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Imaging mass spectrometry is emerging as a powerful tool that has been applied extensively
for the localization of proteins, peptides, pharmaceutical compounds, metabolites, and lipids
in biological tissues. In this article, a three-dimensional mass spectral imaging (3D MSI)
technique was developed to examine distribution patterns of multiple neuropeptide families
and lipids in the brain of the crab Cancer borealis. Different matrix/solvent combinations were
compared for preferential extraction and detection of neuropeptides and lipids. Combined
with morphological information, the distribution of numerous neuropeptides throughout the
3D structure of brain was determined using matrix-assisted laser desorption/ionization
tandem time-of-flight mass spectrometry (MALDI-TOF/TOF MS). Different localization
patterns were observed for different neuropeptide families, and isoforms displaying unique
distribution patterns that were distinct from the common family distribution trends were also
detected. In addition, multiple lipids were identified and mapped from brain tissue slices. To
confirm their identities, MS/MS fragmentation was performed. Different lipid species dis-
played distinct localization patterns, suggesting their potential different functional roles in the
nervous system. (J Am Soc Mass Spectrom 2009, 20, 1068–1077) © 2009 Published by Elsevier
Inc. on behalf of American Society for Mass Spectrometry

Many biological processes in the body involve
interaction and dynamic spatial redistribution
of a broad spectrum of compounds. The func-

tions of various biological compounds in the complex
tissue or organism are highly related to their locations
in tissue structures. The emerging mass spectral imag-
ing (MSI) approach provides an attractive opportunity
to detect and probe the complex molecular content of
tissues in an anatomical context. The majority of MSI
applications have been focused on two-dimensional
distribution of analytes of interest, which can only
provide information for a thin section from the speci-
men. This technique has recently been extended to
acquire images of serial sections from single specimen
and provide a depth dimension to the dataset, allowing
three dimensional (3D) representation of multiple ana-
lytes in the target organs [1, 2]. The in-depth profiling of
3D MSI provides more comprehensive spatial informa-
tion for molecules of interest, such as localization of
proteins and dynamic distribution and partition of
pharmaceutical compounds into various target tissues.
The application of mass spectrometry to the field of

neuroscience has enabled the discovery and character-
ization of many neuropeptides and neurohormones
[3–8]. This is usually achieved by tandem MS analysis

of peptides fractionated from crude nerve tissue extract.
Alternatively, direct tissue methods, in which the tissue
is coated with matrix and probed via matrix-assisted
laser desorption/ionization (MALDI) MS analysis, en-
able the sensitive detection of neuropeptides in single
organs [9, 10] and even single cells [11, 12]. More
recently, the use of MSI to map the distribution of
neuropeptides has gained increased attention [13–15].
MSI reduces the time-consuming steps of sample ex-
traction, purification, and separation, while maintain-
ing the topographical information about molecular dis-
tribution [16, 17]. MALDI MSI enables the study of a
broad mass range of molecular species ranging from
small molecules to large proteins, including neuropep-
tides. This technique creates distribution maps of se-
lected compounds in a similar manner to the more
traditional biochemical techniques such as chemical
staining, immunohistochemistry, and radiochemistry
[18–20]. However, MSI does not require a priori knowl-
edge of the target analytes, and the inherent nature of
high chemical specificity for MS detection enables the
simultaneous differential localization of numerous
peptides even when significant sequence homology
exists. Furthermore, MS/MS fragmentation can be per-
formed for unambiguous identification or even de novo
sequencing.
The crustacean stomatogastric nervous system (STNS)

consists of several linked, motor-pattern-generating
networks that produce coordinated motor output. Nu-
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merous anatomical, electrophysiological, immunocyto-
chemical, and mass spectral studies have been per-
formed on components of this system [4, 9, 21, 22].
Therefore, the STNS provides an excellent test-bed for
MSI method development, as well as a useful model of
the nervous system from which general neurobiological
concepts may be derived. We previously reported map-
ping multiple neuropeptides from crustacean brain and
pericardial organ using MALDI imaging [23]. However,
the brain is a highly complex neuronal structure con-
sisting of numerous neuronal clusters and intertwined
nerve connections. A detailed study is still required to
better understand the three dimensional distribution of
neuropeptides throughout the whole brain structure.
Herein we present a simple scheme to obtain 3D

mapping of multiple neuropeptides and lipids in C.
borealis brain using MALDI-TOF/TOF. The differential
distribution of neuropeptides was uncovered using
region-specific direct tissue analysis, and collisional-
induced dissociation (CID) fragmentation was per-
formed directly from the brain tissue to confirm the
identities of particular neuropeptides and lipids. For
MSI sample preparation, both dry coating and regular
coating with airbrush matrix application were investi-
gated for the effect of matrix solvent on detection
sensitivity and preferential extraction of lipids and
peptides. 3D imaging was acquired by mapping seven
layers of horizontal tissue slices followed by recon-
structing ion images in three dimensions. Combined
with morphology information of crustacean brain, a
detailed description of neuropeptide localization through-
out the brain structure was achieved. In addition, 3D
distribution of two types of lipids was also character-
ized showing differential localization patterns, suggest-
ing their potential different biological functions.

Experimental

Animals

Jonah crabs C. borealis were purchased from The Fresh
Lobster Company (Gloucester, MA) and maintained
without food in an artificial seawater tank at 12–13°C
before use. Crabs were then cold anesthetized by pack-
ing on ice for 15 min before use. Dissection was per-
formed in chilled (�10 °C) physiological saline (compo-
sition: 440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM
MgCl2; 10 mM HEPES acid; pH 7.4–7.5 [adjusted with
NaOH]). The details of dissection were described
previously [9].

Sample Preparation

Immediately following dissection, the brain was rinsed
briefly in deionized water to eliminate salt content.
Then it was embedded in gelatin (100 mg/mL aqueous)
and snap-frozen. Sectioning into 12 �m slices at �25 °C
was performed on a cryostat (Leica, Wetzlar, Germany),
and the slices were thaw-mounted onto a MALDI plate

that had been coated with a thin-layer of 2,5-dihydroxy-
benzoic acid (DHB) using an airbrush (Paasche Air-
brush Company, Chicago, IL). As shown in Figure 1c, a
series of seven pieces of tissues was collected through
the z-axis of brain with 132 �m in between. Tissues
were dehydrated in a desiccator in �20 °C freezer for at
least 1 h before matrix application. For matrix applica-
tion, two types of spraying methods were compared for
their sensitivity and preferential detection of neuropep-
tides and lipids. For regular spray, 100 mg/mL DHB
(50% methanol, vol/vol) was used as matrix and the
airbrush was held 35 cm from the plate. Five coats were
applied, and the spray duration for each coat was 30 s
with 1 min dry time between each cycle. After each
spray application, a small amount of solvent was visible
on the tissue surface. Alternatively for dry spray, where
150 mg/mL DHB solution (50% methanol, vol/vol) was
used as matrix, no solvent was observable after each
spray application. The flow rate of matrix solution was
reduced by manual adjustment and the airbrush was
held 55 cm from the plate. This arrangement allowed
most of the matrix solvent to evaporate before reaching
the plate. The dry spray matrix application required
additional matrix coats to be applied to the tissue before
the tissue looked visually indistinguishable from the
regular sprayed tissue.

Data Acquisition and Processing

A model 4800 MALDI TOF/TOF analyzer (Applied
Biosystems, Framingham, MA) equipped with a 200 Hz,
355 nm Nd:YAG laser (spot diameter of 75 �m) was
used for all mass spectral analyses. Acquisitions were
performed in positive ion reflectron mode. Instrument
parameters were set using the 4000 Series Explorer
Software (Applied Biosystems). The tissue region to be
imaged and the raster step size were controlled using
the 4800 Imaging application (Novartis, Basel, Switzer-
land) available through the MALDI MSI web site (www.
maldi-msi.org). To generate images, spectra were col-
lected at 100 �m intervals in both the x and y
dimensions across the surface of the sample. Each mass
spectrum was generated by averaging 200 laser shots
over the mass range m/z 600–1800. Individual spectra
were acquired using 1.0 ns binning to yield 27,812 data
points per spectrum. Mass spectra were externally
calibrated using peptide standards applied directly to
the stainless steel MALDI target. Tandem mass spectra
(MS/MS) were achieved by 2 kV collision induced
dissociation (CID) using air as the collision gas. Seven
hundred and fifty laser shots were averaged for each
MS/MS spectrum, and sequence interpretation was
performed manually.
Image files were processed, and extracted ion images

were created using the TissueView software package
(Applied Biosystems). TissueView enables construction
of MSI images by reconstructing the x and y coordinates
of the spectra in the acquired image file with their
original locations on the tissue. Images can be extracted
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over an m/z window and assigned an intensity-based
color scale. To compare images from different sections,
the same intensity scales were used. 3D images were
constructed and obtained using Image J (http://rsbweb.
nih.gov/ij/, NIH). Gray scale images from seven layers
of brain tissues constructed with TissueView were
imported into Image J and integrated as image stack.
Then slices were arranged and viewed using stack
function 3D projection. The orientation of each layer
was adjusted slightly to match the proportions of orig-
inal preparation.

Results and Discussion

The crustacean brain is a very complex organ. Several
studies have reported on the crustacean brain morphol-
ogy structure and the connection to other neural net-
works or organs [24, 25]. Figure 1a shows the ventral
view of isolated C. borealis brain under microscope
(up-side of brain during dissection). The multiple neuro-
nal clusters/lobes and numerous nerves can be ob-
served. The schematic of the brain is shown in Figure
1b. There are five major lobes in the crab brain, includ-

Figure 1. Morphology of C. borealis brain and schematics for MALDI imaging. (a) Optical picture of
isolated supraesophageal ganglion (brain) under microscope, with the major nerves and neuropils
labeled. (b) Representation of the ventral surface of the isolated C. borealis brain with labeled neuropil
regions showing distinctions between the fused ganglia. The brain was arranged the same way as it
was observed during dissection. The most anterior portion of the brain, the protocerebrum, is a
distributed structure with the protocerebral tract (PT) linking the lateral protocerebrum (not shown)
with median protocerebrum (MPC), which contains two paired neuropils, anterior medial protoce-
rebral neuropils (AMPN) and posterior medial protocerebral neuropils (PMPN). The tritocerebrum
(TC) is the most posterior region containing antenna I neuropil (AnN). Located between these fused
ganglia is the deutocerebrum (DC), which includes olfactory lobe (ON) and lateral II antenna neuropil
(LAN). (c) The schematic of 3D imaging experiments showing serial sectioning along a z-axis
(numbered according to the sequence of sectioning) of the brain. (d) Comparison of dry matrix
spraying and regular matrix spraying for lipid and neuropeptide detection.
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ing anterior medial protocerebral neuropil (AMPN) and
posterior medial protocerebral neuropil (PMPN), olfac-
tory lobe (ON), lateral antenna I neuropil (LAN) and
antenna II neuropil (AnN) and tegumentary neuropil
(TN). The main body of the decapod crustacean brain
consists of three contiguous brain regions, including the
median protocerebrum (MPC), deutocerebrum (DC),
and tritocerebrum (TC). The paired circumesophageal
commissures (coc) are large fibers connected to thoracic
ganglion (TG), which can be easily identified during
dissection. These two fibers were used to determine the
orientation of brain slice on the MALDI plate. The
neuropils in the brain are connected via nerve fibers to
different peripheral tissues or organs to modulate nu-
merous behaviors and biological processes in response
to environmental and chemical inputs. Thus, it is essen-
tial to characterize the distribution of neuropeptides in
the brain structure, which is crucial to understand their
potential biological roles.

Direct Tissue Analysis of Neuropeptides in
C. borealis Brain

To study the neuropeptides present in C. borealis brain,
direct tissue analysis of brain tissue from different
regions were first performed. As shown in Figure 2, we

observed very different neuropeptide profiles from
three different brain regions including both qualitative
and relative quantitative differences. For instance, Can-
cer borealis tachykinin-related peptide 1a (CabTRP1am/z
934.5) was detected as one of the most abundant pep-
tides in all three regions; however it is most dominant
in the left deutocerebrum (DC) (Figure 2a). Most of the
RFamides are more abundant in the median protocere-
brum (MPC) area (Figure 2b), and several isoforms
from this family are missing from the other two regions.
In contrast, orcokinin families are more concentrated in
the left tritocerebrum (TC) region (Figure 2c). However
exceptions are noted; for example, as an RFamide,
DVRTPALRLRFa (m/z 1342.8) and SMPSLRLRFa (m/z
1105.6) are more concentrated in the TC whereas an
orcokinin NFDEIDRTGFGFH (m/z 1554.8) is more abun-
dant in theMPC. The results of direct tissue study of brain
tissues from different regions demonstrate the complex
structure of crustacean brain and extremely heteroge-
neous distributions of numerous neuropeptides.
In total, 20 brain tissue samples from two brains

were analyzed. The peaks were assigned based on
accurate mass measurement by matching with an in-
house C. borealis neuropeptide database (unpublished
data). The threshold for assignment was 30 ppm. The
peptide identities were further confirmed by CID frag-

Figure 2. Comparison of direct tissue mass spectra from three discrete regions of C. borealis brain.
The solid dark circle indicates the position of tissue in the whole brain structure including (a) medium
protocerebrum (MPC), (b) deutocerebrum (DC), and (c) tritocerebrum (TC) from which MS spectrum
was acquired.
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mentation experiments performed directly on the tissue
sample. Figure 3 shows two examples of MS/MS spec-
tra, including CabTRP 1a (m/z 934.5, Figure 3a) and an
orcokinin peptide (m/z 1474.7, Figure 3b). As seen,
almost complete series of fragment ions were observed,
providing high confidence for peptide identification. A
list of peptides detected in these samples is shown in
Table 1. Combining direct tissue profiling and in situ
MS/MS analysis, 28 neuropeptides from eight different
families were detected directly from tissue samples,
including RFamides, orcokinins, B-type allatostatins,
SIFamides, pyrokinin, CabTRPs, orcomyotropin-related
peptide, and YRamide.

Simultaneous Imaging of Lipids and Neuropeptides
in C. borealis Brain by MALDI MS

To investigate the detailed distribution of lipids and
peptides in the C. borealis brain throughout the brain
structure, three dimensional mass spectrometric imag-
ing by MALDI-TOF/TOF was developed and imple-
mented. As shown in Figure 1c, seven pieces of brain
slices were obtained with 132 �m between each other,
and these slices were evenly distributed along the z-axis
of brain. 2D MALDI imaging was performed for each
layer of tissue, and ion images were generated with
TissueView software. The sequential series of 2D im-
ages were then reconstructed in three dimensions with
a 3D imaging software Image J.

To prepare high quality tissue sections for imaging, it is
imperative to preserve the integrity and morphology of
the tissue of interest. Two common tissue embedding
media, gelatin and optimal cutting temperature com-
pound (OCT; Sakura, Torrance, CA), were compared.
Gelatin was determined to be a better embedding me-
dium for preserving the integrity of the crab brain. Fur-
thermore, we also found that gelatin provided much
cleaner signal background compared with OCT. There
were no obvious interfering noise peaks on the tissue
surface, and relatively low level noise peaks outside the
edge of the tissue slice.
To investigate the effect of solvent on lipid and

peptide detection, we compared two matrix application
methods, namely dry coating and regular coating, using
airbrush. Recently, solvent-free matrix application at-
tracted considerable attention due to reduced analyte
diffusion and better reproducibility. Several variants
derived from this concept have been reported, includ-
ing sublimation and a few others [26–28]. However,
these applications have been focused on lipids and other
small molecules. In our experiment, dry coating was
achieved simply by adjusting matrix solution flow rate
and the distance between the airbrush and the MALDI
plate. As shown in Figure 1d, these twomatrix application
methods yield similar signal intensities and peak patterns
for lipids (abundant peaks below 900 Da). However for
the dry coating, much fewer peptides with lower signal
intensities were observed (above 900 Da). This experiment

Figure 3. Representative MS/MS sequencing of two neuropeptides obtained directly from the brain
tissue sample. The amino acid sequence of each peptide is given above the spectrum. (a) MS/MS
fragmentation of CabTRP 1a APSGFLGMRamide (m/z 934.50); (b) MS/MS fragmentation of orcokinin
NFDEIDRSGFGFA (m/z 1474. 66). The presence of b and y ions is indicated by horizontal lines above
(y ions) or below (b ions) the corresponding amino acid residues in the peptide sequence.
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suggests that solvent free matrix application technique
could be beneficial for MALDI imaging of lipids; however
certain amount of solvent is crucial for extracting peptides
from tissue samples to yield detectable signals. Hence,
adjusting humidity of matrix application is essential for
achieving sufficient analyte/matrix mixing while retain-
ing the spatial localization of the neuropeptides.

3D Distributions of Neuropeptides

Figure 4 shows representative MALDI molecular ion
images of six neuropeptides present in the brain across
seven layers, including two orcokinins, two RFamides,
SIFamide and CabTRP 1a. Most isoforms in the orcoki-
nin family, such as NFDEIDRSGFGFA (m/z 1474.7), are
expressed in high abundance in AnN with lower inten-
sity in other regions (Figure 4a). Most RFamides, such
as NRNFLRFa (m/z 965.5), are concentrated in AMPN
and PMPN (Figure 4c). SIFamide GYRKPPFNGSIFa
(m/z 1381.7) has similar distribution as most RFamides

(Figure 4e). CabTRP 1a (APSGFLGMRa, m/z 934.5) is
the most abundant neuropeptide detected in the major-
ity of brain sections, but it has higher concentration in
AMPN, PMPN, and inner boundary of ON (Figure 4f).
Most isoforms from the same family are localized in
identical brain areas, suggesting a family colocalization
pattern, although several exceptions are seen. For in-
stance, two RFamides, SMPSLRLRFa (m/z 1105.6) (Fig-
ure 4d) and DVRTPALRLRFa (m/z 1342.8) (data not
shown), are only detected in the AnN region in the first
section. Interestingly, both of these two RFamides share
the C-terminal sequence of RLRFamide instead of
FLRFamide or YLRFamide in the other RFamide
members. In addition, one of the orcokinin peptides
NFDEIDRTGFGFH (m/z 1554.7) is localized distinctly
differently from the rest of the orcokinin family mem-
bers, and exhibits high abundance in the MPC region. It
is also noted that this orcokinin peptide differs from
most of the other orcokinin family members at the
eighth amino acid residue. This phenomenon indicates
that a small difference in peptide sequence may be
responsible for a different function a peptide has within
the nervous system. Also, a complex composition of
each neuropeptide family may suggest varied biological
functions of individual members. Clearly, the localiza-
tion of these individual members often serves as the
first step toward elucidating these distinct actions.
By investigating images of serial sections, detailed

information on neuropeptide distribution in both 2D
and 3D domains can be obtained. All of these neuropep-
tides are localized around the major neuronal lobes
without significant diffusion. In our previous 2D imag-
ing study of crustacean neuropeptides, distribution of
SMPSLRLRFa (m/z 1105.6) was observed to exhibit a
different distribution pattern from other RFamide iso-
forms [23]. However, the localization of this peptide
appears to be overlapped with most orcokinin isoforms
due to the limitation of 2D mapping. Here, the 3D
imaging experiments allow a clear distinction of the
localization patterns between this unique RFamide and
the majority of orcokinin peptides. As shown in Figure
4d, SMPSLRLRFa is only present in the AnN but is
absent from the ON and other regions, which is differ-
ent from orcokinins. This result demonstrates that more
accurate description of peptide localization can be
achieved via 3D imaging. Figure 5a shows representa-
tive 3D image of CabTRP 1a generated using Image J by
stacking seven images. The 3D images were visualized
from z-axis. It is noted that CabTRP 1a is distributed
very broadly in different areas of the brain but with
higher abundance on the surface of ON.
The MSI data is consistent with the result of our

region-specific direct tissue analysis, but the sensitivity
of MALDI imaging is relatively lower than regular
direct tissue study. Presumably, the reduced sensitivity
is due to less solvent being deposited on the tissue
surface in imaging experiment to limit analyte diffusion
compared with the droplet matrix deposition used for
direct tissue analysis. As mentioned earlier, solvent

Table 1. Peptides identified by direct tissue analysis of
C. borealis brain (N � 20)

Neuropeptide sequence
Theoretical

m/z
Measured

m/z

RFamides
NRNFLRFa 965.54 965.54
GNRNFLRFa 1022.56 1022.58
GAHKNYLRFa 1104.61 1104.63
SMPSLRLRFa 1105.63 1105.64
GYSKNYLRFa 1146.61 1146.63
APQRNFLRFa 1147.65 1147.66
AYNRSFLRFa 1172.63 1172.64
SENRNFLRFa 1181.62 1181.64
pQDLDHVFLRFa 1271.65 1271.66
QDLDHVFLRFa 1288.68 1288.68
DVRTPALRLRFa 1342.81 1342.80

Orcokinins
EIDRSGFGFA 1198.52 1198.55
NFDEIDRSGFG 1256.57 1256.57
NFDEIDRSGFGFA 1474.66 1474.65
NFDEIDRSGFGFV 1502.69 1502.69
NFDEIDRSSFGFV 1532.70 1532.68
NFDEIDRSSFGFN 1547.68 1547.69
NFDEIDRTGFGFH 1554.70 1554.72

B-type Allatostatins (AST-B)
GNWNKFQGSWa 1222.58 1222.57
NNNWSKFQGSWa 1366.63 1366.66
VPNDWAHFRGSWa 1470.70 1470.69

Orcomyotropin-related peptide
FDAFTTGFGHS 1186.52 1186.54

SIFamide
RKPPFNGSIFa 1161.65 1161.67
GYRKPPFNGSIFa 1381.74 1381.74

Cancer borealis tachykinin related
peptide (CabTRP) 1a

APSGFLGMRa 934.49 934.50
TPSGFLGMRa 964.50 964.51

Pyrokinin
SGGFAFSPRLa 1037.55 1037.58

Others
HIGSLYRa 844.48 844.48
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deposition is crucial for peptide detection. In the imag-
ing experiments, we are able to detect 20 neuropeptides
in all seven sections compared with 28 in direct tissue
study. However, MSI does not require very precise
dissection and also provides better spatial resolution
than direct tissue study for peptide mapping. By com-
bining these two techniques, a more complete charac-
terization of neuropeptide localization patterns in target
organs can be obtained.

Identification and 3D Mapping of Lipids

While lipids are often viewed as interfering compounds
for neuropeptide analysis, their potential roles in sig-

naling have attracted considerable attention [29]. In
comparison to other organs and/or systems in an
animal, the nervous system contains the largest diver-
sity of lipid classes and lipid molecular species. The
diversified neuronal lipids play multiple specific roles
in the nervous system, such as forming an impermeable
barrier separating intracellular and extracellular com-
partments, providing an appropriate hydrophobic ma-
trix for membrane protein function, acting as reservoirs
for energy deposit that can be rapidly accessed at times
of demand, and serving as the source of lipid second
messengers of signal transduction [30, 31]. It is evident
that many neurological disorders and neurodegenera-
tive diseases are associated with lipids [32, 33]. The

Figure 4. Three-dimensional distributions of neuropeptides in C. borealis brain. From left to right,
the slices were arranged from dorsal to ventral. The individual optical images of each layer of
section are shown in the top panel. Tissue sections were prepared using regular matrix spraying
method for neuropeptide detection. Six neuropeptides were shown, including two orcokinins:
(a) NFDEIDRSGFGFA (m/z 1474.7) and (b) NFDEIDRTGFGFH (m/z 1554.7); two RFamides:
(c) NRNFLRFamide (m/z 965.5) and (d) SMPSLRLRFa (m/z 1105.6); (e) GYRKPPFNGSIFamide (m/z
1381.7); (f) CabTRP 1a APSGFLGMRamide (m/z 934.5). Different distribution patterns are shown
between different families and also isoforms within individual families.

1074 CHEN ET AL. J Am Soc Mass Spectrom 2009, 20, 1068–1077



study of lipids within nervous system has been termed
as neurolipidomics [34]. A recent study reported the use
of MALDI ion mobility time-of-flight MS to profile and
image lipids from rat brain tissues [35].
As an important experimental model organism, Cancer

borealis has been studied extensively for its neuropep-

tide content; however, few reports exist documenting
its lipid composition. In this study, to investigate the
content of lipids and their distribution in the crustacean
brain, both direct tissue analysis and MALDI imaging
were performed on C. borealis brain slices. As shown in
Figure 6a, several abundant lipids present in the brain

Figure 5. Representative reconstructed three-dimensional images of (a) CabTRP 1a and (b) lipid PC
38:6. For images shown in (a), tissue sections were prepared using regular matrix coating method. In
contrast, images of (b) were obtained from tissue sections prepared using dry matrix spraying
technique that favored detection of lipids.

Figure 6. Identification and 3D mapping of lipids in the C. borealis brain. Tissue sections were
prepared using dry matrix spraying technique that favored detection of lipids. (a) Representative MS
spectrum of direct tissue analysis of lipids from brain slice with the masses and identities of each peak
labeled; (b) MS/MS fragmentation of m/z 826.6 (PC 36:1 � K�); (c) MS/MS fragmentation of m/z 741.6
(SM 16:0 � K�); Neutral loss of trimethylamine group (�59) and product ion m/z 184 demonstrate the
presence of phosphocholine head chain in both molecules. (d) Comparison of 3D distribution of two
different species of lipids PC 36:1 (upper) and SM 16:0 (lower).
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tissue slice are characterized. The identities of these
lipids are assigned by accurate mass measurements in
combination with MS/MS fragmentation. Figure 6b and
c show representative spectra of two lipid species,
including phosphatidylcholine (PC) and sphingomyelin
(SM). Neutral losses of trimethylamine group �59Da
and product ion from the phosphocholine head chain
(m/z 184.1) are observed as the characteristic fragmen-
tation pattern. The detection of ion at m/z 39 suggests
the formation of K� adducts instead of protonated
form. Most of the detected lipids are from PC or SM
families, suggesting enhanced ionization in the positive
ion mode due to the presence of choline group. Many of
these detected phospholipids have been reported pre-
viously in mammals, suggesting the conservation of
lipid molecules among different animal phyla.
The distribution of lipids is also studied using 3D

MALDI imaging. As shown in Figure 6d, two examples
of 3D imaging of molecules from both PC and SM
classes are presented. Different localization patterns of
these two types of lipids are observed with PC localized
primarily in the main body of brain, whereas SM has
higher abundance in the fibers. These interesting
differential localization patterns suggest their differ-
ent functions in the nervous system despite their
chemical similarity. Figure 5b shows the 3D represen-
tation of PC 38:6. Unlike neuropeptides, the lipids are
distributed relatively evenly throughout the whole
brain structure instead of being concentrated in a few
neuronal clusters.

Conclusions

A simple 3D imaging technique was developed and
employed to study the distribution of both neuropep-
tides and lipids in the crustacean brain. Detailed map-
ping of multiple neuropeptides and lipids throughout
3D structure was performed, demonstrating differential
distribution of various neuropeptide and lipid families.
By the use of a step size of 100 �m, images of seven
sequential tissue slices can be obtained within 3.5 h for
constructing 3D visualization of both neuropeptide and
lipid distributions. Combining the in situ MS/MS capa-
bility directly from tissue samples, our technique pro-
vides a sensitive, reliable, and high throughput analyt-
ical tool for simultaneous mapping signaling molecules
in various tissue samples.
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