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Abstract
Mass spectrometry imaging (MSI) provides the ability to detect and identify a broad range of
analytes and their spatial distributions from a variety of sample types, including tissue sections.
Here we describe an approach for probing neuropeptides from sparse cell cultures using matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) MSI—at single cell spatial
resolution—in both MS and tandem MS modes. Cultures of Aplysia californica neurons are
grown on an array of glass beads embedded in a stretchable layer of Parafilm M. As the
membrane is stretched, the beads/neurons are separated physically and the separated beads/
neurons analyzed via MALDI TOF MS. Compared with direct MS imaging of samples, the
stretching procedure enhances analyte extraction and incorporation into the MALDI matrix, with
negligible analyte spread between separated beads. MALDI tandem MSI using the stretched
imaging approach yields localization maps of both parent and fragment ions from Aplysia pedal
peptide, thereby confirming peptide identification. This methodology represents a flexible
platform for MSI investigation of a variety of cell cultures, including functioning neuronal
networks.
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Introduction

Experiments using cell cultures are widespread in funda-
mental [1, 2], applied [3, 4], and clinical/diagnostic [5–7]

research. Detection of known and unknown endogenous
analytes and determination of their levels at cellular and
subcellular resolutions aid many experiments involving cell
cultures. As with biological tissues, analyte detection in
cultured cells utilizes a variety of targeted approaches that
include immunocytochemistry [8], molecular information-rich
spectroscopic methodologies such as infrared spectroscopy [9,
10], and mass spectrometry (MS) [11, 12], each having

inherent drawbacks and benefits. Immunochemistry, for
example, requires pre-selection of the analyte(s) of interest; in
contrast, MS allows identification of a range of analytes
without pre-selection, but does not provide spatial and local-
ization details. However, spatial information can be obtained
from cell cultures by combining MS with imaging technolo-
gies, specifically, mass spectrometry imaging (MSI).

MSI has emerged as a powerful tool for investigation of
biological specimens; it simultaneously provides chemical
and spatial distribution information on many analytes [13–
18]. Secondary ion mass spectrometry (SIMS) was the first
MS-based imaging approach [19], and is capable of
investigating chemically complex surfaces such as tissue
slices or cell cultures with submicron spatial resolution [20,
21]. Unfortunately, the limited mass range of SIMS restricts
its ability to detect many peptides and proteins. Matrix-
assisted laser desorption/ionization (MALDI) MS extends
the mass range and is well suited for localizing larger
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analytes to specific cultured cells [22–25], as are several
other laser desorption approaches [26, 27]. MALDI MSI has
also been used for profiling the spatial distributions of
analytes in cultured cells [23, 28, 29]. In MALDI MSI, data
acquisition is often performed using an ordered array of
positions to allow the creation of two-dimensional ion
distribution maps [30], although other data acquisition
approaches are available [31–33]. When seeking single cell
resolution from MALDI MSI investigations of peptides,
challenges can arise due to several factors. These include the
inherent biochemical complexity of the cell cultures, the
close and random proximity of adjacent cells, significant
differences in peptide content among neighboring cells, the
possibility of mechanical damage to cells during removal of
the extracellular media, and the small amount of peptide
present in many cell types. When a peptide is near the
detection threshold in MSI, the amount per pixel is often in
the low attomole range, an estimate based on prior Aplysia
microanalyses [34, 35]. We address many of these issues by
using a sample preparation technique known as the stretched
imaging method [36–38], which has been applied to
characterize peptide distributions in tissue slices from both
invertebrate and mammalian models. Briefly, a thin tissue
slice is placed onto a monolayer of beads embedded in a
stretchable layer of Parafilm M. This substrate is manually
stretched and as the beads separate from each other, the
tissue is fragmented into thousands of spatially and chemi-
cally isolated bead islands that contain one or a few cells
[37]. After stretching, the hydrophobic nature of the
intervening membrane between bead/cell positions prevents
analyte redistribution when the MALDI matrix is applied,
allowing extended extraction periods [30]. This separation
of cells permits small, spatially isolated samples to be
characterized, at the same time offering increased analyte
extraction from the tissue, thereby providing enhanced analyte
signals. The stretched imaging protocol thus minimizes
the potential difficulties outlined above for MALDI MSI
experiments.

For this study, we created MSI images from cultured
Aplysia californica neurons with well-characterized peptide
contents [34, 36, 39] that allow protocol validation; future
applications will examine a broader range of samples.
Although MSI can generate chemical and spatial information
from analytes in cell cultures, it is sometimes difficult to
identify compounds detected from a cell with single stage
MS [35]. It is therefore helpful to employ tandem MS (MS/
MS) for analyte identification, including de novo peptide
sequencing. The success of MS/MS sample fragmentation
depends on the amount of analyte available for analysis. The
stretched imaging method aids the investigation by allowing
independent optimization of the imaging parameters as well
as enhancing the analyte extraction and MALDI matrix
incorporation process, thus allowing the MS/MS experi-
ments to be tailored for small-volume samples. Here, we
used the method to generate both MS and MS/MS
reconstructed ion images of high quality from Aplysia

neuronal cultures. The ability to provide chemical, spatial,
and amino acid sequence information via automated image
acquisition makes the newly adapted stretched imaging
method well suited for the study of cell cultures from a
variety of model organisms.

Experimental
Chemicals

Reagents used in the study were from Sigma-Aldrich, St.
Louis, MO, USA, except where specifically noted.

Substrate Creation and Cell Isolation

Substrates comprised of a hexagonally-packed layer of glass
beads embedded in a Parafilm M layer (Pechiney, Neenah,
WI, USA) were created as previously described [37], with
the exception that the ~40 μm glass beads (Mo-Sci Corp.,
Rolla, MO, USA) used here were made from borosilicate
instead of barium/titanium. The borosilicate beads on the
substrate were coated with poly-L- or poly-D-lysine.
Individual neurons were isolated from the Aplysia central
nervous system after its dissection and enzymatic treatment
with protease IX for 30–60 min at 34 °C. The neurons were
distributed onto the bead array. The cell culture was allowed
to develop overnight at 14 °C in artificial sea water (ASW)
containing (in mM): 460 NaCl, 10 KCl, 10 CaCl2, 22
MgCl2, 6 MgSO4, and 10N-2-hydroxyethylpiperazine-N′−2-
ethanesulfonic acid (HEPES) (pH 7.8) [37] supplemented
with antibiotics: 100 units/mL penicillin G, 100 μg/mL
streptomycin, and 100 μg/mL gentamicin and a saturated
concentration of amphotericin B.

Sample Preparation for Environmental Scanning
Electron Microscopy

Visualization of neurites and other small features such as
regions of contact between the cells and beads using
conventional transmission or reflection light microscopy is
difficult when cell cultures are developed on a Parafilm
M-bound glass bead array. Thus, environmental scanning
electron microscopy (ESEM) was employed to image
cultured cells on the bead array because it provides the
level of spatial resolution needed to observe neurites. For
ESEM, cell cultures were fixed using a 4 h treatment of a
mixture of 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 M sodium cocadilate buffer. The samples were then
washed for 15 min in 0.1 M sodium cocadilate buffer and
dehydrated in a series of 37%, 67%, 95%, and 100% ethanol
solutions. A Samdri-PVT-3D critical point dryer (Tousimis
Research Corp.; Rockville, MD, USA) was employed to
remove the ethanol from the samples. The samples were
removed from the critical point dryer and placed onto two-
sided tape (3 M Corporation, St. Paul, MN, USA), which
was then mounted onto a sample stage. A Desk II Turbo
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Sputter Coater (Denton Vacuum, Moorestown, NJ, USA)
was used to coat the samples with Au/Pd for 65 s, achieving
~15 nm thickness of the metal layer. The samples were then
placed in a desiccator overnight. ESEM images were taken
with an XL30-ESEM-FEG (FEI, Hillsboro, OR, USA)
scanning electron microscope that includes a field-emission
electron gun.

Sample Preparation for MSI

Cell cultures on the bead substrates were stabilized for 10–
20 min by replacement of the ASW with a 33% glycerol:67%
ASW (vol:vol) solution, followed by removal of the extra-
cellular media. A small amount of the glycerol/ASW solution
remained on the samples, which is acceptable for MALDI MS
detection of peptides. The directional orientation of the samples
before stretching was marked with a magic marker. Digital
optical images were obtained via a stereo microscope (Leica
Microsystems, Bannockburn, IL, USA), followed by manual
stretching of the samples and placing them on conductive
indium tin-oxide (ITO)-coated glass slides as previously
reported [36]. The glass slides were inserted into a Bruker
MTP Slide Adapter (Bruker Daltonics, Billerica, MA, USA).
Alternatively, samples used for acquiring bothMS andMS/MS
images were stretched and placed onto metal TLC MALDI
plates (Bruker Daltonics).

Immediately following, a MALDI matrix containing
30 mg/mL of 2,5-dihydroxybenzoic acid and 50:50 meth-
anol/water was applied to the surface of the stretched
samples using an artist’s spray brush (Thayer and Chandler,
Kenosha, W, USA) at a distance of ~30 cm, as in a manner
previously reported [40]. For samples placed on the ITO
glass slides, after matrix application a razor blade was used
to remove the Parafilm M from the surface near the edges of
the slide to improve electrical contact with the metal MTP
Slide Adapter (Bruker Daltonics). Optical images were taken
of all samples after stretching. Where multiple images were
needed to capture the entire sample area, these subsidiary
images were stitched together using Photoshop CS2 soft-
ware (Adobe Systems, San Jose, CA, USA).

MSI of Stretched Samples

For the samples placed on the glass ITO slides, the bead
positions after sample stretching were automatically located by
light thresholding, and an in-house written Java-based (http://
java.sun.com) geometry file creation code was used to create
sample-tailored geometry files [36]. For metal plates, trans-
mission-based light thresholding was not possible and, so, the
cells were located manually, the cell pixel coordinates
recorded, and the bead location geometry file creation code
modified to correspond to cell locations and the dimensions of
the Bruker metal TLC plate adaptor. The original and modified
source codes are freely available at http://neuroproteomics.scs.
illinois.edu/imaging.html.

The mass spectrometric acquisition was automated using
the geometry files loaded into the AutoXecute feature of
FlexControl 3.0 software (Bruker Daltonics) on an Ultra-
fleXtreme MALDI time-of-flight (TOF)-TOF MS instrument
(Bruker Daltonics), with the laser spot size set to ~100 μm in
diameter. For samples on ITO glass slides, at each position
100 spectra were accumulated at 1000 Hz using a mass
range of 600–4000 Da. For samples on the solid metal
targets, 100 spectra were accumulated at each point and
400 spectra accumulated in Bruker LIFT mode (MS/MS) at
1000 Hz at the points for which peaks were automatically
selected by the software for MS/MS acquisition. Parent ions
were automatically selected and fragmented in LIFT mode.
The parameters of the process were specified in a Flex-
Analysis (Bruker Daltonics) method loaded into AutoXecute
in the Bruker FlexControl 3.0 software. The thresholds for
accepting detected signals were a peak intensity of greater
than 400 counts and a signal-to-noise ratio of better than 10.
Mass calibration was done with Peptide Calibration Standard
II (Bruker Daltonics). For samples on the glass slides, the
entire area containing ~1200 beads was imaged in ~40 min.
For samples on the metal targets, only positions containing
cells were interrogated so that acquisition time was greatly
reduced; the time to acquire MS and MS/MS spectra from a
total of 28 cell positions was 6 min.

The spectra in the Bruker .fid files were baseline
subtracted, smoothed, and converted into spectra-containing
text files using a batch conversion script written in the
FlexAnalysis 3.3 software (Bruker Daltonics). These files
were then able to be read by the previously described Java-
based image reconstruction software [36]. For all samples,
this code created selected MS ion images based on the m/z
ratio of the analyte of interest. For the samples on the metal
target, the code was modified to produce MS/MS ion
images. The original image reconstruction portion of the
code was unaltered, but the portion that creates the ion
images was adapted to produce reconstructed MS/MS ion
images. This code is freely available at http://neuroproteomics.
scs.illinois.edu/imaging.html.

The MS/MS results for the peptide parent ion at m/z 1540
were analyzed by BioTools 3.0 (Bruker Daltonics), where
the assignment of the amino acid sequence was generated
automatically and searched against a peptide database using
Mascot software (Matrix Science Inc., Boston, MA, USA) to
reveal the identity of the peptide. Collections of prohormone
genes from a variety of model organisms including Aplysia are
available at http://neuroproteomics.scs.illinois.edu/neuropred/
sequences/Sequencedata.html

Results and Discussion
A variety of MALDI MSI experiments can be devised to
probe neuronal cultures. By combining MALDI-MSI with
the stretched imaging method, we can investigate sparse
neuronal cell cultures at cellular (and we believe eventually
at subcellular) levels to provide details on peptide distribu-
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tions and changes in their expression during the formation of
networks. These investigations may also shed light on
network formation and repair, as well as changes in the
distributions of peptides [23, 41, 42]. However, to accom-
plish these neuronal stretched imaging experiments, several
enhancements to the existing stretched imaging protocols
were necessary. As detailed below, these included a switch
to poly-lysine-coated borosilicate beads so that the cells
would attach to the substrate and grow on it, the use of a
metal MALDI target to reduce charging and enable MS/MS
imaging, high spatial resolution ESEM verification of cell-
bead attachment for cultured neurons, and updated software
to allow automated runs of the MS and MS/MS imaging.
The optimized stretched imaging method, applied here to a
sample of cultured Aplysia neurons, facilitates the creation of
reconstructed ion images that show the distributions of
neuropeptides and peptide fragments.

Initially, when creating the bead substrate and shortly
after plating, the Aplysia neurons detached from the barium/
titanium glass beads previously used with the stretched
sample method for ~20-μm-thick tissue sections [36, 37].
Alternatively, we found that ~40 μm borosilicate glass beads
coated with poly-L- or D-lysine placed onto the Parafilm M
layer provided an improved substrate for neuronal growth;
the cultured neurons remained attached to this substrate, an
expected result given the reported use of borosilicate [43–
45] and lysine coating [46, 47] for neuronal cell culture. Not
only is the composition of this substrate ideal for the cells to
attach and grow, so also is the relatively uniform three-
dimensional surface of the bead monolayer with patterned
topography. The extending processes of cultured neurons
respond favorably to topographic cues on this scale [48–50]
and, so, culturing neurons on beads served to enhance
neuronal growth.

After the neuronal cultures were developed on the new
bead substrate, we verified that the cells were attaching to
the beads; attachment is necessary for successful spatial
separation of cultured cells as the underlying support
membrane is stretched. Previously, we used optical micro-
scopy to visualize the attachment of neurons and their

processes to the beads. However, ESEM was employed here
because it can reveal smaller features such as neurites and
growth cones of cultured neurons. ESEM confirmed that the
curved topography of the lysine-coated borosilicate bead
monolayer provided a suitable substrate along which the
cultured Aplysia neurons could extend their processes
(Figure 1). As seen in Figure 1a, the neuron and its neurites,
(i.e., projections) are well attached to the beads. There are
extending zones of adhesion atop the beads, including a
growth cone-like structure terminating the neurites. The
neurites often covered multiple beads with many smaller
extensions (filopodia), with some forming fine submicrom-
eter bridges to neighboring beads. Intriguingly, smaller
neurites that spanned the gaps between beads did so at
positions where the beads were not touching, indicating
these outgrowths likely “jumped” from bead to bead. Small,
~2 μm enlargements in the extending processes, often
termed varicosities [51] (putatively containing secretory
vesicles), have been detected along the smallest branches
that stem off from the main processes. Manual sample
stretching separates adjacent beads and cells, and may also
separate the neurites and varicosities from the cell bodies
during the stretch. While single cell measurements are
possible—because no more than a single cell appears on
most beads—subcellular MALDI MSI measurements may
also be possible using this approach. However, development
of additional verification steps will be required before
identification of subcellular origins of signal can be
achieved.

Aplysia neurons from both the pedal and cerebral ganglia
were used to extend the stretched imaging method to MSI
investigation of cell cultures. An optical image was taken of
the cell cultures before stretching (Figure 2a). Several cell
bodies are visible in the image, with some neurons located in
close proximity to each other. Overlays of three recon-
structed ion images (Figure 2b–d) onto the initial sample
image show minimal analyte redistribution and that the ion
signals are confined to the area of cell somas (i.e., cell
bodies); the image of the m/z 635 ion distribution (presum-
ably a membrane lipid, Figure 2b) contains a signal strong

growth cone

cell body
neurite

a points of neurite/
bead contact

fine filopodia

b

Figure 1. Environmental scanning electron microscopy (ESEM) imaging of cultured Aplysia neurons and neurites on the bead
array reveals the attachment and growth of neurons on this topologically complex surface. (a) A cultured neuron is attached to
beads that are embedded in a layer of Parafilm M. The neuronal process extends away from the cell body over the length of
several beads. The sample preparation procedure for ESEM caused some beads to be removed from the sample surface. The
cell body, extending neurite, and growth cone are labeled. Scale bar is 100 μm. (b) Close-up view of the center region of the left
image. The sample stretching may lead to mechanical separation of subcellular regions, which would be available for analysis
using MSI. The points of neurite-bead contact and the fine filopodia are labeled. Scale bar is 20 μm
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enough to highlight locations of the majority of the cell
somas within the field of view. Two of the most intense
detected ion signals are assigned to well-known Aplysia
peptides, FRFa [GenBank accession number GU263310]
(Figure 2c) and pedal peptide [accession number
AAV84473.1] (Figure 2d). Many of the signals from
individual cells have similar intensities (Figure 2b), which
is not surprising as cells may have similar peptide levels and
many of the studied neurons are of similar size.

How are the peptide identifications made? Typically, the
observed peptide signals from anMSI image are first tentatively
identified based on their m/z and compared with lists of known
peptides, as well as from co-localization with other peptides
known to be expressed in these cells, such as multiple peptides
derived from the same prohormone. For example, an MSI
spectrum from a cultured neuron sample is shown in Figure S1,
Supplementary Information (on-line resource). Signals can then
be identified using MS/MS, either off-line with liquid chroma-
tography-MS/MS of homogenates or, in this case, during the
same experiment via MALDI-MS/MS imaging.

The ability to identify peptides by MS/MS sequencing
allows peak assignments to be confirmed [52–54]. Several
adjustments to the stretched sample method enable MALDI-
MS/MS sequencing from stretched samples of cultured
neurons; these include the use of a metal MALDI target
and adapting the stretched imaging software to facilitate
automated MS/MS imaging runs. The use of a metal
MALDI target had not been necessary as ITO slides allowed
peptide signals to be detected from stretched neuronal
cultures in MS mode (Figure 3). However, ITO slides did
not work for automated acquisition of MS/MS spectra.
Attempts to reproducibly acquire MS/MS spectra from
stretched samples on ITO slides led to unreliable accuracy
of the parent ion m/z measurements. Shifts of up to 30 Da in

the m/z ratio were observed, even after increasing the sample
conductivity with a thin metal coating [55]. These mass
calibration issues prevented automated ion fragmentation.
However, placing the stretched sample onto a solid metal
Bruker TLC MALDI plate ameliorated these issues, possibly
because of the increased electrical conductivity and
improved heat dissipation afforded by the solid metal target.

The geometry file creation and image reconstruction
software, as created for imaging of stretched thin tissue
sections [36], has been adapted here for MS/MS profiling of
stretched samples containing cultured neurons on metal
plates. For the ITO glass slides, light thresholding was used
with the optical images, allowing the automatic determina-
tion of the X-Y coordinates of the beads with this
information used to create a geometry file containing the
locations where the MS spectra were to be collected.
However, when using optically opaque metal plates for
MS/MS imaging, transmission-based optical imaging of the
samples was not possible. As a future enhancement, it may
be possible to use light thresholding for the creation of
geometry files on metal targets via reflection-based optical
images; here, we obtained MS/MS data from cell somas at
manually determined positions. As currently implemented,
the new target geometry file now works with the Bruker
TLC targets and enables one to obtain MS/MS spectra from
preselected cell somas. This software is easily adaptable to a
range of other targets and applications. As before, acquis-
ition of the MS/MS spectra from the specified locations
precedes image reconstruction using the free transform
process in Photoshop [36]. Lastly, the image reconstruction
code now reads data from the MS/MS spectra generated by
the Bruker mass spectrometer in LIFT mode. The software,
with graphical user interfaces, is freely available online
along with example datasets and step-by-step guidance for

Figure 2. Overlaid optical and reconstructed ion images created by the stretched imaging method from a neuronal culture
from different ganglia of Aplysia CNS. About 1200 total beads were probed. (a) An optical image of the sample showing the
cultured neurons on a substrate of borosilicate glass beads embedded in a Parafilm M layer. In (b)–(d), the reconstructed ion
images overlay the original optical image to show the selected analyte distributions, with (b) showing m/z 635, (c) m/z 1238,
and (d) m/z 1540, which have been assigned as a membrane lipid, FRFa peptide, and pedal peptide, respectively. The squares
represent the bead positions that have the appropriate m/z signal with their grey color matching the intensity scale bar on the
right. In each image, the intensity has been scaled to the maximum level. The analyte distributions are confined to individual cell
somas in many cases. Scale bar is 500 μm
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geometry file creation at http://neuroproteomics.scs.illinois.
edu/imaging.html.

Figure 3 shows an MS/MS spectrum from a stretched
sample of cultured Aplysia neurons placed onto the solid
metal MALDI plate, as shown for the parent mass ion of m/z
1540. This MS/MS spectrum was taken from an automated
imaging run and is labeled with de novo peak assignments
generated by the Bruker BioTools 3.0 software. Most peaks
corresponded to fragments of Aplysia pedal peptide. Loading
of the results into the Mascot search engine produced a hit
with a highest Mascot score of 112 for Aplysia pedal
peptide. The quality of the MS/MS spectra automatically
acquired from single cells using the stretched imaging
method allows for sequencing and identification of peptides
with high confidence from a sample of cultured neurons. In
addition, the distributions of the parent peptide and its
fragment peptides are able to be simultaneously mapped.

Earlier in this study, the stretched imaging method was
used to acquire MS images from all positions containing
beads (Figure 2). We also imaged selected regions from a
different stretched sample that contained neurons, to obtain

both MS and MS/MS ion profiles. These reconstructed
MALDI-MS/MS ion distribution maps are shown in Figure 4.
Because the locations of the neuron somas were easily visible
in the optical images in Figure 4 taken both before and
after stretching, their locations were manually recorded.
Subsequently, a geometry file containing only these cell
positions was used to guide the acquisition of MS and MS/
MS mode ion images solely at the cell locations.

A similar approach can be applied for characterization
and imaging of specific peptide(s) of interest after MSI by
first manually creating a mass list of detected peptide parent
ions with corresponding spatial coordinates and then
optimizing the MS/MS parameters and precursor ion
selection window for the analyte(s) of interest for the
subsequent MS/MS imaging scan. An advantage to only
imaging the beads that contain neurons (and not empty
beads or membrane) is a significant reduction in image
acquisition time and resulting data. MALDI-MSI with the
specific TOF-TOF instrumental platform used here does not
allow rapid transitions from MS to MS/MS mode. Therefore,
independent scans in MS and MS/MS modes were
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Figure 3. MALDI-TOF detects strong neuropeptide signals in MS and MS/MS modes from cell culture samples prepared using
the stretched imaging method. The mass spectrum of the peptide profile of a selected cultured pedal neuron is shown; the
automatically generated MS/MS peak assignment for m/z 1540 yields the sequence that corresponds to the known amino acid
sequence for Aplysia pedal peptide, PLDSVYGTHGMSGFA
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performed in tandem, thereby reducing the time for complete
MS imaging and analyte identification. The stretched
imaging method does not deplete the sample significantly
during acquisition, even from individual cells under culture
conditions, thus allowing repeat scans. Depending on the
needs of the experiment, sample locations containing
peptides of interest can be examined in the manual, semi-
automatic, or automatic mode.

Figure 4a shows a reconstructed ion image in MS mode
for the parent ion at m/z 1540 that corresponds to pedal
peptide with the sequence of PLDSVYGTHGMSGFA.
Based on the quality of the MS mode peaks from the
different positions in the sample-tailored geometry file,
the AutoXecute feature of the Bruker FlexControl soft-
ware automatically selects position/peak combinations for
the acquisition of MS/MS spectra after the MS scan is
finished. In this case, the thresholds for MS/MS acquis-
ition were set so that the peak intensity must be higher
than 400 counts and the signal-to-noise 910. The spatial
distributions for two fragment ions corresponding to the
parent ion at m/z 1540 are shown in Figure 4b, m/z 419,
corresponding to the amino sequence PLDS with loss of
ammonia and Figure 4c, m/z 1245, corresponding to the
sequence PLDSVYGTHGMS with loss of water. Not all
of the neurons in this sample satisfied the signal quality
requirements to produce MS/MS spectra from the parent
ion of m/z 1540, but the thresholds can be easily changed.
Of course, many of the neurons used here would not

contain appreciable amounts of pedal peptide and so
would not be selected for MS/MS imaging; such cell-cell
heterogeneity is one of the reasons that such individual
cell assays are required.

Similarly, fragment ion distributions for a separate
unidentified parent ion, m/z 1200, are shown in Figure 4e,
f. This unknown compound was difficult to fragment and
MS/MS sequencing resulted in the generation of only a few
fragments that were not identified. As the ability to fragment
the compound at m/z 1200 varied between cells, perhaps this
peak represents several isobaric analytes or effects of signal
suppression by other cellular compounds. We have not
identified this analyte, although the spatial distributions of
the parent and fragment ions have been determined.
Obtaining the spatial distributions of fragment ions allows
detection and identification of the products of cell-specific
enzymatic processing that often varies spatially, even among
neighboring neurons [56]. Also, monitoring of specific cells
producing MS/MS fragments can be important for imaging
of the distribution of isobaric compounds.

Acquisition of analyte signals from neuronal somas
cultured on bead substrates furthers the study of neuronal
networks, including those cultured under different physico-
chemical conditions. The stretched imaging method proto-
cols demonstrated here can be adapted to study neuronal
network formation in a range of culturing conditions and
from a variety of other model organisms. We will continue
to refine these methods, significantly increasing their utility,

Figure 4. ReconstructedMS andMS/MS ion images ofm/z 1540 and 1200 parent ions. The background is an optical image of the
sample taken before stretching where the cultured neurons are visible and labeled, with the gray/black boxes representing the MS
ion image data (i.e.; cells). (a)ReconstructedMS ion image of parent ionm/z 1540 that corresponds to pedal peptide. Reconstructed
MS/MS ion images of pedal peptide fragments ions are shown in (b)m/z 419 and (c)m/z 1245. (d) Reconstructed MS ion image of
parent ionm/z 1200 corresponding to a putative but unidentified peptide. Reconstructed MS/MS fragment ion images are shown in
(e) m/z 219 and (f) m/z 922 [fragments in (e) and (f) are currently unidentified]. Only some neurons were selected for acquisition of
MS/MS spectra because not all neurons contain the analyte of interest. Scale bar is 500 μm
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as we extend our efforts toward collecting subcellular
information from neuronal processes.
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