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ABSTRACT: Imaging mass spectrometry is an emerging technique of great
potential for investigating the chemical architecture in biological matrices. Although
the potential for studying neurobiological systems is evident, the relevance of the
technique for application in neuroscience is still in its infancy. In the present Review,
a principal overview of the diﬀerent approaches, including matrix assisted laser
desorption ionization and secondary ion mass spectrometry, is provided with
particular focus on their strengths and limitations for studying diﬀerent
neurochemical species in situ and in vitro. The potential of the various approaches
is discussed based on both fundamental and biomedical neuroscience research. This
Review aims to serve as a general guide to familiarize the neuroscience community
and other biomedical researchers with the technique, highlighting its great potential
and suitability for comprehensive and speciﬁc chemical imaging.
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especially for large scale, comprehensive protein proﬁling,
termed proteomics.1 The introduction of soft ionization
techniques such as matrix assisted laser desorption ionization
(MALDI)2 and electrospray ionization (ESI)3 aﬀorded MS
analysis of large biomolecules such as proteins, peptides and
lipids. Indeed, the development of these soft ionization
techniques for mass spectrometry that allow fast, sensitive,
and speciﬁc analysis of larger biomolecules including proteins
and peptides was the major catalyst for the immense growth in
relevance of proteomics. While tissue proteomics facilitates
protein identiﬁcation and quantitation, spatial information
within the respective tissue compartment is not obtained. Given
the complexity of the human nervous system, the spatial
information of protein distribution is of major interest in order
to resolve ongoing molecular mechanisms.
Imaging mass spectrometry (IMS) is a powerful approach for
comprehensive analysis of spatial intensity distribution proﬁles
of molecular species in biological tissue and single cells.4 In
contrast to common molecular biology techniques, including
chemical staining, immuno-based imaging approaches (immunohistochemistry, IHC; confocal laser scanning microscopy,
CLSM), and nucleotide detection (in situ PCR), IMS does not
require any a priori knowledge of the potential target species. It
is furthermore not dependent on antibody or primer availability

he human brain is the most complex and heterogeneous
organ. It is involved in a vast variety of body functions
ranging from motor control, touch sensing, vision, hearing,
smelling, hormone regulation, and many more. In no other
organ are the signaling mechanisms between diﬀerent cells so
poorly understood. The nervous system maintains its
functionality through a vast number of chemical substances
orchestrating neurological processes. Complex biological and
pathological processes in the nervous system involve the
translocation of a wide range of chemical species. Probing the
spatiotemporal dynamics of ongoing biochemical processes is
therefore essential to deepen our understanding of complex
biological mechanisms including signal transduction processes
within distinct regions of the central nervous system (CNS) as
well as the CNS with peripheral systems.
A major objective when studying molecular mechanisms and
interactions at subcellular levels is the acquisition of molecular
images (e.g., topographical and temporal information of
molecular abundance distribution). The main challenge in
molecular imaging is to achieve appropriate temporal and
spatial resolution with high precision, speciﬁcity, and sensitivity.
However, this is signiﬁcantly hampered due to the lack of
eﬀective research tools available to study the chemistry of these
complex systems. Hence, the development of analytical
technologies that facilitate subcellular analysis with high
molecular speciﬁcity and at high spatial resolution is of
essential relevance in order to deepen our understanding of
inter- and intracellular molecular processes.
During the last 20 years, mass spectrometry (MS) has gained
signiﬁcant relevance in biological and biomedical research,
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external controls are necessary to account for these limitations,
some of which are presented and discussed below. All of these
diﬀerent features have to be taken into account when designing
an IMS based experimental study. The aim of the present
Review is therefore to provide an overview of current IMS
techniques and to discuss their suitability for biomolecular
imaging with particular focus on neuroscience research.
Furthermore, diﬀerent methodological concepts and pitfalls in
sample preparation, data acquisition, and data handling will be
discussed. Finally an overview of some few examples of IMS
based fundamental and translational neuroscience research is
provided. The scope of this Review does not permit us to be
comprehensive, and we apologize to those wonderful works we
were forced to omit.

and speciﬁcity. IMS features high molecular speciﬁcity and
allows comprehensive, multiplexed detection, identiﬁcation,
and localization of hundreds of proteins, peptides, and lipids in
biological tissues samples.4 Over the past decade, IMS has
slowly evolved as a relevant, alternative approach in biomedical
research for studying proteins, peptides, and lipids in disease
pathology, pharmacotherapy, as well as fundamental biological
processes.5,6 The technique allows matching of histological
features of a biological tissue sample to molecular localization
patterns and can therefore also be referred to as molecular
histology.7,8 Although, theoretically, one can carry out
untargeted studies with IMS, in general it is necessary to
have target molecules in mind in choosing the matrix best
suited to provide the required sensitivity.
Imaging mass spectrometry can be performed with diﬀerent
probes to desorb and ionize molecular species directly from a
biological sample (Figure 1a). The most prominent approaches

■

PRINCIPLE OF IMAGING MASS SPECTROMETRY
In IMS, the molecular intensity distribution in biological
samples is obtained by sequential acquisition of mass spectra
from predeﬁned, individual spots (pixel array) over a biological
tissue section or a single cell (Figure 1b). Molecular ion images
are generated by plotting the intensity distribution of a distinct
molecular species over the analyzed MS analysis array (Figure
1c). The point-to-point distance deﬁnes the limit for lateral
resolution of the IMS analysis. Spatial resolution is mainly
limited by the probe (ionbeam, SIMS or laser, MALDI);
however, lateral diﬀusion during sample preparation has a
major impact as well. In SIMS, lateral resolution is also
compromised by the mass resolution and essentially the limit of
detection. Similarly, high spatial resolution MALDI IMS
experiments are limited by the sensitivity of the method to
the respective compounds of interest.9,11
Acquired images can involve enormous data amounts, as
there is a complete spectrum for each pixel; hence, these often
comprise ﬁle sizes of multiple gigabytes. Therefore, spatial
resolution and pixel number need to be in a practical balance.
Analysis of imaging data can be performed using multiple
multivariate statistical analysis (MVSA) tools. This is an
excellent approach for unbiased interrogation of molecular
intensity distributions and potential localization to anatomical
features of interest. Multiple image analysis strategies have been
reported for TOF SIMS.12−14 Similarly, at least one hierarchical
clustering based MVSA-solution has been demonstrated for
MALDI IMS data.15 MVSA allows segmentation of a biological
sample in distinct regions of interest by detecting variances and
correlations in the multivariate data that are encompessed in
factors. From the corresponding scores and loadings, the
variables contributing the most (i.e., mass peak values) to these
variances can be deduced. However, generation of MVSA
results does require mandatory veriﬁcation by manual
inspection of respective single ion images. All generated IMS
results have to be further validated to rule out false positive
ﬁndings as a result of e.g. suppression eﬀects. Validation of peak
identity and quantity can be achieved by targeted ESI- LCMS/
MS experiments for intact lipids and neuropeptides as well as
small intact proteins. Protein changes can be validated in situ
with immune-based methods. This is, however, largely
dependent on antibody availability and speciﬁcity and diﬃcult
to compare in the case of truncated protein isoforms. Protein
peak identiﬁcation protocols have been investigated thoroughly
in previous studies.16−18 This includes, for example, direct on
tissue digestion followed by imaging and fragmentation of
tryptic peptides. Identiﬁed peptide species are then conﬁrming
protein identity by showing similar distribution pattern as the

Figure 1. Principle of imaging mass spectrometry. (a) For SIMS IMS,
tissue sections are probed with an ion beam (top left). In contrast,
MALDI IMS requires precoating with matrix (indicated by a matrix
sprayer, top right) before systematic scanning with a laser probe. For
both techniques, molecular species are desorbed and ionized followed
by mass analysis (top middle) using, e.g., a time-of-ﬂight (TOF)
analyzer. In TOF, a mass spectrum is generated where the molecular
mass corresponds to ﬂight time (m/z ∝ t2) and number of molecules
that reach the detector correspond to signal intensity. (b) An
acquisition raster is deﬁned for the tissue section, predeﬁning spatial
resolution. Individual mass spectra are acquired for every xi,yj
coordinate of the tissue section according to the predeﬁned raster.
(c) Single ion images are generated by mapping the intensity of an
individual ion signal (m/z; rel.Int) over the whole tissue slide.

include, laser desorption/ionization (LDI) based techniques
including MALDI, and time-of-ﬂight -secondary ion mass
spectrometry (TOF-SIMS), in which an ion beam is employed
to sputter molecular species into the gas phase.9 In addition,
another, electrospray based desorption (DESI, nanoscale
DESI),10 has become rather popular recently mostly for images
with larger resolution pixels. Diﬀerent imaging MS technologies
have various strengths and limitations particularly with respect
to spatial resolution and molecular information.9 Other aspects
include sample throughput, sample preparation, economical
and experimental eﬀorts as well as data handling obstacles. A
major consideration in IMS, is the eﬀect of ion-suppression or
matrix eﬀects that can aﬀect ionization yield and thereby the
quantitative information obtained. Appropriate internal and
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corresponding intact protein.16 Alternatively, a straightforward
top down proteomic approach was demonstrated as a
convenient strategy to identify unknown protein peaks. The
workﬂow was based on protein prefractionation using reversed
phase liquid chromatography (LC) followed by MALDI
interrogation of collected protein fractions (LC-MALDI).
Those protein fractions that contained a protein peak of
interest were then subjected to subsequent trypsination and
identiﬁed by LC-ESI-MS/MS based peptide separation and
fragmentation.17,18 While imaging mass spectrometry is a very
powerful approach, this highlights the need for complementary
validation strategies in order to fully exploit the potential of the
technique.

well as lateral resolution. The sample preparation workﬂow in
MALDI IMS comprises the whole chain of sample treatment
starting with appropriate tissue retrieval and tissue storage over
sectioning, sample wash, and until ﬁnal matrix application. Each
of these steps is critical and might impact the ﬁnal data
signiﬁcantly. In particular, matrix application is a cornerstone in
MALDI IMS experimental workﬂow schemes and has to be
tailored according to many factors, including tissue origin and
molecular target.
As for all tissue imaging experiments, tissue retrieval from
animal or human sources is critical to data quality. This is of
particular relevance, since commonly used perfusion and
ﬁxation strategies cannot be applied in mass spectrometry
due to interference of the polymeric ﬁxation agents such as
paraﬃn. Solutions to overcome these obstacles, including in
situ trypsination following paraﬃn removal or alternatively use
of a reactive matrix 2,4-dinitrophenylhydrazine, have been
presented.25
Fresh frozen tissue samples are, however, by far the most
commonly used samples for IMS. In terms of sample dissection,
such as, for intact brain, quick performance is essential, since
post mortem delays by as short as 3 min result in severe
degradation of neuropeptides.26 One solution for overcoming
this shortcoming is heat stabilization, where quick sample
heating to 95 °C leads to eﬃcient protease inactivation.27 This
approach, however, impacts the sample morphology, which in
turn hampers its suitability in IMS. This is primarily due to
diﬃculties in maintaining tissue integrity during sectioning,
although an elegant workaround using collection on conductive
carbon tape has been presented recently.28
Cryosections of fresh frozen tissue are thaw mounted onto
conductive glass slides. Here, the collected sections have to be
dried immediately before storage at −80 °C to prevent damage
by water condensation during freezing 29
A further critical step in sample handling is the choice of
appropriate washing protocols. Lipid species typically do not
require any advanced washing steps, whereas drugs, neuropeptides, and proteins require optimized washing protocols for
signal enhancement. These involve pH sensitive cleanup as well
as organic solvents for precipitation of peptides and proteins
while washing oﬀ remaining lipids that potentially interfere with
neuropeptide signals prior to matrix application.29,30
In terms of matrix application, currently there are three
approaches available, each with its own strength and limitations
with respect to simplicity, cost, resulting signal intensity, spatial
resolution, and signal reproducibility. In general, there is a
trade-oﬀ between signal quality and lateral resolution based on
the correlation of vertical and lateral infusion with increased
droplet size. The most straightforward approach involves
manual application of matrix solution employing an airbrush
sprayer. While this is a quite cost-eﬀective solution, it is severely
hampered by its lack in reproducibility as well its susceptibility
to sample diﬀusion as well as limited extraction eﬃciency. A
more controlled way to deposit matrix is to use a nebulizerbased sample application available in a commercial ImagePrep
device (Bruker Daltonics, Bremen, Germany). Here, pneumatic
aerosol formation and subsequent matrix application is
monitored by a light scattering sensor below the sample glass
to estimate matrix thickness. Although this is not as economical
as the bare nebulizer, this technology has signiﬁcantly advanced
the aerosol-based matrix application in terms of reproducibility
and signal quality. Still, one major disadvantage of this solution
remains in its rather low extraction eﬃciency, as a consequence

■

MALDI IMAGING MS
Since its introduction,2 MALDI TOF-MS has signiﬁcantly
impacted the ﬁeld of protein analysis in molecular biological
and biomedical research. MALDI MS is a soft ionization
technique permitting analysis of intact macromolecules
including proteins and peptides. The technique is based on
laser irradiation induced desorption and ionization of analyte
molecules with the help of a crystalline UV absorbing matrix
(Figure 1a). MALDI MS, in general, is characterized by its
superior mass range, sensitivity, high resolution, and mass
accuracy as well its robustness and insensitivity to sample
impurities.
In 1997, Caprioli and co-workers introduced a MALDI TOF
MS based approach for spatial proﬁling of large molecular
species in mammalian tissue samples.19 The technique, hence
referred to as MALDI imaging MS or MALDI IMS, is based on
the application of matrix solution to a thaw mounted tissue
section followed by MALDI MS analysis in a quadratic pattern
with a spot to spot distance deﬁning the spatial resolution
(Figure 1b). The technique is particularly well suited for
medium to large biomolecules including glycolipids, neuropeptides, and proteins. Detection of small molecules such as
drugs, metabolites, and neurotransmitters is, however, hampered by interference of matrix cluster ions. This limitation can
be overcome by matrix free laser desoption/ionization (LDI)
approaches as well as other strategies including, for example,
use of a stable isotope modiﬁed matrix or MS/MS methodologies just to name a few.20−22
Spatial resolution in MALDI IMS, is essentially dependent
on three factors: the laser beam focus, the matrix crystal, and
lateral diﬀusion of analyte molecules resulting during sample
preparation. Typically, a practical spatial resolution of 20−50
μm can be achieved; however, diﬀerent eﬀorts to push these
limits with respect to the probe have been reported.23,24 Here a
spot to spot distance, smaller than the laser diameter, can be
used, exposing the sample to only a fraction of the beam. This
oversampling approach is, however, highly dependent on
homogeneous and rigorous sample ablation to avoid interference with adjacent compounds.23 Another high resolution
MALDI IMS approach is based on eﬀorts to focus the laser.24
For both MALDI and oversampling MALDI, method
sensitivity, data ﬁle size, and acquisition time have to be
considered. In addition, sample preparation is also an important
factor aﬀecting spatial resolution.
Sample Preparation for MALDI IMS. For surface analysis
in general and MALDI in particular, sample preparation is one
of the most critical issues. Various target preparation
parameters have an important impact on ﬁnal data quality,
particularly with respect to signal intensity, reproducibility, as
668

dx.doi.org/10.1021/cn400053c | ACS Chem. Neurosci. 2013, 4, 666−679

ACS Chemical Neuroscience

Review

To overcome these limitations, the design of new primary
ion sources is one of the main assignments in instrumental
development. The ultimate goal is to achieve spatial resolution
of a few nanometers while improving secondary ion yield
eﬃciency and molecular integrity.
Today the available primary ion sources comprise atomic,
polyatomic, macromolecular cluster, and gas cluster ions that
have diﬀerent advantages and limitations. The choice of
projectile depends on the respective application mode that
covers the whole range from inorganic surfaces to biological
tissue and cells.
Choice of Projectiles and Modes of Operation. SIMS is
an inherently destructive process. However, when irradiation
with a distinct primary ion doses (maximum of 1013 ions/cm2)
causes a small degree of surface and subsurface destruction, this
is deﬁned as the static limit. In contrast, in dynamic SIMS, a
primary ion dose that exceeds the static limit is used. Typically,
reactive primary ion beams such as O2+ and Cs+ are used in this
mode, giving high secondary ion yield to enhance sensitivity;
however, this also results in higher fragmentation of the ions.
This limits the mass range of the molecular analytes to atomic
species and very small fragments. However, higher sensitivity is
achieved, making this technique well suited for studying
inorganic/elemental surface characteristics, where molecular
information is not required. 38,39 To extract molecular
information, isotopic labeling strategies have been developed.
Multiple isotope imaging mass spectrometry (MIMS) allows
imaging of several molecular species using this destructive
technique.40 Furthermore, high ion doses erode the sample and
can be used to obtain information in the third dimension for
3D imaging. Due to abundant signal in a very small spot,
dynamic SIMS can provide very high lateral resolution for
imaging.39
Static SIMS sidesteps this issue by using an extremely low
primary ion dose below the static limit, typically 1013 ions/
cm2,9 to disregard any damage done to the sample surface.
Under the static condition, less than 1% of the surface receives
an ion impact, ensuring that mass spectra are not collected from
a damaged surface. For all intents and purposes, the
measurement does not disturb the pristine condition of the
sample. This is achieved by using polyatomic liquid metal ion
guns (LMIG).41 These ultrabright probes provide extremely
focused ion beams (<50 nm) but can be used at low doses,
allowing formation and detection of molecular ions. These
ﬁnely focused beams oﬀer the potential to map ions in a mass
range up to m/z 1500; atomic species, lipids, amino acid, and
fatty acids can be mapped with high resolution over cell and
tissue surfaces. The relatively low availability of biomolecular
ions, due to in source fragmentation and poor ionization
eﬃciency, can limit the useful size of the probe. Increases in
sensitivity therefore require an increase in primary ion dose
with the eﬀect of sample degradation.42 This has been
signiﬁcantly improved with the development of macromolecular ion beams such as C60 and SF6. Although these
beams do not compare in terms of probe size (∼1 um), energy
is deposited at even shallower depths than with cluster
polyatomic LMIGs, thereby decreasing surface damage and
sample degradation.43,44 In addition, this facilitates high
resolution depth proﬁling, which is achieved by stepwise
etching and analysis of molecular surface layers.42,45 Current
developments have provided large size Arn cluster ion sources
(n < 1000−5000), attracting great interest. These beams
provide higher ion yield eﬃciency and less subsurface damage.

of reduced vertical diﬀusion. The most controlled approach for
sample application involves deposition by a chemical inkjet
(ChiP, Shimadzu, Kyoto, Japan) or an pneumatic vertical
spotter (Portrait, Labcite, Sunnyvale, CA). This approach uses
accurate deposition of distinct droplets in a geometrical pattern,
thereby avoiding lateral diﬀusion of the analyte.31 The spotting
approach is particularly beneﬁcial for low abundant species,
including neuropeptides.32 Although this approach is limited in
terms of spatial resolution, the best data quality in terms of
signal strength and reproducibility is achieved.
A plethora of diﬀerent matrices has been reported for
MALDI IMS of various molecular species. Diﬀerent matrices
are well suited for diﬀerent compounds, and the choice
depends largely on the targeted substance. Recent advances in
matrix developments have been aimed at overcoming various
limitations of the standard compounds, including crystal size,
reproducibility, interfering matrix cluster, mass range, and signal
quality. Here, ionic matrices were found to give highly
homogeneous matrix layers, facilitating high spatial resolution
imaging of lipids and neuropeptides.33 However, this approach
is limited in terms of signal reproducibility as well as extraction
eﬃciency and hence sensitivity.
Further approaches have been developed to overcome the
limitations in various matrix application protocols and to
control crystal size. These include various sublimation
techniques as well as dry coating.34,35 Both of these techniques
give very small crystals and allow high spatial resolution, but the
compromise is poorer signal intensity and reproducibility. In
contrast to all matrix application techniques, various matrix free
laser desorption technologies have been demonstrated to be
powerful alternatives. These include development and
application of functional surfaces to facilitate desorption and
ionization. These range from bare porous silicon or advanced
nanoinitiator compounds as well as functionalized graphene
and carbon nanotube surfaces.20,36,37 However, to date, no
single biological study using these approaches beyond proof of
principle has been reported.

■

SECONDARY ION MASS SPECTROMETRY
IMAGING
Secondary ion mass spectrometry (SIMS) is a very powerful
imaging technique providing chemical information with high
spatial resolution (<50 nm). Brieﬂy, a focused ion beam
impacts the sample surface resulting in the ejection of
secondary species including positive- and negative ions as
well as neutral molecules and elements. The desorbed and
ionized compounds are then analyzed by means of mass
spectrometry using diﬀerent mass analyzers such as magnetic
sector ﬁeld and time-of-ﬂight (TOF) analyzers.38 Chemical
information about the surface is generated while spatial
resolution is maintained, by either collecting spectra in a raster
pattern or using a position sensitive detector. The result is an
image with chemical information contained in each pixel.
An important characteristic of SIMS, which sets it apart from
other biological imaging methods, is that the sample can be
analyzed without chemical perturbation. That is to say no labels
or matrixes are needed to acquire SIMS signal, however, some
studies do require isotopic labels to obtain molecular
information. The technique does, however, have limitations
with respect to the mass range (<1500 Da) as a result of in
source fragmentation. Furthermore, as it is a surface sensitive
technique, extreme care must be taken during sample
preparation to prevent any possible ambient contamination.
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can also be freeze-dried directly after they are plunge frozen.
Freeze-drying enables the analysis to be carried out at room
temperature, which keeps sample handling simple and easy.
The method is well suited for tissue imaging; however, when
subcellular information is of interest, freeze-drying can cause
redistribution of biological molecules on the subcellular size
scale.27
Freeze fracture has been considered the ideal method for
maintaining chemical and structural information for subcellular
biological imaging.50,51 Tissue or cellular samples are plunge
frozen in either a sandwich assembly50,52 or a spring-loaded
device, which is opened in the instrument under vacuum.53,54
The sample surface is exposed to provide intact chemical
information. The protocol protects the sample from possible
environmental contamination and produces a thin layer of
condensed water, which enhances molecular ion signals. In
addition, the method can be used to fracture the inner
compartments of the cells for subcellular analysis. Elaborate
sample handling required for cryogenic conditions is the main
drawback of the method. There is also an issue with obtaining a
suitable fracture plane. Rough surfaces and buried samples
often hinder analysis.
In order to overcome the limitations of the above methods,
the main limitations being possible contamination from
ambient environment in freeze-drying and topography issues
in freeze fracture, etching by elevated temperature55 or by use
of a C6056 cluster ion gun have been employed. These
approaches remove the top layer of sample without damaging
the sublayer and ﬂatten the sample surface, respectively,
eliminating the topography problem. In etching by temperature
or so-called freeze etching, temperature is increased to a critical
point where the top layer of condensed water slowly sublimates
leaving an intact layer below. In etching using a C60 projectile
beam, the top layer is removed by sputtering with C60. The
methods are good problem solving strategies, however, there
are some minor disadvantages, namely long analysis time using
freeze etching and care in controlling etching using C60 gun to
obtain ﬂat surface.51

While these are obvious advantages with respect to molecular
mass range and depth proﬁling resolution, there are still
limitations concerning ion beam focus and lateral resolution.46
A general outcome of these developments is that the minimal
damage accumulated when using macromolecular beams and
gas cluster beams is blurring the line between dynamic
(destructive) and static (nondestructive) SIMS as previously
deﬁned by the static limit. The advent of cluster ion beams has
signiﬁcantly impacted the area of molecular depth proﬁling and
3D imaging MS.42
Molecular 3D biological imaging is essentially the combination of static and dynamic modes. By taking advantage of the
minimal damage accumulation observed for molecular and gas
cluster beams, it is now possible to erode a sample and uncover
relatively intact molecular layers and then chemically analyze
them. The imaging can be done using a focused eroding beam,
or a dual beam strategy can be employed, where the surface is
etched with a defocused beam and subsequently analyzed with
a focused beam. This mode of analysis opens up SIMS to
numerous biological applications, as it allows simultaneous
detection of biological molecules inside biosystems without any
further chemical labeling.42,45,47−49
Image Generation in SIMS. Typically biological SIMS
imaging is carried out in microprobe mode. This approach is
characterized by rastering a focused primary ion beam across
the surface of the sample and correlating the chemical
information to the beam position. Spatial resolution is
dependent on several factors; however, in general the most
important factor is the size of the probe. While there are
physical limitations to focusing a probe, the main issue is
ionization eﬃciency. In essence, decreasing the probe size
reduces the amount of material available to be ionized and
eventually the probability of creating an ion vanishes. This
principle is summed up with the concept of useful resolution.
Simply put, useful resolution is related to the square area
required detecting a given analyte. Many factors contribute to
this limit including transmission, analyte concentration, and
ionization eﬃciency, but ultimately there is little advantage to
focusing a primary ion beam beyond this point. One
consequence of this is that dynamic SIMS, which tracks smaller
more abundant ions, enjoys higher lateral resolution than static
SIMS.
Another approach to SIMS images is the microscope mode.
The detector in this case is position sensitive, and therefore,
probe size becomes unimportant. Useful lateral resolution still
applies in this case. As a result, most of the biological work
using this type of imaging has been done using dynamic
SIMS.38
Sample Preparation. Appropriate sample preparation
protocols play an essential role for a reliable measurement in
the SIMS technique. The main challenge here is preservation of
morphology and chemical information of a sample while
exposing it to high vacuum condition.
The most common and convenient sample preparation
method is freeze-drying. Brieﬂy, freshly obtained biological
tissue is plunge frozen to keep it intact. The frozen tissue is
then cryosectioned, typically at −20 °C, into 10−20 μm slices.
The tissue slices are then thawed onto conductive substrates
and subsequently inserted into mbar vacuum where the water
from the samples is sublimated slowly to dryness. Cellular
samples can be prepared in a similar procedure in which the
cells are sectioned by using an ultramicrotome, which reduces
the thickness down to several micrometers. Alternatively, cells

■

FUNDAMENTAL IMS BASED APPLICATIONS IN
NEUROSCIENCE
The contribution of IMS to basic neurobiological study has
been somewhat sparse. The reasons for this include limited
access to the technology, relatively low sample throughput, and
diﬃcult sample preparation. These have been reviewed
elsewhere and represent the main focus of IMS research.57,58
This work has in fact produced many impressive brain
tissue27,59−63 and single neuron64,65 chemical images. This
area has generated a large body of spatio-chemical information,
but in general a link to basic neurological function is diﬃcult to
make. However, there are several examples that have produced
information of general interest to this ﬁeld.
MALDI imaging aﬀords the mapping of biological molecules
over a large mass range spanning from intact lipids to proteins.
Although great strides have been made to increase lateral
resolution, single cell analysis is somewhat challenging, thus
keeping most work in the realm of brain tissue analysis. The
images produced have hundreds of compound peaks with
unique localizations that give indication of functionality. The
information dense data collected often contains several
unknown peaks, which might represent neurologically
important peptides and proteins especially considering speciﬁc
localizations of these molecules. Universally, peak identiﬁcation
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can be a sticking point when attempting to make convincing
conclusions about these images considering the speciﬁcity of
labeling strategies used in other methods. To aid in
identiﬁcation, Taban et al. have employed the high mass
resolution of Fourier transform ion cyclotron resonance mass
spectrometry. The MS/MS capability in combination with
ultrahigh mass accuracy aﬀorded by MALDI-Q-FTICR-MS
(ApexQ, Bruker Daltonics, Bremen, Germany) was used
allowing examination of fragment ions directly from the tissue
sample to positively identify it as the neuropeptide vasopressin.25 The localization also veriﬁed the identity. This study
highlighted the exploratory possibilities of IMS for fundamental
studies and the need for powerful tools for validation.
It can be argued that the most important role SIMS imaging
has played in biology thus far has been lipid analysis.66−71
Primarily, this strength is aﬀorded by the relative abundance of
these molecules in biological systems. In terms of neurobiology,
this tends to lead toward membrane controlled processes,
namely, exocytosis. It is theorized, most notably with the stalk
model,72 that lipids might have speciﬁc roles during fusion,
which require them to concentrate in speciﬁc areas based on
molecular structure. This phenomenon is theoretically ideal for
probing with SIMS imaging; however, the small size of the
structure limits the availability of the molecules that can be
analyzed and the three-dimensional conﬁguration of the
structure makes it challenging to investigate using a surface
sensitive technique. Although these challenges could be
overcome as groups continue to work on increasing ion yields
and acquisition of 3D SIMS images.73
To study lipid domains during membrane fusion, the central
process of exocytosis, a large-scale model was used in the single
cell organism Tetrahymena thermopile. This species undergoes
sexual reproduction by fusing to a second cell and transferring
genetic material via hundreds of fusion pores that are formed
along the membrane interfaces. This event creates a curvature
gradient between the relatively ﬂat cell membrane and the
highly curved bilayer at the junction. The large size scale of the
junction compensates for low ionization eﬃciencies, which
make extracting chemical information from individual fusion
events at this point prohibitive. SIMS imaging was used to
image mated Tetrahymena cells, and a chemical gradient was
observed between the cell and the junction.67 Speciﬁcally, the
concentration of the lamellar phosphatidylcholine (PC) lipids
was greatly reduced in the junction, indicating that the
curvature gradient was linked to a demixing of the lipid
components. To establish whether the curvature gradient was
induced or if it was induced by the observed lipid
reorganization, a time dependent study was also carried out.
The appearance of the chemical gradient was shown to lag
behind the formation of the curvature gradient. It was proposed
that the local change in composition was driven by the change
in curvature giving evidence for the so-called curvaturecoupling hypothesis (Figure 2a).69
Curvature-coupling might be an important factor that
determines the kinetics of individual exocytotic events. This
hypothesis puts forward the idea that a membrane component
can sense curvature by virtue of its own intrinsic curvature.
Simply put, molecules will tend to localize to areas that match
their curvature. The upswing of this is that these molecules will
lower the resistance to bending by increasing the local
spontaneous curvature thus aﬀecting geometric curvature of
the structure. There is somewhat of a controversy as to whether
or not lipids are actually large enough to sense membrane

Figure 2. Fundamental neuroscience research imaging mass
spectrometry. (a) SIMS imaging reveals distribution of lipid species
that are coupled to membrane curvature in mating cells.69 (I)
Diﬀerential interference contrast microscopy image of a mating cell
pair. (II−IV) SIMS ion images of a triturated pair of mating T.
thermophila for diﬀerent lipid species, including C5H9 (I), PC (II), and
2-AEP (IV) (the intensity in the 2-AEP image has been multiplied by
factor 3) (scale bar = 25 um). (b) Application of SIMS for imaging
single neurons allows subcellular localization of vitamin E.
(Reproduced with permission from ref 65. Copyright 2005 American
Chemical Society.) (I) Neuronal lipid distribution illustrated by the
choline fragment trimethylethenamine (m/z 86), derived from
sphingosine and phosphatidylcholin (PC), showing homogeneous
distribution throughout soma and neurite. (II) Interestingly, vitamin E
was found to distribute to the soma−neurite junction, suggesting an
important role in neuronal communication (II) (scale bar = 100 μm).
(c) Multi isotope imaging MS was employed at 30 nm resolution to
demonstrate protein turnover in hair cells.80 (I) SIMS ionimage of
protein fragment CN (m/z 26) of utricle; day 56 and ration CN15/
CN14 (m 27/m 26) showing low incorporation in stereocilia. (III)
Projection of a three-dimensional stack of image (I). (IV) CN15/CN14
Ratio image from (III) reveals high protein turnover to occur at a high
rate at the tip of hair cells.

curvature; however, it was recently demonstrated that the
addition of DOPE (a lipid with a strong negative intrinsic
curvature) decreased the diameter of a lipid nanotube by
presumably being preferentially sorted into the negatively
curved inner leaﬂet of the tube.17 There is, however, a fair
amount of evidence that curvature-coupling is involved in
exocytosis or at the very least the intrinsic curvature has an
eﬀect. In these experiments, individual exocytotic events were
monitored at secretory cells using amperometry with submillisecond temporal resolution. The outer leaﬂets of the cells were
bathed with exogenous lipids and the resulting changes in
release can largely be attributed to the intrinsic curvature of the
bathing lipid.
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Figure 3. Imaging mass spectrometry in clinical and molecular neuroscience for low molecular weight compounds and lipids. (a) Investigation of
energy metabolism in hippocampus formation reveals selective ATP/ADP turnover in CA3 following induced seizure (ATP/ADP, arrows).83 (b)
IMS based evaluation of ischemia shows regional selective increase of LPC (m/z 496) following injury 20 and 24 h.85 (c) Application of MALDI
imaging for mapping ganglioside species reveals aging dependent regional increase of C20 gangliosides in the molecular layer (ML) of the dentate
gyrus (DG) (14 days and 18 weeks, C20 arrows).91 (d) Using a similar approach, IMS revealed characteristic distributions of gangliosides in the
hippocampus based on their ceramide core. In addition, in situ characterization of unknown glycolipid modiﬁcations as demonstrated by the
discovery of O-acetylation (right overlay image). (Reproduced with permission from ref 92. Copyright 2011 American Chemical Society.) (e) IMS
based ganglioside imaging reveals selective C20-ganglioside increase in, e.g., the hippocampal formation following blast induced mild TBI (2 and 24
h past blast, at 4 m but not 7 m distance). (Reproduced with permission from ref 93. Copyright 2013 American Chemical Society.)

This approach is illustrated in the imaging of large neurons
extracted from the mollusk Aplysia californica. In one notable
study, Monroe et al. used TOF-SIMS imaging to chemically
map the membrane of these cells and found that vitamin E is
strongly associated with the soma−neurite junction (Figure
2b).65 It is known that vitamin E deﬁciencies are related to
neurological disease, and historically this has been attributed to
protection from oxidative stress. Clinical trials, however, do not
overwhelmingly support this conclusion, suggesting that the
role of vitamin E is more complex, possibly having a more
fundamental role.79 The speciﬁc localization of vitamin E in the
Aplysia neuron strongly indicates that there is some underling
function possibly critical to healthy neuronal function. This
experiment exhibits an important advantage to IMS in that little
prior knowledge about the sample is needed. Certainly
parameters need to be adjusted for the type of sample, but in
general if the surface component can be ionized in the gas
phase the result will be a chemical map of the surface.
The ultimate potential of SIMS for subcellular chemical
imaging has been reported recently by the Lechene group.80
Using multi-isotope imaging MS (MIMS), the protein turnover
on the hair cells of the auditory somatosensory system in the
inner ear was studied at nanometer scale. Animals were fed 15Nlabeled leucine, and the isotopic ratio of the percent and the
location of the new protein was determined. Using the dynamic
mode of SIMS, they were able to generate suﬃcient signal to
see a distinct increase in metabolism at the tip of the hair, an
area only a few 100 nm long. The combination of protein

By expanding upon relative quantitative methods developed
in the SIMS community,40,74,75 a deuterium labeling scheme
has been reported to estimate the amount of lipid that was
incorporated into these augmented secretory cells.76 The
method used the same incubation procedure and cell line
used in several of the studies described here62,75,77 but
substituted the exogenous lipids for lipids with deuterated
acyl chains. The deuterium label supplied a unique peak that
was used to track the relative amount of the added lipid. The
yield for this ion was calculated from a pure sample and used to
calibrate the signal from the treated cell. This was also done for
the endogenous PC lipids and the ratio of these signals was
used to calculate the relative amount of exogenous lipid. The
values were then corrected by taking the known PC
concentration of the cell into account. The results suggest
that the observed changes in exocytosis were brought about by
very small changes (0.5−1.3%) in lipid composition.76 The
implication is that subtle lipid heterogeneity across the
membrane of a cell could be a powerful regulatory mechanism
for these events. Indeed, events measured at these cells are
fairly heterogeneous and work has shown that locations on a
single cell can be more active, so-called hot spots.59,77 This is a
very exciting potential target for this method but remains
diﬃcult to image; although there are examples of subcellular
imaging, the length scales here are a signiﬁcant hurdle when
considering the current ionization yields.78
The diﬃculty in extracting subcellular chemical information
is most simply overcome by choosing a large cell for analysis.
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the inclusions. This is consistent with previous ﬁndings and
hypotheses involving transmembrane cholesterol−amyloid
precursor protein interaction and suggests this has a key role
in amyloid beta formation and AD pathology.90
MALDI IMS has also been demonstrated as a powerful
technique for detection of diﬀerent glycolipids and particularly
gangliosides, which are known to be involved in diﬀerent CNS
and PNS pathologies including AD, GM1- and GM2gangliosidosis, Sandhoﬀ AB, and Guillan Barré syndrome.
Here, the technique has a particular advantage over immunebased approaches, since its molecular speciﬁcity allows
comprehensive characterization and diﬀerentiation of the
ceramide core as well as the oligosaccharide side chain. In an
earlier study on ganglioside distributions in hippocampal
formation, IMS was used to reveal distinct localizations of
gangliosides based on the ceramide long-chain base (LCB) and
sphingoid base. Here, C18-LCB gangliosides (C18-GM1 and
C18-GD1) were found to distribute rather uniformly
throughout the prefrontal brain, while C20-gangliosides were
found to localize along the entorhinal-hippocampal projection.
This includes the entorhinal cortex (EC) and the molecular
layer (ML) of the dentate gyrus (DG), suggesting that EC
neurons exclusively express C20-ceramide carrying gangliosides.91 Gangliosides are thought to play an essential role in
memory formation, neurogenesis, and synaptic transmission.
Altered ganglioside expression might indicate altered neuronal
stem cell proliferation, neuronal function, and potential
neurodegeneration. Indeed, in the same study, the authors
showed age-related accumulation of C20-GD1 in the molecular
layer of the DG as well as the sum lacunosum stratum (SLM)
and the stratum radium (SR) (Figure 3c). This suggests that
the sphingoid base speciﬁc accumulation of gangliosides (in this
case C20) in EC and its output structures (ML/SLM) might be
related to age dependent neurological disease, including
Alzheimer’s disease, where selective degeneration of EC
neurons is observed in early stages.
IMS is a not only well suited to elucidate sphingoid base
speciﬁc ganglioside distributions but is also a powerful
technique to identify saccharide side chain modiﬁcations such
as O-acetylation in situ. This was demonstrated in a recent
study, where IMS of the hippocampus revealed diﬀerential
abundance of gangliosides in axonal and dendritic parts of
pyramidal neurons in the ML of the DG (Figure 3d).92
Moreover, O-acetylation was observed only in the granular
layer (GL) of the DG. De novo identiﬁcation and in situ
localization of lipid modiﬁcations such acetylation highlight the
strength of IMS over classic antibody-based imaging
techniques.
The relevance of IMS based elucidation of spatiotemporal
ganglioside regulations in the brain was further demonstrated in
a recent study of the same group. Here, MALDI imaging MS
revealed upregulation of ganglioside GM2 in hippocampus,
thalamus, and hypothalamus following blast-induced mild
traumatic brain injury (Figure 3e).93 This is of particular
interest since no neurological or structural signs of brain injury
can be observed using standard techniques, signiﬁcantly
hampering diagnosis and prognosis of mild traumatic brain
injury (TBI).
Neuropeptides and Proteins. In situ detection and
quantiﬁcation of neuropeptides is of central interest in
neuroscience research though hampered by many methodological shortcomings. Typically, antibody-based techniques are
currently the dominant method used for in situ neuropeptide

sensitivity and high lateral resolution that MIMS provides
presents the real possibility of following chemical changes of
the dense protein structures in neural cellular substructures
including, for example, synaptic terminals and post synaptic
density (Figure 2c).

■

BIOMEDICAL APPLICATIONS OF IMAGING MASS
SPECTROMETRY IN NEUROSCIENCE
Imaging MS has great potential in exploring biomolecular
mechanisms underlying neurodegenerative disorders. However,
so far only few studies have been reported to answer questions
relevant to clinical and molecular neuroscience. As discussed
above, this is probably related to the limited interface between
neurochemical and analytical chemistry research not to
mention the sparse overlap of research topics and interests in
mass spectrometry in analytical chemistry and neurobiology in
general.
Arguably there is certain skepticism among neuroscientists
toward mass spectrometry based proteomics and imaging. One
reason is that there has been a vast amount of untargeted
proﬁling studies using proteomics for neurological samples.
The lack of a hypothesis beyond the detection of potential
diﬀerences or biomarker discovery is certainly alien to classical
mechanistic investigations common in neuroscience. It is a
central aim of this section of the review to overcome this
skepticism by discussing studies that have demonstrated the
value and power of IMS in molecular neurobiology.
Imaging of Neurotransmitters and Low Molecular
Weight Metabolites. Analysis of low molecular weight
compounds (<500 Da), including neurotransmitters, using
MALDI IMS is hampered due to interference of clusters of ions
in the sample matrix. There have been recent attempts to
overcome this limitation using tandem mass spectrometry81 or
a stable isotope modiﬁed MALDI matrix for detection of
acetylcholine.21 Another elegant approach using titanium
dioxide nanoparticles TiO2 based laser desorption ionization
permitted detection of aminobutyric acid (GABA) in situ.82
The potential of MALDI IMS for comprehensive metabolite
proﬁling was demonstrated in a study on limbic, kainite
induced seizure.83 Here, ion intensity patterns of ATP, ADP,
and AMP were analyzed for visualization of spatiotemporal
energy dynamics of hippocampal neurons. The results show
CA3 selective ATP and ADP depletion and diminished energy
recovery following seizures, suggesting a CA3-nerve cell speciﬁc
energy metabolism (Figure 3a).
Lipids and Gangliosides. As discussed above, the
detection of lipid species by means of IMS is aided by their
relatively high abundance. There has been a debate about the
relevance of elucidating lipid distributions in situ beyond
elucidating structural and topological features. However, the
relevance of lipid species in neurophysiological mechanisms
such as biogenic lipid signaling84 or membrane curvature
modulation in cellular communication has been well established. IMS has, for example, been used to monitor localized
production of the biogenic lipid, lyso-phophatidylcholine (LPC,
16:0) during injury following cerebral ischemia (Figure 3b).85
Other studies employed IMS to investigate abnormal cerebral
phospholipid regulation in schizophrenia,86 cerebral edema,87
as well as infantile neuroaxonal dystrophy.88 Another study
based on SIMS imaging investigated Aβ-plaques in a transgenic
mouse model of AD.89 Using this high resolution imaging
technology alongside immunostaining approaches and electron
microscopy showed that cholesterol was selectively localized to
673

dx.doi.org/10.1021/cn400053c | ACS Chem. Neurosci. 2013, 4, 666−679

ACS Chemical Neuroscience

Review

Figure 4. Imaging mass spectrometry of neuropeptides in L-DOPA induced dyskinesia. (a) (I) Unilateral 6-OHDA injection leads to dopamine
depletion (as illustrated by TH immunostaining*); (II) L-DOPA therapy results in two distinct groups with low and high-dyskinesia; (III) MALDI
IMS and assignment of ROI and spectra extraction. (b,c) Similarly, dynorphin peptides were found signiﬁcantly increased in the dorso-lateral
striatum of high- (HD) compared to low -dyskinetic (LD) animals and lesion controls (LC). (For panels (a)−(c), this research was originally
published in Molecular Cellular Proteomics. Hanrieder et al. Mol. Cell Proteomics 2011; M111.009308. Copyright the American Society for
Biochemistry and Molecular Biology.32) (d) (I,II) MALDI IMS reveals signiﬁcant increase of dynorphin peptide (here alpha neoendorphin) in the
substantia nigra (SN). (III) Dynorphin peptide intensity correlated positively with dyskinesia severity.95

major pharmacotherapy for symptomatic Parkinsons’s disease
treatment but is accompanied by severe side eﬀects, including
abnormal involuntary movements, that is, dyskinesia. Elevated
prodynorphin levels have been previously associated with LDOPA induced dyskinesia; however, the distinct prodynorphin
processing products remained uncharacterized due to the lack
of speciﬁc antibodies. IMS analysis showed that dynorphin B
and alpha neoendorphin were signiﬁcantly elevated in the
dorsal lateral striatum of high but not low dyskinetic animals
(Figure 4b,c). Moreover, both opioid peptides correlated
positively with LID severity. Similarly, dynorphin B and alpha
neoendorphin were found to be elevated in substantia nigra
reticulata the major output structure of the direct GABA-ergic
output pathway in rat (Figure 4d).95 Finally, a selective Nterminal processing of these dynorphin peptides in the striatum
involving N-terminal cleavage of tyrosine was observed.
Interestingly, these des-Tyr dynorphins correlate with LID
severity suggesting an LID related mechanism of dynorphin
inactivation. Moreover, des-Tyr dynorphins were earlier
reported to show NMDA receptor aﬃnity pointing toward
alternative opioid signaling mechanisms in LID.94
In the area of PD research, MALDI Imaging has been
successfully employed to image proteins. Here, IMS was used
to elucidate striatal protein distributions in 1-methyl-4-phenyl1,2,3,6-tetrahydropyridine (MPTP) injected rats96 (Figure 5a).

detection. However, this approach is signiﬁcantly limited by
antibody speciﬁcity. This is particularly relevant for opioid
peptides that diﬀer in only a few C-terminal amino acids, which
compromises the reliability of IHC results signiﬁcantly. Another
limitation in immuno-based approaches is the inherent limited
throughput, allowing only detection of one or two species at a
time. Furthermore, there are well-known quantiﬁcation issues,
permitting only semiquantitative information to be retrieved
from signal intensity in immunohistochemistry based experiments. Mass spectrometry based techniques, including LC-MS
based peptide quantiﬁcation in tissue extracts, have proven to
be a powerful approach to analysis of peptides and proteins;
however, in situ analysis is advantageous in order to preserve
spatial information. Imaging MS based neuropeptide detection
has signiﬁcant advantages over immuno-based tequniques with
respect to molecular speciﬁcity. However, the technique is
mainly impacted by sample preparation and resulting sensitivity
and reproducibility issues and requires stringent protocols to
ensure acquisition of quality data.
The inherent power of MALDI MS for multiplexed,
untargeted in situ peptide identiﬁcation and quantiﬁcation has
been exploited in two recent studies reported by the Andersson
lab.94,95 Here, IMS was employed to characterize spatial
regulations of prodynorphin peptides in L-DOPA induced
dyskinesia in experimental Parkinsons’s disease. L-DOPA is the
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Figure 5. Imaging mass spectrometry of proteins in neurodegenerative diseases. (a) In experimental Parkinson’s disease, MALDI IMS reveals
decrease of striatal Pep19 levels in MPTP lesioned rats, as veriﬁed by in situ hybridization and LCMS in tissue extracts. (Reproduced with permission
from ref 96. Copyright 2006 American Chemical Society.) (b,c) Analysis of proteins in post mortem human spinal cord using MALDI IMS. (b)
Spinal cord proteins show characteristic distribution patterns that are consistent with anatomical regions, including gray (top panel) and white matter
(lower panel). Here histones (H4, H2B1, H2A1c) as well as ubiquitin (Ubc) and truncated ubiquitin 1−74 (Ubc-T) were found to localize to the
gray matter. In contrast, myelin basic protein shows localization to the white matter (scale bar = 1 cm). Interestingly, ubiquitin and its C-terminally
truncated metabolite Ubc-T show diﬀerent localizations, where Ubc is distributed to the dorsal horn (arrow) compared to Ubc-T beeing more
homogeneously distributed throughout the gray matter. (c) Multivariate statistics reveal signiﬁcant decreases for two protein peaks, including Ubc-T
(m/z 8451) in the gray matter of ALS patients compared to controls18 (scale bar = 1 cm).

The results showed a striatal decrease of Pep19, a neuronal
calmodulin binding protein, which in turn suggested altered
calcium homeostasis that might underlie cytotoxic events in
neurodegeneration. Application of IMS to human material is
particularly challenging, since it is diﬃcult to account for
technical issues that impact sample quality and increase

variation. These parameters include, for example, standardized
sample collection and storage as well as postmortem delay. In a
recent study, postmortem spinal cord sections (thoracic) of
patients that suﬀered from amyotrophic lateral sclerosis (ALS)
were analyzed by means of MALDI IMS.18 Here, characteristic
protein patterns consistent with major histological features
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for example, functionalized surfaces or nanoparticles should
have a major advantage over classical matrix approaches in that
they facilitate detection of low molecular weight compounds
including, for example, neurotransmitters.81
In SIMS, instrumental developments are also needed and a
central focus has been on improving the projectiles for imaging.
The development of cluster ion sources has had a signiﬁcant
impact, since it facilitates analysis of intact biomolecular species.
Currently, a lot of eﬀort has been placed on development and
application of argon cluster ion probes that facilitate even softer
molecular desorption. This should improve analysis of larger
molecular species as well as depth proﬁling to an even higher
degree.46
Analysis is improved with greater sensitivity for imaged
species, and thus, a main concern in desorption ionization
techniques, particularly in SIMS, is ionization eﬃciency. Since
the ionization eﬃciency in SIMS is only about 10−4 (0.01%),
the need for optimization in this area is evident. Sensitivity is
largely impacted by the ionization eﬃciency, especially with
respect to increasing spatial resolution and the static limit in
TOF-SIMS.
In addition to spatial resolution, mass resolution and
identiﬁcation are key parameters. Targeted fragmentation
(MS/MS) has been routinely used for structural identiﬁcation
in MALDI, mostly with a technique called post source decay.
However, post source decay is signiﬁcantly inferior to collision
induced dissociation based MS/MS methods, and MS/MS has
been used sparingly in SIMS.
Technical improvements of appropriate software tools are
badly needed for both MALDI and SIMS for handling the vast
amount of data generated in imaging MS. Today, data handling
in IMS is still mostly at an experimental rather than commercial
level. This area needs to be uniﬁed and made collectively useful,
and to date the commercial aspects seem to be limiting real
progress in this direction.
Imaging mass spectrometry is a powerful alternative and
complementary approach to existing analytical tools commonly
used in molecular biology and clinical research. Using IMS for
studying the spatio-dynamic distribution pattern of molecular
species that orchestrate neuronal function might give further
insight into ongoing fundamental mechanisms of the nervous
system including development, learning, and memory as well as
cognition and behavior. Although the potential of the technique
has been demonstrated successfully, a number of challenges
remain to be addressed in order for the technology to be more
widely used by facilitating its acceptance and awareness in
molecular biology and biomedical neuroscience research in
particular. Importantly, there is still a lack of understanding
between the diﬀerent points of view in analytical chemistry as
well as ion physics on the one side and biomedical and
neuroscience research on the other. One reason for this is the
diﬀerent approaches to the design of experiments. While mass
spectrometry typically has a focus on method development and
proof of principle, neuroscience research is hypothesis driven
and relies on rather conservative techniques to answer the
scientiﬁc questions. In conclusion, imaging mass spectrometry
is a powerful technique with great potential for the investigation
of spatial and temporal aspects of chemical information in
neurobiological systems. Although still in development, this
technique holds the promise for many new applications in
neuroscience research.

were observed (Figure 5b). Moreover, signiﬁcantly decreased
intensities were observed for two previously unknown protein
peaks in ALS compared to controls (Figure 5c). In order to
characterize these unknown peak identities, an extensive
bottom up proteomic approach was employed that was based
on chromatographic separation and fractionation of intact
protein tissue extracts followed by systematic MALDI MS
inspection of collected protein fractions (LC-MALDI) and
subsequent trypsination and LC-MS/MS based identiﬁcation.
With this technique, one of the peaks was identiﬁed as Cterminally truncated ubiquitin (ubc 1−76 and ubc-T 1−74),
where two glycine residues were removed. This points toward
an altered protein turnover in ALS. These ﬁndings highlight the
potential of IMS for studies of peptides and proteins in
neurodegeneration, since in situ diﬀerentiation of C-terminal
truncations cannot be achieved with antibody based techniques
due to limited speciﬁcity. Moreover, this study also points out
one of the major obstacles in IMS of intact proteins, since mass
accuracy and resolution do not permit unequal identiﬁcation of
intact protein peaks and require extensive identiﬁcation and
validation strategies. A further study employed MALDI IMS for
monitoring hippocampal protein changes in a neurotoxicology
experiment on cognitive and systematic eﬀects of neonatal
exposure beta-methylamino-L-alanine (BMAA) in rats.97 The
results showed long-term changes including a decreased
expression of proteins involved in energy metabolism and
intracellular signaling in the adult hippocampus at a dose 150
mg/kg. Developmental exposure to a higher dose (460 mg/kg)
also induced changes in the expression of S100β, histones,
calcium- and calmodulin-binding proteins, and guanine
nucleotide-binding proteins. Interestingly, at this dose, severe
lesions in the adult hippocampus including neuronal degeneration, cell loss, calcium deposits, and astrogliosis were observed
that were not observed for the lower dose. Finally, the
technique has been demonstrated to be a valuable tool for
biochemical characterization of anatomical structures in the
brain. Here, the potential of MALDI IMS based protein
mapping has been exploited for establishing a novel structural
deﬁnition of the claustrum and the insula.98 G-protein gamma 2
subunit (Gng2) was detected as novel claustrum speciﬁc
protein marker, which in turn revealed that the claustrum
projects to cortical but not subcortical sites.

■

CHALLENGES AND PERSPECTIVES
A central aspect in using IMS for biological studies is its
relatively low throughput. With an appropriate study design,
including a suﬃcient number of biological and technical
replicates, utilization of this technology generates a tremendous
workload. Of course, IMS oﬀers the possibility to monitor
hundreds of molecular species in parallel; however, this leads to
a high quantity of data. Given the large number of potential
sources of variation, acquisition of reproducible, high quality
data poses a major challenge. This in turn puts high demands
on standardized sample collection, preservation procedures,
and sample storage in order to minimize variation. In MALDI,
the laser absorbing matrix is key to its success, but it is also a
limiting factor. Hence, development of alternative more
reproducible matrix application methods and even matrix free
approaches is a central objective in IMS method development.
While there have been exciting approaches for matrix free laser
desorption ionization imaging, their suitability for large scale
IMS experiments have so far not been demonstrated and
require further investigation. Matrix free approaches based on,
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