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ABSTRACT: Traumatic brain injury (TBI) is a major cause of death and disability in
children and young adults worldwide according to the World Health Organization (WHO).
The emergence of mass-spectrometry-based techniques, such as MALDI-MSI, has allowed
the monitoring and visualization of changes post injury, providing a global picture of the
impact of TBI on different classes of molecules in a single study. In this work, we show the
ability to track lipid changes post-TBI by three-dimensional matrix-assisted laser
desorption/ionization−mass-spectrometry imaging (MALDI-MSI). Controlled cortical
impact (CCI) was induced on adult male rats resulting in direct mechanical injury to
the cortical tissue on the right ipsilateral hemisphere of the brain. Images of lipid
distribution in coronally sectioned injured brains were acquired using a high-resolution
mass spectrometer (MALDI-LTQ-Orbitrap-XL). Results reveal unique lipid signatures for
the injured cortical tissue, which further segregate into two subgroups of injury (lesion
interior and lesion exterior). Although both subgroups show different profiles from that of
the noninjured cortical tissue, the lesion interior is more similar to the ventricular system than the lesion exterior. For
example, m/z 725.56 showed expression in both injured tissue and the ventricular system, whereas m/z 856.59
(phosphatidylcholine 42:9) is uniquely expressed in injured tissue. On the other hand, m/z 797.59 (also a phosphatidylcholine)
showed unique expression to the ventricular system and not to the injured cortical tissue. Our results can help in further
monitoring and identifying lesion-specific lipids in a 3D manner to obtain a better understanding and visualization of molecular
and cellular events occurring post-TBI.

Traumatic brain injury (TBI) is an alteration in brain
function due to the application of an external force to the

brain, such as head strike, rapid acceleration or deceleration
movement, or object penetration.1 On average, the annual
death rate due to TBI is 1.5 million people worldwide,2 with
men being at higher risk than women. TBI is not only
restricted to an individual’s health; it also expands to being a
major financial burden for families.3

The neurological outcomes postinjury are divided into two
main phases, namely, primary and secondary phases. Primary
injury is due to direct mechanical insult resulting in direct
damage or penetration of the underlying tissue and disruption
of brain function. On the other hand, secondary injury occurs
as a direct consequence of the primary injury; however, it is
characterized by complex molecular mechanisms, such as
altered metabolic changes, oxidative stress, ischemia, hypoxic
damage, cerebral edema, and infection.4 This leads to cell
death, inflammation due to the involvement of different

immune cells, and neurological dysfunction within injured
patients.5

Many techniques have been used to visualize the main
histological changes within the brain, aiming to follow up on
patients post-TBI. For example, magnetic-resonance imaging
(MRI) and computed-tomography (CT) scans allow one to
visualize hemorrhages or even brain deformation.6 On the
contrary, the lumbar-puncture method helps in analyzing the
cerebrospinal fluid (CSF) when looking for molecular-
signature markers. Because of a lack of information at the
axonal-injury level with conventional techniques, diffusion-
tensor-imaging (DTI) MRI was later introduced and applied to
TBI in 2002.7 Although conventional MRI shows changes at
the macroscopic level of the brain, DTI has the advantage of
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detecting microstructural changes, especially in the white
matter.8 Indeed, the latter technique is highly sensitive to
axonal-fiber injuries in the white matter of the brain, such as in
the corpus callosum. However, this characteristic could also be
a disadvantage because changes to other compartments of the
brain with possible injury, mainly the cortex, could be difficult
to visualize using such a technique. In the pursuit of a
therapeutic window for TBI, protein biomarkers have been
identified, mainly employing immunofluorescence (IF) techni-
ques and other advanced proteomics-based techniques.9,10

However, proteins are not the only players involved in diseases
and injuries. To better characterize pathophysiological out-
comes post-TBI, a full understanding of the different molecules
present must be considered.
With the advances of mass spectrometry in the field of mass-

spectrometry imaging (MSI) such needed approaches are now
possible. Among the different modalities of MSI, MALDI-MSI
is currently the technology that offers the broadest panel of
applications as a result of its ability to analyze a large variety of
analytes, including small organics,11 metabolites, and lip-
ids12,13as well as peptides and proteins in their intact
forms,14−16 even providing cellular-level spatial resolution in
routine experiments. Conventionally, MALDI-MSI is per-
formed from a single tissue section, leading to the mapping of
the analytes in the (x, y) plane. However, increases in the
acquisition speed of MS instruments dedicated to MSI
together with improvements in spatial resolution has led to
the gradual development of 3D MSI, which corresponds to the
reconstruction of 3D volumes from the 2D mapping of serial
sections.17 3D MSI is not a routine operation, because it
requires a large amount of tissue sections, and thus, it is
definitely not always required. However, it is very relevant in
certain situations to monitor the extent of molecular changes
when these cannot be gathered by other means. This is, for
example, the case when studying physio-pathological situations
in model organisms from which complete organs can be
studied. In 2005, 3D MSI was initially performed on acquired
protein-ion images of a complete mouse brain18 as a proof-of-
concept, but 10 years of developments were required so that
3D MSI could be used for biological applications.19

Lipids are essential players in the central nervous system
(CNS) because they support homeostasis and normal
functioning of the brain.20,21 However, lipids and their
associated metabolites are also known to be involved in
inflammatory processes and are therefore of major importance
in the cascade of secondary events occurring after brain
injury.22 Certain lipids have been identified as drivers of
inflammation, such as arachidonic acid, which is metabolized
into prostaglandins (e.g., PGE2) and leukotrienes (e.g., LTA4,
LTB4) and promotes the activation of the immune response.
Although metabolic pathways of certain lipids have been well
described for TBI, a more global picture enabling both the
identification and localization of various lipids using untargeted
approaches is also of interest and can help identify new targets.
MALDI-MSI is particularly well-suited to monitor lipid
molecular changes in the study of TBI. Previously, 2D
MALDI-MSI was used to study TBI by several groups. Most
studies dealt with lipid changes after brain injury using mouse
and rat models subjected to controlled cortical-impact injury
(CCI).23,24 Injured mice with sensorimotor and learning
deficits showed decreased levels of cortical and cerebellar
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) levels, whereas hippocampal levels of PC, PE, and

sphingomyelin were elevated.25 In addition, MALDI-MSI
studies were used to investigate the ischemia−reperfusion
injury model of TBI13 and showed a large increase in ion
abundance at m/z 548.5, which corresponded to ceramide
(d18:1/18:0), a lipid family known to be associated with the
regulation of signaling processes including cellular apoptosis.26

More recently, using a rat fluid-percussion model, Guo et al.
studied lipid changes post-TBI in a time-course manner, but
they used a developed liquid-extraction-ESSI device for MSI
rather than MALDI-MSI.27 Their findings suggest a role for
docosahexaenoic acid (DHA) in brain injury, as they tracked
elevated levels of DHA expression in the acute phase of injury
(0 to 1 days post-trauma) and an increase of DHA-containing
lipids, such as PE, in the chronic phase of injury (up to 7 days).
Recently, Roux et al. used MALDI-MSI in time-course
experiments post-TBI (CCI model) and revealed an increase
in ceramides and a decrease in sphingomyelins, accompanied
by changes in glycerophospholipids and cholesterol deriva-
tives.28 In these experiments, it was shown that each lipid class
was presenting a distinct kinetics. For example, ceramides were
increased as early as 1 day post injury, whereas other lipid
changes were occurring between 3 and 7 days post injury.28

The same research group has recently shown the advantage of
using MALDI-MSI to track ceramide-related m/z ratios as
biomarkers of injury with their potential role in monitoring the
effects of injury and drug-treatment approaches.29 Treatment
of CCI-injured rats 3 days post injury with a dynorphin-
binding “decoy peptide”, a peptide shown to prevent NMDA-
mediated dynorphin neurotoxicity, leads to a significant
reduction in four ceramide species (CER 34:1, 36:2, 36:1,
and 38:1) when compared with the levels in non treated
injured rats. This finding suggests the use of such ceramide
species as lipid biomarkers in brain injury and therapeutic
approaches.
In this study, 3D MALDI-MSI was applied, for the first time,

to a controlled-cortical-impact (CCI)-TBI-rat-brain model,
using high-resolution MS. 3D MALDI-MSI was used to assess
the extension of the injury at the molecular level, which is not
obtained by using conventional IHC or 2D MALDI-MSI.
Indeed, we were looking for the molecular changes not only at
the injury site but also at regions distant from the injury site as
a result of brain plasticity. For this, adult male rats were
subjected to CCI on the right cortical ipsilateral hemisphere
and sacrificed 3 days post injury; 2D ion images were acquired
from serially sectioned samples to reconstruct the 3D volumes.
Combining this volume reconstruction with clustering was
shown to be very useful in accessing changes in cell phenotypes
in three dimensions and extracting the corresponding changes
in lipid regulation.

■ EXPERIMENTAL SECTION
Reagents. Absolute methanol (MeOH), water (H2O),

chloroform (CHCl3), analytical-reagent (AR)-grade trifluoro-
acetic acid (TFA), ethanol (EtOH), and xylene were obtained
from Biosolve B. V. (Dieuze, France). 2,5-Dihydroxybenzoic
acid (DHB) and a ProteoMass MALDI Calibration kit were
purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Mayer’s Hemalun solution was purchased from
Merck KGaA (Darmstadt, Germany), phloxine B was
purchased from RAL Diagnostics (Martillac, France), and
saffron was purchased from Labonor (Templemars, Belgium).
EUKITT slide-mounting medium was bought from O. Kindler
GmbH (Freiburg, Germany).
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Animals. Procedures were performed on adult male
Sprague−Dawley rats (225−250 g, 7−8 weeks old) in
accordance with the National Institutes of Health Guidelines
for Animal Research (Guide for the Care and Use of
Laboratory Animals) and with the approval of the Institutional
Animal Care and Use Committee (IACUC) at the American
University of Beirut (AUB). Rats were maintained and housed
under pathogen-free conditions with constant temperature and
humidity control at the AUB Animal Care Facility (ACF).
Controlled-Cortical-Impact Model. Rats were anesthe-

tized, and their cortices were exposed by craniotomy; this was
followed by controlled cortical impact (CCI) to induce
mechanical damage to the cortex tissue.30 Briefly, after
anesthesia using a ketamine (10 mg/kg)−xylazine (100 mg/
kg) mix, rats were fixed on a stereotactic frame, where ear and
incisor bars were used to secure the position of the rat head.
Using a blade, a midline incision was performed to expose the
underlying tissue, and the skin was retracted on the right
hemisphere (ipsilateral). After scalping the excess tissue, a
target was set halfway between the bregma and lambda using
machine software (ipsilateral); this was followed by a
craniotomy (5−7 mm diameter) at the target site. An impact
was induced using an impactor tip of 2 mm diameter, 2 mm
depth, and 4 m/s velocity at 0.8 m/s speed. After impact, the
rat was sutured and kept for 3 days.
Brain Harvesting and Tissue Preparation. Three days

post injury, rats (n = 3) were anesthetized by 5% isoflurane and
sacrificed by decapitation. The complete brain was removed,
snap-frozen on dry-ice-cooled isopentane, and then stored at
−80 °C. Using a cryostat (Leica Microsystems, Nanterre,
France), 20 μm tissue sections were collected in a coronal view
and thaw-mounted on polylysine slides. Tissue sections
obtained every 200−250 μm (approximately) were subjected
to MSI.
Mass-Spectrometry Imaging. Tissue sections used for

imaging were dried in a vacuum desiccator for 15 min prior to
use. The matrix (2,5-dihydroxybenzoic acid, DHB) was
prepared at a concentration of 20 mg/mL in a 70:30 (v/v)
ratio of methanol−0.1% TFA in H2O. The matrix was
manually sprayed for 12 min at an air pressure of 1 bar and
a matrix flow rate of 300 μL/h using a nebulizer constructed in
house.31 Images and full-scan data were acquired on a MALDI
LTQ Orbitrap XL (Thermo Fisher Scientific, Bremen,
Germany) operated by Xcalibur software version 2.0.7
(Thermo Fisher Scientific). The MALDI LTQ Orbitrap XL
is equipped with a commercial N2 laser (LTB Laser Technik,
Berlin, Germany) operating at λ = 337 nm with a maximum
repetition rate of 60 Hz. Spectra were obtained in positive-ion
mode at a spectral-mass resolution of 30 000 (centered at m/z
400) in the mass range of 300−1000 Da. Each spectrum was
acquired by averaging 10 scans with 1 microscan per step with
a raster step size (lateral resolution) of 70 μm. External
calibration in the normal mass range (m/z 150−2000) was
performed before every acquired image using the ProteoMass
MALDI calibration kit.
Data Processing. Images were converted to the vendor-

neutral imzML format using the imzML converter available in
ImageQuest software version 1.1.0 build S4 (Thermo Fisher
Scientific). The converted files were then uploaded and
processed in SCiLS Lab MVS, version 2018b Premium 3D
release 6.01.10194 (SCiLS, Bremen, Germany). With this
version of SCiLS Lab MVS, the baseline-removal option is not
available, and the peaks are automatically imported. Normal-

ization was performed on the basis of the total-ion-count
(TIC) method. The m/z intervals were also automatically set
at ±33.155 mDa. All spectra were aligned using the move-
peaks-to-local-max feature with the reference-sample data set
chosen arbitrarily. All ion images were plotted with the weak-
denoising option. Spatial segmentation was performed using
the bisecting k-means algorithm with a Euclidean-distance
metric.32 Regions were specified on the basis of the results of
spatial segmentation. Colocalization analysis was performed
using Pearson’s correlation analysis.33 Receiver-operating-
characteristic (ROC) analysis was performed to discriminate
between the injury area and ventricles.34

3D Image Reconstruction. A total of 16 coronal sections
of 20 μm thicknesses were used to reconstruct the 3D image;
images were taken consecutively every 200−250 μm interval
and covered the entire area of the brain containing the cortical-
impact injury. This spans the bregma −1.30 to −4.80 mm,
starting from the ventral part where the third ventricle starts to
appear up until the sections where the thalamus terminates.
The coregistration of all images was done interactively using
rigid alignment of the 2D optical scans of the tissue taken at 8×
bit resolution using a Nikon scanner (Nikon Technologies,
Tokyo, Japan). After alignment of all tissue, space filling was
performed with each tissue filling a 500 μm gap.

Lipid Assignment. Preliminary assignments based on
accurate mass measurements were done by interrogation of the
METLIN metabolomics database (public domain: http://
metlin.scripps.edu/) using a threshold of ±4 ppm. MS/MS
spectra, if possible, were acquired using an off-tissue approach
that involved liquid−liquid extraction using the Folch method.
Four 20 μm thick brain sections were suspended in 60 μL of
CHCl3, and to this, 30 μL of MeOH and 30 μL of H2O were
added. The mixture was vortexed for 1 min, sonicated for 5
min, and then centrifuged at 10 000 rcf for 10 min. After
centrifugation, the CHCl3 extracts in the lower phase of the
Eppendorf tube were collected. To ensure maximum lipid
extraction, CHCl3 extraction was performed twice. CHCl3
extract (1 μL) was spotted on a MALDI target and combined
with 1 μL of matrix (20 mg/mL DHB dissolved in 70:30
MeOH−0.1% TFA). Full scans were acquired at 100 000
resolution (centered at m/z 400) in positive mode in the same
mass range used during image acquisition (m/z 300−1000) by
averaging 10 scans acquired with 2 microscans at 2 microscans
per step. Precursor-ion isolation was performed using an
isolation window between ±1 and 2 Da, and the fragments
were scanned with a maximum accumulation time between
120 and 200 ms. The normalized collision energy (NCE) was
optimized for the individual precursor ions.

HPS Staining. After MALDI-Orbitrap acquisition, the
matrix was removed by dipping the slide in methanol for 30 s.
After drying in the desiccator, the tissue was treated with
hematoxylin solution for 1 min and rinsed with tap water. The
tissue section was then stained with phloxine (0.1% aqueous
solution) for 10 s and rinsed with tap water. Then, a
dehydration step in 70 and 100% ethanol was performed. The
tissue was then dipped in saffron for 5 s, rinsed twice in
alcohol, and given a final rinse in xylene before the mounting
with the EUKITT slide-mounting medium and the addition of
a coverslip.

■ RESULTS AND DISCUSSION
Unsupervised Spatial Segmentation and 3D Image

Reconstruction. Spatial segmentation was employed to
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visualize regions sharing similar molecular profiles within the
tissue (Figure 1a). The depth of the cluster was chosen
interactively such that the anatomical features of the rat brain
could be discerned by comparison with the HPS-stained
section as reference (Figure 1b). The resulting segmentation
maps were then superimposed on the optical scans of the HPS-
stained tissue section to verify the colocalization of individual
clusters to their corresponding anatomical regions (Figure 1c).

In this manner, it can be shown that the white matter (corpus
callosum, red, corresponding to 64 462 spectra) can be
distinguished from the gray matter (cortical tissue, blue,
corresponding to 283 470 spectra). More importantly, spatial
segmentation reveals that the injured cortical tissue in the right
hemisphere clearly clusters distinctly from the rest of the brain
(Figure 1a). In fact, spectra corresponding to the injured tissue
cluster into two different groups (one colored light blue and

Figure 1. (A) Spatially segmented cluster image obtained after processing of MALDI-MSI lipid data of a rat brain 3 days post injury. (B) HPS
staining of the same tissue section MALDI imaged previously. (C) Coregistration of spatial-segmentation and HPS-staining images revealing the
depth of injury induced by controlled cortical impact (zoom). (D) Cluster tree corresponding to the same tissue slice after segmentation based on
the Euclidean-distance-calculation method.

Figure 2. 3D representation of the spatial-segmentation results after superposing all consecutive MS-imaged tissues. Images show a series of
clippings made at various depths with the plane perpendicular to the coronal axis. Clusters pertaining to regions with no tissue (i.e., only matrix
present) where hidden for clarity.
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corresponding to 1125 spectra and the other colored light red
and corresponding to 1631 spectra, annotated as lesion
exterior and lesion interior, respectively; Figure 1d), with
each group separated clearly from the other and at different
depths in the clustering tree. The surface area of the region
covered by the two clusters is in agreement with the
approximate area of the impact region expected on the basis
of the diameter of the impactor tip (2 mm, Figure 1c, zoom).
The underlying hippocampus shows no physical evidence of
damage, as confirmed by the spatial-segmentation result and
HPS staining. The two clusters can be further discerned from
each other when the 3D volume image is rebuilt by
superposing the spatial-segmentation images of all sections
and taking cross-sections of the 3D volumes at different depths
(Figure 2). The surface of the cortex at the site of the impact is
dominated by the light-red cluster, and the impact site is
bordered by the light-blue cluster. At deeper depths of the
cross-section, the size of the red cluster reduces whereas that of
the light-blue cluster increases until only the latter can be
observed at cross-section depths closer to the corpus callosum.
The segmentation results also revealed a cluster whose

distance was close to that of the lesion exterior but which was
not present in the injured tissue region. Comparison with the
rat-brain atlas shows that this cluster corresponds to the left
and right lateral ventricles and the third dorsal ventricle.
Spectra from these regions all group in the same cluster (light
brown, 3287), thus showing the same molecular profile for the
three ventricles (Figure 1d). The localization of the ventricles
and their progression deeper in the tissue is clearly shown in a

coronal view of the brain when the cluster corresponding to
the ventricle regions is 3D-rendered separately (Supplementary
Figure 1). The evolution of the ventricle cluster within the
brain, from the frontal part close to the olfactory bulbs toward
the rear part close to the cerebellum, is in coherence with the
shape of the ventricle expected on the basis of the rat-brain
atlas.35 In the same 3D plots, the images of the clusters
corresponding to the lesion interior and exterior are also
shown.

Differential Lipid Expression within Different Re-
gions of the Injured Brain. Data from unsupervised spatial
segmentation were used to select regions of interest (i.e., lesion
interior, lesion exterior, ventricles, and contralateral cortex;
Figure 3a). Spectra from these regions were then subjected to
principal-component analysis (PCA) to create a model that
would explain the observed differences in the spectral profiles
between the lesion interior and exterior, between the injured
cortical tissue and the uninjured cortical tissue in the opposite
hemisphere of the brain (contralateral cortex), and among the
three ventricles (left lateral, right lateral, and third dorsal
ventricles). The first principal component explains 7.125% of
the variance observed across the groups, and the second and
third components explain 6.659 and 4.878%, respectively.
From the scores plot of the first three PCs, it can be observed
that the clusters are distinctly separated from each other
(Figure 3b). The contralateral-cortex group (blue) is clearly
separated from the lesion interior (red), the lesion exterior
(yellow), and the ventricles (green). On the other hand,
although the lesion-interior and -exterior clusters were very

Figure 3. (A) 2D image of spatial-segmentation result with the regions of interest (lesion interior, lesion exterior, ventricles, and cortex
contralateral) that were selected for further statistical analysis highlighted. (B) Scores plot of the first three components of the PCA of the selected
regions: cortex contralateral (blue), lesion interior (red), lesion exterior (yellow), and ventricles (green).

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.8b02682
Anal. Chem. 2018, 90, 10568−10576

10572

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02682/suppl_file/ac8b02682_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02682/suppl_file/ac8b02682_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.8b02682


Figure 4. (A) Scatter plot of the loadings for the first two PCs with the selected m/z ratios highlighted. (B) 3D representation of m/z 804.542,
832.593, 869.463, and 774.536. (C) Box plot of the intensity variation of the selected regions (ventricles, lesion interior, lesion exterior, and cortex
contralateral) for each of the chosen m/z values in (B).

Figure 5. (A) 3D representation of m/z 741.545 in three different view panels. (B) 3D representation of m/z 725.564, 543.501, and 683.455.
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close to each other in the PCA grid, they nonetheless showed a
complete separation, as demonstrated in Figure 3b.
A scatterplot of the loadings of the first two PCs is plotted in

Figure 4. The variables (m/z intervals) corresponding to the
heaviest loadings after the 99% error quantile was defined are
labeled (Figure 4a), and examples of their ion images are
projected in 3D, as shown in Figure 4b. A total of 159 m/z
intervals were noted and are shown in Table S-1. Loadings
with high contribution to the first component show intense
distribution in the contralateral-cortex regions but are absent in
the other two lesion groups and in the ventricles, as
exemplified by PE(38:1)/PC(35:1) (m/z 774.536) and m/z
869.463. Plots of the normalized intensities of these m/z
intervals are shown in the box-plot representation (Figure 4c).
On the other hand, loadings with highly positive correlations
with the second component, such as PC(38:7) (m/z 804.542)
and PC(38:4) (m/z 832.536), show a very intense distribution
in the lesion but not in the contralateral cortex or the ventricles
(Figure 4c). It should be noted that some of these signals are
not lesion-specific but can also be observed in the hippo-
campus, as in the case of PC(38:7) (m/z 804.542, Figure 4b).
Lesion- and Ventricular-System-Specific Signal after

TBI. Data from the spatial segmentation suggest a trend in the
lipid distribution along the lesion site and the ventricular
system upon induction of TBI. Visualization of lesion-elevated
m/z ratios was then performed in the brain 3 days post-TBI
(Figure 5). Using SCiLS Lab MVS software, processing of the
data was performed in order to retrieve all m/z values that
colocalized with the site of injury. A total of 30 m/z values
were identified with a threshold of 0.3 (Table S-2). Further
classification of the data allowed us to obtain high expression
values that colocalized in both the ventricles and the lesion
found in the cortical tissue. For instance, m/z 741.545
localized in the injury area as well as in the ventricular system
of the brain (Figure 5a). As tissue slices progressed further
toward the cerebellum in a coronal view, the sizes of the left
and right ventricles increased along with a concomitant
expansion and distribution of the expression of this m/z in
the ventricles. Similarly, m/z 683.454 and 725.564 showed the
same localization along the ventricles (Figure 5b). In contrast,
m/z 543.501 showed a similar response to those of the
previously mentioned molecules at the cortical-injury site,
whereas its expression in the ventricles was restricted to the
frontal part of the brain, which has a very small ventricular size
(Figure 5b).
Lesion-Specific and Ventricle-Specific Signal Post-

TBI. In order to identify the m/z that showed increased
expression in the cortex-lesion area without any expression in
the ventricles, receiver-operating-characteristic (ROC) analysis
was performed between the two regions. This analysis allowed
us to discern the discriminative values that differentiate the two
areas. Indeed, a total of 10 m/z intervals with high AUC values
were identified as being responsible for discriminating between
the lesion area and the ventricles, after the application of a
threshold value of 0.95 for the lesion-discriminative values and
a threshold value of 0.12 for the ventricle-discriminative values
(Table S-3). Four of these m/z intervals are represented in
Figure 6, which shows the clear distribution of lesion-specific
and ventricle-specific m/z values within the rat brain. Both m/z
723.508 and PC(42:9) (m/z 856.598) show clear distributions
within the cortical tissue of the brain, with elevated expression
at the injury site (Figure 6a). Interestingly, the signals can also
be observed in the same site as the injury in sections unaffected

by cortical impact; for example, m/z 856.598 appears as a
continuous streak in the injury site when the 3D image is
clipped horizontally along the z axis, whereas it appears
cylindrical in the spatial-segmentation cluster corresponding to
the lesion in Figure 2. At the same time, these two molecules
show no expression within the ventricular system of the brain.
In contrast, one PC (m/z 797.580) and m/z 398.044 show
clear increased distribution within the ventricular system
(Figure 6b). Along with the increased expression in the
ventricles, baseline expression can be found in the cortical
tissue for m/z 797.580 but not in the injury, and m/z 398.044
shows unique expression in the ventricle system alone. Similar
profiles of expression and localization were obtained for the
other two replicates analyzed, as shown in the box-plot
representation showing the intensity variations of the lipid
markers in the different areas of the rat brains (Supplementary
Figure 2).
In the present study, we performed 2D MALDI lipid

imaging on rat-brain serial tissue sections and then superposed
all images to generate a 3D reconstruction of the injured part
of the brain, showing altered lipid distributions after cortical-
impact injury. This 3D reconstruction definitely enables us to
get a global picture of the molecular changes in the brain
postinjury at a larger extension. For example, the distribution
of the ventricular system is not uniform throughout the brain
from the rostral part to the caudal part. In fact, the lateral
ventricle starts with a circular node shape in the rostral part of
the brain near the olfactory bulbs and evolves in size as it
moves further into the brain, reaching a large-sized cavity
toward the caudal part. The expression of m/z related to this
system cannot be understood with as much clarity in a 2D
manner as with 3D MSI because of the mentioned size
evolution. A similar explanation can be stated for the
hippocampus, as its progression in size from the rostral part
to the caudal part of the brain is nonuniform.
We believe that the 3D reconstruction helps with spatial and

theoretical understanding of the injured brain along with the
possible involvement of other organs. Unsupervised spatial
segmentation revealed clusters that matched the histological
observation of the brain. For example, the white matter, mainly
the corpus callosum, was grouped together and distinct from
the gray-matter cluster, which was mainly composed of the
cortex. In addition, the spatial-segmentation data also allowed
us to isolate the site of the injury from the remaining parts of

Figure 6. (A) 3D representation of m/z 723.508 and 856.598 viewed
in clippings mode with the dissecting plane perpendicular to the
coronal axis. (B) 3D representation of m/z 797.580 and 398.044.
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the brain, thus showing that the lipid contents of the injured
cortical tissue differs from those of its surroundings. This
difference becomes more evident when the injured region in
the ipsilateral cortex is compared with an uninjured region of
the contralateral cortex.
More importantly, the segmentation data allowed us to

distinguish two distinct regions within the injury site. Tentative
assignments of lipids specific to each region show that they
belong to different lipid classes, suggesting perhaps a graded
response to injury. Whether this finding has significant
implications with regard to the induction of injury and
progression of the ensuing secondary damage and inflamma-
tory processes warrants further investigation. Previous reports
on other CNS injuries, such as those induced in the spinal
cord, have demonstrated the presence of different immune
cells (resident and circulating) at specific locations in the
injury site.36

Our results also reveal the presence of signals in the lesion
colocalizing all throughout the ventricles. The ventricular
system plays a crucial role in the mobilization and transfer of
molecules within the brain itself and toward surrounding
organs, such as the spinal cord. Indeed, the ventricular system
is responsible for the production of the CSF, which circulates
in a unidirectional way from the rostral to the caudal parts of
the brain and then into the spinal subarachnoid space.37 Thus,
tracking injury-implicated molecules along the ventricular
system could provide insight into the systemic progression of
TBI and how it affects other regions of the brain and the CNS.
In this study, images were taken with a high-resolution mass

spectrometer with a high mass accuracy (lower than 5 ppm),
which provided a big advantage over the typical time-of-flight
(TOF) analyzers linked to MALDI sources.38 This is clearly
visualized in our data (Supplementary Figure 3), where a mass
difference of 0.07 (m/z 725.564 and 725.497) revealed
molecules with different distributions. Both molecules were
expressed within the injury site, and m/z 725.564 was also
localized in the ventricles but not in the white matter, whereas
m/z 725.497 was localized in the white matter, mainly the
corpus callosum, but not in the ventricular system.

■ CONCLUSION
In conclusion, we have demonstrated the capability of using
high-resolution MALDI-LTQ-Orbitrap-XL in 3D lipid mass-
spectrometry imaging of traumatic brain injury. Our findings
suggest a unique lipid profile in the area of injury, with some
resemblance to the ventricular system in the brain post injury.
We have shown injury-specific lipid distribution in a 3D
manner throughout the injury in the right hemisphere of the
brain.
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