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Abstract
Neuropeptides are a diverse set of complex cell-cell signaling molecules that modulate behavior,
learning and memory. Their spatially heterogeneous distributions, large number of post-translational
modifications, and wide range of physiologically active concentrations make their characterization
challenging. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometric imaging is
well-suited to characterizing and mapping neuropeptides in the central nervous system. Because
matrix application can cause peptide migration within tissue samples, application parameters for
MALDI typically represent a compromise between attaining the highest signal quality and preserving
native spatial distributions. The stretched sample approach minimizes this tradeoff by fragmenting
the tissue section into thousands of spatially isolated islands, each ~40 microns in size. This inhibits
analyte migration between the pieces and, at the same time, reduces analyte-salt adduct formation.
Here we present methodological improvements that enable the imaging of stretched tissues and reveal
neuropeptide distributions in nervous tissue from Aplysia californica. The distributions of known
neuropeptides are shown to correspond with previous immunohistochemical results, demonstrating
that the stretched imaging method is well-suited for working with easily redistributed molecules and
heterogeneous tissues, and reduces adducts from physiological salts.

INTRODUCTION
In contrast to many imaging methods, using mass spectrometry (MS) to image thin tissue
sections allows acquisition of both chemical and spatial information without the need to
preselect the analyte of interest. Matrix-assisted laser desorption/ionization (MALDI), a soft
ionization technique, is suitable for mass spectrometric imaging (MSI) due to its high
sensitivity and ease of interpretation; most peptides and proteins are ionized as intact molecular
ions. Although tandem MS may be used to discover the sequences of unknown analytes, the
high specificity of MS is often sufficient to identify analytes directly by mass matching in
specific tissues where the identities of many analytes have already been determined.1, 2
MALDI-MSI has been used to identify and map analytes in neuronal samples3 containing
diverse classes of lipids,4 signaling peptides,5 hormones,6 and alternatively spliced forms of
proteins.7 Recently, such studies have revealed the distinct localizations of several
neuropeptides in the white and gray matter of rat spinal cord,8 allowed classification of
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tumorous gastric tissue from human patients,9 and produced two- and three-dimensional
molecular ion maps of neuropeptide distributions in the Jonah crab brain.10

Compared to their mammalian counterparts, invertebrate models such as Aplysia californica
have morphologically simpler nervous systems, enabling a more refined focus on the
mechanisms of neural plasticity underlying learning, memory, and complex behaviors.11, 12

In addition, the peptide content of many of the large, reliably identifiable Aplysia neurons has
been characterized,2, 13, 14 facilitating validation of the results of MSI experiments.
Nonetheless, despite the relative structural simplicity as compared to the mammalian CNS,
Aplysia CNS tissue samples are biochemically complex and present a number of analytical
measurement challenges. For example, the abdominal ganglion has numerous areas where
adjacent peptidergic neurons contain unique sets of peptides expressed in varying amounts.
14, 15 Furthermore, the low amounts of some neuropeptides and/or peptides expressed only in
a few neurons can be difficult to measure by MS for large tissue areas or for a whole tissue
homogenate, especially in the presence of more abundant peptides.16 Thus, MSI of neuronal
samples requires both low detection limits and high spatial resolution.

It is during the matrix application step in traditional MALDI-MSI experiments that meeting
these two prerequisites often involves a compromise. Although longer exposure of the sample
to MALDI matrix improves peptide signals by allowing better analyte extraction and
incorporation into the matrix, it reduces the quality of the resulting MS imaging by allowing
analyte redistribution in tissue wetted by the matrix solution.15, 17 The formation of large matrix
crystals over the area containing multiple cells also occurs, preventing more detailed
localization than the size of individual matrix crystals. Spatial resolution can be improved by
instrumentation advances such as enhanced ion optics.18 However, limitations resulting from
sample preparation and matrix application are not addressed by enhancements to
instrumentation. Several approaches that add matrix to tissues using sprayers and droplet
generators can address several of these issues,19-21 but the compromises mentioned above still
remain.

With the stretched sample method,15, 22 we have eliminated the signal and spatial resolution
tradeoff issue in imaging experiments. A thin tissue slice is placed on a monolayer of beads
embedded in a stretchable membrane. The membrane is then stretched, fragmenting the tissue
into thousands of nearly single cell-sized pieces that strongly adhere to each bead. After
stretching, the spatial separation of the beads/tissue pieces by the intervening hydrophobic
membrane allows longer matrix application periods, thereby preventing analyte redistribution
between beads. Providing additional benefit, multiple slow solvent condensation and
recrystallization steps reduce relative signal intensities of inorganic ion adducts in the resulting
spectra, even in the presence of high physiological salts.23 Recent findings24, 25 demonstrate
that use of the Parafilm M membrane in MALDI-MS experiments as a surface for analyte
deposition and detection can result in increased sensitivity of neuropeptide detection while
appropriate membrane treatments significantly increase membrane stretchability.

However, the stretched sample approach can be hampered by nonuniform stretching of the
membrane, so that reconstruction of ion images at the original bead positions is not a
straightforward process. Thus, prior reports have focused on tissue profiling and the imaging
capabilities of this sample preparation approach have yet to be validated. In contrast to standard
tissue imaging, the bead locations are not in an ordered array. To achieve tissue imaging, the
stretched sample approach has recently been adapted to include computational methods that
realign the positions of the molecular ion signals acquired from stretched samples with their
locations in the original intact tissue sections.22 These reconstructed ion images from stretched
samples can then be co-registered with the original sample morphology. Also, a recent
enhancement in image acquisition speed is accomplished via automated data acquisition—at
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the individual bead locations—using sample-tailored geometry files to determine at what
locations to acquire spectra. This suite of computational methods22 has been applied to profile
small numbers of peptide-coated beads.

Here we further refine and optimize the stretched imaging method to enable MALDI-MSI of
thin tissue sections from the Aplysia CNS. Several computational and experimental
improvements are made that now allow imaging of stretched biological tissues. We have
developed new protocols and applied them to MS imaging of the Aplysia ganglia. Importantly,
the peptide content of numerous cell populations in the abdominal ganglion has been
characterized by traditional molecular biology and immunohistochemical approaches,
providing validation of the MS imaging results. Although two other ganglia used in this study,
the pleural and pedal, are widely used neurobiological models for studying neural plasticity,
26, 27 they are less well-characterized biochemically, and thus present an opportunity for
MALDI-MSI analysis of neuropeptide diversity and localization.

EXPERIMENTAL
Parafilm M Substrate Preparation

Hexagonally closest packed bead monolayer substrates on Parafilm M (Pechiney, Neenah, WI)
were prepared containing both blue and clear beads as previously reported.22 Creating
substrates that are appropriate for work with Aplysia ganglia sections requires ~10 mg of 40-
μm diameter glass beads for an ~1 cm diameter monolayer. An optical image of the entire bead
substrate is then taken using a light microscope (Leica Microsystems, Bannockburn, IL). The
positions of the beads in the initial (before stretching) sample image are determined via light
thresholding as described previously22 using ImageJ (version 1.38, http://rsb.info.gov/ij) with
the Colour Thresholding plugin.

Tissue Preparation
Aplysia californica were obtained from Charles Hollahan (Santa Barbara, CA), kept in an
aquarium until use, and anesthetized with an injection of isotonic MgCl2 solution equal to 50%
of the animal’s body weight.15, 28 The abdominal ganglion, with the attached pleural-
abdominal connectives and the pleural-pedal ganglia, were isolated and stored in artificial sea
water (ASW) containing (in mM): 460 NaCl, 10 KCl, 10 CaCl2, 22 MgCl2, 6 MgSO4, and 10
N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) (pH 7.8).15

Before sectioning, a solid block of agarose gel was created by pouring a heated saturated
solution of agarose IV (Sigma-Aldrich, St. Louis, MO) into a Petri dish where it solidified.
The agarose block was freeze-mounted with a few drops of water added onto an HM 550
microtome (Microm International, Walldorf, Germany) sample stage, and a smooth surface
aligned to the cutting plane was created with the microtome by sectioning through the top layers
of agarose. The abdominal ganglion was oriented on top of the newly created surface by holding
and moving the pleural-abdominal connectives with forceps. A small amount of deionized
water was added to the sample to improve freeze-mounting. Tissue sections of 10 μm thickness
were cut at −20 °C using the microtome. A Parafilm M bead substrate at room temperature
was placed above the tissue slice positioned on the metal microtome section stage surface and
manual pressure was applied using the wooden handle end of an artist’s brush. The relative
orientation of the sample on the bead substrate, in comparison to the orientation of the ganglia
on the cutting stage, and the perimeter of the sample edges are marked with a marker on the
back side of the Parafilm M layer. To allow maximal analyte extraction while the sample is
still partially wet and to reduce bead clumping, the samples were immediately manually
stretched and placed onto conductive indium tin-oxide (ITO)-coated glass slides. The excess
Parafilm M was manually torn off the glass slide edges, followed immediately by coating with
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MALDI matrix. In addition, adjacent intact serial tissue slices were placed on a glass slide and
optical images were taken.

MALDI Matrix Application, Condensation, and Metal Coating
Samples were coated with 30 mg/mL of 2,5-dihydroxybenzoic acid (DHB) (Sigma-Aldrich)
matrix solution in 50:50 acetone:water. Coating was done with an artist’s spray brush (Thayer
& Chandler, Kenosha, WI) at a distance of ~30 cm in eight brief (~1 s) passes followed by
drying for 1–2 min. The extent of drying and matrix accumulation was visually monitored
during drying periods using light microscopy. Total matrix application time was about 15 min
per sample. The samples were then rehydrated using a laboratory constructed humidity-
controlled chamber equipped for automated thermal cycling of the sample adapted from our
previously reported protocol.15 The new system consisted of a Peltier device (Ferrotec,
Bedford, NH), a temperature controller with a panel interface (Ferrotec Bedford, NH), a
thermistor (Ferrotec, Bedford, NH), a water-cooled heat sink (D-Tek Customs, Mission Viejo,
CA), and a DC power supply. The Peltier device was controlled with a temperature cycle
program via the FTC1000 software package (Ferrotec, Bedford, NH). The relative humidity
of the chamber was adjusted to 85–95% with the sample placed on top of the Peltier device.
The thermal cycling program was then initiated: the sample was cooled over 60 s to 14 °C and
then held at 14 °C for 90 s, then warmed over 60 s to 28 °C and then held at 28 °C for 150 s.
This cycling was repeated 3 times (~18 min) and then the temperature was held at 28 °C until
the sample was completely dry. Throughout this process the sample could be visualized in real
time using a CCD camera (DFW-X700, Sony, Tokyo, Japan) attached to a 7× zoom microscope
(Edmund Optics, Barrington, NJ) to ensure that water pooling did not occur. After
condensation, to increase signal obtained from the tissue and to reduce surface charging during
imaging, the stretched sample surface was sputter-coated with a mixture of gold and
paladium29, 30 for 15 s with a DESK II TSC turbo sputter coater (Denton, Moorestown, NJ).

Geometry File Creation for Automated Data Acquisition
In contrast to the previous method,22 which used a 1 mm calibration bar to calibrate pixel
spacing, the new method described here uses laser-melted holes in the membrane to create a
spatial calibration grid. The MALDI laser repetition rate was increased to 200 Hz at maximal
laser power to melt beam-sized holes in the membrane at a regular array of positions, as
specified in the MTP Slide Adapter II geometry file, included in the Bruker FlexControl 3.0
software (Bruker Daltonics, Billerica, MA). Subsequent to matrix application and melting of
holes in the membrane, optical images were taken of the stretched sample and the bead positions
were located via light thresholding using ImageJ and the Colour Threshold plugin, as described
previously.22

With a new in-house written Java code (available at
http://www.neuroproteomics.scs.uiuc.edu/imaging.html), the pixel coordinates of the beads in
the stretched sample image are converted directly into the fractional distance coordinates that
are used in the Bruker geometry file format. The distance between each melted hole in the
regular array is 0.0870 fractional distance units, as determined from the Bruker MTP Slide
Adapter II geometry file, and the scaling is determined by dividing this value by the average
distance in pixels, as measured in ImageJ, between the melted holes of the array in the stretched
sample image (Eq. 1). The scaling is multiplied by the X and Y pixel coordinates corresponding
to each bead to give the bead location in fractional distance coordinates (Eq. 2).
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(1)

(2)

Besides scaling, the origin must be matched between the two coordinate systems by taking
screen images in FlexControl of the melted holes and matching these visually with the holes
in the stretched sample image to determine their pixel coordinates. It should be noted that the
spatial accuracy of the geometry file alignment with bead positions decreases with the distance
from the origin of the geometry file; this is due to the imprecision of coordinate system scaling.
Therefore, multiple origins, called anchor points, are used to create four coordinate origins
spaced throughout the sample. Bead positions in the geometry file are then calculated from
their nearest anchor point.

Automated data acquisition is done at the locations of the individual bead positions using the
sample-tailored geometry files with the AutoXecute function of FlexControl on an Ultraflex
II TOF-TOF mass spectrometer (Bruker Daltonics) equipped with a solid-state UV laser and
operated in positive ion mode. The laser repetition rate was set at 50 Hz with 100 repetitions
at each bead location. Mass calibration was done in FlexControl with the aid of diluted Peptide
Calibration Standard II (Bruker Daltonics) spotted onto the Parafilm M surface and mixed with
MALDI matrix before the start of the imaging run. The total acquisition time for imaging the
stretched abdominal ganglion sample containing 1839 beads was 2.3 h, and 5.4 h for the pleural-
pedal ganglia sample of 4277 beads. The area of the imaged beads that contains tissue is smaller
than the area of the total number of beads used in each experiment.

Image Reconstruction
Before image reconstruction, the data is processed and converted into a text file format, which
is read by the in-house written Java code used to produce reconstructed ion images. Raw Bruker
fid spectrum files from the imaging run were converted into text files as previously reported.
22 The in house-written MATLAB, version 7.2, R2006a (The MathWorks, Natick, MA),
wrapper code for batch conversion of mzXML files into text files was modified to include
baseline subtraction of each spectrum with the msbackadj.m function31 from the
Bioinformatics Toolbox 3.0, and to smooth each spectrum with the mslowess.m function, using
the default processing parameters. The msbackadj.m function estimates the baseline through
a moving window of 200 data points in width followed by regressing the baseline to the
estimates with a spline approximation. The mslowess.m function smoothes spectra through a
locally weighted linear regression with a linear polynomial fitting with a moving window of
10 data points in size.

Image reconstruction using a free transform process and plotting of ion images is done as
described previously22 with the aid of an in-house written Java code
(www.neuroproteomics.scs.uiuc.edu/imaging.html). Resulting ion images present two-
dimensional plots of the distribution and intensity of the analytes of interest, determined by
taking the maximum signal intensity value selected from each analyzed mass spectrum within
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a 2 Da window surrounding the targeted m/z value. For the resulting reconstructed abdominal
ganglion images, a rotation of five degrees is necessary so that the signals originating from the
left upper quadrant, specifically the LUQIN peptide (m/z 1200), used here as a marker peptide,
are aligned with the expected biological location. This ensures that the ion image is co-
registered with the orientation of the optical image of the adjacent serial tissue slice.

RESULTS AND DISCUSSION
To enable tissue section imaging, several improvements to the stretched imaging approach are
described, including modified matrix application, methods for tracking tissue orientation, and
a more accurate geometry file creation process. Sampling optimization includes the use of solid
agarose surfaces aligned to the sectioning plane for tissue positioning and sectioning, and metal
coating of samples to reduce surface charging. Lastly, a method for spectra batch processing
facilitates peak picking in low quality spectra. These improved MSI protocols are then validated
by comparing MS images of neuropeptide distributions in the Aplysia nervous system with
previously published neuropeptide distribution maps.

The first step is to form the bead monolayer on the stretchable membrane substrate, which is
placed between the surface of two glass slides to spread the beads over the membrane. To more
effectively create a hexagonally packed bead monolayer on the Parafilm M layer, slight manual
pressure is created against the membrane using an index finger moving in a circular motion.
Too great a force results in formation of bi- or trilayers of beads and deformation of the Parafilm
M sheet. Excess beads on top of the bead monolayer are removed with a stream of nitrogen
gas, followed by another application of more intense manual pressure to embed the beads,
ensuring a stronger mechanical contact between beads and the Parafilm M.

Improved results are achieved if the tissue section is stretched immediately after it is loaded
onto the bead array surface while the tissue is still wet. Immediate stretching of an elastic wet
tissue sample enhances fragmentation15 and reduces tissue/bead clumping that can occur in
dried Aplysia ganglion sections (see Figure 1). Uniform tissue fragmentation, without bead
clumping, is necessary for successful image reconstruction. In addition, immediate application
of MALDI matrix after the tissue sectioning and fragmentation steps, while the tissue is
partially wet, improves the quality of molecular ion signals. This may be due to increased
analyte extraction efficiency from wet tissues. The shorter the timeframe between sample
preparation and placing it on the membrane, stretching, and matrix application, the greater the
likelihood of generating high quality images. Therefore, we take the required optical image of
the bead-loaded, pre-stretched membrane before the tissue is applied to the bead surface, rather
than after.

Continuous tracking of tissue orientation inside the microtome cryochamber while sectioning,
during transfer to the bead substrate, and during stretching, maintains the tissue alignment.
This alignment allows comparison of the resulting ion images with the morphological features
in the optical images of adjacent tissue sections. Previously,15 we embedded the sample onto
a piece of Aplysia buccal muscle for more repeatable sectioning of unfixed tissues.
Unfortunately, this approach was slow and limited our ability to perform quick positioning and
orienting of the tissue in the desired sectioning plane. We now create an agarose surface aligned
with the plane and place tissues on top of this surface. Pressing the bead substrate onto the
tissue slice located on the cold microtome sample stage, instead of the original approach of
transferring the tissue to the bead substrate with an artist’s brush,17 allows the sample
orientation to be tracked and marked on the membrane. A room temperature bead substrate
that is warmer than the tissue facilitates complete transfer of the sample onto the bead array.
Labeling of the sample orientation and its perimeter with a marker on the back of the membrane
is followed immediately by sample stretching. The perimeter markings aid in placing the
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appropriate section of the stretched Parafilm M membrane containing the sample onto the glass
slide after stretching.

During matrix application, the use of a light microscope to observe both the quality of MALDI
matrix crystal coverage and the drying process in between successive spray coatings effectively
guides the matrix application process. A further increase in relative intensity of analyte signal
can be achieved by assuring that the sample is conductive, thus eliminating buildup of electrical
charge on the sample surface. This is done either by placing the stretched sample onto ITO
glass slides or coating the sample with a thin layer of metal.29 Samples that used both
treatments, the conductive ITO slide and metal coating, were found to result in only slightly
better analyte signal than either approach alone, and so the ITO-coated slides alone were used
here. Using both steps may still be helpful if the Parafilm M membrane has poor contact with
the conductive ITO slide surface.

After melting the guide markers in the Parafilm M surface and MALDI matrix application, and
before creation of geometry files, a transmission mode optical image is taken of the stretched
sample. Taking the bead image in grazing angle incident light helps to illuminate the bead
positions for more effective light thresholding in ImageJ. However, bright light also makes the
melted Parafilm M markers that serve as anchor points less visible. A separate image of the
sample at lower exposure levels was often used to aid in visualizing the holes (Figure 1A).

This new geometry file creation method improves the spatial accuracy of determining the
individual bead locations. In our previous method,22 the value of the pixel scaling had a
precision of several pixels over several millimeters, but had greater errors over longer distances
so that the accuracy of indicating bead positions decreased for larger samples. Here the
conversion is calculated by directly converting pixel coordinates into fractional distance
coordinates using the laser-melted holes in the stretched sample image as the spatial calibration
points. The value of the scaling is more accurately determined, making the geometry file more
accurate over larger areas. Besides determination of scaling, the melted markers are also used
as anchor points between the stretched sample optical image and the Ultraflex II coordinate
system. Even with larger area samples such as in the ~4000 bead pleural-pedal sample
described below, use of several melted anchor points allow the creation of an accurate geometry
file covering the entire sample; here each bead position in fractional distance coordinates is
calculated using the corresponding nearest melted anchor point as the origin.

Data processing is used to improve the quality of the reconstructed molecular ion images. The
quality of analyte signal from each spot depends on many parameters, including the presence
of signal suppression from highly abundant species, the degree of co-crystallization of analyte
and MALDI matrix, and the presence of high concentrations of inorganic salts. It is not
surprising that the peptide signals acquired from tissue fragments located on some beads have
lower intensities and appear in spectra with a range of background chemical and/or digitization
noise. Therefore, the mslowess function in MATLAB is a function that provides local weighted
scatter plot smoothing,32 a linear local regression smoothing operation with a moving window
that effectively reduces noise. The resulting smoothed signals allow more accurate peak
picking by an in-house written Java code. Also, baseline subtraction over separate windows of
200 data points with the msbackadj function31 helps to reduce any influence of varying mass
spectra quality on the quality of the final molecular ion image. Background subtraction is
important in MSI experiments, otherwise a varying background may add noise or even false-
positive analyte detection to ion distribution images. These processing steps can allow peptides
to be detected from spectra that would have appeared to only contain noise.

The spectral quality has been compared between traditional imaging experiments using an
automated matrix application via the ImagePrep (Bruker Daltonics)33, 34 and stretched
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imaging experiments, demonstrating that the recondensation/recrystallization procedure that
desalted intact tissue samples23 also works for stretched tissue samples (Figure S-1 in the
Supporting Information).

How well do these protocols work for the determination of peptide localization within tissue
sections using MALDI-MSI? Because most peptides have yet to be MS imaged at cellular
resolution, we use the Aplysia CNS to validate our approach. The abdominal ganglion, located
in the animal’s visceral body cavity, innervates the peripheral organs of the animal. This
ganglion is a part of the CNS that also contains a group of the head ganglia. The branchial
nerve extending from the abdominal ganglion can be seen in the lower right portion of the
optical image of a serial tissue section in Figure 2A and can be used as a morphological
reference point. Of the three different Aplysia ganglia imaged here, the abdominal ganglion
has been the most thoroughly investigated by physiological,35 molecular biological,36 and
chemical techniques.37-39 The peptide content of numerous abdominal ganglion cells and cell
populations has been reported, including prohormone expression and its post-translational
processing.

Validation of the ion images produced by the stretched imaging method can therefore be
performed via comparison to previously reported in situ and immunostaining results. For
example, neuropeptide Y (NPY) is known to stimulate and regulate food intake in Aplysia, and
has homologous peptides in vertebrates that are associated with stress.40, 41 MALDI profiling
has previously shown localization of NPY to the lower right quadrant on the ventral side of
the abdominal ganglion and possibly to the RG cluster.42 The distribution of ions match the
m/z ratios of NPY in Figure 2B and C-flanking peptide of neuropeptide Y (CPON) in Figure
2C, indicating that both peptides are colocalized to the bottom-central region of the tissue slice,
likely occupied by a portion of the RG cluster where NPY and related peptides were previously
reported.42 In addition, one of the R3-14 prohormone-related peptides that mediates cardiac
output43 is detected in the upper portion of the ganglion (Figure 2D). Signals corresponding
by molecular mass to other R3-14 related peptides are detected in various other locations in
the ganglion (data not shown). This is expected as R3-14 peptides are known to be transported
throughout this ganglion.44 Another example involves the R15 peptides that are encoded by
an alternatively spliced R15 peptide gene,45 which are thought to have broad regulatory
functions, including excitatory effects on heart muscle and coordination of autonomic neural
regulation with escape locomotion.7, 46 R15 peptides are known to be located in the R15 giant
neuron, in the heart exciter neuron RBHE, and in the L9G gill motoneurons, as well as in the
deeply located L40 cell, all of which have extensive projections throughout this ganglion.7
Accordingly, a distribution of ions with m/z values corresponding to those of the R15-
prohormone related peptides are shown in Figure 2E,F. These analytes are colocalized in the
bottom and central regions of the ganglion slice image that correspond to the location of the
R15-peptide expressing neurons. Egg-laying hormone (ELH) originates from bag cell clusters
located at the rostrolateral part of the ganglion, Figure 2G.47 ELH, when injected into an animal,
is sufficient to cause egg laying. The distribution of ions in the slice ion image, mass matching
an ELH-related peptide called delta bag cell peptide, is shown in Figure 2H. The signal, located
at the top of the MS image near the area occupied by bag cell clusters, as well as in other regions
of the image, may result from the presence of these peptides in bag cell neuron projections to
the neuropil, a dense tangle of neuronal processes in the center of the ganglion.48

Figure 3 shows a different set of ion images from the abdominal ganglion; panels A–C show
the MSI results that fit previous published maps of mRNA expression or immunoreactivity for
several known Aplysia prohormones (or for prohormone-related peptides) that are shown in
panels D–F. Pedal peptide is widely expressed throughout the Aplysia nervous system.49 In
the immunostaining results shown in panel D, the dotted circles represent cells with high
immunoreactivity for pedal peptide, matching the distribution of mass-matched ions from panel
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A. However, the filled circles in panel D indicate several cells labeled via the prior
immunostaining where we did not detect the peptide with MSI, perhaps caused by sectioning
of the tissue at an angle that did not appreciably intersect these cell somata. LUQIN peptide,
a peptide that triggers the closing of the renal pore, is located in the left upper quadrant cells,
50, 51 and the ion image of mass matched LUQIN peptide in panel B correlates to the
immunostaining map in panel E. We recently reported the existence and localization of the
feeding circuit-activating peptides (FCAPs),52 which initiate motor activity related to feeding
behaviors. These peptide distributions, studied by in situ hybridization and
immunohistochemistry, are shown to localize in the center of the ganglion on its dorsal side
and in the bag cells,52 as seen in panel F. Ions corresponding to one of the FCAPs were detected
in areas of the tissue slice that correspond to the bag cells but not in the center of the slice
(Panel C). This may be a result of sectioning the ganglion at a layer that did not intersect with
those specific positive cells, or perhaps the concentration of the analytes was below their limits
of detection in those cells.

While the abdominal ganglion provided validation of the stretched imaging method to detect
and properly reconstruct ion images, the pleural-pedal ganglia, which are not as well-
characterized, offer the opportunity to gain new information on the localization of known and
putative peptides using the ion distribution maps obtained with our optimized stretched sample
imaging protocol.

Figure 4A shows an optical image of a serial section of the left pleural-pedal ganglia sectioned
near the dorsal surface. Figure 4B,C shows the distribution of ions m/z 1545 and m/z 1680 that
correspond to calculated molecular ion masses of monoprotonated peptides from the recently
reported novel Aplysia prohormone pleurin (GenBank accession number AY833131). These
images show two possible amidated peptide products from the pleurin prohormone that closely
colocalize, although the distribution of the analyte with m/z 1545 extends slightly more into
the pedal ganglion, panel B. The ion images in panels D–F show putative ions at m/z 1990 and
m/z 1970 in panels D and E that colocalize in the pleural ganglion and in the center of the pedal
ganglion, and an unknown at m/z 1599 in panel F that is localized only to the pedal ganglion.
Ion images are also shown of mass matched peptide distributions that closely align with
previously reported immunoreactivity maps of known peptides from the pleural pedal ganglia
(Figure S-2 in the Supporting Information).

CONCLUSIONS
A set of improved protocols for the stretched sample method have been demonstrated that
enable the imaging of neuropeptides in tissue sections. The analyte distribution images from
ganglia of Aplysia californica are similar to those produced using other approaches. The
stretched imaging approach offers several advantages compared to traditional MS imaging,
such as the reduction of inorganic ion adducts and analyte redistribution during sample
preparation, and the ability to detect and spatially localize low abundant or sparse analytes.
The optimized protocols are easily implemented for imaging tissue sections. Tissue stretching
and profiling has been demonstrated on mammalian spine and other tissues8, 53 and so the
imaging protocols are suitable for a variety of tissue types besides the Aplysia ganglia used
here. Stretched imaging has applications in MS imaging of morphologically and chemically
heterogeneous structures in the nervous system where changes in neuropeptide expression and
transport caused by activity dependent changes, drugs of abuse or progressive disease
states54 can be spatially localized. Another exciting application complements peptidomics
studies from newly characterized animal models after a number of new prohormones are
discovered; 55-57 the stretched sample imaging method can be used in a global fashion to
determine peptide distributions without the need to develop specific antibodies for literally
dozens of new prohormones and hundreds of new neuropeptides.
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Figure 1.
The quality of dividing of tissue sections into relatively uniform small pieces depends on tissue
properties. (A) Stretching the thin CNS section immediately after it is sectioned, while the
tissue is still hydrated, results in improved tissue fragmentation. A marker hole formed in the
Parafilm M membrane using the TOF mass spectrometer laser is labeled by the arrow. The
marker holes match the beam profile of the laser and are used as spatial calibration and anchor
points during the creation of sample-tailored geometry files for automated data acquisition.
(B) If the sample stretching is done after the tissue dries, tissue/bead clumping is observed.
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Figure 2.
Images of peptide distribution in the abdominal ganglion obtained after the image
reconstruction procedure agree with previously published data on localization of the analytes
obtained using a variety of approaches. (A) Optical image of a 10-μm thick abdominal ganglion
section cut close to the dorsal surface. Scale bar = 1 mm. Reconstructed ion images of (B)
neuropeptide Y at m/z 4688, (C) and C-flanking peptide of neuropeptide Y at m/z 2567,
colocalize in the center of the sample near the RG cluster.42 (D) R3-14 peptide at m/z 1381 is
known to localize to the R cluster of giant neurons in the right upper quadrant of the dorsal
side of the ganglion.44 (E,F) Pyroglutaminated-R15-α peptide at m/z 3981 and R15-β peptide,
m/z 2860, colocalize in the center of the ganglion, near the location of the R15 cell and
RBHE cells, where it is known to be expressed.7 As expected, (G) egg-laying hormone is seen
near the location of the bag cells at the top of the ganglion. (H) Delta bag cell peptide appears
both near the location of the bag cells and in the middle areas of the ganglion.
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Figure 3.
(A–C) Peptide distributions observed from a 10-μm section of the abdominal ganglion prepared
using the stretched sample approach are similar to (D–F) observations from
immunohistochemical data from antibodies raised to the same prohormones. (A) Distribution
of pedal peptide at m/z 1540 matches the distributions using immunostaining (D),49 as does
(B,E) left-upper quadrant peptide at m/z 120028 and (C,F) feeding-circuit activating peptide,
FCAP, at m/z 1369.52 The FCAP-related peptide shown in panel C was detected in areas
occupied mostly by the bag cells where presence of the FCAP prohormone has been shown
previously by combined immunoreactivity and in situ hybridization. Panels D and F are adapted
with permission from the Journal of Neuroscience from references 49 and 52, respectively.
Panel E is adapted with permission from Wiley-Blackwell from reference 28.
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Figure 4.
(A) Optical image of a 10-μm section from close to the dorsal surface of the left pleural-pedal
ganglia. Scale bar = 0.5 mm. (B–F) Reconstructed ion images of different peptide localizations
in the tissue. (B) Pleurin peptide signals at m/z 1545 and (C) m/z 1680 colocalize in both ganglia.
Localizations of putative novel neuropeptides at (D) m/z 1990, (E) m/z 1970, and (F) m/z 1599
do not match distributions of known peptides.
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