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Abstract

Matrix-assisted laser desorption/ionization(MALDI) mass spectrometry (MS) is a rapid and
sensitive analytical method that is well suited for determining molecular weights of peptides and
proteins from complex samples. MALDI-MS can be used to profile the peptides and proteins from
single-cell and small tissue samples without the need for extensive sample preparation.
Furthermore, the recently developed MALDI imaging technique enables mapping of the spatial
distribution of signaling molecules in tissue samples. Several examples of signaling molecule
analysis at the single-cell and single-organ levels using MALDI-MS technology are highlighted
followed by an outlook of future directions.

Keywords

Neuropeptides; Mass spectrometric imaging; MALDI-MS; Direct tissue profiling; Single-cell
measurements

Introduction

The complexity and plasticity of synaptic connections within the nervous system provides
the molecular basis for production of behaviors. Thus the knowledge of signaling molecules
involved in synaptic function and their mechanism of action is essential for understanding
how the nervous system regulates physiological processes. A growing body of evidence has
shown that neuropeptides, which are one of the most diverse classes of signaling molecules,
are central to many physiological processes and behaviors, such as feeding, stress,
reproduction, and many others [1, 2]. There has therefore been a long-lasting interest in
characterizing these molecules and determining their bioactivities in neural circuits.

Because the mammalian nervous system is extremely complex, the study of neuropeptides
and their functions at the cellular and circuit levels has been performed with simple model
organisms such as arthropods. For example, the crustacean stomatogastric nervous system
(STNS) consists of several linked, motor-pattern-generating networks that produce
coordinated motor output, which provides an excellent platform for studying neuropeptide
activities [3]. Furthermore, many neuropeptide families have structurally related homologs
in vertebrates, and increasing evidence suggests that many of the signaling molecules and
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pathways underlying complex behaviors are conserved across species. Thus the study of
arthropod models may also provide useful insights for a better understanding of the nervous
system in vertebrates including mammals.

In the early days, characterization of neuropeptides was achieved by extensive
chromatography separation coupled with Edman degradation, which requires a large amount
of sample material to start with. The development in biological mass spectrometry
dramatically accelerates the pace of neuropeptide discovery. In this process, the matrix-
assisted laser desorption/ionization (MALDI) type of instrument provides several unique
advantages: (1) compatibility with complex sample background with high tolerance for
physiological salts and impurities; (2) minimum sample amount is required (nano- to
picomolar level); (3) high chemical specificity; (4) MS/MS capability enables de novo
sequencing of novel peptides; and (5) fast acquisition and straightforward data
interpretation. Thus MALDI-MS can be used to directly profile neuropeptide content from
tissue samples of interest without tissue extraction and separation. When coupled with gas-
phase fragmentation techniques, such as post source decay (PSD) and collision induced
dissociation (CID), neuropeptide discovery can be achieved at the single-animal, single-
organ, or even single-cell level [4, 5]. Furthermore, the recent development of MALDI
imaging technique enables mapping of neuropeptide distribution in complex organs, which
provides comparable chemical information as immunohistochemistry.

Tissue-based MS strategies

For neuropeptide profiling, especially single-cell analysis, careful tissue dissection and
single-cell isolation are crucial to the quality of the acquired mass spectra.
Micromanipulation techniques using micro glass capillary or small diameter glass
micropipette are involved to isolate the cells and transfer them to the sample plate (Fig. 1)
[6]. After certain sample preparation steps, a single cell or small piece of tissue is covered
with a small droplet of matrix solution before MS analysis.

Sample preparation plays a pivotal role in obtaining quality mass spectra from samples as
complex as biological tissues. The physiological salt concentrations associated with neurons
from marine specimens or saline solution used for dissection interfere greatly with MALDI
analysis. Extracellular salts and physiological saline can be removed in a stepwise fashion
by spot-to-spot cell transfers to a fresh matrix drop on the sample plate [7]. An alternative
simplified preparation method involves replacing the physiological saline with the 2,5-
dihydroxybenzoic acid (DHB) matrix solution during dissection, so that the salt removal
occurs simultaneously with neuronal isolation. For direct tissue analysis, rinsing samples
firstly in acidified methanol followed by dilute DHB (10 mg mI~1) aqueous solution was
reported to efficiently remove physiological saline and extract the neuropeptides from the
cells for sensitive MS detection [8].

The emerging mass spectrometric imaging (MSI) technique is another tissue-based MS
analysis method, which reveals spatial distribution of analytes. As shown in Fig. 1, mass
spectra are acquired according to a predefined Cartesian grid. This array of mass spectra is
then processed into a cohesive image where each pixel contains the data from the
corresponding spectrum. This technique can simultaneously generate numerous ion density
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maps with high chemical specificity. MSI provides the information on spatial distribution of
target molecules which will be completely lost through pooling and homogenization
required by most of the solution-based MS analysis techniques. Table 1 highlights examples
of various tissue-based MALDI-MS analysis of neuropeptides in a wide range of model
organisms.

Profiling of neuropeptides in single cells

The study of individual identified cells is extremely valuable for neuropeptide discovery,
since fewer analytes are present in the cell compared to tissue extract, which simplifies the
analysis. Furthermore, it is also important for the purpose of studying chemically
heterogeneous nervous system where adjacent cells can use a distinct set of neuropeptides
during intercellular communication. The knowledge of neuropeptide complements at the
single-cell level is often critical to understand the interplay of signaling molecules involved
in cell-cell communication and system-generated behaviors.

Mollusk serves as a good model system for the development of improved sample preparation
techniques for single-cell analysis because their neurons are relatively large and their
simpler nervous systems ease the dissection procedure and related sample handling
techniques for MS detection. To date, various freshwater and marine species have been
studied, including Lymnaea stagnalis, Aplysia californica, and Aplysia vaccaria, to name a
few [9-12] (Table 1). With the development of sample preparation methods and the
advancement of MS instrumentation, many more organisms have been studied by using
singlecell analysis in recent years, such as individual insect neurons [13, 14] and mammalian
cells [15]. In addition, using vesicles from the exocrine atrial gland of Aplysia californica as
a model, Sweedler and coworkers reported the detection of a wide range of bioactive
peptides within individual vesicles (1-2 um)[16].

Direct tissue analysis

In addition to mass spectral analysis of single cells or organelles, various studies have been
published on the analysis of neuronal clusters or neuroendocrine tissues. This method is
widely used to obtain a snapshot of neuropeptide contents in a target organ with minimal
sample handling and preparation, and is particularly useful for smaller cells that are difficult
to isolate. As shown in Table 1, extensive applications have been found in the analysis of
neuropeptides from decapod crustaceans, where tissues isolated from multiple neuronal
organs of different crustacean species were analyzed directly using MALDI-based
instrumentation. Both MALDI-TOF/TOF and MALDI Fourier transform mass spectrometers
(FTMS) have been utilized, with the latter offering high mass accuracy and high resolving
power for neuropeptide analysis. While MALDI-TOF/TOF generally provides better
sensitivity for low-level signaling peptide analysis, MALDI-FTMS instruments offer unique
ion trapping and storing capability. This feature enables the use of an in-cell accumulation
technique to improve the detection sensitivity of complex tissue samples [8, 17, 18]. In
combination with in situ fragmentation reactions offered by each instrument, the peptide
identities can be directly determined from minute quantities of tissue samples. Figure 2
shows a representative mass spectrum of a piece of Cancer borealis brain tissue acquired on
a MALDI-TOF/TOF instrument. Numerous neuropeptides from several different families
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are identified. The high energy CID fragmentation capability of MALDI-TOF/TOF provides
abundant and informative sequence-specific fragment ions from selected peptides for
sequence assignment.

MALDI imaging of neuronal tissues

MSI is a valuable technology because the location of biologically active molecules is often
related to their functions. Furthermore, MSI has emerged as a powerful tool to investigate
expression changes that occur as a result of normal cognitive functioning or development.
Over the last decade, numerous developments in sample preparation and instrumentation
have been achieved to improve the quality and spatial resolution of the MALDI imaging
technique. For sample preparation, glycerol stabilization was reported to offer acceptable
preservation of cell morphology and prevention of neuropeptide redistribution [19]. To
achieve better MSI sensitivity, thinner tissue sections have been shown to provide better
detection sensitivity [20]. Depositing a thin layer of gold on the tissue surface was shown to
increase the signal intensities for the peptide detection [21]. The development of solid ionic
matrix was also of great success. The ionic matrix made from conventional MALDI matrix
with organic bases (e.g., aniline) was demonstrated to provide better spectral quality, more
homogeneity of crystallization, and better resistance to laser irradiation [22]. Although the
resolution of the MSI technique is often limited by the diameter of laser beams that are
coupled with most MALDI-MS (100 um), a novel technique was recently reported to enable
imaging of features smaller than the laser beam size by complete ablation of the MALDI
matrix coating the sample at each sample position and moving the sample target at a
distance less than the diameter of the laser beam before repeating the process [23].

MALDI-MSI has been extensively used for studying the localization of proteins [24] or
pharmaceuticals [25, 26] in tissue. More recently, the use of MSI to map the distribution of
neuropeptides has gained increased attention. As an example, direct molecular imaging of
nervous tissue from the freshwater snail Lymnaea stagnalis at subcellular spatial resolution
was achieved by using matrix-enhanced SIMS [27]. Recently, both SIMS and MALDI
imaging were applied to study the distribution of neuropeptides, lipids, and small molecules
in rat spinal cord, and several neuropeptides were detected to be colocalized, such as
substance P and somatostatin-14 [28]. MSI has also been used to profile the neuropeptides
present in neuronal ganglia in Aplysiaand to compare peptide contents of the cell bodies
and the neuronal processes (neurites) in isolated Aplysia neurons [19, 29]. Additionally,
MALDI imaging has been employed to study the differential distribution of multiple
neuropeptide families in the brain and a neuroendocrine structure pericardial organ from the
crab Cancer borealis[30]. In a recent report, Chen et al. introduced a simple three-
dimensional MALDI imaging technique to establish a detailed description of neuropeptide
localization in the crab brain, which showed great correlation with the morphological
structures [18]. Figure 3 shows representative MALDI images of neuropeptides in
crustacean neuronal tissues, including brain and pericardial organ, which shows differential
distribution of neuropeptides from different families.

Traditionally the spatial localization and relative amounts of bioactive peptides are
visualized with immunostaining or in situ hybridization techniques. Immunostaining uses
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fluorescent dye, enzyme, or radioactive compound linked to antibody to probe the target
protein or peptides of interest in the tissue. It has the advantage of excellent sensitivity and
high spatial resolution; however, specific antibodies are needed to identify and localize the
peptides. Immunostaining also lacks specificity if multiple neuropeptides cross-react with
the antibodies. For in situ hybridization, a nucleotide probe binds or hybridizes to the target
gene transcript and is visualized. Thus, prior knowledge of nucleotide sequence is necessary.
MSI is more flexible than immunostaining or in situ hybridization because the peptides of
interest do not need to be preselected. The sample preparation of MSI is also relatively
simple without the need for extensive washing and fixation. Furthermore, numerous target
molecules with diverse chemical structures can be analyzed simultaneously, and their
colocalization patterns can be visualized readily that yield valuable information regarding
possible interactions among different neuropeptides.

MALDI-MS has been utilized to analyze many different types and sizes of tissue samples
ranging from individual organelles to large tissue sections. In combination with multiple
fragmentation techniques, such as PSD and CID, this methodology can be used to discover
novel neuropeptides directly from extremely small amounts of samples and localized
regions. Furthermore, using MALDI imaging technology, one can resolve the spatial
distribution of neuropeptides simultaneously, which may provide further insight into
understanding of the functions of target molecules. We expect more exciting applications of
these tissue-based mass spectral techniques to the study of a wide range of model organisms
in the coming years, which will accelerate the discovery of novel neuropeptides and expand
our knowledge of their biological functions. Several aspects that will impact these
applications are highlighted below.

In situ chemical derivatization—With the advancement of tandem mass spectrometric
techniques, one can determine the amino acid sequence of a peptide of interest via gas-phase
MS/MS fragmentation directly from tissue samples [4, 5]. However this task is typically
more difficult compared to the analysis of pooled tissue extract using an ESI type of
instrument, partially due to the complex nature of tissue samples and low abundance of
peptide(s) of interest. This problem may be alleviated by chemical derivatization, such as
reductive dimethylation, esterification, to name a few, which have been developed and
widely used in proteomics and peptidomics studies. These simple derivatization reactions
help to improve ionization and fragmentation efficiency and thus the quality of resulting
MS/MS spectra. Recently, Franck et al. reported that sulfonation of the N-terminus of tryptic
peptides helped to improve on-tissue identification of proteins by enhancing fragmentation
[31]. By using appropriate derivatization reagents, it is possible to achieve higher sensitivity
for MALDI detection, and it is also practical to get better MS/MS spectra by reducing the
formation of internal fragments and enhancing sequence-related ions.

Microscale separation—Strategies employing microscale extraction and separation are
attractive to further improve the sensitivity of neuropeptide analysis in the organ and cellular
domains. For example, capillary electrophoresis has been demonstrated for the analysis of
single-cell and single-organ extracts with improved dynamic range and spectral quality
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compared to crude samples [32, 33]. Furthermore, microcolumn liquid chromatography
coupled with MALDI-TOF-MS was also reported to improve the analysis of peptides in
single neurons [34].

Quantitation—Obtaining quantitative information of signaling molecules especially in
single cells or a localized region is crucial to understanding their functions. It is well known
that the signal intensity generated on MALDI-MS is often affected by the sample
background and biological matrix. However, when the experimental conditions are carefully
controlled and normalization is properly performed, valuable information can be obtained
regarding to the relative abundance of certain peptides present in different samples, which is
often referred to as a semiquantitation technique. Jiménez et al. conducted several studies on
the application of MALDI-TOF-MS for (semi)quantitative, label-free profiling of single
cells and neuroendocrine tissues in the freshwater snail Lymnaea stagnalisand rat [5, 35—
37]. The levels of several neuropeptides were observed to be greatly changed between
different neurons or under different physiological conditions. For more accurate
measurement, a technique via in-cell combination of isotopically labeled ions with MALDI-
FTICR instrumentation has been developed, enabling quantitation of two separate tissue
samples [38]. Recently, Rubakhin et al. adopted stable isotope labeling with ab- and aj-
succinic anhydride and iTRAQ (isobaric tagging reagents for relative and absolute
quantitation) for quantitative microanalysis of peptides in individual Aplysia californica
neurons and small pieces of tissues. Absolute quantitation was also achieved by standard
addition [39].The potential application of these methods to quantitatively measure
neuropeptides directly from individual neurons or tissue samples could have great impact.

Single-cell sampling—For single-cell profiling, microscale dissection is usually the most
challenging aspect, especially for smaller and tightly packed neurons. Recently, a novel
massively parallel sample preparation technique has been developed to generate single-cell-
sized samples for mammalian brain sections using beads embedded in Parafilm [40]. A laser
capture microdissection technique was also developed and used to harvest a small number of
cells from complex tissue sections [41]. These continued technique improvements coupled
with development of modern MS instruments will further accelerate our pace of
neuropeptide study and significantly expand our knowledge about cell-to-cell signaling.
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Fig. 1.

O\g/]erview of tissue-based mass spectrometric analysis strategies for neuropeptide discovery
and distribution study. First, the tissue is dissected from the animal. For single-cell or direct
tissue analysis, the sample can be rinsed to reduce salt content and then placed on the
MALDI target. MALDI matrix is then deposited onto the surface of the tissue by the dried-
droplet method before MS analysis. MALDI imaging can be used to study the distribution of
neuropeptides in larger and more complex organs, such as the crab brain. The organ is
sectioned via a cryostat and thaw-mounted on the MALDI plate. MALDI matrix is coated by
using an airbrush or automatic matrix spotter, and then mass spectra are acquired in a raster
mode using predetermined step size. After data are processed by imaging programs, ion
images of specific neuropeptides can be recovered by plotting the peak intensities in the
mass spectra with the x, y coordinate of each spot
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Fig. 2.

Dig:ect analysis of a piece of Cancer borealis brain tissue using MALDI-TOF/TOF. a The
mass spectrum shows numerous identified neuropeptides from several different families,
which are labeled with their corresponding peptide sequences. Peptides from different
families are indicated with different colors. FaRPs, FMRFamide-related peptides; CabTRPs,
Cancer borealis tachykinin-related peptides. In situ CID fragmentation enables peptide
characterization directly from tissue sample: b APSGFLGMRa (m/z934.5), and ¢
NFDEIDRSGFGFA (mlz1474.7). The presence of b- and y-type fragment ions is indicated
by horizontal lines above (y ions) or below (b ions) the corresponding amino acid residues in
the peptide sequence in each spectrum
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Fig. 3.
MALDI mass spectrometric imaging of neuropeptides in two neuronal organs from Carncer

borealis. a MALDI images of three different neuropeptide families in the brain, including
two RFamide isoforms on the fop panels, crustacean tachykinin-related peptide (CabTRP 1a)
and an orcokinin peptide from /eftto right on the bottom panels. MALDI-MS images of
select peptides demonstrate colocalization of members of the same neuropeptide family as
well as exceptions to this trend. The amino acid sequence and mass to charge ratio of each
peptide is labeled in each image. b MALDI images of three different neuropeptide families
in pericardial organ (PO), including A-type allatostatin, FaRP, Arg-Tyr-amide (RYamide)
peptide from /eftto right. Peptides from different families show differential distribution
patterns in PO
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