and Sons.
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MALDI-IMS. The results showed the spatial distributions of drugs in
brain tissue section were elucidated using a Q-TOF instrument operated in
selective reaction monitoring (SRM) mode to provide good sensitivity for
tissue analysis. This work demonstrated the proof of MALDI-IMS in mon-
itoring a drug distribution in different parts of body organs. MALDI-IMS
can provide the spatial information for both drugs and their metabo-
lites. Figure 19a-d shows the distributions of the drug olanzapine and its
metabolites (N-desmethyl metabolite and 2-hydroxymethyl) in tissue after
post dosing of 2 hours and 6 hours (Khatib-Shahidi et al., 2006). Further,

FIGURE19 Detection of drug and metabolite distribution at 2 hours after dosing in a
whole rat sagittal tissue section using IMS analysis. (a) Optical image of a 2-hr post
olanzapine-dosed rat tissue section across four gold MALDI target plates Organs are
outlined in red. A pink dot used as a time point label. (b) MS/MS ion image of
olanzapine (m/z 256). (c) MS/MS ion image of N-desmethyl metabolite (m/z 256).

(d) MS/MS ion image of 2-hydroxymethyl metabolite (m/z 272). Scale bar, 1 cm.
Reprinted from Khatib-Shahidi et al. (2006) with permission from American Chemical
Society.
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SIMS and NIMS were used for imaging of drugs in tissue samples and the
mass spectrum obtained was free of the matrix-oriented peaks. The direct
analysis of clozapine and its metabolites in dosed rat brains has been illus-
trated using TOF/TOF mass analyzers (Yanes et al., 2009). NIMS-IMS is
compatible with both ion beam and laser sources available on commercial
SIMS and MALDI instruments. In addition, fewer laser shots are required
per spot compared with the MALDI technique.

7.4. IMS for Metabolomics

Metabolomics is the study of metabolites, including metabolic interme-
diates such as lipids, amino acids, organic acids, and small signaling
molecules. Concentration changes of metabolites in tissue samples might
reflect a specific physiological or pathological condition of the organism
(Dunn, 2008; Nicholson and Lindon, 2008). Liquid chromatography-
mass spectrometry and gas chromatography-mass spectrometry are well-
known techniques for metabolite analysis (Griffiths and Wang, 2009;
Novotny et al., 2008). Here, the tissue samples are homogenized before
analysis and thus it is impossible to assess their actual tissue distri-
bution. However, IMS can be directly used to profile a broad range
of small molecules, including nucleotides, amino acids, proteins, lipids,
and carboxylic acids, in tissue samples with their unique distributions.
MALDI-IMS has been used for imaging and identification of 13 pri-
mary metabolites, such as adenosine monophosphate (AMP), adenosine
diphosphate (ADP), adenosine triphosphate (ATP), uridine diphosphate
(UDP), or N-acetyl-D-glucosamine (GlcNAc) in rat brain sections (Benab-
dellah et al., 2009). The distribution pattern of lipids such as cholesterol,
cholesterol sulfate, vitamin E, and glycosphingolipids in skin and kidney
sections of patients with Fabry disease using the combined approaches of
MALDI-TOF and cluster-TOF-SIMS was demonstrated by Touboul et al.
(2007). The MALDI-based imaging technique was also used to visualize
energy metabolism in the mouse hippocampus via imaging of energy-
related metabolites. Cellular metabolic processes use ATP as an energy
source and converting it into ADP or AMP. Thus the imaging of these
molecules in tissue samples can provide useful information about energy
production and how it can be used in the function of tissue (Sugiura et al.,
2011). The phenomenon of energy metabolism is shown in Figure 20.
Metabolomics studies of plants have also been performed to elucidate
the structure, function, and biosynthetic pathways (Lisec et al., 2006). Car-
bohydrates, amino acids, vitamins, hormones, flavonoids, phenolics, and
glucosinolates are the main metabolites found in plants and are needed
for growth, stress adaptation, and defense (Hounsome et al., 2008). In
combination with soft ionization methods such as ESI and MALDI, MS
proved useful for direct analysis of plant tissue sections. The spatial
distribution of sugars, metabolites, and lipids in plant tissue samples was
investigated using MALDI-IMS. Cha et al. (2009) exploited the use of
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FIGURE 20 CA3 cell-selective consumption of adenosine triphosphate (ATP) and
adenosine diphosphate (ADP) during a kainate-induced seizure. (a) MALDI imaging of
adenosine nucleotides in a mouse hippocampus. (b) Absolute quantification of ATP, ADP,
and adenosine monophosphate (AMP) in a mouse cerebrum using CE-MS. Massive
reductions in the levels of ATP and ADP, but not AMP, were observed during
kainate-induced seizures. (c) Results of the relative quantification of ion intensity for
ATP, ADP, and AMP calculated from the averaged mass spectra of each hippocampal
subregion obtained using MALDI imaging. The values shown are logarithmic ratios of ion
intensities between sham-operated (sham) and kainate-treated mice (KA). (d) Mapping of
energy-charge index values on tissue sections. The region-specific reduction of these
values in the CA3 region (arrows) suggests massive energy metabolism in CA3 neurons.
(e) Relative quantitative comparison of adenosine nucleotides and related metabolites
using CE-MS. Each result is mapped on the metabolic pathway and clearly shows the
depletion of ATP and ADP due tp their conversion into downstream metabolites. The
colored graphs indicate significant increases (orange) and decreases (blue). IMP, inosine
5'-monophosphate. Reprinted from Sugiura et al. (2011) with permission from Public
Library of Science.

colloidal silver NPs for direct profiling of an epicuticular wax on leaves
and flowers from Arabidopsis thaliana in LDI-IMS. Recently, Goto-Inoue
et al. (2010b) illustrated the spatial distribution of gamma-aminobutyric
acid (GABA) in the seed of eggplant and the presence of GABA was
confirmed by MS/MS analysis. The localization of GABA in eggplant is
shown in Figure 21. Zhang et al. (2007) showed imaging and identification
of fatty acids, sugars, and other small metabolites using colloidal graphite
NPs in GALDI-IMS, which was free from matrix background noise in the
low molecular region. The distribution of lysophosphatidylcholine and
PC in rice endosperm and bran and alpha-tocopherol in the germ has also
been reported (Zaima et al., 2010).

8. SUMMARY

Several advances in sample preparation, ionization, and MS instrumenta-
tion have been achieved, steadily improving sensitivity, spatial resolution,
and identification capabilities for MALDI-IMS. These improvements are
broadening the MS imaging applications for lipid, peptide, and protein
biomarker identification, as well as drug and metabolite imaging. Nano-
PALDI, the use of ionic matrices, and the mass sicroscope techniques
are new developments that could be powerful tools in obtaining high-
resolution images for biomolecular distribution in biological samples. In
the future, MALDI-IMS has the potential to become a routine tool for
imaging of tissues, helping us to understand the link between the localiza-
tion of certain molecules and their function during pathogenesis, disease
progression, or treatment.
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FIGURE 21 Optical images of eggplant, the results of IMS and tandem mass analyses.
(a) Optical images of eggplant, vertically cut eggplant, and round-cut eggplant. A grey
rectangle in a round-cut image shows the region of analyses by IMS. (b) Optical image of
eggplant section and ion image of the m/z values at 104.07. The red arrows in the optical
image show seed locations. Scale bar: 2.5 mm. Reproducibility was confirmed (n = 3).

(c) Optical image of eggplant section and ion image of the m/z values at 104.07 with
higher spatial resolution at 25 jum on a seed. Scale bar: 0.5 mm. (d) The tandem mass
spectrum of standard gamma-aminobutyric acid (GABA) and (e) m/z 104.0 on eggplant
tissue. Reprinted from Goto-Inoue et al. (2010b) with permission from The Japan Society
for Analytical Chemistry.
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PALDI)-based Imaging Mass
Spectrometry (IMS) and its
Application to Brain Sciences
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ABSTRACT

Imaging mass spectrometry (IMS; also referred to as mass
spectrometry imaging [MSI]) is an emerging mass-spectrometry-
based imaging technique that enables visualization of the
distribution of various biomolecules in biological tissue sections.
This technique, which can be used for a variety of tissues
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having vast structures, was initially developed as a tool for
protein imaging. However, because of the general versatility of
IMS and the lack of established imaging technology for small
organic molecules, the number of studies reporting IMS of small
molecules has recently increased. In fact, IMS is an effective
technique for the visualization of endogenous small metabolites,
especially lipids, facilitated by the unique advantages of mass-
spectrometry-based molecular detection. For IMS, the choice of
a proper analyte ionization technique is critical. Matrix-assisted
laser desorption/ionization (MALDI) has been regarded as the
most effective analyte ionization method and has been applied
to the analyses of brain disorders, such as Alzheimer’s and
Parkinson’s diseases. Despite the promising capability of MALDI-
based IMS for imaging of small metabolites, this technique suffers
from several critical drawbacks, especially with regard to spatial
resolution. One of the critical limitations of the spatial resolution
of MALDI-IMS is the size of the organic matrix crystal and analyte
migration during the matrix-crystallization process. To overcome
these problems, we report herein a nanoparticle (NP)-assisted
laser desorption/ionization (nano-PALDI)-based IMS technique,
in which NPs are used as the ionization-enhancing reagent and
the organic matrix crystallization process is eliminated. Another
important advantage of the use of NPs for IMS comes from the
recently increasing availability of various NPs with different core-
metals, surface modifications, and particle diameters, which has
expanded the range of molecular species that can be analyzed by
means of this technique, to include species that cannot be ionized
by MALDI-IMS. Hence, we believe that this new approach will
lead to a better understanding of physiological processes as well
as the diagnosis and pathophysiology of complex biological
process, especially in the brain. This chapter summarizes the
recent technological developments in the field of IMS and also
describes the utilization of nano-PALDI in IMS as an attractive
alternative to traditional MALDI-IMS.

INTRODUCTION

In the last decade, the practical use of nanoparticles (NPs) in the field of
biomedicine, particularly as nanomachines, molecular imaging probes,
biosensors, diagnostic tools, and drug-delivery systems, has been reported
extensively. With the goal of improving the therapeutic efficacy of drug-
delivery systems, NPs, which are small-sized particles having diameters



