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Mass spectrometry imaging combined with isotope tracer technology
reveals dynamic metabolic responses of DGNs
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With the development of mass spectrometry imaging (MSI) for spatially
resolved metabolomics, this technique has been successfully used to
characterize the microregional metabolic heterogeneity of brain tissue.
Elucidating the metabolic process of chemicals within neurons is a major

fully combined MSI with stable isotope labeling to generate spatially
resolved metabolomics data and isotope tracing." They found that
membrane depolarization induces broad metabolic changes. MSI was
performed on brain slices, successfully bridging the gap between live-cell

challenge. Recently, researchers at Harvard Medical School have success-  physiology and deep chemical analysis.

Mass Spectrometry Imaging Combined with Isotope Tracer Technology
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Figure 1. Workflow of experiments with acute brain slices, thermal preservation, MALDI-MSI and data analysis (A) Acquisition of mouse brain. (B) Obtaining hippocampal
slices through a vibratome. (C) A hippocampal slice was placed in a perfusion chamber and flushed with stable isotope-labelled fuels. (D) Chemical stimulation in dentate gran-
ule neurons or treatment with pharmacological agents. The chamber bottom is a thermoelectric device that allows immediate metabolic preservation at the desired time point.
(E) Samples were subsequently prepared for MALDI imaging. (F) Spectral peaks were matched to a library of metabolites of interest and changes in metabolite levels were
compared. (G) The glycolysis and PPP metabolic pathways.'
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chromatography has been extensively used in different systems, such as
plant, biological, and biomedical samples. The chromatography—MS tech-
nique plays a key role in detecting different types of endogenous and exoge-

THE DEVELOPMENT OF MASS SPECTROMETRY IMAGING
Mass spectrum (MS) has the advantages of high sensitivity, good selectiv-
ity, and simultaneous detection of multiple components. MS combined with
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nous metabolites. At present, spatially resolved metabolomics can precisely
locate the distribution of metabolites in heterogeneous tissues.” Given the
sophisticated technological advances and emerging application of mass
spectrometry imaging (MSI), matrix-assisted laser desorption ionization
MALDI-MSI has been widely applied in proteomics and lipidomics, as well as
expanded from small metabolites. MALDI-MSI has advantages in spatial
resolution, acquisition time, and mass resolution. However, the matrix is the
key point for MALDI to detect the target components that can provide suffi-
cient ionization efficiency. In addressing rapid metabolic reactions, thermo-
electric devices built into the bottom of the physiology chamber played an
important role in immediate quenching of metabolic reactions. Subsequently,
the researchers sprayed matrix spiked with '*N-labelled standards on the
samples with the timsTOF fleX to analyze spatial resolution, which is up to 20
um in the negative-ion mode.' In making the results more convincing, the
researchers compared metabolite levels in heated spots with those in non-
heated spots for brain extracts. In addition, the researchers performed a brief
electrical stimulation to confirm that it induced a local adaptation of energy
metabolism. The researchers also consider the practical feasibility that
distinguishing inositol (-phosphate) from hexose (-phosphate) using MALDI-
MSI is challenging. Therefore, selecting metabolites that exclude upper
glycolysis and focusing on intermediates with low glycolysis are conducive.
The requirements for using MALDI-MSI also vary. For example, during
sample preparation, the slices should be kept frozen until sectioning. In this
research, most metabolites were obtained by using the timsTOF fleX in the
range of m/z 50 to 1000 in the negative ion mode; thus, the instrument scan-
ning parameters deserve attention. Then, data of total ion current must be
normalized, and manually selecting the peak is necessary (Figure 1).

THE APPLICATION OF ISOTOPE TRACER METHODS AND MEMBRANE
DEPOLARIZATION IN METABOLIC PATHWAYS

Based on the adjustment parameters and the demand of brain preserva-
tion for MSI, spatially resolved metabolomics indicates a strong regulatory
effect on glycolysis and pentose phosphate pathways (PPP). However, the
metabolite levels cannot determine the pathway of activity change, as
elevated metabolite levels might be due to increased productivity or
decreased consumption rates. Although the researchers have found a link
between higher energy demand and more active glucose metabolism in
dentate granule cells (DGCs), the changes in pathway activity have not been
revealed unambiguously. As different metabolic pathways have relevant
isotopic tracers, the incorporation of supplied energy into downstream inter-
mediates can be further directly observed using stable isotopically labeled
glucose ([U-"*CgJ-glucose). Stable isotopes are non-radioactive and physi-
cally stable. Therefore, some new metabolic pathways and therapeutic
targets can be uncovered on the basis of the tracking of stable isotope
atoms. Using a mass spectrometer, nuclear magnetic resonance instrument,
and other analytical instruments to determine the position of a stable isotope
reaction, a comprehensive understanding of the reaction mechanism, way,
and effects can be obtained. In recent years, stable isotope tracing methods
based on MS have made impressive progress in metabolic flux and profile
analysis to promote and expand the fields of interpretating mechanisms,
discovering targets, and so on.” Through isotope tracing and membrane
depolarization, glucose metabolism in the DGCs layer was found to increase
because of membrane depolarization, whereas PPP was further promoted by
the purine nucleotide phosphorylase (PNP) activity, which broke down inosine
and produced high levels in pentose phosphate. In addition, inosine was
endogenously produced by DGCs upon stimulation, which can provide fuel
for the downstream metabolism. Finally, the results showed that the increase
in glucose metabolism was accompanied with the regulation of inosine
metabolism.

THE LINK BETWEEN DGCs AND METABOLITES PATHWAYS

The brain is a complicated system. In processing information, only a frac-
tion of neurons are recruited simultaneously. In the brain, sensory informa-
tion is gated to the hippocampus, and new excitatory neurons are generated
by the effect of DG.” DGCs receive considerable information from the cere-

bral cortex, and only part of this information is related to space, so they need
to sift out useful information related to space and transmit it to the down-
stream brain. Therefore, DGCs are the key point to display different metabolic
pathways of the regulation of neurons after acute stimulation. Inosine is an
endogenous purine nucleoside produced by adenosine catabolism. Inosine
has many activities such as anti-inflammatory, immunomodulatory, anti-
injury, and neuroprotective effects. Researchers have found that inosine can
be produced when DGCs are stimulated. Finally, the researchers used the
seizure-like event model to investigate the catalytic effect of inosine on
pentose 1-phosphate in DGCs. Collectively, membrane depolarization
induces a wide range of metabolic changes, including increased glycolytic
activities in DGCs. Endogenous inosine responds to stimulation by being
mobilized to pentose phosphate through the role of PNP. In addition, PNP
activity maintained the energy balance of DGCs after depolarization. The
catabolism of the inosine ribose subunit provides not only metabolic energy
in the form of ATP, but also biosynthetic precursors from glycolysis and PPP.”
The researchers are linking the neuronal cells to specific metabolic pathways
to understand the mechanism by which neurons regulate their activity and
firing frequency.

FUTURE PROSPECT

In the process of drug discovery, the pharmacology, toxicity, and distribu-
tion of drugs must be understood in detail. MSl is labeled free, and it visual-
izes the two-dimensional and three-dimensional distribution of molecules, for
example, endogenous compounds, drugs, lipids, proteins, and peptides.
Consequently, this technology can collect not only the distribution data of
drugs and metabolites, but also pharmacodynamic and biomarker informa-
tion, which can be valuable at multiple stages of drug development. In partic-
ular, the development of central nervous system drugs is difficult, which
needs more explorations and efforts. In the future, researchers can rely on
MSI to provide more information on the effect of drugs on cranial nerves and
increase the choice of therapeutic drugs for diseases. Therefore, comprehen-
sively understanding the role of PNP and inosine catabolism in neuronal
function and dysfunction is necessary. Researchers have bridged the gap
between the physiology of living cells and chemical analysis by MS. With the
development of science and technology, more areas of the study of
metabolism will become more intuitive and visual in the future.
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