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Mass spectrometry imaging is a powerful tool for directly determining the distribution of proteins, peptides, lipids,
neurotransmitters, metabolites and drugs in neural tissue sections in situ. Molecule-specific imaging can be achieved using
various ionization techniques that are suited to different applications but which all yield data with high mass accuracies and
spatial resolutions. The ability to simultaneously obtain images showing the distributions of chemical species ranging from
metal ions to macromolecules makes it possible to explore the chemical organization of a sample and to correlate the results
obtained with specific anatomical features. The imaging of biomolecules has provided new insights into multiple neurological
diseases, including Parkinson’s and Alzheimer’s disease. Mass spectrometry imaging can also be used in conjunction with
other imaging techniques in order to identify correlations between changes in the distribution of important chemical species
and other changes in the properties of the tissue. Here we review the applications of mass spectrometry imaging in
neuroscience research and discuss its potential. The results presented demonstrate that mass spectrometry imaging is a
useful experimental method with diverse applications in neuroscience.
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INTRODUCTION tools can generate multidimensional images with very
high temporal and spatial resolutions. However, most of
them can only be used with prior knowledge about the
chemical species of interest. In addition, they generally
require that the target is preselected, by labeling or with
affinity tags or expression markers, before analysis. This
limits the amount of chemical information that can be
obtained.

Over the last two decades, mass spectrometry (MS) has
become an important analytical technique in neuroscience
research. The introduction of two soft ionization techni-
ques, matrix-assisted laser desorption ionization (MALDI),
and electrospray ionization (ESI), has made it possible to
detect and quantify proteins, peptides, lipids, and metabo-
lites, which has proven particularly useful in large-scale
‘-omics’ profiling studies. Investigations of this type,
including expression profiling studies and those using
functional approaches have become much more common in
recent years. Due to the widely divergent molecular
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Biochemical processes, including those that take place in
the brain, revolve around the interactions between various
molecules and molecular complexes, and their dynamic
spatial redistribution. To understand these complicated
biochemical interactions, it is necessary to identify the
molecular entities involved and to determine their spatial
distribution. Ideally, then, the analytical tools that are used
to study these processes should provide as much informa-
tion as possible about the identities and topographical
distributions of the chemical species present within
biological samples. Various analytical technologies have
been developed for this purpose and several molecular
tools have found widespread use for visualizing and identi-
fying molecular targets in the brain, including chemical
stains, DNA probes, immunohistochemical tags, and radi-
olabeled ligands. Analytical technologies that rely on these
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unexpected insights into the functioning of diverse biolo-
gical systems (Bayes and Grant, 2009) and have great
potential for the discovery of novel biologically relevant
molecules (Svensson et al, 2007; Svensson et al, 2003).
However, their usefulness in neuroscience research may be
limited due to their inability to provide information on the
spatial distribution of specific analytes within brain tissue
samples.

MS imaging is a technique that can be used to investigate
the spatial distribution and topographical organization of
numerous different molecular analytes on complex surfaces
such as brain tissue sections. In mass spectrometry, the
analytes are ionized and the mass-to-charge (m/z) ratio of
the resulting ions is determined, giving an indication of
each analyte’s atomic composition. Hundreds of molecules
can be detected and identified simultaneously at um or even
sub-um spatial resolutions in complex biological samples. In
addition, it is not generally necessary to label the analytes
before analysis, which makes it possible to detect and image
both known and unknown targets without having to develop
and prepare specialized labels (which can be challenging in
and of itself). The first MS imaging experiments were
performed 60 years ago, using secondary ion mass spectro-
metry (SIMS) to image elemental ions (Castaing and
Slodzian, 1962; Liebl, 1967). The first molecular imaging
experiments were performed in the 1970s, using SIMS and
laser microprobe mass analysis (Hillenkamp et al, 1975).
SIMS is a surface analysis technique that works by exposing
the tissue sample’s surface to a focused primary ion beam
and then collecting and analyzing the resulting secondary
ions. A wide range of ion sources and mass analyzers
can be used in SIMS experiments, but time-of-flight (TOF)
analyzers and cluster ion sources are the most popular tools
for studying biomolecules in this way.

Subsequent to the development of SIMS, a number of
other mass spectrometric techniques have been introduced
and used in imaging studies with biological samples. These
methods differ primarily with respect to the method of
ionization; the most notable are desorption ESI mass
spectrometry (DESI-MS), inductively coupled plasma mass
spectrometry (ICP-MS), and MALDI-MS.

DESI is an atmospheric pressure ionization technique in
which an electrospray, an electrically charged mist of an
appropriate solvent, is directed to the sample surface to
ionize chemical species. Ionization occurs via the interac-
tion of the charged microdroplets from the spray with
the chemical species in the surface of the sample
(Takats et al, 2004). A modified version of the technique
known as DESI-MS imaging has been developed that can
be used to generate two-dimensional images showing the
distribution and concentration of analytes in a tissue
section (Ifa et al, 2007)

In ICP-MS, the sample is ionized by exposure to a plasma
generated by electromagnetic induction. This method can
be used to analyze metals and some non-metals in samples
with high sensitivity. Laser ablation (LA) ICP-MS, which
uses a laser beam to ablate material from the surface to
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facilitate ionization, has shown considerable potential in the
imaging of biological tissues. It can be used to determine
the localization of many elements in biological sections with
high sensitivity and relatively high spatial resolution
(Becker et al, 2005; Qin et al, 2011).

The use of MALDI-MS for the imaging of biological
tissue samples was first described by Caprioli et al (1997).
MALDI-MS imaging of brain tissue samples is usually
performed in situ with thin (10 um) tissue sections. The
sections are typically coated with a uniform layer of the
matrix crystals, after which an ordered array of mass
spectra is acquired from raster-defined grid points.
Commonly used MALDI matrices are sinapinic acid, -
cyano-4-hydroxycinnamic acid, and 2,5-dihydroxybenzoic
acid (DHB). Consequently, each mass spectrum reflects the
local molecular composition at a given pair of x and y
coordinates. Images showing the distribution of selected
molecules within the tissue section are then generated by
extracting data for the corresponding m/z ranges from the
spatially acquired MS data files (Fig. 1). This provides
information on the spatial localization of the molecules
within the sample without needing extensive sample
preparation (Norris and Caprioli, 2013; Stoeckli et al,
2001). All of the MS imaging techniques discussed in this
section differ in terms of their specificity, sensitivity, and
resolution and are therefore best suited to different classes
of analytical problems.

MASS SPECTROMETRY IMAGING OF
MULTIMODAL MOLECULES

The brain contains numerous endogenous compounds that
are involved in signaling, biosynthesis, and metabolic
processes. These compounds have a wide range of chemical
identities: some are simple alkali metal ions, while
others are large proteins and multi-protein complexes.
The spatial distributions of these compounds, categorized
below, are as important as their chemical properties,
because both their localization and their concentration
change in many neurodegenerative diseases and during
specific neurological events. The most popular MS imaging
techniques for ex vivo mapping of the distribution of the
compound classes discussed below are MALDI, DESI, TOF-
SIMS, and ICP.

In general, sample preparation methods for MS
imaging should maintain the localization of the analyte of
interest without causing any degradation. In typical
protocols, the organs of interest are rapidly removed by
dissection and snap-frozen in a liquid nitrogen-isopentane
bath (Jehl et al, 1981). It has been shown that post-mortem
degradation can occur very quickly, producing false-
positive and/or negative results in subsequent imaging
studies (Goodwin et al, 2008; Goodwin et al, 2012; Goodwin
et al, 2010; Skold et al, 2007).

One way of suppressing degradation reactions in isolated
tissue samples involves the use of thermal irradiation
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(Svensson et al, 2009); formaldehyde-fixed paraffin-embed-
ding should be avoided because it causes protein-peptide
crosslinking. Tissue sections are prepared by cutting the
organs into slices with a thickness of less than 20 um. The
use of supporting media such as optimal cutting tempera-
ture (OCT) compound should not be used. Tissue sections
are either attached to stainless steel plates or indium-tin-
oxide glass slides for analysis using high vacaum MALDI
instruments, or to non-conductive glass slides for inter-
mediate pressure instruments. Cell debris, lipids, salts, and
other signal-suppressing components of the tissue that
interfere with the ionization/desorption of proteins and
peptides may be selectively removed by washing the section
in a way that fixes the tissue sample and preserves the
localization of the target compounds. Various solvents and
treatment strategies have been used for this purpose
(Lemaire et al, 2006; Seeley et al, 2008), but the protocol
that we have found to be most useful in preparing samples
for MALDI-MS imaging of neuropeptides involves washing
the tissue with 70% ethanol for 10s and then with 95%
ethanol twice for 10s each time.

Matrix application is an important step that has a
significant effect on the quality of the results obtained in
the imaging experiment. The matrix can either be deposited
as a uniform layer (using automatic or manual pneumatic
sprayers, or by sublimation in the case of dry matrices) or
can be applied as a series of micro spots (using piezo- or
acoustic spotters). Wetter matrix application conditions
may be preferred as they facilitate the extraction of proteins
and peptides. However, they tend to produce relatively large
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matrix crystals, which limit the spatial resolution of the
resulting images. Once the matrix has been applied, the
prepared sample is loaded into an imaging-capable MALDI
instrument and spectra are acquired for the predefined
region of interest and raster size.

MS imaging of peptides and proteins

Of the existing mass spectrometry imaging techniques,
MALDI-MS imaging has proved to be the most useful for
determining the localization of proteins and peptides
(Chaurand et al, 2002). DESI-MS can also be used to study
the distribution of peptides (Pan et al, 2013) and proteins
(Shiea et al, 2008), as well as multi-protein complexes
(Ferguson et al, 2011; Przybylski et al, 2010) in concentrated
spotted samples, but will require further refinement in order
to detect proteins and peptides directly in tissue samples.
Despite the high spatial resolution achieved using TOF-SIMS
imaging, it has only limited applications in the imaging of
proteins and peptides because its mechanism of ionization
causes extensive fragmentation of the target compounds,
which makes their identification difficult. However, it has
been used to map the localization of the protein thyroglo-
bulin in pig thyroid glands after trypsin digestion by
comparing the small peptide fragments produced from
tissue samples to those produced by analyzing standard
solutions of the target proteins (Nygren and Malmberg,
2010). The use of a softer ionization method based on a
Bi-cluster ion source makes it possible to analyze peptides
with masses of up to 2 kDa by TOF-SIMS imaging (Komatsu

Matrix application

—

MALDI-MS
data acquisition

Figure 1.

General overview of matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) imaging. Tissue sections from frozen brain

are cut by a cryomicrotome and transferred to a conductive glass slide. Tissue sections are coated with a specific matrix, depending on the nature of the
biomolecule to be analyzed. MALDI-MS imaging allows simultaneous mapping of hundreds of multimodal substances in thin tissue sections with a lateral
resolution down to a few um. From a raster over the tissue and measurement of the peak intensities over thousands of spots, mass spectrometric

images are generated at specific molecular weight values.
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et al, 2008). MALDI-MS imaging produces results with a
lower spatial resolution than TOF-SIMS, and requires that
the matrix be deposited on the tissue. However, it uses much
milder ionization conditions and has thus been more widely
used for protein and peptide imaging.

The advantages of MALDI-MS imaging have made it the
most popular MS technique for the imaging of proteins
(Burnum et al, 2008; Caprioli et al, 1997; Chaurand et al,
2002; MacAleese et al, 2009; Pierson et al, 2004; Skold et al,
2006). We recently presented a novel MALDI-MS imaging
protocol for the quantitation of an endogenous neuropep-
tide directly in tissue sections. Substance P 1-11 (SP) was
quantified in different mouse brain anatomical structures.
The SP levels correlated well with previously reported
peptide levels using other techniques. To confirm the
identity of SP, tandem MS (MS/MS) was performed directly
on tissue sections and the obtained MS/MS spectra from
tissue sections were compared with spectra obtained from
synthetic SP (Kallback et al, 2012) (Figure 2).

However, the in situ identification of unknown com-
pounds by MALDI-MS remains challenging. Both bottom-up
and top-down proteomics identification approaches for the
in situ identification of proteins and peptides have been
investigated. In the bottom-up approaches, the proteins are
digested in situ using a protease enzyme (typically, trypsin)
and the resulting peptides are analyzed either by MS/MS
fragmentation or by peptide mass fingerprinting (Groseclose
et al, 2007; Stauber et al, 2010). The main problems encoun-
tered when using this approach relate to the complexity of
the digested sample and the risk of delocalization during the
digestion reaction(s). It has been demonstrated that the
quality of the peptide identification process and the number
of successfully identified peptides can be increased
by performing a liquid chromatography (LC)-ESI MS/MS
analysis of an adjacent tissue section in parallel with in situ
bottom-up identification experiments when working with
mouse brain samples (Schober et al, 2011). In the top-down
identification approaches, the intact molecular ions of the
proteins or peptides generated by a soft ionization technique
are subjected to gas phase fragmentation in the mass
spectrometer. The resulted product ions are used for
identification of the parent protein or peptide.

In-source decay (ISD) is the most widely used activation
technique in MALDI-MS experiments and can be used to
fragment protein and peptide ions in order to obtain
sequence data when using the top-down approach (Bonnel
et al, 2011; Debois et al, 2010). However, the efficiency of
this method is necessarily determined by the tendency of
the target protein or peptide to fragment under ISD
conditions. Recently, the high mass accuracy and resolution
of a MALDI-Fourier transform ion cyclotron resonance
instrument (FT-ICR) MS were exploited to perform targeted
in situ identification of proteins using ISD. By comparing
the ISD fragments observed when analyzing samples in
imaging mode to reference spots, these authors were able to
identify target proteins such as myelin basic protein in
mouse brain sections (Calligaris et al, 2013).

Mass spectrometry imaging in neuropsychopharmacology
M Shariatgorji et al

fmol/mg
g 1,000
30
C 100 -
| m/z 1348
5 80 -
<
>
£ 60 -
c
9 4
£
o 40 -
=
E 4
€ 20
o Juctdo LY, | L
500 700 900 1,100 1,300 1,500 1,700
m/z

Figure 2. Quantitation of endogenous substance P 1-11 (SP) con-
centration in a mouse brain sagittal tissue section. (a) Digital photograph
of the mouse brain tissue section indicating different brain tissue
structures. (b) SP was quantified in the nucleus accumbens, caudoputa-
men, globus pallidus external segment, substantia nigra, substantia
innominata. The matrix-assisted laser desorption ionization-mass spec-
trometry (MALDI-MS) imaging analysis shows that endogenous SP is
detected at high concentrations in substantia innominata, globus pallidus
external segment, and substantia nigra. (c) Mass spectrum from the
substantia innominata structure showing the monoisotopic mass of SP
(inset). Reproduced with permission (Kallback et al, 2012).

MS imaging of lipids

Lipids have essential roles in numerous cellular processes
and are involved in many diseases, including neurodegen-
erative disorders (Puglielli et al, 2003). Because of their
relatively high abundance in biological samples, they were
one of the first compound classes to be examined in MS
imaging studies. TOF-SIMS, MALDI, and DESI-MS imaging
are all widely used to map the localization of lipids.
TOF-SIMS has proven to be capable of mapping the
localization of diverse lipids, including glycerophospholipids
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(Sjovall et al, 2006; Sjovall et al, 2004), sterol lipids (Borner
et al, 2006; Sjovall et al, 2004), and sphingolipids (Borner
et al, 2006; Nygren et al, 20055 Pernber et al, 2007;
Sjovall et al, 2006; Sjovall et al, 2004) with sub-micron
spatial resolution. However, its utility is limited by its
tendency to cause extensive fragmentation of the target
analytes and its comparatively low sensitivity in terms of
secondary ion yields (Sjovall et al, 2004). Some of these
difficulties can be partially overcome by using cluster ion
sources based on Aus'.

In a notable recent study, TOF-SIMS imaging was used to
investigate lipid distributions within mouse brain sections.
The samples were prepared by simple cryosectioning, then
rinsed in ammonium formate, and freeze dried before
undergoing TOF-SIMS analysis. Cholesterol, sulfatides, and
phosphatidylcholines were all identified; the images ob-
tained showed that the gray matter is rich in phosphatidy-
linositols, phosphatidylcholines, and sulfatides, while the
spectra for the white matter were dominated by cholesterol-
related peaks (Sjovall et al, 2004). In a subsequent investi-
gation, cresyl violet and eosin Y staining were used to
obtain complementary information on the structures
observed in the TOF-SIMS images of freeze-dried mouse
brain sections (Sjovall et al, 2006). Further structural
information was obtained by TOF-SIMS imaging of rat
cerebellar white matter (Borner et al, 2006) and cortex
samples (Nygren et al, 2005) using a Bi © ion cluster source.
These investigations demonstrated that the cerebellar white
matter contains previously unknown cholesterol-rich rib-
bon-shaped areas that are 10-20 um long in which Na™ and
K™ are excluded, and that galactosylceramide (GalC) C18 is
predominantly located in cholesterol-rich areas, whereas
GalC C24 is localized in regions that are rich in Na™ and
K™ (Borner et al, 2006).

To investigate the scope for depth profiling/imaging of
biological tissues such as rat brain samples, a fullerene ion
beam was used to sputter the surface of a rat brain tissue
section. Although the damage induced by the fullerene
sputter gun was much less severe than that caused by heavy
metallic ion beams, it was still sufficient to make TOF-SIMS
depth profiling very challenging (Debois et al, 2007).

Because of the remarkable spatial resolution of TOF-
SIMS, it is one of the few MS techniques that can be used to
visualize and identify individual lipids at the cellular and
subcellular levels in cells such as neurons (Passarelli and
Winograd, 2011; Sjovall et al, 2003; Yang et al, 2010a; Yang
et al, 2010b). However, there is a trade-off between high
resolution and sensitivity, which limits the utility of this
technique for studying less abundant compounds at the
(sub)cellular level.

The first application of DESI-MS in imaging involved the
visualization of lipids in rat brain tissue sections (Ifa et al,
2007). Depending on the solvents used and the nature of the
substrate, spatial resolutions of around 200 um could be
achieved. However, it has been reported that imaging with a
spatial resolution of around 12 pm is possible with a nano-
DESI instrument (Laskin et al, 2012). The mass resolution
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of DESI-MS imaging was improved substantially by
combining the apparatus with a FT-ICR mass spectrometer.
This made it possible to resolve signals from mouse brain
lipids that overlap when analyzed using more conventional
instruments (Pol et al, 2009). DESI-MS imaging has also
been used to analyze and characterize the lipid profiles of
different human astrocytoma subtypes, showing that some
marker lipids have different abundances in different
subtypes (Eberlin et al, 2010a). Most studies that have used
DESI-MS for the imaging of brain lipids have examined
experimental models and were conducted for the purposes
of method development (Eberlin et al, 2010b; Laskin et al,
2012; Pol et al, 2009; Wiseman et al, 2006) or to evaluate
sample preparation protocols (Dill et al, 2011; Laskin et al,
2012) rather than to answer neurological questions.

MALDI-MS imaging has been used extensively to map the
distribution of lipids in a wide range of organs, including
the brain. Benabdellah et al (2010) compared MALDI-MS
and TOF-SIMS imaging for the visualization of rat brain
lipids. It was concluded that MALDI-MS imaging is a robust
and reproducible technique provided that care is taken
during sample preparation and matrix application. The
two techniques were found to have different advantages:
MALDI-MS imaging was capable of nM sensitivity, whereas
TOF-SIMS was able to achieve sub-pum spatial resolutions
(Benabdellah et al, 2010). To map the distribution of brain
lipids many MALDI-MS imaging studies were conducted for
the purposes of method development; notably, several have
focused on the identification of suitable matrices and salts
for use with this technique (Ageta et al, 2009; Astigarraga
et al, 2008; Cerruti et al, 2012; Cerruti et al, 2011; Chan et al,
2009; Chen et al, 2008; Colsch and Woods, 2010; Franck
et al, 2009; Goto-Inoue et al, 2010; Meriaux et al, 2010;
Puolitaival et al, 2008; Shanta et al, 2011; Shrivas et al, 2010;
Sugiura and Setou, 2009b; Thomas et al, 2012; Wang et al,
2008; Yang and Caprioli, 2013). Other studies have focused
on sample preparation techniques (Angel et al, 2012; Carter
et al, 2011; Delvolve and Woods, 2011; Hankin et al, 2007;
McLean et al, 2007; Trimpin et al, 2010), improving the
capabilities of MALDI-MS imaging instruments (Shimma
et al, 2008; Trim et al, 2010), and data processing (Sugiura
et al, 2009a; Trim et al, 2008). These studies have also
provided spatial information on the localization of many
lipids in brain tissue sections.

MS Imaging of neurotransmitters

It can be difficult to use MS techniques such as TOF-SIMS,
DESI, and MALDI-MS imaging to study the distribution of
small molecules, especially in lipid-rich samples such as
brain tissue sections. In TOF-SIMS experiments, the
extensive fragmentation of large molecules makes the small
molecule region of the spectrum very complex and so it is
difficult to identify signals arising from small molecules.
This problem has been partially overcome by the develop-
ment of cluster ion sources (Touboul et al, 2004). Notably,
TOEF-SIMS with a bismuth-based cluster ion source has been
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used to visualize the distribution of lipids and some
abundant small molecules (including cholesterol) in rat
brain sections with a spatial resolution of around 400 nm
(Touboul et al, 2004).

Catecholamines (including epinephrine and norepinephr-
ine) have been imaged by DESI-MS in porcine and rabbit
adrenal glands with a spatial resolution of 200 um. The
results obtained confirmed previous reports that the levels
of epinephrine and norepinephrine in rabbits’ adrenal
glands are lower than those in porcine adrenal glands (Wu
et al, 2010). DESI-MS has also been successfully used to
image cholesterol in adrenal gland and mouse brain
samples after reactive derivatization by treatment with
betaine aldehyde (Wu et al, 2009).

As DESI-MS is mechanistically very similar to ESI, ion
suppression effects caused by abundant and readily ionized
compounds such as lipids may interfere with the detection
of compounds of interest. This problem of low sensitivity
could conceivably be overcome by derivatizing the analytes
of interest, by converting them into adducts or by changing
the polarity (Manicke et al, 2008).

There are a number of significant technical difficulties
associated with MALDI-MS imaging of neurotransmitters,
and considerable effort has been invested into finding ways
of addressing them. The use of MALDI-MS (and thus
MALDI-MS imaging of small molecules) has historically
been hindered by the formation of matrix fragments and
cluster peaks, which can mask the signal of interest. The
recent introduction of a deuterated form of o-cyano-4-
hydroxycinnamic acid, the most common matrix used in
studies of small molecules, resulted in the unmasking of
previously hidden compounds such as acetylcholine. This
approach was used to map the localization of acetylcholine
and some other endogenous compounds in rat brain tissue
sections; acetylcholine was found to be highly abundant in
the cerebral cortex, corpus callosum, ventral hippocampal
commissure, thalamus, and cerebellum (Shariatgorji et al,

Figure 3. Matrix-assisted laser desorption ionization-mass spectro-
metry (MALDI-MS) imaging relative abundance and spatial distribution of
the neurotransmitter acetylcholine (m/z 146.1 £0.1) in a rat brain sagittal
tissue sections. The confirmation that m/z 146.1 is acetylcholine was
achieved by on tissue MS/MS fragmentation, where product ions of m/z
87.0 and m/z 104.1 were generated and agreed with a MS/MS spectrum
from synthetic acetylcholine. The MALDI-MS image shows that acet-
ylcholine is most abundant in brain structures such as cerebral cortex,
corpus callosum, ventral hippocampal commissure, thalamus, and
cerebellum. Reproduced with permission (Shariatgorii et al, 2012b).
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2012b) (Figure 3). In another study, a known MS/MS
transition of acetylcholine was examined to enhance the
sensitivity of the system in order to visualize the localization
of acetylcholine in mouse brain sections (Sugiura et al,
2012). Surface-assisted laser desorption ionization MS
replaces the chemical matrix used in MALDI with inorganic
surfaces and nanomaterials, thereby providing an alter-
native way of overcoming the matrix peak interference
problem in MALDI-MS (Shariatgorji et al, 2009; Wei et al,
1999). Titanium dioxide nanoparticles have been used
successfully for this purpose in a study that mapped the
distribution of endogenous low molecular weight com-
pounds such as gamma aminobutyric acid in mouse brain
tissue sections (Shrivas et al, 2011).

Some neurotransmitters are present only at low levels in
brain samples and/or are difficult to ionize. It will therefore
be necessary to develop methods with better signal-to-noise
ratios than can be achieved with existing technologies in
order to map their distribution in biological samples by MS
imaging. Methods that could potentially be used to this end
include the use of optimized matrices (Cohen and Gusev,
2002), chemical derivatization (Chacon et al, 2011), and
selective tissue clean-up (Shariatgorji et al, 2012a).

MS imaging of pharmaceuticals

The imaging of pharmaceuticals and their metabolites in
their target sites is a very important source of data in drug
discovery and development that can provide information on
pharmacokinetics, toxicology, and ADME (absorption,
distribution, metabolism, excretion). Despite the difficulties
of using MS imaging to analyze small molecules described
in the previous section, TOF-SIMS, DESI-MS, and MALDI-
MS imaging have found applications in mapping the
distribution of pharmaceuticals. However, the latter two
techniques have been more popular because of their greater
sensitivity and softer ionization mechanisms compared with
TOF-SIMS.

Other molecular imaging techniques, including in vitro
autoradiography and in situ hybridization histochemistry,
have contributed significantly to the visualization of
biological processes and have proven to be useful in drug
discovery. However, these imaging methods require the
molecular labeling of the target compound and it is the
distribution of the label that is detected and mapped, even
when the original compound has been metabolized or
otherwise modified. In the last decade, the pharmaceutical
community has expressed considerable interest in MS
imaging because unlike most other imaging techniques,
MS detects the target molecules directly based on their
characteristic m/z ratios and does not require the use of
labeled compounds. It can thus potentially be used to detect
and characterize drugs, drug metabolites (and endogenous
drug-modified molecules) in their native states in brain
tissue sections.

The atypical antipsychotic clozapine was imaged using
MALDI-MS, which had sufficient spatial resolution and

Neuropsychopharmacology REVIEWS



Mass spectrometry imaging in neuropsychopharmacology
M Shariatgorji et al

sensitivity to reveal the drug’s distribution in rat brain tissue
samples. The images of clozapine in rat brain sections
obtained using the MALDI-MS method were consistent with
those obtained by autoradiography (Hsieh et al, 2006). The
ambient ionization method DESI-MS has been used to
perform direct, high-throughput imaging of clozapine in
order to directly determine the drug’s distribution within
histological brain sections (Wiseman et al, 2008). By scanning
the tissue sections with the DESI spray, detailed spatial maps
were generated for many molecules simultaneously, provid-
ing information on their molecular weights, abundance, and
distribution in space. In addition, quantitative data on the
abundance of clozapine in brain samples (and also lung,
kidney, and testis samples) obtained using DESI were
compared with those obtained by conventional LC-MS/MS
methods. The two data sets were in good agreement, which
suggests that DESI imaging may be useful for the direct and
quantitative detection of drugs and drug metabolites in
biological tissue samples (Wiseman et al, 2008).

In addition to its applications in mapping the distribution
of pharmaceutical agents, we have shown that MALDI-MS
imaging can be used to directly and quantitatively
determine the absolute concentrations of target compounds
in specific regions of tissue sections (Goodwin et al, 2011;
Nilsson et al, 2010). This was done by comparing the signal
intensities for the regions of interest in dosed tissue samples
to those for quantitation control spots adjacent to the
regions of interest. The quantitation control spots were
created by spotting a known amount of the target
compound directly onto the surface of the sample.

One drug discovery area where MS imaging has found a
growing range of applications is the development of novel
positron emission tomography ligands for CNS-disorders.
It is particularly useful in this context because it can
simultaneously provide information on the distribution of
compounds within the brain and show how their concen-
tration changes over time. Two widely used reference PET
ligands, raclopride and SCH 23390, were given system-
atically and then directly imaged in post-mortem rat brain
samples using MALDI-MS (Goodwin et al, 2011). The
compounds were identified by examining the accurate mass
data and by performing MS/MS fragmentation experiments,
and were quantified by analyzing their signal intensities.
The distribution of the compounds was determined as
a function of the dose administered, and time courses
showing the changes in their distribution were acquired at
each dose. In addition, quantitative data were obtained by
spotting known amounts of the target compound onto the
surfaces of control tissue samples and using these as a
source of reference data in the evaluation of signal
intensities from other regions of the sample. These results
clearly demonstrate that MS imaging can be a powerful tool
in PET ligand research and development.

It is essential to take care during the sample preparation
step when using MALDI-MS imaging to study small
molecules, for the same reason that similar care is essential
when studying proteins and peptides. It has been shown
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that the detected abundance of drug molecules in brain
tissue samples decreases with the length of time they spend
at room temperature. This might be because proteolysis
increases the abundance of peptides in the sample over
time, or because of direct modification or metabolism of the
drug molecules themselves (Goodwin et al, 2012).

Fluctuations in the intensity of MALDI-MS imaging
signals sometimes arise from inhomogeneity in the matrix
coating, structural differences within the sampled tissue, or
laser instability. These can be compensated by normal-
ization against the total ion count, root mean square or
median signal intensity, or by using labeled compounds as
internal standards. We have recently shown that
labeled normalization using a deuterated analog of the
target compound is more effective than alternative
methods of compensating for false ion signals. Based on
this finding, deuterated imipramine was used as a
normalization reference compound in order to quantitate
the levels of imipramine in mouse brain tissue sections
(Kallback et al, 2012). In another study, cocaine was
quantified in brain tissue samples using deuterated cocaine
as an internal standard. Scan-by-scan normalization using
wide-isolation MS/MS improved the linearity of the
calibration curve as well as the signal reproducibility,
making it possible to obtain robust quantitation results that
were comparable to those obtained using LC-MS/MS
(Pirman et al, 2013).

MS Imaging of inorganic ions

Metal ions have important roles in many signaling and
metabolic pathways due to their diverse redox properties
and varied coordination chemistry. Potassium, calcium, and
sodium have functions in signal transduction, synaptic
transmission, plasticity and cell excitability. Transition
metals such as zinc (Sensi et al, 2011), copper (Monnot
et al, 2011), manganese (Sloot and Gramsbergen, 1994), and
iron (Zecca et al, 2004) have essential roles in neurotrans-
mitter synthesis, the regulation of synaptic transmission,
and brain development. TOF-SIMS is a highly sensitive
technique for the imaging of inorganic ions in biological
tissues with a high spatial resolution. It has been used to
image sodium, potassium, magnesium, and calcium ions in
retinal tissues (Kim et al, 2008) and aluminum in human
brain sections (Candy et al, 1992). In LA-ICP-MS, a laser
beam is used to ablate material from solid surfaces before
mass spectrometric analysis. There has been some interest
in using this method for elemental imaging of biological
samples as it provides more reliable quantitative data than
TOE-SIMS, albeit with a lower spatial resolution. It is also a
very sensitive technique (with sub-pg/g limits of detection)
and can be used to perform elemental imaging of ions that
are present at trace concentrations in thin tissue sections. It
has therefore been used widely for elemental analysis of
brain samples (Becker et al, 2008; Becker et al, 2007; Becker
et al, 2005; Dobrowolska et al, 2008; Qin et al, 2011; Zoriy
and Becker, 2007; Zoriy et al, 2008; Zoriy et al, 2006).
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Notably, it was used to quantitatively analyze the distribu-
tions of multiple metallic elements in 20 um thick human
brain sections with a spatial resolution of 50 um. Matrix-
matched standards were used to quantitate zinc, uranium,
copper, and thorium in human hippocampus samples,
revealing that the distributions of phosphorous, sulfur,
copper, and zinc were inhomogeneous, whereas uranium
and thorium were present at lower concentrations but were
relatively homogeneously distributed (Becker et al, 2005).
In another effort, zinc, copper, and lead were imaged
and quantified in the insular, central, and hippocampal
areas of the human brain. The highest concentrations of
zinc and copper occurred in the hippocampus, while lead
had a more homogenous distribution (Dobrowolska et al,
2008). More recently, the possibility of using MALDI-MS
and LDI-MS imaging to examine the distribution of metallic
elements in brain tissue sections has been explored, with
promising results. We have recently obtained MALDI-MS
images using this approach, which was used to study
the distribution of potassium ions in sagittal sections of rat
brains at a spatial resolution of 100 um using a DHB matrix
(Figure 4).

MS imaging of endogenous metabolites

Metabolites, including metabolic intermediates such as
lipids, amino acids, organic acids, and small signaling
molecules, are the end products of cellular regulatory
processes. Cellular metabolic processes utilize adenosine
triphosphate (ATP) as an energy source, converting it into
adenosine diphosphate (ADP) or adenosine monopho-
sphate (AMP). A MALDI-MS imaging approach was
developed for the simultaneous visualization of these
adenosine nucleotides in order to provide information on
energy production and consumption in brain tissue
sections. The method proved to be capable of directly
detecting and identifying 13 primary metabolites in rat
brain sections, at a spatial resolution of 50 um (Figure 5):
AMP, ADP, ATP, uridine monophosphate, cyclic AMP,
fructose-1,6-bisphosphate, guanosine monophosphate,
uridine diphosphate (UDP), guanosine diphosphate, gua-
nosine triphosphate, ADP-ribose, UDP-glucose, and UDP-
N-acetylglucosamine (UDP-GIcNAc) (Benabdellah et al,

Figure 4.
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2009). These experiments opened a new field of investiga-
tion for MS imaging of primary metabolites in situ.

MASS SPECTROMETRY IMAGING IN
NEURODEGENERATIVE DISEASES AND
NEUROPSYCHOPHARMACOLOGY

Alzheimer’s disease

Alzheimer’s disease (AD) is the most common form of
dementia. With an aging population, its frequency is
increasing rapidly around the world. AD is characterized
by protein misfolding in the brain and this process and the
associated brain damage begin years before the onset of
dementia (Perrin et al, 2009). Loss of neurons and synapses
occurs in the cerebral cortex, hippocampus, and certain
subcortical regions, which results in gross atrophy of the
affected regions (Wenk, 2003).

It has been suggested that the pathological sequence of
events in AD is caused by plaques in the brain (Hardy and
Allsop, 1991). According to this hypothesis, the accumula-
tion of amyloid-beta peptides (Af) is the primary factor that
drives AD pathogenesis. Other processes of the disease,
including the formation of neurofibrillary tangles contain-
ing tau protein, interact with Af production, and Apf
clearance (Hardy and Selkoe, 2002).

Efforts are gradually being focused on finding alternative
theories to the Af cascade hypothesis and treatments that
do not involve removing Af plaques. The apolipoprotein
epsilon 4 variant is the largest known genetic risk factor for
late-onset sporadic AD in a variety of ethnic groups and
there is a growing body of evidence that supports the
involvement of lipids in the pathogenesis of AD (Hirsch-
Reinshagen et al, 2009; Puglielli et al, 2003). MS imaging can
be used to obtain detailed pictures of the distribution of
compounds associated with the Af cascade, lipids, and
neuropathology in human and animal brain tissue samples
simultaneously, thereby potentially providing information
that could be used to further test and compare the
competing hypotheses.

The laminar distribution of cholesterol in the cerebral
cortex of brain samples from control subjects and AD
patients has been investigated using TOF-SIMS imaging
(Lazar et al, 2013). It was shown that cholesterol was

Potassium —

Sodium

—

£ . - . e 1174
23.0 27.0 31.0 35.0 39.0 43.0

(a) Optical image and (b) matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) imaging relative abundance and

distribution of potassium (m/z 39) of a rat brain coronal section. Dashed line shows the measured region and data are displayed in rainbow scale over the
same range (scale bar, 5mm). (c) The overall mass spectrum of the rat brain coronal section shows the signal of potassium and sodium ions.
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Figure 5. Matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) images of (a) adenosine monophosphate (AMP), (b) adenosine
diphosphate (ADP), (c) UDP-N-acetylglucosamine (UDP-GlcNac), (d) fructose-1,6-bisphosphate (F-1,6-biP), and (e) guanosine triphosphate (GTP)
acquired in the negative ion mode from a rat brain section deposited on a stainless steel plate, after deposition of a homogeneous layer of 9-AA. Field of
view: 8.3 x 8.3mm?, 50 um spatial resolution. The values of intensity (l) indicated under each image correspond to the minimal and maximal intensity in a
pixel. (f) Optical image of a brain tissue section after 9-aminoacridine deposition as matrix and analysis by MALDI-MS imaging with a 50 um spatial

resolution. Reproduced with permission (Benabdellah et al, 2009).

unevenly distributed along the cortical thickness, being
more abundant close to the white matter in both the control
and AD samples. However, the AD samples had 34% more
cholesterol in the gray matter of the cerebral cortex than did
the controls, and were observed to have accumulations of
cholesterol in the lower half of the cortex (cortical layers III
and IV). This was the first time that MS imaging had been
used to visualize the distribution of cholesterol in the
human cortex and the first attempt to specifically identify
potentially pathological changes in its distribution within
the cortical layers. It was suggested that the enrichment of
cholesterol in neuronal membranes might promote the
endocytosis of amyloid precursor protein and thus its
cleavage, leading to the production and aggregation of Af
peptide (Chochina et al, 2001; Cossec et al, 2010). If this was
the case, the accumulation of cholesterol in the brain might
be an attractive therapeutic target.

MALDI-MS imaging has been used to perform a spatial
analysis of the distribution of various Aff peptides in an
animal model of AD (transgenic mice expressing human
APP751 with the Swedish mutation) (Rohner et al, 2005;
Stoeckli et al, 2002). This model has a mutation in the gene
that encodes the amyloid precursor protein, which causes
increased production of Af and Af-peptide fragments and
results in the development of significant A deposits in the
cortical and hippocampal structures as the animals are
aging. MALDI-MS imaging demonstrated that Af peptides
1-40 and 1-42 were the most abundant amyloid peptides in
these areas of the brain. Furthermore, experiments on the
mapping of multiple A peptides in the APP23 transgenic
mouse AD model showed that Af peptides 1-37, 1-38, 1-39,

Neuropsychopharmacology REVIEWS

1-40, and 1-42 could be imaged simultaneously (Stoeckli
et al, 2006) (Figure 6). Clustering and multivariate analysis
were used to identify and visualize spatial and spectral
correlations in the MS images. Similarly, TOF-SIMS imaging
has been used to demonstrate that cholesterol is selectively
localized near inclusion bodies in transgenic mouse AD
models (Sole-Domenech et al, 2013) (Figure 7). This is
consistent with the results of previous studies on the
interactions between transmembrane cholesterol and amy-
loid precursor proteins, which suggested that this interac-
tion is important in Af formation and AD pathology
(Barrett et al, 2012).

Sulfatides have been imaged in cerebral cortex tissue
sections of the human brain using MALDI-MS imaging,
which revealed that the relative abundance of non-hydro-
xylated and hydroxylated sulfatides is reversed on crossing
the boundary that separates the white and the gray matter
(Yuki et al, 2011). This study also showed that the sulfatide
levels in cerebral cortex samples from AD patients were
identical to those in control samples, whereas previous
reports suggested that there was a significant difference in
this respect (Han et al, 2002).

The results discussed above clearly show that MS imaging
can provide valuable molecular information on the content
and distribution of Af peptides, lipids, and lipid precursors
in pathological and non-pathological tissues. As TOF-SIMS
is comparatively non-destructive, tissue samples analyzed
using this method can subsequently be studied using
complementary techniques (Sole-Domenech et al, 2013).
This makes it possible to investigate the role of the various
potential biological components of AD in multiple ways,
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Figure 6. Matrix-assisted laser desorption ionization-mass spectrometry (MALDI-MS) images of amyloid-beta peptide (Af) peptide distributions in
mouse brain tissue section from Alzheimer’s disease (AD) mouse model (APP23). Within one image acquisition, multiple AS peptide are measured
simultaneously (individual mass peaks are used to generate separate images). Reproduced with permission (Stoeckli et al, 2006).
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Figure 7. Cholesterol accumulates in the vicinity of amyloid-beta
peptide (Af) deposits in 3 x Tg-Alzheimer’s disease (AD) mouse model
brain tissue sections. Images of two areas located in the superior
subiculum show the time-of-flight secondary ion mass spectrometry
(TOF-SIMS) cholesterol distribution (a—c) and the overlaid cholesterol/p-
FTAA images (b—d) (p-FTAA is an amyloidotropic fluorescent dye that
binds primarily to fibrillary Af). Cholesterol accumulations are highlighted
by white arrowheads in (a—c). Reproduced with permission (Sole-
Domenech et al, 2013)

which would be virtually impossible if one were to use only
one single method of imaging and analysis.

Parkinson’s disease

Parkinson’s disease (PD) is a slowly progressive neurode-
generative disorder that affects 1% of the population over
the age of 60. Its typical symptoms include slowness of

movement, rigidity, resting tremors, and postural instability
(Lees et al, 2009). Histologically, PD is characterized by a
loss of dopamine neurons in the substantia nigra, which
reduces dopamine signaling in the nigrostriatal pathway.
The progression of PD correlates with the abundance of
dopamine (and its metabolites) and also with the expression
of certain peptides in the striatal region. For example, it is
well known that the regulation of opioid peptide synthesis
in the basal ganglia is disturbed in PD (Bezard et al, 2001).

MALDI-MS imaging has been used to study changes in
the abundance of different molecular species in PD animal
models. In an early attempt to identify phenotypic markers
of PD, a histological approach was used to study protein
expression in an experimental model in which PD-like
symptoms were induced by the unilateral administration of
6-hydroxydopamine (6-OHDA) (Pierson et al, 2004).
Coronal brain sections were then taken and MALDI-MS
profiling was used to identify differences in protein
expression between the dopamine-denervated and normal
hemispheres. The expression profiles revealed several
statistically significant changes in the abundance of various
proteins (including calmodulin, cytochrome ¢, and cyto-
chrome c¢ oxidase) in the dopamine-depleted striatum as
well as an increase in protein acetylation. Subchronic
administration of L-DOPA made these changes less
pronounced, which is consistent with the hypothesis that
they are disease-specific (Pierson et al, 2004).

Analyses of several different genetic defects have sug-
gested that there is a relationship between the impairment
of the ubiquitin conjugation pathways and various forms of
PD. Elevated levels of unconjugated ubiquitin were ob-
served in the dorsal striatum of the dopamine-depleted
hemisphere but not in the unlesioned hemisphere or the
ventral striatum of the dopamine-depleted hemisphere
(Pierson et al, 2005). This suggests that the denervation of
the dopamine neurons directly affects the regulation of the
ubiquitination pathways.
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Furthermore, FKBP-12, a 12-kDa FK506-binding protein
(neuroimmunophilin), which acts as a receptor for the
immunosuppressant drug FK506, showed increased levels in
the dorsal and middle part of the 6-OHDA lesioned striatum.
In this study, we utilized a number of analytical approaches,
such as two-dimensional gel electrophoresis, in situ hybri-
dization, and western blotting to confirm the findings
utilizing MALDI-MS profiling directly on brain tissue
sections (Nilsson et al, 2007). These early studies highlighted
the potential of MALDI-MS imaging by demonstrating its
ability to provide valuable insights into the molecular
processes involved in PD, to shed light on the underlying
pathophysiology of the disease, and to distinguish between
metabolic fragments, conjugated proteins, and proteins that
have undergone post-translational modification.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a
neurotoxin that is commonly used to induce PD symptoms
in animal models. MPTP-lesioned mouse brains were used as
a PD model to study changes in the levels of various peptides
relative to those observed in control samples using
MALDI-MS imaging. PEP-19, a neuronal calmodulin-binding
protein, was found to be predominantly localized in the
striatal region and was around 30% less abundant in the
MPTP-lesioned brains (Skold et al, 2006) (Figure 8). This
suggests that deficiencies in calcium homeostasis may be
partially responsible for the cytotoxic events that are
associated with PD neurodegeneration. MALDI-MS imaging
has also been used to characterize the spatial distribution of
prodynorphin peptides in PD animal models that were
subjected to L-DOPA induced dyskinesia. L-DOPA is the
most widely used pharmaceutical agent for treating the
symptoms of PD, but it can cause severe long-term side-
effects such as abnormal involuntary movements (Lees et al,
2009). The MS imaging data revealed changes in the levels of
alpha-neoendorphin and dynorphin B in the dorsal lateral
striata of animals with higher levels of dyskinesia. Moreover,
elevated levels of those two peptides were observed in the
substantia nigra reticulate, which is the major output

a Control b

MPTP

Figure 8. Matrix-assisted laser desorption ionization-mass spectro-
metry (MALDI-MS) imaging of brain tissue sections after 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration. The relative ion
density of PEP-19 from one control (a) and one MPTP-treated animal (b)
shows that there is a reduction of PEP-19 expression in the striatum.
Adapted from Skold et al (2006).
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structure of the direct pathway in rats (Ljungdahl et al,
2011). It was also found that the severity of dyskinesia
correlates with the abundance of N-terminal tyrosine-cleaved
alpha-neoendorphine in the striatum, which may indicate
that the inactivation of dynorphin is somehow involved in
the induction of dyskinesia (Hanrieder et al, 2011).

Elemental imaging, and particularly metal imaging, has
found applications in PD research. Alpha-synuclein and
neuromelanin are both known to be important in PD and
both interact with metal ions (Double et al, 2003; Rasia et al,
2005). Alpha-synuclein has at least three copper-binding
sites and its aggregation properties change upon copper
binding. Neuromelanin may have a neuroprotective role
due to its high affinity for iron, which may enable it to
prevent damage caused by free radicals and oxidative stress.
In addition, the similarity of the symptoms of PD and
manganism could be taken to indicate that manganese
might be also involved in PD. LA-ICP-MS was used to
quantitatively image the distributions of copper, manga-
nese, iron and zinc in 6-OHDA induced PD mouse models.
It was shown that lesioning caused bilateral increases in the
concentration of iron within the substantia nigra but the
amounts of copper, manganese, and zinc were comparable
in the lesioned and control animals (Hare et al, 2009). In
another study, LA-ICP-MS was used to map the distribution
of metals at different time points following treatment with
MPTP to induce PD-like symptoms. It was found that this
caused reductions in the copper content of the periven-
tricular zone and fascia dentate, which is consistent with the
observation that MPTP treatment causes the depletion of
ATP and thereby affects the availability of energy to drive
cellular metabolism. The concentration of copper increased
by 40% after 28 days, which is thought to be due to a
recovery mechanism. The concentration of iron decreased
slightly in the substantia nigra and increased by 40% in the
interpeduncular nucleus following MPTP injection. After 28
days, normal iron levels had been restored in the substantia
nigra but the iron content of the interpeduncular nucleus
remained high (Matusch et al, 2010).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease that involves degeneration of
the upper motor neurons of the motor cortex and brainstem
and the lower motor neurons of the brainstem and spinal
cord together with their associated tracts. The clinical
symptoms of upper motor neuron degeneration include
spasticity, brisk reflexes, and clonus, whereas the symptoms
of lower motor neuron degeneration include weakness,
atrophy, hyporeflexia, muscle wasting, and fasciculations
(Hardiman et al, 2011).

ALS is currently diagnosed on a clinical basis, and there is
generally a significant delay between the onset of symptoms
and diagnosis. There is therefore an ongoing search for
biomarkers that reflect the progression of the disease and
could thus increase the scope for rapid diagnosis as well as
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providing potential drug targets. Attempts to identify such
biomarkers typically revolve around the analysis of blood
and cerebrospinal fluid samples from ALS patients, as well
as neuroimaging and studies of post-mortem brain tissue.

MALDI-MS imaging has been used to investigate the
chemical changes that occur in the proteome of post-
mortem spinal cord tissue from ALS patients. It was found
that two proteins localized within the cell bodies that
contain the central gray matter of the spinal cord were less
abundant in the samples from ALS patients than in control
samples (Hanrieder et al, 2013). One of these proteins was
identified as a truncated version of ubiquitin (Ubc 1-76)
that had both of its C-terminal glycine residues removed
(Ubc-T/Ubc 1-74), while the other protein remains
unidentified (Figure 9). This finding was further validated
by western blot and immunohistochemistry experiments.
The observation of region-specific ubiquitin processing
suggests a disease-related change in protease activity
(protein turnover) and thus provides new data on the
molecular processes associated with ALS.

Stroke

MALDI-MS imaging has been used to characterize the
distribution of lipids in an ischemia/reperfusion injury
model of the rat brain after bilateral occlusion of the carotid
artery. This was found to cause changes in the levels of
various phospholipids and ceramides in the hippocampal
region; the affected compounds are known to be associated
with cellular apoptosis (Hankin et al, 2011). Similarly,
Koizumi et al (2010) reported changes in the levels of phos-
phatidylcholine in the vicinity of a focal cerebral ischemia
in a rat model based on MS imaging data. The imaging of
brain lipids and gangliosides has been used to study
ischemia by determining which lipids change in abundance
during the ischemic process (Hankin et al, 2011; Koizumi
et al, 2010; Wang et al, 2010) and the subsequent recovery
(Whitehead et al, 2011). MALDI-MS imaging has also been
used to explore the distribution of metabolites in a mouse
ischemia model (middle-cerebral artery occlusion) (Hattori
et al, 2010). TOF-SIMS has been used to image sodium,
potassium, magnesium, and calcium ions in ischemic
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retinal tissues. Changes in the abundance of these ions
were traced during ischemia progression, revealing that the
abundance of calcium changed much more substantially
over time than did that of the other studied ions (Kim et al,
2008). This technique was also used to quantify and image
aluminum in human brain sections, demonstrating that it
was much more abundant in the cerebral cortexes of
chronic renal dialysis patients than in those of control
patients (Candy et al, 1992).

Epilepsia

Changes in the distributions and abundance of energy-
related metabolites were investigated in a murine model of
kainate-induced limbic seizure (Sugiura et al, 2011). The
results obtained indicate that CA3-cells consume energy
selectively during seizures, and that there is an accelerated
production of ATP within the brain to compensate for the
resulting depletion. The abundance of ATP decreased
massively during the induced seizures and that of ADP fell
moderately, but there were no significant changes in the
levels of AMP. A metabolomic analysis of energy synthesis
pathway activity during the induced seizures revealed that
they were associated with an acceleration of glycolysis and
possibly TCA cycle activity, probably due to the depletion of
ATP (Sugiura et al, 2011).

Psychiatric disorders

Surprisingly few studies have used MS imaging to study
psychiatric disease states. A study that used MALDI-MS
imaging to characterize lipids associated with schizoph-
renia demonstrated that phosphatidylcholine is abnormally
distributed in the cortical layer of the frontal cortex in brain
tissue samples from schizophrenic patients (Matsumoto
et al, 2011). To find potential biomarkers for addiction,
sections from nucleus accumbens that had developed
behavioral sensitization to cocaine or corresponding saline-
treated controls were analyzed with MALDI-MS imaging
(Uys et al, 2010). Eight spectral features were found
to be altered by cocaine treatment of which one was
identified as secretoneurin (m/z 3653) having an increased
expression.

SAM plotsheet
Significant: 2 4 False discovery

N Median number of rate (%): 0
' " 3
‘ o false positives: 0 _
5 2
(]
@ 1
C ALS 3 e _
miz=8451 § -3 3
] 2
o
-
] -5
C ALS Expected score

Protein intensity differences between amyotrophic lateral sclerosis (ALS) and controls. (a) Protein peaks with m/z 8429 and m/z 8451 were

found to be mainly abundant in the gray matter and (b) showed significant lower peak intensity in ALS patients. (c) Unpaired statistical analysis (statistical
analysis of microarray data) (SAM) were used (P<0.05). Scale bar, 5mm. Reproduced with permission (Hanrieder et al (2013).
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FUTURE RESEARCH DIRECTIONS

Given the obvious importance of multimodal biomole-
cules and improved coverage of physical and chemical
properties of molecules in the maintenance of good
health and the progression of diseases, the ongoing
development of novel tools that can be used to study these
compounds will be essential in enabling us to understand
disease pathogenesis and progression, and to develop
effective treatments. The introduction and refinement of
methods such as MS imaging makes it possible to
conduct detailed studies on biological samples at the
molecular level. The results discussed in this review
clearly demonstrate that MS imaging is a powerful tool
with the unique potential to enable comprehensive, label-
free imaging of complex neural tissues. Moreover, the
availability of both targeted and non-targeted methods
of molecular imaging significantly expands the scope of
imaging experiments.

MS imaging has a number of important advantages in
neuroscience research. It is a technique for integrating bio-
molecular information that also provides chemical insights
into the biomolecular associations between different groups
of chemicals in neural tissues and shows how these
associations can be affected by disease or the administration
of a drug. However, MS imaging data sets are extremely
complex as they consist of hundreds or thousands of
molecule-specific images. Importantly, techniques have
been developed that make it possible to overlay these
images onto histological images obtained from the same
tissue section, enabling the identification of correlations
between changes in the abundance and localization of
specific compounds in tissue samples with a high spatial
resolution. MALDI-MS imaging can generate images with a
spatial resolution of a few pm, whereas TOF-SIMS can
achieve sub-pum resolutions. The power and capabilities of
MS imaging technologies have increased substantially over
the last decade, but further improvements are still needed,
particularly with respect to sensitivity, quantitation, spatial
resolution, the analysis of high molecular weight sub-
stances, wider coverage of multimodal molecules, com-
pound identification, and throughput. Such improvements
can be confidently expected because the technique is still
young and is undergoing rapid development. To date, most
of the publications describing its use have been reports of
proof-of-principle and method development studies, and so
there is considerable scope for its broader application in
neuroscience research. It seems that MS imaging has the
potential to find numerous uses in this field due to its
ability as a tool for visualizing the distribution of important
chemical species in biological samples and for providing
quantitative data on their abundance.
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