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Highlights
Mass spectrometry imaging (MSI) is a
powerful analytical technique that com-
bines the ability of microscopy to provide
spatial information about multiple molec-
ular species with the specificity of mass
spectrometry for the unlabeled mapping
of analytes in diverse biological tissues.

MSI has been used for pharmacokinetic
and pharmacodynamic studies, includ-
ing drug transport and drug–drug inter-
actions through the blood–brain barrier,
which demonstrates its usefulness in
neuropharmacological research.
Mass spectrometry imaging (MSI) is a powerful technique that combines the abil-
ity of microscopy to provide spatial information about multiple molecular species
with the specificity of mass spectrometry (MS) for unlabeledmapping of analytes
in diverse biological tissues. Initial pharmacological applications focused on
drug distributions in different organs, including the compartmentalized brain.
However, recent technological advances in instrumentation, software, and
chemical tools have allowed its use in quantitative spatial omics. It now enables
visualization of distributions of diverse molecules at high lateral resolution in
studies of the pharmacokinetic and neuropharmacodynamic effects of drugs
on functional biomolecules. Therefore, it has become a versatile technique with
a multitude of applications that have transformed neuropharmacological re-
search and enabled research into brain physiology at unprecedented resolution,
as described in this review.
Recent advances have enabled im-
proved detection of diverse functional
biomolecules in the brain, including
neurotransmitters, metabolites, neuro-
peptides, and lipids.

MSI can be used to study effects of
drugs on multiple biological pathways
by monitoring regional changes in
biomolecules.
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Molecular imaging via spatial MS – from brain regions to single cells
MSI is an analytical technique that has significantly improved approaches in drug research,
pathological analysis, and studies of drug–target and drug–drug interactions [1–4]. MSI has
advantages over other conventional imaging techniques since it combines the molecular spec-
ificity of MS with spatial histology and cytology, allowing simultaneous unlabeled tissue map-
ping of diverse molecules, ranging from small drugs and their metabolites to endogenous
metabolites, lipids, peptides, and small proteins. Recent advances in MSI have facilitated the
quantitative and simultaneous imaging of drugs and comprehensive neurotransmitter systems
in brain tissue sections with high lateral resolution, which is not feasible with any other imaging
technique. This innovative approach can greatly help efforts to understand tissue biodistribu-
tion and pharmacokinetic–pharmacodynamic relationships of drugs in early discovery phases,
as well as their pharmacology, toxicology, and disease pathogenesis in the development
phase. Therefore, MSI has accelerated pharmacokinetic–pharmacodynamic research [1,2].
In this review we focus on matrix-assisted laser desorption ionization (MALDI) (see
Glossary) and desorption electrospray ionization (DESI), the two most commonly used
surface ionization techniques in MSI, although we also consider use of secondary ion
mass spectrometry (SIMS) ionization for subcellular MSI [5], and present some of the recent
and potential applications of MSI in neuropharmacology.

Technological advances in MSI
There have been numerous recent technological advances in MSI instruments and software.
These advances have been reviewed in detail elsewhere [6,7] and are beyond the scope of this
review, which is intended to provide an overview and illustrations of current and potential MSI ap-
plications in neuropharmacology. However, this section briefly describes advantages bestowed
by recent advances in MSI, particularly with the most widely used ionization techniques
(Table 1, Key table): MALDI, followed by DESI (Figure 1) and SIMS.
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Key table

Table 1. Summary of recent discoveries and potential applications enabled
byMALDI- and DESI-MSI technological andmethodological developments
for spatial neuropharmacokinetics and neuropharmacodynamics
MSI technology and/or methodological
development

Discoveries and potentials Refs

Instrumentation

MALDI-MSI of tissues and cells at 1–5-μm
lateral resolution.

Cellular and subcellular imaging of lipid,
metabolite, and peptide distributions in the
brain. Study of drug effects on individual cell
types in brain tissue sections.

[8,79]

High-speed MALDI-MSI with a laser capable of
pulse repetition rates up to 5 kHz and high
digitizer acquisition rate (up to 50–150 pixels/s).

Acquisition of high-resolution images from
large sample areas. Enables high-throughput
tissue imaging on practical time scales.

[9,80,81]

Transmission-mode MALDI-2 ionization source
combined with high-mass resolving analyzer
enabling highly sensitive detection of molecules
that are difficult to ionize through ionization
enhancement.

Detection of low abundance and/or
low-ionization efficiency drug molecules and
drug metabolites at high spatial resolutions
within single cells and tissue sections. The
post-ionization technique reduces ion
suppression effects and improves sensitivity in
metabolomics.

[14]

Sample preparation

Fluoromethylpyridinium-based reagents
facilitating on-tissue covalent charge-tagging of
molecules containing phenolic hydroxyls
and/or primary or secondary amine groups.

Sensitive detection and quantitation of
comprehensive neurotransmitter systems of
low-abundant neurotransmitters and their
associated metabolites (catecholamines and
indolamines) and effects of drugs using
MALDI- and DESI-MSI. Facilitation of spatial
interrogation of neurotransmitter and
metabolite pathway alterations in human
post-mortem brain tissue and animal models.

[33,47,82,83]

On-tissue chemical derivatization strategies
and instrumental technologies facilitating
detection of lipid isomers

Mapping of molecular species (with tertiary
structural information) within cells and tissue
sections. Enables studies of drug-related
molecular changes in tertiary-structure level
and molecular interactions within brain tissue
sections.

[68,84,85]

Applications

Fully cross-validated method according to
authorities’ guidelines for absolute quantitation
analysis of a drug in brain tissue regions using
two different MALDI-MSI mass analyzers

MALDI-MSI bioanalytical method validation
enables its implementation for routine use in
pharmaceutical drug development. Imaging of
absolute drug concentrations in different brain
regions and the effect on drug target(s).

[30]

Imaging the effect of drug–drug interactions on
drug BBB permeability. Quantitative imaging of
brain distributions of drugs with different BBB
permeability directly in brain tissue sections.

DESI- and MALDI-MSI enable studies of
BBB transport of different drugs and
definition of drug distributions in small brain
structures. Provide sophisticated spatial
information that may reveal unknown
drug–target interactions and/or highlight
pharmacokinetic properties.

[39]

Quantitative imaging to determine the extent of
unbound drug BBB transport and the
post-BBB cerebral distribution of drugs at
regional and subregional levels in the brain. An
approach that merges in vivo and in vitro
neuropharmacokinetic investigations.

Differentiation of regional and subregional BBB
drug transport characteristics at 20-μm
resolution in small brain regions. Allows
investigation of heterogeneity in BBB transport.
Facilitate interpretation of brain regional
target-site drug exposure results and
decision-making.

[40]

(continued on next page)
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Glossary
Continuous raster imaging: MALDI-
MSI by firing the laser continuously as
the sample stage is moved in a straight
line laterally across the area of interest to
generate mass spectra at x, y coordi-
nates.
Deep learning: the use of artificial
neural networks to extract progressively
higher-level representations of data and
enable increasingly refined analysis.
Desorption electrospray ionization
(DESI): an ambient soft ionization tech-
nique involving application of a high
voltage to a solution flowing through a
narrow capillary, which generates an
electric field that produces a Taylor
cone. Then, a nebulizing gas is used to
dry the solvent and promote emission of
charged microdroplets from the Taylor
cone, creating a fine electrospray. This
electrospray is directed toward the tis-
sue surface being analyzed to provide
localized molecular information.
Fourier-transform ion cyclotron
resonance mass spectrometry
(FTICR-MS): an ultrahigh mass resolu-
tion mass spectrometry technique that
determines the m/z of an ion based on
its oscillation frequency within a strong
magnetic field.
Ionmobilitymass spectrometry (IM-
MS): a high-resolution mass spectrom-
etry technique based on the movement
of ions within a drift cell.

L-DOPA-induced dyskinesia (LID):
involuntary movements commonly seen
in Parkinson’s disease patients treated
with L-DOPA. The side effect is usually
encountered after long treatment (in
about 40% of patients after 4 years of
treatment). The motor symptoms con-
sist of erratic, writhing movements of the
face, arms, legs or trunk.

L-DOPA (l-3,4-
dihydroxyphenylalanine): a dopa-
mine precursor used in replacement
drug therapy for patients with
Parkinson’s disease.
Machine learning: use of computer
algorithms that can adapt and improve
automatically through learning from
data.
MALDI-MSI: a molecular imaging
technique that utilizes MALDI mass
spectrometry for the visualization of
drugs and biomolecules directly in tissue
sections.
MALDI-ToF: a mass spectrometry
technique that combines MALDI with a
ToF mass analyzer. The m/z ratio of an
ion is determined by the time it takes for
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Table 1. (continued)

MSI technology and/or methodological
development

Discoveries and potentials Refs

Integration with other imaging modalities
(multiomics) for enhanced molecular
understanding of brain functions.

Combination with multimodal imaging
technologies (e.g., fluorescence,
immunofluorescence, mass cytometry) provide
novel insights and complementary information
to explore molecular, structural and
immunological pathways of complex
mechanisms in the brain.

[71,86]

Data analysis

Machine and deep learning methods and
computational analysis of MSI data

Predicting features and patterns in datasets
using supervised machine learning algorithms.
Exploratory data analysis using unsupervised
computational methods.

[23,87]
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the ion to reach the detector, when
accelerated in an electric field of known
strength.
Matrix-assisted laser desorption/
ionization (MALDI): a soft ionization
technique in which an energy absorbing
matrix is used to assist ionization of
analytes of interest. In MALDI-MSI, the
matrix is uniformly applied using spe-
cialized application devices. Small crys-
tal sizes are associated with high lateral
resolution. A pulsed laser beam is then
rastered across the measurement area
to irradiate the sample analytes that are
incorporated into/coated with the matrix
molecule, inducing desorption/ionization
of analytes and matrix molecules from
the tissue surface.
Monoamines: refers to monoamine
neurotransmitters, which include sero-
tonin, dopamine, norepinephrine, epi-
nephrine and histamine.
Multi-reflecting time-of-flight (MR-
ToF): a high mass resolution mass
spectrometry technique with extended
ion flight path usingmultiple reflections of
the ion beam between two gridless
electrostatic mirrors in the mass ana-
lyzer.
Orbitrap: a high mass resolution mass
spectrometry ion trap analyzer. Ions are
trapped in an orbital motion where the
axial oscillations are Fourier-transformed
and converted into a mass spectrum.
Secondary ion mass spectrometry
(SIMS): a technique in which a primary
ion beam is used to generate secondary
ions from samples’ surfaces, which are
collected and analyzed.
Spatial resolution: individual pixel size
of an MSI experiment.
MALDI-MSI is widely used because it provides high lateral and spatial resolution [8], with fast
data acquisition speed (Table 1) [9]. The development of lasers with repetition rates up to 20 kHz
[10] and continuous raster imaging sampling have increased the acquisition rate to up to
100 pixels/s [9]. DESI-MSI is an ambient MS technique that offers higher lateral resolution
(up to 25 μm) and sensitivity within the therapeutic drug range [1]. Moreover, it does not require
complex sample preparation procedures, so it is compatible with traditional histopathological
workflows, that is, it enables direct analysis of tissue sections without the use of matrix-coated
and conductive glass slides. In nano-DESI, a variant of DESI, the size of the liquid bridge formed
between the DESI nebulizer and nanospray capillaries determines the spatial resolution [11]. SIMS
imaging is the technique that currently offers the highest lateral resolution (sub-micrometer) [5,12].
Due to these (and other) improvements, MSI has become an indispensable tool in drug research.

To acquire high-quality MSI data, optimized sample preparation is required to preserve tissue
integrity and prevent analyte delocalization [13]. A critical step in MALDI-MSI sample preparation
is matrix application. Previous methods of matrix application involved spotting or electrospraying
of an appropriate matrix solution, while recent methods include use of robotic technology, such
as acoustic spotters, pneumatic sprayers, and sublimation. These methods of matrix application
allow for high sensitivity and lateral resolution, and promote controlled analyte extraction from the
tissue surface [3].

In addition to improved ion sources, such as MALDI laser-induced postionization (Table 1) [14],
mass analyzers with high resolving power and mass accuracy have been developed for small
molecule imaging, which allow separation of analytes of interest from background tissue
and matrix signals [6]. Powerful mass analyzers, such as Fourier-transform ion cyclotron
resonance (FTICR)-, orbitrap-, and multi-reflecting time-of-flight (MR-ToF) MS instru-
ments, enable high mass resolution (m/Δm up to 1 000 000, where m is the nominal mass/
charge ratio for a peak in the mass spectrum, and Δm is peak width at 50% of peak height)
and accuracy (<1 ppm) [15]. Recently, MALDI-ToF has been combined with ion mobility spec-
trometry to enhance the separation of molecules in complex biological samples and isomeric
and isobaric compounds [16].

MSI can be easily combined with complementary imaging techniques, so called multimodal
imaging, such as traditional histological staining and fluorescent imaging, for the co-registration
of analyte distribution in heterogeneous cell populations, thereby paving the way for anatomical,
functional, and molecular-level analyses (Table 1) [17,18]. Multimodal imaging enables the
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Figure 1. Typical MSI workflow. MSI analysis involves a number of steps, including harvesting and cryo-sectioning of brain tissue. In some cases, tissues are washed to
remove endogenous compounds that may interfere with the analysis. This is followed by matrix application or derivatization using an automated process for uniformmatrix
deposition. Data are acquired using the MSI modality of choice, followed by data analysis and processing. Abbreviations: DESI-MSI, desorption electrospray ionization-
MSI; MALDI-MSI, matrix-assisted laser desorption ionization-MSI; MSI, mass spectrometry imaging.
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correlation of drugs, metabolites, lipids, peptides, or proteins by MSI with histological and/or
pathological features and/or tissue substructures, providing highly relevant complimentary infor-
mation [17]. Several examples of combining MSI with other imaging modalities, such as confocal
Raman microscopy, imaging mass cytometry, magnetic resonance imaging, and positron emis-
sion tomography have been reported [17–21].

Complementary application of these modalities, in combination with machine learning, deep
learning, and specialized quantitative software [22–24], has revolutionized preclinical drug
discovery and greatly improved the significance of data obtained from MSI experiments (Table 1)
[25,26].

Recently, the imaging of intact biomolecules using MALDI or DESI-MSI has been extended to
three dimensions, enabling acquisition of spatial distributions of analytes with depth within
volumes of brain tissue specimens. This is usually done by acquiring data on serial consecutive
sections of a sample, then stacking and reconstructing the 2D images of each section into a
3D MSI dataset computationally [27]. For instance, 3D MALDI-MSI has been used to visualize
Trends in Pharmacological Sciences, September 2022, Vol. 43, No. 9 743
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the heterogeneous distribution of erlotinib and its related metabolites within brain tissue sections
of a patient-derived xenograft mouse model of glioblastoma. The results indicated that the dose
level of the drug was higher in the tumor regions than in normal brain parenchyma [28], highlight-
ing the potential utility of 3D MALDI-MSI for in-depth neuropharmacodynamics.

Despite its many advantages, MSI currently has several challenging limitations. Its application for
mapping many analytes is restricted by limitations in sensitivity and dynamic range, hence careful
choice of instrument type and optimization of both settings and sample preparation protocols is re-
quired tomaximize their detectability. Speed of acquisition is a limitation for applications that demand
high spatial resolution, although technological developments are continually increasing pixel-to-pixel
data collection speeds. MALDI instruments that acquire images at frequencies up to 10 kHz, and
hence at up to 40 pixel/s are commercially available. Furthermore, depending on the tissue sample
size, image lateral resolution, and mass spectral resolution, individual MSI datasets can contain
many hundreds of GB of data in total, which may be challenging for software used for processing
and interpreting acquired information. Other limitations of MALDI for certain molecules are due to
the laser-induced auto-oxidation of endogenous biomolecules with reducing properties, such as
the conversion of glutathione to glutathione sulfate and hypotaurine to taurine [29].

Recent and potential applications of MALDI and DESI
MSI for pharmacokinetic studies
In spatial pharmacokinetic studies, MSI experiments enable absolute quantitation of analytes of
interest, provided that authorities’ guidelines for validation of analytical methods are strictly
followed to ensure that the data are reliable and reproducible [30]. This involves application of
calibration standards to control tissues and spraying tissues with deuterated analogs to use as
internal standards for data normalization [22,30]. The approach yields similar results to those of
liquid chromatography-MS, which is considered the reference method for quantitative studies
[30]. Therefore, with use of appropriate methods and validation, MSI has comparable utility to
established quantitative analytical methods (Table 1). Due to the mentioned advances, MSI is
routinely used to monitor drug and drug metabolite concentrations for evaluating drug absorption,
distribution, metabolism, excretion, and toxicology (ADMET) in target organs [31]. MSI can signifi-
cantly expedite preclinical drug development by enabling determination of pharmaceutical agents
delivery and distribution in target tissues. MSI has also emerged as an important tool in molecular
pathology and surgical fields, allowing for the rapid identification of pathological markers to assist
clinical decision [32]. Despite the obvious advances of MSI there are still challenges associated
with pharmacokinetic studies involving MSI, the most significant being the lack of clear guidance
for bioanalytical method validation.

Neuropharmacological MSI applications
MSI is a powerful technique for localizing analytes in specific brain regions. Functional MSI is
useful for investigating pharmacokinetic–pharmacodynamic actions of pharmaceutical agents
and tracking disease progression based on changes in concentrations and distributions of
functional molecules, such as neurotransmitters, metabolites, neuropeptides, and lipids [33–35].
These applications greatly facilitate discoveries regarding mechanisms of action and pathological
processes of drugs through simultaneous measurements of arrays of biologically significant
analytes, as discussed in greater detail in the following sections.

Visualization of drug delivery across the blood–brain barrier and target engagement
The blood–brain barrier (BBB) poses major challenges for delivering drugs to the brain and hence
the discovery and development of drugs targeting the central nervous system. However, drugs
can cross the BBB by various mechanisms [36] (Figure 2A–E). Applications of MSI have
744 Trends in Pharmacological Sciences, September 2022, Vol. 43, No. 9
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Figure 2. Routes of drug penetration through the BBB. There are multiple routes of drug penetration through the BBB, depending on the physicochemical
properties of the drug. (A) Active influx and efflux transporters determine the differences between blood and brain, where efflux transporters limit exposure to drugs by
removing them from the brain via energy-dependent processes. (B) Small lipophilic molecules may enter the brain via passive diffusion. (C) Solute carriers can regulate
the passage of amino acids, neurotransmitters and their precursors, organic ions, and energetic substrates. (D) Receptor-mediated transcytosis is the primary means
of brain delivery of macromolecules essential for brain function, as well as therapeutic antibodies or peptides. (E) Paracellular transport is restricted in the brain due to
the presence of tight junctions formed between adjacent endothelial cells. (F) Absorptive transcytosis refers to the vesicular transport of therapeutics across the BBB.
(G) MSI-determined drug–drug interactions, showing effects of elacridar coadministration on distributions of propranolol and loperamide in the brain. DESI-MSI
showing that propranolol and loperamide (both lipophilic cationic compounds) have distinct brain localization profiles due to differences in BBB permeability.
Coadministration of elacridar, an inhibitor of the efflux transporter multidrug resistance protein 1, markedly increased levels of loperamide in various brain structures,
whereas distributions and levels of propranolol were similar with and without elacridar (lateral resolution, 100 μm). (H) DESI-MSI-enabled visualization of the distribution
of loperamide in the lateral ventricles and choroid plexus, overlaid on a hematoxylin and eosin-stained image of the same section using image fusion (lateral resolution,
75 μm). Abbreviations: BBB, blood–brain barrier; cc, corpus callosum; D3V, dorsal 3rd ventricle; DESI-MSI, desorption electrospray ionization-MSI; LV, lateral ventricle;
MSI, mass spectrometry imaging. (G) and (H) are reproduced, with permission, from [39].
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expanded to include measurements of drugs and their metabolites in specific locations, and as-
sessments of their effects on the brain, thereby providing information on localizations of hundreds
of molecular species in the brain in healthy and pathological states. For example, an investigation
of penetration of erlotinib through the BBB and brain tumor xenografts in a mouse model found
regional differences in BBB integrity [37]. MSI has also been applied to study effects of
teriflunomide (which primarily acts on the peripheral immune system and is used to treat multiple
sclerosis) on purine and amino acid metabolism, and metabolic networks in the mouse brain [38].
Trends in Pharmacological Sciences, September 2022, Vol. 43, No. 9 745
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Furthermore, we have used DESI-MSI to visualize and quantify the brain distribution of two drugs,
propranolol and loperamide, that respectively have high and low BBB permeability [39]. The
results showed that only small concentrations of loperamide reach selected brain regions, for ex-
ample, the choroid plexus, as demonstrated by correlations of MS and histological images
(Figure 2G). We also showed that an endogenous marker, the lipid sphingomyelin (d18:1/22:0),
was localized to the choroid plexus (Figure 2H). Moreover, interactions between loperamide, a
multidrug resistance protein (MDR)1 transporter substrate, and elacridar, an inhibitor of the efflux
transporter MDR1, significantly increased the BBB penetration of loperamide [39] (Figure 2G).
This study demonstrates that it is possible to determine the BBB transport of drugs with different
BBB permeability and to define the drug distribution in small brain structures (Table 2). In another
recent application, MSI was used for the spatial determination of pharmacokinetic parameters of
unbound antipsychotic drugs (risperidone, clozapine, and olanzapine), including BBB permeability
[40]. The possibility to image concurrently both the extent of regional BBB drug transport and
post-BBB regional distribution of unbound drugs in the brain with high spatial resolution offers
unparalleled opportunities to characterize the pharmacological profiles of substances based on
their PK properties in specific target regions of the brain (Table 2).

These studies demonstrate that MSI can be used to identify preclinical drug–drug interactions
and drug effects. In addition to drug distributions and target engagement in the brain, MSI can
be used to study the effects of drugs in the brain by assessing changes in neurotransmitters, neu-
ropeptides, and lipids. The spatial resolution of the applied MALDI and DESI-MSI technology is,
however, still a limiting factor. It would be desirable to study drug penetration at the cellular
level to improve interpretation of the mechanisms regulating drug transport, since the BBB
contains diverse cell populations with varied functions.

Unlocking neurotransmitter pathways in the brain
Neurotransmitters are small signaling molecules that play important roles in maintaining and regu-
lating basic and higher-order physiological processes, such as those involved in cardiac functions,
sleep, emotions, aging, learning, and memory [41]. Thus, dysfunction of neurotransmitters
is implicated in several neurological disorders.

MSI of neurotransmitters is challenging due to their low molecular weight (typically <200 Da), poor
ionization efficiency, low endogenous concentrations, and ion suppression associated with back-
ground signals from endogenous tissue molecules in the lower mass-to-charge (m/z) range [33].
However, this problem has been circumvented by use of suitable chemical derivatization agents
that improve limits of detection and specifically target neurotransmitters and their metabolites [42].

On-tissue derivatization strategies proposed to date have targeted either the primary amine
[42,43] or the catechol [44] functional groups, but these approaches only allow for the detection
of a limited number of analytes, and require use of additional matrices postderivatization.

Fluoromethylpyridinium-based reactive matrices, for example, FMP-10, target the phenolic
hydroxyl group and the primary or secondary amines of neurotransmitters and their metabolites
(Table 1) for the comprehensive mapping of complex neurotransmitters and metabolite networks
that are otherwise difficult to visualize. The reactive FMP-10matrix can improve limits of detection
and provide high lateral resolution [33]. It has been applied in analyses of rodent, primate, and
human brain tissue to visualize multiple neurotransmitters and downstream metabolites at a lat-
eral resolution of 10 μm in discrete brain areas, including the substantia nigra, ventral striatum,
putamen, and caudate nucleus [33]. It is now possible to image all known catecholamines and
indolamines and their metabolites simultaneously in a single tissue section. This highlights the
746 Trends in Pharmacological Sciences, September 2022, Vol. 43, No. 9
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Table 2. Summary of neuroactive drugs studied by MSI, main results of the studies and their key neuropharmacokinetic/pharmacodynamic implications

Name of drug Drug type/mode of action MSI results and implications Refs

Aripiprazole
Clonidine
Clozapine
Donepezil
Fluoxetine
Haloperidol
Imipramine
Lamotrigine
Lidocaine
Memantine
Olanzapine
Quetiapine
Risperidone
Tacrine
Venlafaxine
Xylazine

Atypical antipsychotic
Adrenergic receptor agonist
Atypical antipsychotic
Acetylcholinesterase inhibitor
SSRI
Antipsychotic
Tricyclic antidepressant
Antiepileptic
Local anesthetic
NMDA receptor antagonist
Atypical antipsychotic
Atypical antipsychotic
Atypical antipsychotic
Acetylcholinesterase inhibitor
SNRI
Adrenergic receptor agonist

Visualization of regional distribution patterns of 16 CNS drugs in the
mouse brain. Dynamic spatial changes of risperidone and its
metabolite studied over a 24-h period using laser-assisted chemical
transfer imaging. Risperidone showed rapid BBB penetration and
was colocalized with dopamine and 5-HT receptors (frontal cortex,
striatum, and hippocampus). The hydroxylated metabolite 9-OH
risperidone showed lower BBB permeability than the parent drug and
was localized to the lateral ventricles.

[88]

Risperidone
Clozapine
Olanzapine

Atypical antipsychotic drugs Demonstration of the potential of MALDI-MSI for pharmacokinetic
visualization of regional and subregional unbound antipsychotic drug
transport across the BBB. The method was applied to both the
parent and drug metabolites, showing their active uptake and efflux in
specific brain subregions. The approach enables investigation of
heterogeneity in BBB transport.

[40]

Citalopram SSRI MALDI-MSI showed a significant twofold increase of 5-HT in the
hippocampus, while levels of its metabolite 5-hydroxyindoleacetic
acid remained unchanged. The study also presented a crossvalidated
quantitation protocol following authorities’ guidelines using two
different mass analyzers.

[30]

Teriflunomide Immunomodulatory drug inhibiting de novo synthesis of
pyrimidine for treating multiple sclerosis

Spatial and molecular responses of mouse brain metabolism to
treatment with teriflunomide were visualized by MALDI-MSI. Alterations
were detected in multiple metabolic networks in the mouse brain, with
changes in levels of purine and pyrimidine nucleotides, as well as
intermediates of carbohydrate and glutathione metabolism.

[38]

Efavirenz
Tenofovir
Emtricitabine

Antiretroviral drugs. Efavirenz is a non-nucleoside reverse
transcriptase inhibitor. Tenofovir and emtricitabine are
reverse transcriptase inhibitors.

MALDI-MSI revealed the distribution of administered efavirenz
throughout the rat brain. Tenofovir was localized to the cortex and
emtricitabine in the corpus callosum, thalamus, and hypothalamus,
regions linked to HIV-associated neurocognitive disorders

[89]

Elacridar
Loperamide
Propanolol

P-glycoprotein inhibitor
Opioid receptor agonist
Non-selective β-receptor antagonist

A presented DESI-MSI approach for investigating drug–drug
interactions, their effects on drug BBB permeability, and drug
distributions in small brain structures showed that inhibition of the
MDR1efflux transporter by elacridar significantly increased BBB
penetration of loperamide.

[39]

Bedaquiline Antituberculosis drug that inhibits ATP synthasea. MALDI-MSI showed that bedaquiline was widely distributed in the
brain with high intensity in the corpus callosum and subcortical white
matter, demonstrating its potential to target tuberculosis reservoirs in
the brain.

[90]

aMitochondrial enzyme that catalyzes synthesis of ATP from ADP and phosphate.
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applicability of the approach for elucidating physiological and pharmacodynamic changes in
neurotransmitters in pathological conditions and in responses to pharmaceutical therapy.

However, obtaining high-quality images with high information contents of signaling and metabolite
molecules at single-cell (micrometer range) lateral resolution is still difficult. Optimized MALDI-MSI
sources have demonstrated ability to image lipids at 1–1.5-μm lateral resolution in the mouse
brain (Table 1) [8,45], but the speed of acquisition is an important factor since high-lateral resolution
imaging is time-consuming.
Trends in Pharmacological Sciences, September 2022, Vol. 43, No. 9 747
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Visualizing drugs and their effects on neurotransmitter systems
In several studies, MSI has been used to explore neurotransmitter changes in healthy aging,
neurological diseases, and responses to drug therapy [26,33,43,46]. MALDI-MSI has been
used to evaluate the effect of tacrine, an acetylcholinesterase inhibitor, on regional acetylcho-
line levels in brains of young (12-week-old) and aged (14-month-old) healthy mice [46]. This
study also showed that aging significantly altered responses to acetylcholinesterase inhibi-
tion in the brain, as the older animals had lower acetylcholine levels in the retrosplenial com-
plex (an area associated with higher cognitive functions) following its administration. Thus,
acetylcholine apparently plays a role in the normal aging process [46]. Additionally, tissue
levels of the tacrine metabolite OH-tacrine were significantly lower in the old animals than
the young animals [46].

A similar study investigated the effect of citalopram, a selective serotonin reuptake inhibitor,
on serotonin (5-HT) and its metabolism in a mouse model [30]. The results showed that
citalopram had substantial pharmacodynamic effects, including a twofold increase in 5-HT
levels in various brain regions, with no changes in levels of the primary 5-HT metabolite 5-
hydroxyindoleacetic acid, suggesting that drug administration reduced turnover of 5-HT
[30].

In addition, MALDI-MSI has been used to study neurotransmitter changes in humans and
animal models with neurodegeneration. A recent study revealed region-specificmonoaminergic
dysregulation in a neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) primate model
of Parkinson’s disease and L-DOPA (L-3,4-dihydroxyphenylalanine)-induced dyskinesia
(LID) [47]. MALDI-MSI detected excessive amounts of L-DOPA and its metabolite 3-O-
methyldopa in the brain and higher levels of dopamine and metabolites in all regions, except the
striatum, in dyskinetic animals compared to the nondyskinetic animals under similar treatment. Sig-
nificant decreases in dopamine levels in the putamen and caudate nucleus were observed in ani-
mals with MPTP-induced dopaminergic neurodegeneration without L-DOPA treatment. However,
discrete regions (patches) with unchanged levels of dopamine were detected in nondyskinetic an-
imals exposed to MPTP and chronically treated with L-DOPA, which may represent intact termini
that could potentially provide protection against LID [47]. The results reveal a link between LID
and impaired L-DOPA metabolism in the brain, suggesting that inability to regulate extrastriatal do-
pamine formation during L-DOPA therapy and inability of L-DOPA to regulate neuronal signaling re-
sult in characteristic dyskinetic symptoms [47]. This study highlights recent advances in the
detailed visualization of neurotransmitter networks by MALDI-MSI that allow simultaneous investi-
gation of the abundance of multiple neurotransmitters and their metabolites involved in LID in spe-
cific brain regions and subregions. However, MALDI-MSI cannot distinguish extracellular
neurotransmitter and metabolite levels from intracellular levels, although the formation of dopamine
metabolitesmay provide indications of compartmental localization within the brain, for example, the
catechol-O-methyltransferase metabolite 3-methoxytyramine reportedly reflects extracellular do-
pamine release [48].

MALDI-MSI has also been used in semiquantitative in situ enzyme histochemistry
approaches to evaluate cholinesterase activity in mouse brain [49]. Deuterated acetylcholine
was applied to tissue sections to differentiate enzymatic products from endogenous
metabolites, in the presence or absence of two enzyme inhibitors: tetraisopropyl
pyrophospharamide (a butylcholinesterase inhibitor) and galantamine (an acetylcholinester-
ase inhibitor). Galantamine was found to inhibit acetylcholinesterase activity in widespread
regions of mouse brain [49]. A similar method was used to study choline acyltransferase
(ChAT) activity in mouse brain, which detected heterogeneous ChAT activity in the striatum
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and significant localized reductions in its activity after spinal cord injury [50]. These analyses
have demonstrated innovative uses of MSI to determine in situ enzyme activity. Given the
multiplex capabilities of MSI, it can also be used to study enzyme activities and drug
metabolism in tissues other than the brain. These studies clearly demonstrate the potential of
MSI for studying the pathogenesis of neurological disorders and elucidating pharmacodynamic ef-
fects of drugs in discrete brain regions. While MALDI and DESI-MSI can significantly contribute to
our understanding of drug effects and disease-related changes in neurotransmitter pathways, a
current limitation is that MSI cannot readily differentiate between intracellular and extracellular neu-
rotransmitter localization.

Understanding the role of neuropeptides in disease pathogenesis
Neuropeptides regulate synaptic neurotransmission via slow-onset and long-lasting G-protein-
receptor-mediated systems [51]. Thus, both neuropeptides and their precursors have crucial
nervous system and endocrine functions. Like analysis of small neurotransmitters, analyzing
neuropeptides is challenging because they often have low abundance and significant variability
due to complex post-translational modifications [52]. Recent studies have shown that MSI is an
ideal tool for studying them, due to its ability to provide quantitative data on distributions of
multiple neuropeptides in a single tissue section [34].

A multistep sample preparation procedure that improves the sensitivity and lateral resolution of
neuropeptide MSI experiments has been developed and applied to detect enkephalins,
dynorphins, tachykinins, and neurotensins in multiple brain regions of both rodent and primate
models of Parkinson’s disease [34]. The MSI-based data obtained showed that L-DOPA therapy
was associated with neuropeptide changes in the globus pallidus, while dopamine depletion sig-
nificantly altered neuropeptide levels in the caudate putamen [34]. This shows that MSI can be
used for simultaneous quantitative mapping of drugs and neurodegenerative effects on neuro-
peptides in multiple brain regions.

In addition, MSI-based investigation of the μ-opioid receptor, as a potential treatment strategy for
LID, in an MPTP model of Parkinson’s disease, has detected significant increases in dynorphin A
(1–8 and 10–17) during the onset of LID, specifically in the internal globus pallidus and substantia
nigra pars reticulata of the primate brain [53].

Furthermore, MSI-based methods have revealed positive correlations between severity of
LID and levels of some abnormally processed peptides, specifically, derivatives formed by
N-terminal cleavage of prodynorphin-derived neuropeptides and C-terminal cleavage of
substance P peptides (which generally exhibit reduced or altered receptor affinity) in multiple
brain regions [54]. In addition, the abundance of several active neuropeptides was corre-
lated with L-DOPA concentrations in the putamen, emphasizing their sensitivity to L-DOPA
[54]. This demonstrates that MSI can be used not only to identify peptides in the brain,
but also to evaluate possible post-translational modifications that can alter brain functions
and drug effects.

MSI of neuropeptides has also been used to explore disease progression and pathology, as
manifested for example in region-specific distributions of amyloidogenic Aβ peptides of varying
lengths in the human brain cortex during cerebral amyloid angiopathy [55]. Aβ 1–36 to 1–41
were found in the leptomeningeal vessels, and Aβ 1–42 and 1–43 in the brain parenchyma
[55]. These results were validated using traditional immunohistochemistry techniques, which
proved that MSI could potentially replace established but cumbersome histochemical and path-
ological methods with the added advantage of molecular specificity.
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MSI of neuropeptides in tissue sections is complicated by the presence of highly abundant
protein fragments produced by postmortem proteolytic enzyme activities, limiting its ability
to detect neuropeptides of low abundance reliably due to ion suppression effects [56–58].
To arrest the chemical state of brain tissues, close to their in vivo state, several tissue prep-
aration approaches have been developed, including flash-freezing, microwave denaturation,
and combined application of heat and pressure under vacuum [58–61]. These methods pro-
vide significant improvements by greatly reducing the complexity of the proteome in tissue
samples, thereby enhancing possibilities for discovery and analysis of relevant neuropep-
tides by MSI.

New insights into lipid changes associated with disease progression
Lipids play important roles in the maintenance of normal cellular physiology, and aberrant lipid
metabolism is involved in the pathogenesis of neurodegenerative diseases [62]. MSI is the analyt-
ical technique of choice for analyzing lipids as it allows simultaneous detection of numerous lipids
at high spatial resolution [63]. In addition to MALDI [64] and DESI [65], cluster ion beamSIMS [66],
involving use of gas cluster ion beam sputtering [67], has been used for analyzing complex brain
lipids.

MALDI-MSI is effective for ionizing a wide range of lipids, such as glycerophospholipids,
sphingolipids, free fatty acids, sterols, and metabolites thereof. It may also be effective for ionizing
eicosanoids, including (for example) prostaglandins, leukotrienes, and thromboxanes. Development
of MSI techniques for detecting eicosanoids would be highly valuable for investigating multiple
biochemical pathways influenced by drugs and diseases [35]. However, this is challenging due to
their low concentrations in spatially confined brain regions and single cells.

Ion mobility mass spectrometry (IM-MS) TOF has revolutionized MSI-based lipidomics by
allowing the separation of isobaric and isomeric lipids, which provides spatial molecular informa-
tion related to lipids and their tertiary structures (Table 1). This has proven to be extremely useful
for neurolipidomic analysis [68]. In addition, ultra-high resolution 21 Tesla MALDI-FTICR ion MS
has been used to increase molecular lipid coverage with high mass accuracy and wide dynamic
ranges within brain tissue sections [35].

One of the challenges associated with spatial lipidomics is the correlation of MSI signals with focal
lipid biochemical variables within tissue sections and cells. Recent techniques involving use of
MALDI-MSI and immunofluorescence/fluorescence analysis of single tissue sections have
allowed spatial correlation of lipid alterations with brain histological regions, which have demon-
strated amyloid plaque-associated glycerophospholipid and sphingolipid alterations in a trans-
genic murine Alzheimer’s disease model [69–71].

MSI allows high-throughput analysis of changes in spatial lipid composition following traumatic
brain injury [72] and in many neurodegenerative diseases, such as mucopolysaccharidosis type
II (Hunter’s disease) [73], Huntington’s disease [74], multiple sclerosis [75], Tay–Sachs disease
[76], and Gaucher disease [77]. Other applications of MSI-based lipidomics include the study
of brain myelination, lipid changes in the dysmyelinating shiverer mouse, and reversible demyelin-
ation in the cuprizone mouse model [78].

In summary, MSI is a powerful tool for 2D and 3D visualization of lipids and their metabolites within
single cells and tissue sections. However, the pharmacodynamics of lipidomic changes associ-
ated with drugs have received relatively little attention as yet and are exciting avenues for future
research on lipid-based neuropharmacology using MSI.
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Outstanding questions
Can methodological and technological
advances in the spatial resolution of
MALDI enable its use as a platform for
single-cell MSI?

Can molecular imaging by MSI im-
prove visualization of chemical com-
munication within complex, clinically
relevant biological samples?

Can novel chemical tools be developed
that enable imaging of molecules with
low abundance in tissue sections?

Can MSI developments enable its use
to visualize and investigate enzymatic
activities, and pathways, in tissue sec-
tions by analyzing multiple molecular
species (spatial omics)?

Canmetabolite database search tools be
improved to enhance the convenience
and reliability of molecular identification
from MSI data?

Can MSI be developed into a spatial
proteomics technology for use in tissue
pathology, tissue diagnostics, thera-
peutics, and precision medicine?

Can MSI data be aligned with other
information generated by other imaging
modalities such as spatial transcripto-
mics and spatial proteomics to obtain
broader views of cellular-level inter-
actions between different molecular
classes?
Concluding remarks and future perspectives
In this review, we have demonstrated how recent technological advances in MSI devices, software,
and sample preparation techniques have allowed increasingly accurate, reproducible, and sensitive
analysis (towards subcellular levels) of neurotransmitters, neuropeptides, and lipids in previously inac-
cessible parts of the brain. MSI can already complement traditional pharmacokinetic–
pharmacodynamic workflows by adding spatial information andmolecular specificity to histological
and immunological data they routinely generate. Despite the advances described in this review, the
potential of MSI in neuropharmacodynamic research has not yet been fully realized (see Outstanding
questions). With continuous technological and methodological improvements MSI has the ability to
significantly increase our understanding of complex and diverse neurological disorders and drug
effects within specific brain regions and subcellular regions to assist brain research. A significant
current challenge is to enhance single-cell imaging to study the functional properties of each individual
cell type within its native tissue environment. Further development of deep and machine learning im-
aging analysis, multiplex imaging, and protein imaging is important to complement currently available
MSI methods. Meeting these challenges will substantially increase the wealth of knowledge gener-
ated from MSI experiments, thereby accelerating preclinical drug development and greatly increas-
ing MSI’s clinical potential. Like LC-MS, MSI has potential utility as a routine analytical technique,
and could improve drug development workflows by identifying networks of neuroactive biomole-
cules in diseased and healthy states, potential drug targets and early biomarkers of disease, and
brain changes due to neuroactive drugs. Ultimately, this would greatly aid efforts to identify and
evaluate neuropharmaceutical agents that could potentially reverse pathological changes ob-
served in disease progression, while increasing our understanding of disease processes.
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