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Background: In spite of the number of applications describing the use of MALDI MSI, one of its major drawbacks
is the limited capability of identifying multiple compound classes directly on the same tissue section.
Methods: We demonstrate the use of grid-aided, paraﬁlm-assisted microdissection to perform MALDI MS imaging and shotgun proteomics and metabolomics in a combined workﬂow and using only a single tissue section.
The grid is generated by microspotting acid dye 25 using a piezoelectric microspotter, and this grid was used as a
guide to locate regions of interest and as an aid during manual microdissection. Subjecting the dissected pieces to
the modiﬁed Folch method allows to separate the metabolites from proteins. The proteins can then be subjected
to digestion under controlled conditions to improve protein identiﬁcation yields.
Results: The proof of concept experiment on rat brain generated 162 and 140 metabolite assignments from three
ROIs (cerebellum, hippocampus and midbrain/hypothalamus) in positive and negative modes, respectively, and
890, 1303 and 1059 unique proteins. Integrated metabolite and protein overrepresentation analysis identiﬁed
pathways associated with the biological functions of each ROI, most of which were not identiﬁed when looking
at the protein and metabolite lists individually.
Conclusions: This combined MALDI MS imaging and multi-omics approach further extends the amount of information that can be generated from single tissue sections.
General signiﬁcance: To the best of our knowledge, this is the ﬁrst report combining both imaging and multiomics analyses in the same workﬂow and on the same tissue section.

1. Introduction
MALDI mass spectrometry imaging (MSI) is an MS-based technique
that can be used to detect and map a wide spectrum of compounds in a
single analysis [1]. MSI ﬁnds notable applications in the tracking and
quantiﬁcation of drugs and metabolites for pharmaceutical analysis,
and in the understanding of biological processes and diseases by providing spatially-resolved molecular detail for histopathological veriﬁcation [2,3]. Coupled with statistical tools [4–6], MSI can be used to
discern regions of varying phenotypes across tissue sections, and thus
ﬁnds practical use for example in the identiﬁcation of cancerous regions
in tumor biopsies and the discrimination of diﬀerent tumor stages or
subtypes [7,8]. Unlike other optical imaging methods, MSI is essentially
a non-targeted technique [9], and can be used in conjunction with
classical histological staining to provide comprehensive information of
compounds including those that do not contain reactive functional
groups such as lipids [10].

In spite of the number of applications describing the use of MSI,
improvements notably in the increase of lateral resolution and detection sensitivity are ongoing. One of the major drawbacks of the technique is the limited capability of detecting and identifying compounds,
notably proteins, directly on tissue. This limitation is imposed by the
inherent complexity of the tissue, as the presence of abundant components in the biological matrix tends to induce the suppression of the
signal of the less abundant ones [11]. Hence, even if identiﬁcation can
be derived directly from on-tissue MS analysis using top-down [12] or
bottom-up [13] approaches, these methods remain successful only in
identifying the most abundant components. A recent systematic examination of MSI protein biomarker limits of detection addresses this
problem [14]. Several approaches have been reported to circumvent
this limitation. One is by correlation of MSI-generated peak lists with an
MS/MS spectral database obtained from an LC MS (using a highly-resolutive MS instrument) run of the extracts from a whole tissue [15] or
microextracted regions [13,16–19]. Whereas whole tissue extracts
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2. Experimental procedures

provide better compound coverage, processing of whole tissues involves
extensive fractionation and puriﬁcation steps and at the expense of
losing spatial resolution [20]. Although microextraction, on the other
hand, can provide lesser compound coverage because extraction is done
on a limited region of the sample only, its use can be beneﬁcial in enabling local and in-depth examination of those speciﬁc regions by
avoiding protein dilution during whole tissue or organ processing [21].
In this regard, microextraction can be performed as a downstream step
to further characterize ROIs deﬁned by MSI, in addition to simply
providing compound identiﬁcations for back-correlation. This approach
has been demonstrated using liquid microjunction microextraction in
order to compare diﬀerent MSI-deﬁned regions of interest (ROIs) in
terms of their protein content [22]. Furthermore, microextractions can
be performed in array-like fashion to reconstruct compound heat maps
in a similar fashion to MSI, albeit with lower spatial resolution, but with
better coverage of high and low abundance proteins [23]. In line with
this approach, the Paraﬁlm-Assisted Microdissection (PAM) method
was developed in order to sample speciﬁc ROIs in proﬁling mode [24],
as well as an array of regions on a whole tissue section and generate
label-free-quantiﬁcation-based heat maps of protein distribution based
on the identiﬁcation results [25]. PAM involves manual dissection of
ROIs from tissue sections mounted on a paraﬁlm-covered slide, with
paraﬁlm serving as a support preventing direct contact of the tissue
with the slide and thus facilitating ROI excision. In contrast to liquid
microjunction, which utilizes a robotic system to perform microextraction in automated fashion, PAM is relatively cheap, and uses
common materials found in the laboratory. Also, PAM provides better
proteome coverage because proteolytic digestion can be done more
eﬃciently and in a controlled manner (overnight in solution at 37 °C,
and with disulﬁde bond breakage and carbamidomethylation), compared to liquid microjunction and similar techniques utilizing on-tissue
digestion methods [26]. Equally important, it was shown in this work
that MSI-generated information on compound localization (in this case,
lipids) can be extended by performing spatially-directed analysis of
other compound classes (proteins in this work) using direct microextraction-based sampling followed by electrospray-based MS.
In spite of these advantages, it has to be noted that the developed
PAM method, like the one utilizing liquid microjunction, has been applied on a consecutive tissue section, complicating comparisons and
correlations because of potential artefacts introduced by the use of nonidentical tissues. Furthermore, it is not often possible to obtain serial
tissue sections particularly from precious tissue biopsies, hence, the
importance of obtaining as much information possible from single
tissue sections. Notable approaches have been reported extending information obtained from an MSI analysis by using complementary MSbased techniques as had been described by Steven and Bunch [27].
Others describe interfacing with spectroscopic techniques [28]. Recently, the Bunch lab has also described the use of liquid microjunction
to generate heat maps of drug, lipid and protein distribution on the
same tissue section in a single acquisition step by subjecting 108 points
to microextraction [29], as well as the coupling of high ﬁeld asymmetric waveform ion mobility spectrometry for the same purpose
[30,31]. Such approaches integrating data from analysis of multiple
compound classes are invaluable in describing the processes that occur
in the biological context of the tissue being analyzed. With the emergence of multiple omics strategies [32,33], it is apparent that holistic
interpretations may only be discerned upon integration of results from
multiple discrete omics domains, given the complexity of biochemical
pathways involving diﬀerent classes of compounds [34]. The current
work is reported in line with this development. Here, we aim to integrate MALDI MSI with a multiomics workﬂow examining the rat brain
proteome and the metabolome by performing these methods on the
same tissue section taking advantage of the fact that the techniques
used in each step are only mildly destructive.

2.1. Experimental design and statistical rationale
We ﬁrst demonstrate how MS images can be acquired on diﬀerent
types of tissue sections mounted on paraﬁlm-covered glass slides. For
this purpose, single tissue sections were obtained from rat brain, plant
root, and whole body specimens.
The same rat brain section used for MS imaging was subjected to
downstream metabolomic and proteomic analyses using the single-step
protocol to be described in later sections. From the three diﬀerent ROIs
deﬁned, PAM pieces were excised to yield protein and lipid/metabolite
samples for nanoLC-MS/MS. For each PAM piece, single technical replicates were used for both metabolomic and proteomic analyses, with
the lipid/metabolite samples injected twice to be able to perform data
acquisition in both positive and negative modes (i.e., no polarity
switching was employed).
In the absence of additional technical replicates in this proof of
concept work, qualitative diﬀerences in terms of analyte presence or
absence were used to evaluate biological signiﬁcance.
2.2. Reagents
HPLC grade ACN, absolute methanol (MeOH), chloroform (CHCl3)
and water (H2O), and analytical reagent (AR) grade TFA were obtained
from Biosolve B. V. (Dieuze, France). Acid blue 25 (45% dye content),
ammonium bicarbonate (NH4HCO3), DTT, iodoacetamide (IAA), 2,5
dihydroxybenzoic acid (DHB), gelatin (type A, from porcine skin) and
AR grade formic acid (FA) were obtained from Sigma-Aldrich (SaintQuentin Fallavier, France). Carboxymethyl cellulose (CMC) was purchased from Acros Organics (Thermo Fisher Scientiﬁc, Courtabœuf,
France). Sequencing grade, modiﬁed porcine trypsin was obtained from
Promega (Charbonnieres, France).
2.3. Sample preparation
A 12 μm longitudinal tissue section was obtained from fresh frozen
rat brain using a cryostat (Leica Microsystems, Nanterre, France). This
was mounted on a paraﬁlm-covered polylysine glass slide by ﬁnger
thawing. The paraﬁlm was ﬁxed on the slide by stretching approximately 5 cm × 10 cm paraﬁlm and spreading it on to the slide. The
paraﬁlm was then melted by heating the slide to ensure that the paraﬁlm does not get sucked by the vacuum system of the MALDI source.
The mounted section was then dried for 15 min under vacuum, and an
optical scan was taken.
Roots from a live Douglas ﬁr (Pseudotsuga menziesii) seedling were
excised and rinsed ﬁve times with distilled water until the soil was
completely removed. A selected specimen was embedded in 2% gelatin
preheated at 40 °C then solidiﬁed at 4 °C. Once hardened, the specimen
was stored in −20 °C until use. A 10-μm longitudinal section was obtained from the specimen using the cryostat.
An adult zebraﬁsh specimen was euthanized by hypothermal shock
[35] and embedded in 2% CMC. The CMC block was suspended in
isopentane cooled with liquid nitrogen. A 12-μm longitudinal section
was obtained using the cryostat.
2.4. Grid printing
Gridlines were created on the tissue section using the CHIP 1000
Chemical Inkjet Printer (Shimadzu, Japan). 10 mg/mL acid blue dye 25
was dissolved in MeOH and diluted 20× and used to mark the grid.
1000 pL of this solution was deposited on the tissue section by multipass iterative microspotting at an interval of 3 drops and waiting time
of 2000 ms. Each drop contains 50 pL solution. The dwell voltage was
set to 62 V and the dwell time ﬁxed at 44.6 ms. These parameters led to
8 rounds/line deposition. 10 horizontal and 25 vertical lines were
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deposited 1 mm apart, leading to 1 mm2 gridlines.

the maximum IT was set to 75 ms for the full MS scans. For the MS/MS
scans, the following parameters were used: AGC target = 5e5, maximum IT = 60 ms, stepped normalized collision energy (NCE) = 10 V
and 30 V. In negative mode, the maximum IT was set to 60 ms for the
full MS scans. For the MS/MS scans, the following parameters were
used: AGC target = 1e6, maximum IT = 60 ms, step NCE = 10 V, 20 V
and 35 V. For both modes, the MS/MS resolution was set to 17,500
FWHM and the data-dependent settings were as follows: underﬁll
ratio = 0.5%, charge exclusion = unassigned and +2 or more charge
states, dynamic exclusion = 8 s.

2.5. Matrix deposition
15 mg/mL DHB dissolved in 70:30 MeOH/0.1% TFA solution was
sprayed uniformly onto the tissue section using an improvised manual
sprayer, as reported previously [25], for 25 min until matrix crystals
become visible under a light microscope.
2.6. High-resolution MALDI MS imaging
MS images were acquired using a MALDI LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientiﬁque, Bremen, Germany) equipped
with an N2 laser and operating in positive mode and using the tissue
imaging feature. The images were acquired at 60,000 mass resolution
(at m/z 200) between m/z 200–1200. Four microscans were acquired
per step. The automatic gain control (AGC) was turned oﬀ and the laser
power was set to 70 μJ and 30 laser shots were ﬁred per shot. The raster
step size was set to 100 μm. The MS images were processed from the MS
data using ImageQuest software version 1.0.1.

2.10. Protein ultrahigh performance LC MS (UPLC MS)
The trypsin-digested protein extracts were reconstituted with 10 μL
5% ACN/0.1% FA and injected on an EASY-nLC 1000 UPLC (Thermo
Fisher Scientiﬁc) equipped with a 75 μm × 2 cm Acclaim PepMap 100
pre-column with nanoViper ﬁttings and a 50 μm ID × 150 mm Acclaim
PepMap RSLC analytical column (C18, particle size 2 μm, pore size
100 Å, Thermo Fisher Scientiﬁc). The peptides were eluted using a 2-h
gradient of ACN starting from 5% to 30% over 120 min at a ﬂow rate of
300 nL/min. The Q-Exactive instrument was set to acquire top 10 MS2.
The survey scans were taken at 70,000 FWHM (at m/z 400) resolving
power in positive mode and using a target of 3E6 and default charge
state of + 2. Unassigned and +1 charge states were rejected, and dynamic exclusion was enabled for 20 s. The scan range was set to
300–1600 m/z. For the MS2, 1 microscan was obtained at 17,500
FWHM and isolation window of 4.0 m/z, using a scan range between
200 and 2000 m/z.

2.7. Lipid extraction
After MSI acquisition, the ROIs were located on the tissue section
with the help of the grid coordinates. These were excised using a scalpel
and immersed in 50 μL MeOH. To this solution, 25 μL CHCl3 was added
and the mixture was vortexed for 1 min. 25 μL H2O was then added
until an emulsion was formed, and the mixture was centrifuged for
10 min at 14,000g. The CHCl3 layer was collected and extraction was
repeated using a fresh volume of CHCl3. The pooled CHCl3 layers were
then dried using a speedvac and stored in − 20 °C until use.

2.11. Data analysis
Protein tandem MS/MS data were processed using MaxQuant version 1.5.3.30. Peptides were identiﬁed by using the Andromeda search
engine, where target-decoy searches were performed against the Rattus
norvegicus UniProt database (accessed March 4, 2014, 33,675 entries)
combined with the 262 commonly detected contaminant database. The
parent and fragment mass tolerances were set at 10 ppm and 20 ppm,
respectively. The enzyme used was trypsin, and the maximum allowable cleavages were set to 2. Carbamidomethylation of cysteine was set
as ﬁxed modiﬁcation, while oxidation of methionine and acetylation of
the protein N-terminal were set as variable modiﬁcations. False discovery rates (FDR) for the peptide and protein levels were both set at
0.01. Match between runs was indicated to facilitate searches.
Lipid/metabolite tandem MS/MS spectra were processed using
Waters Progenesis QI software. Normalization based on Total Ion Count
(TIC), alignment, and deconvolution were performed automatically
with the software selecting the reference run. Peak picking was performed using default parameters and without retention time masking.
Compound identiﬁcations were performed using the Progenesis
Metascope algorithm (version 1.0.5673.29121) by matching spectra
with the LipidMaps database (accessed March 18, 2014). The precursor
and theoretical fragment ion tolerances were set at 10 ppm and 20 ppm,
respectively. The adducts included in the search were [M
+ H − H2O]+, [M + H]+, [M + Na]+ and [M + K]+ for the positive
mode, and [M − H2O − H]−, [M − H]−, and [M + HOAc − H]− for
the negative mode.
Pathway over-representation analysis using integrated data from
both metabolomic and proteomic searches was performed using
Integrated Molecular Pathway Level Analysis (IMPaLA) version 9 [36].
The LipidMaps identiﬁers were converted to the Human Metabolome
Database identiﬁers using the Chemical Translation Service [37]
available at the Fiehn Lab website (http://cts.ﬁehnlab.ucdavis.edu/),
and these were used with the HUGO Gene Nomenclature Committee
(HGNC) symbols of the proteins to perform the pathway searches projected to Homo sapiens. Q-values were obtained from Fisher's method
and were set at ≤ 0.05.

2.8. Protein digestion and extraction
The aqueous layer from the previous lipid/metabolite extraction
steps were pooled and dried under vacuum together with the remaining
paraﬁlm pieces in the tube. The residue was then subjected to in-solution tryptic digestion as described previously [25]. Brieﬂy, 25 μL of
50 mM DTT in 50 mM NH4HCO3 was added and the solution was incubated at 55 °C for 15 min. The solution was allowed to cool before
adding 25 μL of 150 mM IAA in 50 mM NH4HCO3 and incubating in the
dark for another 15 min. 20 μL of 20 μg/mL trypsin dissolved in 50 mM
NH4HCO3 was then added and the mixture was incubated at 37 °C
overnight. Formic acid was added to a total concentration of 2% (v/v)
to stop the digestion, and the mixture was dried under vacuum. The
precipitate was reconstituted in 20 μL of 0.1% TFA in water and subjected to desalting using C18 ziptips (Promega). The concentrated
peptides were dried under vacuum and stored in −20 °C until use.
2.9. Lipid nano LC MS
The extracts were reconstituted in 20 μL of 50:50 CHCl3/MeOH and
loaded in crimp-top vials. 5 μL was injected into a Proxeon EASY-nLC
1000 UPLC system connected to a Q-Exactive MS instrument (Thermo
Fisher Scientiﬁc) and the components were eluted employing 750:250:4
MeOH/H2O/HOAc as mobile phase A and 750:250:4 ACN/MeOH/
HOAc as mobile phase B. Components were separated on a
75 μm × 15 cm Acclaim PepMap 100 column (C8, particle size 2 μm,
pore size 100 Å) using an 80-min gradient (20–80% B for 20 min,
80–95% B for 20 min, 95–100% B for 5 min, 100% B for 35 min).
Acquisition was done by operating in data-dependent mode. The full ms
scan was set at 70,000 full width at half maximum (FWHM) resolving
power (at m/z 200) in the scan range 200–1000 m/z, with an AGC
target of 1e6. The top-ten method was used to select 10 precursor ions
for subsequent MS/MS analysis. Separate injections were performed for
the positive and negative modes of data acquisition. In positive mode,
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Fig. 1. Integrated MSI and OMICS workﬂow scheme. The paraﬁlm covering of the glass slide serves as a support that allows the dissection of entire sections or ROIs after MALDI MS image
acquisition. The sections can then be subjected to downstream metabolite and protein identiﬁcation by LC MS, and the data generated by both methods are used for integrated analyses.
Lipid/metabolite identiﬁcations can also be correlated back to the imaging dataset to provide peak assignments.

3. Results
3.1. Development of combined MS imaging and OMICS method
Fig. 1 shows the general scheme for the integration of the MALDI
MSI workﬂow with shotgun MS-based metabolomics and proteomics
analyses. The tissue sections were mounted on glass slides coated with
paraﬁlm prepared by melting the latter by heating. The images are then
acquired using conventional MALDI MSI sample preparation and matrix
deposition steps, and spectra are acquired using a MALDI LTQ orbitrap
XL instrument. The paraﬁlm covering of the glass slide serves as a
support that allows the dissection of entire sections (as in a whole body
experiment) or speciﬁc ROIs (as in localized microsampling), and at the
same time does not interfere with the MALDI imaging data acquisition.
The dissected sections can then be subjected to stepwise lipid/metabolite and protein extraction using the modiﬁed Folch method, as had
been demonstrated for single-sample multiomics approaches recently
[32,33,38]. This is possible because the paraﬁlm does not dissolve
completely if immersed ﬁrst in MeOH prior to the addition of CHCl3,
and remains visible at the interface between the organic and aqueous
layers (Fig. 2). After removal of the organic layer, the remaining aqueous layer together with the paraﬁlm piece can be dried and subjected
to overnight in-solution digestion to obtain the peptides. Instances
where the paraﬁlm dissolves completely have also been observed, but
the aqueous fractions nonetheless yielded peptides after overnight digestion treatment (data not shown). MALDI TOF analyses of the reconstituted organic and aqueous fractions obtained from a single PAM
piece are shown in Supplementary Fig. S1A–C. Full MS scan signals

Fig. 2. A) Extraction of lipids/metabolites and proteins for downstream analyses after
MALDI MSI. B) The PAM piece lies on the interface of the two layers, and does not dissolve if suspended ﬁrst in MeOH prior to lipid extraction.

normally found in the region where rat brain phospholipids are detected can be observed in the organic fraction (Supplementary Fig.
S1A). On the other hand, signals corresponding to small proteins
(Supplementary Fig. S1C) and/or peptides (Supplementary Fig. S1B)
can be observed in the aqueous fraction relative to the control (paraﬁlm
piece not containing any tissue, spectra upside-down). The method was
optimized by checking if the presence of the matrix on the tissue interferes with protein detection. As shown in Supplementary Fig. S2A–B,
the PAM piece from the region subjected to matrix removal yielded a
lower number of protein identiﬁcations, compared to the one from the
region that was not subjected to further treatment. The lipid/metabolite
and peptide fractions can then be subjected to shotgun LC MS for
1705
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Fig. 3. A) Paraﬁlm repels the embedding material when 2% CMC-embedded tissues are mounted on paraﬁlm-covered slides. B) Re-congealed section with the CMC droplets removed. C)
Ion images of CMC-derived signals observed on zebraﬁsh sections mounted on a polylysine glass slide (left panels) not detected on an adjacent specimen mounted on a paraﬁlm covered
slide with the CMC droplets removed (right panels).

surface, the gelatin embedding material used for the root posed diﬃculties in mounting the material onto the slide. This was ﬁxed by rapidly heating the mounted tissue so that the gelatin adheres to the
paraﬁlm surface upon melting. Using this approach, images of metabolites localized on the diﬀerent regions of the root can be observed.
For example, a clear distinction can be seen in the distribution of m/z
1481.300 and 1193.236 which are co-localized in the cortex, with m/z
601.491 and m/z 213.075 which are co-localized in the central cylinder
(Fig. 5).

spectral acquisition, and the data processed using independent software
to obtain identiﬁcations and quantitative information. These identiﬁcations can be used for high-accuracy mass correlation to obtain tentative assignments for the MS images, or in integrated pathway analyses
using dedicated software such as IMPaLA, to generate information
which can be used for further downstream analyses (such as validation
of identiﬁed overexpressed candidates or functional analysis using
target molecules).

3.2. MS imaging on paraﬁlm-coated slides
3.3. PAM-based extraction of lipid and protein components
Whole body section sample preparation and spectral acquisition, as
exempliﬁed in this work using zebraﬁsh sections, can be done on paraﬁlm-covered slides as in conventional polylysine or conductive slides.
It was observed that paraﬁlm coating is advantageous especially for
specimens embedded in CMC, as the paraﬁlm surface repels CMC and
causes it to form droplets upon ﬁnger-thawing (Fig. 3A). The droplets
can then be wiped oﬀ from the surface so that they do not interfere in
the spectra (Fig. 3B). Fig. 4 shows the comparison of the images obtained using the zebraﬁsh section embedded in CMC and mounted on a
glass slide alone and on another one coated with paraﬁlm. The series of
peaks corresponding to various charged states of the polymeric CMC
can be easily observed on the image generated from the section
mounted on the slide alone, and they interfere with the higher mass
lipids observed around m/z 1100–1500. P. menziesii root tissue sections
containing gelatin embedding were also mounted on paraﬁlm-covered
slides to demonstrate the applicability of this method on other types of
samples. Unlike CMC which melts and gets repelled on the paraﬁlm

To perform sampling of discrete ROIs, we employed the PAM
method we have previously published elsewhere [24,25]. In contrast
however to the previous method, the current approach uses the same
section used for MS imaging for further downstream analysis, thus
avoiding altogether the use of serial sections. To improve the localization of diﬀerent ROIs and to serve as a guide for dissection, a dye grid
was microspotted on the section using the CHIP 1000 instrument. Using
the parameters described in the Experimental procedures, a grid of
1 mm2 squares composed of droplets averaging 110 μm in diameter (on
tissue) and 200 μm apart (from center to center) was created using acid
blue 25 dye (Fig. 6a). The chemical structure of the dye and its full MS
spectrum generated using the MALDI LTQ Orbitrap are shown in Fig. 6b
and c, respectively. The observed mass of the [M]+% radical ion at m/z
394.061 is in agreement with the exact mass (m/z 394.0623). This radical ion is also observable on tissue during spectral acquisition for the
MS image and can thus be used to generate the heat map image of the
1706
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Fig. 5. Pseudocolor ion images generated from MALDI MSI of P. menziesii root embedded
in gelatin and mounted on a paraﬁlm-covered slide, showing co-localization of m/z
247.060, 1481.300, 784.587 and 1193.236 in the root cortex, and m/z 601.491 and
213.075 in the central cylinder.

and the protein identiﬁcations obtained after interrogation using
MaxQuant. Results of the interrogation identiﬁed 890 unique protein
accessions for ROI 1, 1303 for ROI 2, and 1059 for ROI 3 (Fig. 9,
Supplementary Data S2). 748 proteins were common to all three ROIs.
38 proteins were both identiﬁed in ROI 1 and ROI 2, 102 between ROI 2
and ROI 3, and 24 between ROI 1 and ROI 3.

Fig. 4. Pseudocolor ion images generated from MALDI MSI of whole-body zebraﬁsh lipids
mounted on a paraﬁlm-covered slide with the CMC droplets removed (A), and on a
polylysine slide (B).

grid (Fig. 6c inset). Lipid ion images of the rat brain section subjected in
this manner are shown in Fig. 7. After reconstruction of the MS images,
the ROIs on the rat brain section were identiﬁed and located using the
grid squares. These regions, cerebellum (ROI 1), hippocampus (ROI 2)
and midbrain/hypothalamus (ROI 3), were excised together with their
paraﬁlm support using a scalpel and suspended in MeOH then subjected
to lipid extraction using the modiﬁed Folch method. The metabolites
were separated on a C8 column and subjected to tandem MS/MS. The
raw ﬁles were then interrogated in Progenesis QI by comparing the
accurate precursor ion mass and MS/MS spectra with those found in the
Lipid Maps curated database. Generated assignments were individually
validated by counter checking the MS/MS spectra used for the assignment. Examination of the metabolites detected in positive mode yielded
162 unique metabolite identiﬁcations, 121 of which were detected in
all the three ROIs (Fig. 8A, Supplementary Data S1). Eight were identiﬁed only in ROI 1 and 2 each in ROI 2 and ROI 3. 14 identiﬁcations
were detected in both ROI 1 and ROI 2, 7 in both ROI 2 and ROI 3, and
8 in both ROI 1 and ROI 3. In negative mode, 140 metabolites were
identiﬁed, 101 of which were detected in all three ROIs (Fig. 8B, Supplementary Data S1), and 7 in ROI 1 alone and 2 in ROI 2 alone. 24
were identiﬁed in both ROI 1 and ROI 2, 1 in both ROI 2 and ROI 3, and
5 in both ROI 1 and ROI 3. The proteins remaining in the aqueous phase
and in the paraﬁlm piece were subjected to overnight digestion with
trypsin and the extract subjected to shotgun nanoLC-MS/MS analysis,

3.4. Integrated pathway analysis using lipidomic and proteomic data
To obtain the signiﬁcance of the lipid/metabolite and protein differential distribution across the three diﬀerent ROIs, pathway over-representation analysis using the combined data was performed using the
IMPaLA web tool. To be able to perform this analysis, the Lipid Maps
identiﬁers had to be converted to the Human Metabolome database
format, and the IMPaLA search projected to the human databank. It can
be observed that only a small fraction of the identiﬁed metabolites
could be matched with their counterpart. Nonetheless, the integrated
analysis yielded plenty of results when the correlation values were ﬁxed
at q ≤ 0.05. The results are presented in Supplementary Data S3 and
summarized in Table 1. Terms associated with neurotrophin signaling
were identiﬁed, including “Neurotrophin signaling pathway” (KEGG)
and “Signaling by NGF” (Reactome) both observed in ROI 1 and ROI 3,
“p75 NTR receptor-mediated signaling” (Reactome) and “NGF signalling via TRKA from the plasma membrane” (Reactome) both observed
exclusively in ROI 3, and “TRKA receptor signaling pathway” (BioCarta) observed exclusively in ROI 2. The lipids and proteins associated
with the terms are also shown in Table 1. Terms associated with G
protein signaling were also found, with particular exclusivity in ROI 3
(“G protein-mediated events” (Reactome), “Inﬂammatory mediator
regulation of TRP channels” (KEGG), “PLC beta-mediated events”
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Fig. 6. A) 1 mm2 grid on the surface of the
tissue section mounted on a paraﬁlm-covered
glass slide, created by depositing acid dye 25
using a CHIP 1000 microspotter. Insets show
magniﬁcation of dye grid, and one spot with a
diameter of 111 μm. Scale bars on both zooms
indicate 200 μm. B) Chemical structure of acid
blue 25 without the sodium adduct. C) Full MS
scan showing the [M + H]+ ion of acid blue
25. Inset shows the pseudocolor ion image
when m/z 394.06 is plotted.

methyl-4-isoxazolepropionic acid (AMPA) receptors” (Reactome), and
“Glutamate binding-activation of AMPA receptors and synaptic plasticity” (Reactome). Terms exclusively observed in ROI 2 are “Attenuation
of gpcr signaling” (BioCarta), “Traﬃcking of GluR2-containing AMPA
receptors” (Reactome), “Activation of NMDA receptor upon glutamate
binding & postsynaptic events” (Reactome), “Ephrin B (EPHB)-mediated forward signaling” (Reactome), and “Brain-derived neurotrophic
factor (BDNF) signaling pathway” (Reactome).
Terms associated with lipid biosynthesis and metabolism were also
observed, although they do not associate to a speciﬁc ROI exclusively.
Among these, terms “Sphingolipid de novo biosynthesis” (Reactome),
“Sphingolipid metabolism” (Reactome, WikiPathways and SMPD),
“Metabolism of lipids and lipoproteins” (Reactome), and “Inositol
phosphate metabolism” (Reactome) were observed in ROI 1 and ROI 3,
while “Glycosylphosphatidylinositol (GPI)-anchor biosynthesis”
(EHMN) was observed exclusively in ROI 1. Whereas terms
“Glycerophospholipid biosynthesis” (Reactome), “Phospholipid metabolism” (Reactome), “Glycerophospholipid metabolism” (EHMN,
KEGG), “Phospholipid biosynthesis” (WikiPathways, SMPD),
“Triglyceride synthesis” (WikiPathways), and “Synthesis of phosphatidylserine (PS)” (Reactome) were observed in both ROI 1 and ROI 2
only. Terms “Lipoprotein metabolism” (Reactome), “Lipid digestion,
metabolism and transport” (Reactome, WikiPathway), and “Synthesis
of phosphatidylcholine (PC)” were observed in all ROIs.

Fig. 7. Sample lipid ion images of the rat brain tissue section superimposed with the acid
blue 25 dye signal (blue).

(Reactome), “Diacylglycerol (DAG) and inositol trisphosphate (IP3)
signalling” (Reactome), “PLC-gamma 1 signaling” (Reactome), “EGFR
interacts with phospholipase C-gamma” (Reactome), “Phospholipase Cmediated cascade” (Reactome), “LPA receptor mediated events” (PID
pathways) and “LPA-4 mediated signaling events” (PID pathways).
Terms related to synaptic plasticity and desensitization were also noted,
a portion of which were observed in both ROI 2 and ROI 3, and another
portion exclusively in ROI 2. The former includes “Transmission across
chemical synapses” (Reactome), “Gamma-Aminobutyric acid (GABA)
ergic synapse” (KEGG), “Beta-agonist/beta blocker pathway_pharmacodynamics” (PharmGKB), “Neurotransmitter receptor binding &
downstream transmission in the postsynaptic cell” (Reactome), “Dopaminergic synapse” (KEGG), “Traﬃcking of α-amino-3-hydroxy-5-

4. Discussion
The PAM strategy has previously shown its eﬃciency to identify
numerous signiﬁcant number proteins (> 1000) from ROIs on rat brain
tissue sections as well as on prostate tumor sections. This technique is
based on the manual microdissection of ROIs from the tissue according
1708

BBA - General Subjects 1861 (2017) 1702–1714

J. Quanico et al.

Fig. 8. Lipid and other metabolite identiﬁcations in positive
(A) and negative (B) modes, for the three ROIs selected.

approximately 1 mm in diameter leads to the destruction of the coating
and possibly loss of mounted material (Supplementary Fig. S3).
The advantage of looking at pathway regulation changes at diﬀerent
functional levels is that the changes observed at the genetic level, for
example, can be conﬁrmed at the transcriptional or metabolic level,
thus providing more evidence in support of the existence of such regulatory changes. Furthermore, the combined evidence from diﬀerent
functional levels could aid in identifying pathway changes that will not
be observed when looking at the individual functional levels alone.
From Table 1, the neurotrophic pathway involves calcium/calmodulindependant kinases (Beta, Delta, Gamma), the protein-tyrosine phosphatase, non-receptor type 11, 3 oncogenes (Ras-oncogene, crk sarcoma
virus CT10 oncogene homolog and the v-Ha-ras harvery sarcoma viral
oncogene homolog), 2 adenylate cyclase (5 and 9) and protein kinases.
All these factors are linked to neurite migration via the Rho GTPases
Rac1 and Cdc42. The small GTPase Ras plays an essential role in the
activation of Rac1 [41]. The expression of such neurotrophic pathway
in the cerebellum, hippocampus and in mid-brain is in line with previous studies [42–44]. Some diﬀerences can be observed regarding the
presence or absence of certain proteins between the 3 regions but
overall, no diﬀerences are registered concerning the complete neurotrophic pathway. The Protein Atlas conﬁrms that all proteins contained
in this pathway are detected in the three regions, with some quantitative diﬀerences in expression across each region. For example, PRKCB,
CRK and CAMK2B are highly expressed in the cerebellum, while CAMK2D, CAMK2G, RAP1B, ADCY5, ADCY9 and DNM2 are highly expressed in the hippocampus. For G protein signaling, a similar conclusion can be drawn due to the fact that some proteins are common to
both pathways like HRAS, PRKAR2B, PRKCA, PRKCB, PRKCE, ADCY5
and ADCY9. The Synaptic plasticity & desensitization pathway is more
represented in the hippocampus and mid-brain than in the cerebellum
due to the fact that these two brain areas exhibit more intensive neurogenesis processes compared to the cerebellum [45–47]. Nevertheless,
neurogenesis also occurs in the cerebellum [48,49]. In the cerebellum,
GRM1, GRIN1, and GRIN2B are speciﬁcally detected. All 3 are related
to glutamate receptor function and are implicated in cerebellum disorders [50]. Obsessive–compulsive disorder, attention deﬁcit hyperactivity disorder, and grooming disorders are related to glutamate and
its receptors [51,52]. Glutamate-modulating agents have recently
showed promise in the treatment of disorders of inhibition [50]. For
signaling pathways involving oxytocin, opioids, gonadotrophin-releasing hormone (GnRH), VEGF, ghrelin, IL8, those are predominantly
expressed in the hippocampus and hypothalamus and absent in the
cerebellum. Oxytocin, GnRH, and ghrelin are produced by the hypothalamus and their signaling pathways are involved in the hypothalamus-hypophysis-adrenals axis for GnRH and opioids, [53],
hippocampus-hypothalamus orexin pathway for ghrelin [54] and oxytocin pathway in hypothalamus-hippocampus for learning [55]. Taken
together, the results conﬁrm that all pathways identiﬁed in the diﬀerent

Fig. 9. Protein identiﬁcations for the three ROIs selected.

the non-supervised segmentation experiment performed by MALDI-MSI
of lipids from an adjacent section. Here, we implemented a dye-based
grid to serve as a guide in co-registering the ROIs directly from the
MALDI MS image to the tissue section and consequently to aid in dissecting the ROIs more properly. To achieve this, a microspotter was
used to accurately deposit the dye on the tissue and create the grid.
Acid blue 25 was found to be detectable in MALDI positive mode due to
radical formation in the gas phase under UV irradiation. This allows the
direct generation of the ion image of the radical which can then be used
to create a virtual grid that can be superimposed with the ion images of
the components of the tissue section. This Grid-Aided PAM (GA-PAM)
strategy was used to extract and identify metabolites and proteins from
the same ROIs deﬁned by the MALDI MS image. The advantage of this
approach is the possibility to perform imaging and multi-omics analysis
on the same tissue section. To the best of our knowledge, this is the ﬁrst
report combining both imaging and multi-omics analyses in the same
workﬂow and on the same tissue section.
The MALDI LTQ Orbitrap hybrid is advantageous in this workﬂow
because of its conﬁguration [39]. The high RF voltage quadrupole assembly of the q00 in the source is separated from the sample plate using
an aperture lens. As such, sample plates used in the MALDI LTQ orbitrap system do not need to be conductive. In contrast, in MALDI timeof-ﬂight systems, conductive slides are needed because a potential
diﬀerence needs to be induced in the sample plate so that the charges
produced will be accelerated and enter the time-of-ﬂight sector at a
uniform injection time. This ﬂexibility permits the use of other kinds of
target surfaces not conventionally used in MALDI MS, particularly nonconductive ones such as paraﬁlm for example. The use of nitrocellulose
membranes for the imaging of imprinted avocado mesocarps on a
MALDI LTQ orbitrap system has also been reported [40]. It has to be
noted though that any coating of the slide should be able to withstand
the vacuum pressure inside the MALDI source, as we have observed that
the presence of air bubbles trapped in the paraﬁlm coating larger than
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Pathway terms

SYN3; SLC6A1; GNB4; DLG1; SLC32A1; HRAS;
PRKCA; GAD1; GNG7; DLG3; ADCY5; CAMK2B;
CAMK2D; CAMK2G; ADCY9; CACNA2D1; GNAL;
ACTN2; GNG4; PRKCB
SRC; SLC6A1; GNG4; PRKCB; GNG7; SLC32A1;
PRKCA; GAD1; ADCY5; GNB4; ADCY9; PLCL1
GNG4; GNG7; PRKCA; PRKCB; PRKCE; ADCY5;
GNB4; ADCY9; PLCB4; SLC9A3R1; SRC
HRAS; GNG4; GNG7; PRKCA; PRKCB; GRIA3;
CACNG8; GRIN1; GRIN2B; GNB4; DLG1; DLG3;
ADCY5; CAMK2B; CAMK2D; CAMK2G; ADCY9;
GNAL; ACTN2
GNG4; GNG7; GNB4; PRKCA; PRKCB; PPP2CB;
ADCY5; CAMK2B; CAMK2D; CAMK2G; PLCB4;

PRKAR2B; PRKCA; ADCY5; ADCY9; PLCB4;
GNAL
PRKCA; PRKCB; PRKCE; ADCY5; CAMK2B;
CAMK2D; CAMK2G; ADCY9; PLCB4; PPP1CB;
PPP1CC
PRKAR2B; PRKCA; ADCY9; PLCB4; ADCY5
PRKAR2B; PRKCA; ADCY9; PRKCE; ADCY5
GNG4; GNG7; SLC32A1; PRKCA; PRKCB;
ADCY5; GNB4; PDE2A; ADCY9; PDE10A
PRKAR2B; PRKCA; ADCY9; PRKCE; ADCY5
PRKAR2B; PRKCA; ADCY9; PRKCE; ADCY5
PRKAR2B; PRKCA; ADCY9; PRKCE; ADCY5
CAMK2B; HRAS; PRKCA; PRKCB; PRKAR2B;
PPP3CB
HRAS; PRKCE; ADCY5; GNA13; ADCY9; CRK;
GNA11
ADCY9; PRKCE; GNAL; ADCY5

HRAS; GNG4; GNG7; PRKAR2B; PRKCA; PRKCB;
PRKCE; AKAP12; PRKAR2B; ADCY5; GNA13;
ADCY9; GNAL; GNA11
PPP1R1B; PPP2CB; PPP3CB; PLCB4; PRKAR2B;
PRKCA; GNG4; GNG7; ADCY5; GNB4; ADCY9;
GNAL

HRAS; PRKAR2B; PRKCA; PPP2CB; PRKCE;
ADCY5; ADCY9; PTPN11; CRK; DNM2
HRAS; PRKCA; PRKCB

MAG

HRAS; CAMK2B; CAMK2D; CAMK2G; RAP1B;
PTPN11; CRK
PTPN11

Proteins

Members from mapped entries

HMDB07248

HMDB07248
HMDB07248
HMDB07248

(continued on next page)

3-sn-phosphatidylcholine (HMDB08354,
HMDB07977, HMDB08054, HMDB08649,
HMDB08446, HMDB08794, HMDB08610,
HMDB08739, HMDB08049, HMDB08123,
HMDB08734)
HMDB08054

HMDB07248; HMDB08054
HMDB07248

HMDB07248

HMDB07248;
HMDB07879,
HMDB08318,
HMDB08734,
HMDB08739,
HMDB07248;

HMDB07248

Ceramide (HMDB04954);
Diglyceride (HMDB07248)
HMDB04954;
Sphingomyelin (HMDB12095);
HMDB07248
HMDB04954;
HMDB12095
HMDB07248

Lipids

Table 1
Selected integrated pathway overrepresentation analysis results using combined protein and lipid/metabolite data from 3 ROIs deﬁned following a MALDI MS imaging experiment.
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Lipid biosynthesis & metabolism
1. Sphingolipid de novo biosynthesis

2. Sphingolipid metabolism
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−

CDS2; PPAP2B

9. Phospholipid biosynthesis

+

−

+

8. Glycerophospholipid metabolism

CDS2; INPP4A

−

+

7. Phospholipid metabolism

+

+

+

CDS2

−

−

+

5. Glycosylphosphatidylinositol (GPI)-anchor
biosynthesis
6. Glycerophospholipid biosynthesis

INPP5A; INPP1; ITPKA; PLCB4; INPP4A; SYNA1;
NUDT3

ECI1; PPAP2B; SCP2; PCCB; PPP1CB; PPP1CC;
P4HB; BDH1; INPP4A; CDS2; GPX1; HSD17B4;
MTMR2; HSPG2; GC; ACLY; PIP4K2A; SMPD3;
SACM1L; HSD17B4

PPAP2B; SMPD3

PPAP2B

GRIN2B; HRAS; SRC; GRIN1
HRAS; PTK2B; GRIA3; GRIN1; GRIN2B; SRC

GRIN2B; HRAS; GRIA3; GRIN1

GNAL; PPP1R1B; PPP1CB; PPP1CC; GRIA3;
GRIN2B; PPP3CB
PRKCA; CACNG8; GRIA3; PRKCB; DLG1;
CAMK2B; CAMK2D; CAMK2G
PRKCB; PRKCA; DLG1; CAMK2B; CAMK2D;
CAMK2G; CACNG8; GRIA3
CAMK2D; PLCB4; PPP1CB; PPP3CB; GRM1;
HRAS; PRKCA; PRKCB; GRIN1; GRIN2B;
CAMK2B; CAMK2G; RAP1B; PPP1CC
PRKAR2B; PRKCA; PRKCB
PRKCA; PRKCB; GRIA3

Proteins

Members from mapped entries

−

+

−

+

4. Inositol phosphate metabolism

+

+

3. Metabolism of lipids & lipoproteins

−

−

−
−

+

+

+

+

−

6. Traﬃcking of AMPA receptors

ROI 3 (Midbrain/
hypothalamus)

ROI 2
(Hippocampus)

ROI 1
(Cerebellum)

Pathway terms

Table 1 (continued)

HMDB07248;
HMDB08960
HMDB07248;
HMDB08960;
HMDB07977,
HMDB08446,
HMDB08739,
HMDB07248;
HMDB08960;
HMDB07977,
HMDB08446,
HMDB08739,
HMDB07248;
HMDB08960;
HMDB07977,
HMDB08446,
HMDB08739,
HMDB08999,
HMDB05460;

HMDB07248;
HMDB07879,
HMDB08318,
HMDB08734,
HMDB07248;
HMDB07879,
HMDB08318,
HMDB08734,
HMDB07248;
HMDB09725,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123;
HMDB07248

HMDB07248

Lipids

HMDB08999,
HMDB05460;
HMDB08054,
HMDB08794,
HMDB08049,
HMDB08999,
HMDB05460;
HMDB08054,
HMDB08794,
HMDB08049,
HMDB08999,
HMDB05460;
HMDB08054,
HMDB08794,
HMDB08049,
HMDB09725,
HMDB08354,

HMDB09725,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123
HMDB09725,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123
HMDB09725,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123
HMDB09060,
HMDB07879,

HMDB08960;
HMDB07977,
(continued on next page)

HMDB09060,
HMDB07879,
HMDB08318,
HMDB08734,

HMDB09060,
HMDB07879,
HMDB08318,
HMDB08734,

HMDB09060,
HMDB07879,
HMDB08318,
HMDB08734,

HMDB08999, HMDB09725, HMDB09060,

HMDB04954; HMDB12095; HMDB08354,
HMDB07977, HMDB08054, HMDB08649,
HMDB08446, HMDB08794, HMDB08610,
HMDB08739, HMDB08049, HMDB08123
HMDB04954; HMDB12095; HMDB08354,
HMDB07977, HMDB08054, HMDB08649,
HMDB08446, HMDB08794, HMDB08610,
HMDB08739, HMDB08049, HMDB08123
L-1-phosphatidylethanolamine (HMDB08999,
HMDB09060, HMDB08960); HMDB04954;
HMDB07879, HMDB07977, HMDB08054,
HMDB08318, HMDB08446, HMDB08794,
HMDB08734, HMDB08739, HMDB08049,
triglyceride (HMDB05460); HMDB12095
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Nitric oxide signaling pathway

Oncostatin M signaling pathway
Thromboxane A2 receptor signaling
G alpha (z) signaling events

RAS signaling pathway

Gonadotrophin-releasing hormone signaling
pathway

Oxytocin signaling pathway

Ca2 + pathway
Calcium-dependent events

Leukocyte transendothelial migration (H. sapiens)
Transcription factor Creb & its extracellular signals

Kit receptor
Ghrelin
IL8- & CXCR1-mediated signaling events

+

+

+

+
+

+
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10. Triacylglyceride synthesis
11. Synthesis of PS

ROI 2
(Hippocampus)

ROI 1
(Cerebellum)

Pathway terms
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−
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ROI 3 (Midbrain/
hypothalamus)

EZR; PTK2B; PRKCA; PRKCB; ACTN4; CTNNA2
HRAS; PRKAR2B; PRKCA; PRKCB; PRKAR2B;
CAMK2B; CAMK2D; CAMK2G
HRAS; PRKCA; PRKCB; SRC; EZR
PRKCA; PRKCB; SRC; PRKCE
PRKCA; PRKCB; PRKCE; DNM1

CAMK2B; PRKAR2B; PRKCA; PRKCB; GRIN1;
GRIN2B; PPP3CB
HRAS; PTK2B; PRKCA; PRKCB; PRKCE; SRC
PRKCA; PRKCB; PRKCE; SLC9A3R1; SRC; DNM1
PRKCA; PRKCB; GNG7; GNG4; PRKCE; ADCY5;
GNB4; ADCY9
HRAS; GNG4; GNG7; PRKCA; PRKCB; RASAL1;
GRIN1; GRIN2B; SYNGAP1; PAK2; GNB4;
RAP1B; PTPN11
PTK2B; SRC; PRKCB; HRAS; PRKCA; PRKCB;
GNA11; MAP2K4; CAMK2D; CAMK2G; ADCY9;
PLCB4; ADCY5; CAMK2B
CACNG8; SRC; PPP3CB; HRAS; GUCY1B3;
PPP1CB; PRKCA; PRKCB; CACNA2D1; ADCY5;
CAMK2B; CAMK2D; CAMK2G; ADCY9; PLCB4;
ACTB; PPP1CC; MYLK
GNG7; PRKCA; PPP3CB; GNG4
PRKAR2B; PRKCA; ADCY9; ADCY5

P4HB; HSPG2; PPP1CB; PPP1CC

P4HB; HSPG2

WASF1; HRAS; PRKCA; PRKCB; PPAP2B

PPAP2B; GK

Proteins

Members from mapped entries

HMDB09060,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123,

HMDB08960,
HMDB07879,
HMDB08318,
HMDB08734,
HMDB08318,

HMDB08318, HMDB08446,
HMDB08734, HMDB08739,

HMDB05460;
HMDB08054,
HMDB08794,
HMDB08049,
HMDB05460;
HMDB08054,
HMDB08794,
HMDB08049,
HMDB08999,
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123

HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123
HMDB08354,
HMDB08649,
HMDB08610,
HMDB08123
HMDB09725,
HMDB07879,
HMDB08318,
HMDB08734,

HMDB09060,
HMDB07977,
HMDB08446,
HMDB08739,

HMDB07879,
HMDB08318,
HMDB08734,

HMDB07879,
HMDB08318,
HMDB08734,

HMDB08734, HMDB08649, HMDB08123,
HMDB08049, HMDB08794, HMDB08446,
HMDB07879, HMDB07977, HMDB08054;

HMDB08649,
HMDB08610,
HMDB08123
HMDB05460
HMDB09725,
HMDB09725;
HMDB08054,
HMDB08794,
HMDB08049,
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HMDB08739, HMDB08734, HMDB08649, HMDB08123,
HMDB08318, HMDB08049, HMDB08794, HMDB08446,
HMDB08354, HMDB07879, HMDB07977

HMDB07248

HMDB07248

HMDB07248

HMDB08054,
HMDB08794,
HMDB08049,
HMDB07248;
HMDB08999,
HMDB08999,
HMDB07977,
HMDB08446,
HMDB08739,
HMDB08794
HMDB08739,
HMDB08318,
HMDB08354,
HMDB07248
HMDB07248;
HMDB07977,
HMDB08446,
HMDB08739,
HMDB07248;
HMDB07977,
HMDB08446,
HMDB08739,
HMDB07248;
HMDB08960;
HMDB08054,
HMDB08794,
HMDB08049,

Lipids
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HMDB05460; HMDB08739, HMDB08734, HMDB08649,
HMDB08123, HMDB08318, HMDB08049, HMDB08794,
HMDB08446, HMDB08354, HMDB07879, HMDB07977

PRKCA; PRKCB; SRC
SRC; PRKCB; PPP3CB; PRKCA
PRKCA; PRKCB; SRC
PRKCA; PRKCB

WASF1; PTK2B; PRKCA; PRKCB; ABI1;
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regions are in line with the biological function and physiological processes occurring in each region.
Another advantage is that the GA-PAM oﬀers a better depth of
coverage in terms of number of metabolite and protein species detected.
The lipid/metabolite and protein identiﬁcations can then be used together for integrated pathway analysis. This, combined with localization information obtained from MALDI MS imaging, should provide
better insight into the biological processes occurring in the ROIs examined. In the future, the GA-PAM can be applied to clinical investigations, where it should provide more information about the pathology being examined because now we can observe changes in
protein and lipid/metabolite expression at the same localization.
Furthermore, adaptation of this strategy to all types of MALDI MS instruments including MALDI TOF should be explored in order for the
strategy to ﬁnd more widespread use. Investigation on this area is underway.
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