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Abstract

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is a valuable tool for
the analysis of molecules directly from tissue. Imaging of phospholipids is gaining widespread
interest, particularly as these lipids have been implicated in a variety of pathologic processes.
Formalin fixation (FF) is the standard protocol used in histology laboratories worldwide to
preserve tissue for analysis, in order to aid in the diagnosis and prognosis of diseases. This
study assesses MALDI imaging of phospholipids directly in formalin fixed tissue, with a view to
future analysis of archival tissue. This investigation proves the viability of MALDI-MSI for
studying the distribution of lipids directly in formalin fixed tissue, without any pretreatment
protocols. High quality molecular images for several phosphatidylcholine (PC) and sphingo-
myelin (SM) species are presented. Images correspond well with previously published data for
the analysis of lipids directly from freshly prepared tissue. Different ionization pathways are
observed when analyzing fixed tissue compared with fresh, and this change was found to be
associated with formalin buffers employed in fixation protocols. The ability to analyze lipids
directly from formalin fixed tissue opens up new doors in the investigation of disease profiles.
Pathologic specimens taken for histologic investigation can be analyzed by MALDI-MS to
provide greater information on the involvement of lipids in diseased tissue.
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Introduction

atrix-assisted laser desorption/ionization mass spec-

trometric imaging (MALDI-MSI) was introduced in
1997 [1] and has been widely presented as a powerful
method for imaging large [2—14] and small molecules [15—
24] in tissue. The technique has been applied to a diverse
range of applications but there has been particular interest in
evaluating opportunities in disease state profiling. MALDI-
MSI has been successfully used to identify disease bio-
markers [2, 9, 25] and to aid in the diagnosis and prognosis
of carcinomas [2, 9, 11, 25, 26].
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Traditional analysis of pathologic specimens employs
histologic staining procedures to investigate tissue anatomy
[27, 28]. Labeled antibodies are often used in conjunction with
staining protocols for the visualization of specific biomarkers
that aid in the diagnosis and prognosis of diseases; this is a
subset of histology known as immunohistochemistry (IHC)
[27-30]. IHC, as with other molecular labeling methods, is
often limited in its ability to yield information on multiple
species in a single section. Mass spectrometry imaging offers
simultaneous label free analysis of multiple species in a single
experiment, providing significant insights into disease
pathogenesis [4, 5, 7, 9, 12—14, 31-34].

Conventional methods for collection and storage of tissue
for histologic evaluation uses formalin fixation to chemically
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preserve the tissue by preventing proteolytic degradation
[35]. Formalin fixation (FF) causes inter- and intra-cross-
linking between proteins and proteins and nucleic acids,
which presents issues for direct analysis of proteins by IHC
and mass spectrometry [36—38]. This crosslinking is thought
to predominantly involve hydroxymethylene bridges, but it
has also been suggested that formation of coordinate bonds
for calcium ions may play a role [39]. The net result is the
masking of epitopes (antibody binding sites). There are
several techniques for reversing this crosslinking, to
‘unmask’ these epitopes, which are widely used in IHC
and referred to as antigen retrieval ‘methods’. These
methods involve enzymatic digestion, protein denaturation,
heat treatment and heat-induced antigen retrieval (HIAR)
[37, 39, 40].

Investigators attempting to analyze proteins in fixed
tissue via MALDI-MSI have explored the use of enzymatic
digestion prior to analysis [38, 41-43]. Research has also
involved development of MALDI compatible staining
protocols [44] as well as performing MALDI prior to
histologic staining [45]. These studies have aimed to
establish methods that would permit direct comparison
and correlation of images from microscopy and mass
spectrometry. Compatible protocols would facilitate full
correlation of spectral data with areas of interest high-
lighted in high resolution microscopy and enable analysis
of proteins in archival material by MALDI.

There has been increasing interest in the field of
lipidomics, which has led to significant research into the
analysis and imaging of lipids in tissue sections by MALDI-
MS [16, 20, 24, 25, 31, 34, 46-59]. There is now
considerable evidence that lipids are differentially expressed
in normal and diseased tissue, and that they may play a
central role in the pathologic processes associated with
numerous disease states, including diabetes, Alzheimer’s
and dementia, cancer, heart disease, and numerous metabolic
diseases [25, 50, 52, 58, 60-69].

Analysis and imaging of formalin fixed tissue sections
would improve correlation of MS lipid data with histologic
findings and permit MALDI analysis of sections prepared
from organs stored in formalin. Lipid profiles have been
investigated from formalin fixed bovine lens tissue [70], but
imaging of phospholipids directly from formalin fixed tissue
sections has not been presented.

This study was designed to assess the effects of
formalin fixation on analysis and imaging of phospholi-
pids in thin tissue sections. Phospholipids are the most
abundant lipid constituents, are widely distributed in the
brain, and are readily ionized and detected in MALDI
MS experiments. Several studies have already reported
the distribution of the commonly known phospholipids
within the anatomical regions of the brain in fresh tissue
sections [16, 20, 22, 24, 46, 47, 51, 54-56, 71-73].
Results from these studies provide a useful basis for the
assessment of new sample preparation methods for
MALDI-MSI.
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We present an evaluation of imaging phospholipids in fixed
tissue by MALDI-MS. MS images and spectral data obtained
from analysis of formalin fixed tissue are compared directly
with data from fresh tissue. The effects of formalin fixation are
considered with respect to image quality, sensitivity, and the
localization of selected species. Studies were also conducted to
assess the differences in salt adduct formation of lipid species
ionized from fresh and fixed tissue.

Experimental
Materials

a-Cyano-4-hydroxy cinnamic acid (0-CHCA) and tri-
fluoracetic acid (TFA) were purchased from Sigma-
Aldrich (Dorset, UK); 10% neutral buffered formalin
(NBF) was supplied by the Histology Department of the
Medical School at the Royal Hallamshire Hospital,
(Sheffield, UK); methanol was purchased from Fisher
Scientific (Loughborough, UK); whole control rat brains
were supplied by Covance, (Harrogate, UK); a T™M
Sprayer (automated matrix deposition system) was sup-
plied by Leap Technologies, Inc. (Carrboro, NC, USA).

Tissue Preparation for MALDI MSI of Phospholipids

A whole rat brain was removed from the —80 °C freezer and
allowed to thaw at room temperature. Once thawed, the
brain was placed in 10% NBF and fixed for 72 h. Fixed and
fresh brains were bisected and half of each was mounted
onto a cryostat chuck, using water-ice slush. Twelve um
serial sections of each brain were thaw-mounted onto
stainless steel MALDI target plates for mass spectrometry
and glass slides for histology. Tissue samples were coated in
5 mg mL' aCHCA matrix material, prepared in 80%
methanol (0.1% TFA) using the Leap TM sprayer. Plates
were sprayed at 150 °C, 10 psi, a flow rate of 0.25 mL/min
with a stage velocity of 500 mm/min. Each target insert was
sprayed with eight cycles.

Tissue Preparation for MALDI-MSI of Formalin
Spiked Tissue Samples

Twelve um serial sections of fresh brain were prepared as
above and subsequently spiked with 0.1 puL of formalin in
nine locations. Approximately 9 mL of a 25 mg mL™' a-
CHCA solution, (prepared in 80% methanol (0.1% TFA)
was deposited over each plate in repeated cycles via airspray
deposition (Badger Airbrush, Shesto Ltd., London, UK).

Mass Spectrometry

All experiments were carried out on a QqTOF (Qstar Elite)
mass spectrometer (Applied Biosystems, Foster City, CA,
USA), operated in positive ion reflectron mode. Instrument
parameters had been previously optimised for the analysis of
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PCs from rat brain. The Nd:YAG (355 nm) laser was operated
at 20% available power (2.1 pJ) with a repetition rate of
500 Hz. The target plate stepping distance was set to 100 um
for both the x and y dimension using the imaging acquisition
software. Data were acquired using the ‘dynamic pixel’ setting,
which involves the laser being moved within the 100 pm? pixel
area and resultant data being summed to give an accumulated
mass spectrum over 1 s for each pixel area. The resulting two-
dimensional ion intensity maps were generated using Tissue-
View or oMALDI 5.1 software (supplied by MDS Analytical
Technologies, Ontario, Canada).

Results and Discussion
MALDI-MSI of Formalin Fixed Rat Brain Sections

Analysis of formalin fixed rat brain sections yielded high
quality molecular images for several phosphatidylcholine
(PC) and sphingomyelin (SM) species. MALDI-MS images
of selected lipid species clearly highlight the specific
anatomical regions of the brain, as illustrated by comparing
the labeled H&E stained section in Figure 1 with MALDI-
MS images (Figure 1).

SM 18:0 (m/z 753)

PC 34:0 (m/z 784)

PC 38:6 (m/z 828)

Figure 1.

PC 32:0 (m/z 756)

PC 36:4 (m/z 804)

1993

For example, PC 36:4, m/z 804, is highly localized within
the hippocampus, as shown by the ion intensity within this
region. Lower ion counts for this species are observed in the
cerebral cortex, striatum, and molecular/granular layer of the
cerebellum. The corpus callosum, thalamus, midbrain, pons,
and medulla regions are outlined by very low or zero
intensity regions. Conversely PC 38:/40:4 (m/z 838), was not
detected or displayed very low counts in the hippocampus,
molecular and granular layers of the cerebellum, cerebral
cortex, and striatum regions (grey matter regions). High ion
counts for this lipid were observed within the corpus
callosum, optic chiasm, and arbour vitae area of the
cerebellum (white matter regions of the brain). Review of
these images highlights the different roles lipids play within
the specific anatomical regions of the brain.

The lipid images presented in Figure 1, from formalin
fixed tissue, correspond well with previously published data
[16, 20, 22, 24, 46, 47, 51, 54-56, 71-74] and unpublished
data obtained in this laboratory, for the analysis of lipid
species directly from fresh rat brain sections. The three most
commonly imaged lipid species within the rat brain to date,
PC 34:1, PC 32:0, and PC 36:1, all display similar
distributions to data published by Wang and co-workers

PC 34:1/36:4 (m/z 782)

PC 36:1 (m/z 810)

PC 38:1/40:4 (m/z 838

CTX=cerebral cortex, CC=corpus callosum,
HP=hippocampus, S=Septum, TH=thalamus, MD=mid
brain, CB=cerebellum, M=medulla, P=pons, PG=pituitary
gland, HY=hypothalamus and OC=optic chiasm.

MALDI-MS images of PC and SM species from formalin fixed sagittal rat brain sections with a haematoxylin and

eosin (H&E) stained sagittal section. Regions of anatomical interest are labeled. Image intensity ranges from 500 to 10,000
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(2008) [24]. The MALDI image of m/z 760 [PC 34:1+H]"
shows an omnipresent distribution in the brain (data not
shown), however, images of m/z 782 and 798, which
represent the sodium and potassium adduct, respectively,
show decreased ion counts within the corpus callosum and
arbour vitae region of the cerebellum. These results indicate
that multiple species are detected within this spectral region.
Similar results for freshly prepared sagittal sections have
been obtained within our laboratory. The sodium adduct for
PC 34:1, m/z 782 shares the same m/z as the protonated
species of PC 36:4 and with the growing number of lipid
species being identified it is highly possible that numerous
other lipid species share this mass range.

The image of PC 32:0 (m/z 756) displays high ion counts
outlining the grey matter regions of the brain. This is one of
the most predominant PC species ionized in positive ion
mode, and all adducts of this lipid share the same lateral
distribution. In contrast to Wang et al (2008) [24], data
presented here for the distribution of PC 36:1 (m/z 810)
shows this lipid is not confined mainly within white matter
regions of the brain. An even distribution of PC 36:1 across
most areas of the brain is presented in Figure 1, but lower
intensity counts are seen within the hippocampus and the
cerebellar cortex. It should be noted that this study used
sagittal rat brain sections whereas Wang and co-workers
(2008) [24] analyzed coronal sections. In addition, we have
employed a different matrix system, which may account for

Table 1. Lipid Species Detected in both Fresh and Fixed Tissue with their
Respective m/z Values

Peak assignments for fixed and fresh tissue

m/z Assignment
725.50 SM 16:0+Na
734.57 PC 32:0+H
741.50 SM 16:0+K
753.50 SM 18:0+Na
754.58 PC 32:1+Na
760.59 PC 34:1+H
769.50 SM 18:0+K
770.57 PC 32:1+K
781.60 SM 20:0+Na
782.56 PC 34:1+Na
784.57 PC 34:0+Na
786.58 PC 36:2+H
788.61 PC 36:1+H
798.55 PC 34:1+K
800.55 PC 34:0+K
804.55 PC 36:4+Na
808.59 PC 36:2+Na
810.60 PC 36:1+Na
820.54 PC 36:4+K
824.62 PC 36:2+K
826.58 PC 36:1+K
828.56 PC 38:6+Na
832.61 PC 38:4+Na
835.60 SM 24:1+Na
838.63 PC 38:1+Na
844.52 PC 38:6+K
848.60 PC 38:4+K
851.60 SM 24:1+K
856.58 PC 40:6+Na
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the differences seen. The sodium adduct for PC 36:1 is
detected at the same m/z as the protonated species of PC
38:4. The occurrence of overlapping species in the spectral
region of interest highlights that care must be taken in the
interpretation of MS images.

The images presented show some evidence of laser
‘oversampling’ [75], which results in areas of lower ion
intensity, in a geometric arrangement across the image area.
This is often seen in high resolution MALDI-MS images.

A list of the lipid species ionized from both fixed and
fresh tissue preparation is shown in Table 1.

(a)

Fresh Tissue Fixed Tissue

100 %

[M+Na]*
0%
(b)
Fresh Tissue Fixed Tissue
[M+K] o 100 %
[M+Na] 0%

Figure 2. (a) MALDI-MS images of PC 32:0 in sagittal rat
brains sections of fixed and fresh tissue, for the automated
matrix deposition method. Images on the left represent the
[M + K]* against the [M + Na]* in fresh sections, whilst images
on the right represent the [M + K]* against the [M + Na]* in fixed
sections. (b) MALDI-MS images of PC 32:0 in sagittal rat brains
sections of fixed and fresh tissue, for the manual airbrush matrix
deposition method. Images on the left represent the [M + K"
against the [M + Na]* in fresh sections, whilst images on the
right represent the [M + K]* against the [M + Na]* in fixed
sections
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The images presented in Figure 2a along with spectral
examination of these samples (Figure 3) revealed different
ionization pathways are favoured with FF tissue compared
with fresh. The sodium adduct is the most abundant species
in the former compared with the potassium adduct in the
latter. This was observed for all lipids that have previously
been reported by MALDI-MSI. To evaluate whether this
change in ionization pathway was attributed to the auto-
mated matrix deposition method (Leap TM Sprayer), the
investigation was repeated using an artistic airbrush. A far
superior image resolution was achieved with the automated
method compared with the airbrush, as evidenced by compar-
ing image quality in images presented in Figures 1 and 2a. The
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Figure 3. MALDI-MS single point spectra taken from the cerebral cortex area of fresh (blue) and fixed (red) tissue. An enlarged
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comparing single point spectra obtained from eight differ-
ent anatomical regions of the brain, for fixed and fresh tissue
(data not included). The ion counts for the [M + H]", [M + Na]",
and [M + K]" ions of PC 32:0, PC 36:1, and SM 18:0 for fixed
and fresh were compared. For all species and every location
investigated the [M + Na]" ion is the dominating species for
fixed tissue and the [M + K]* ion was found to be the most
abundant ion detected in fresh tissue. The salt content in brain is
high, which could be why sodium and potassium adducts are
often seen when analyzing brain tissue. The sodium content of
the buffered formalin may be responsible for the increase in
sodium adduct formation seen. This would explain the
difference observed in the ionization pathways for the
respective sample preparation methods. A recent report
published by Sugiura and co-workers (2009) [76] shows
selective ionization pathways are observed with the
addition of alkali metals to the matrix solution. This
supports the theory of the sodium in the buffered
formalin being responsible for the change in ion species
seen for the fixed tissue analysis.

Analysis of Formalin Spiked Tissue

The increase in sodium adduct formation in fixed tissue was
further shown in the analysis of formalin spiked fresh tissue
samples (top sections, Figure 4). The image of [PC 32:0+Na]"
has a much greater ion intensity within the spiked areas
compared with the surrounding tissue, as shown by the pixel
intensity. This appears to directly correlate with ion suppres-
sion of [PC 32:0+K]" within the formalin spiked areas, as
shown by the change in ion intensity presented in Figure 4. The
difference in the intensity charts next to each image is due to the
potassium adduct being predominantly formed in fresh tissue
analysis, as previously discussed. Results from this spiking
experiment indicate that formalin fixation does not causes

[PC 32:0 + KJ*

=7E+3
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migration or delocalization of imaged lipids. This is
illustrated by examining the formalin spike that covers
part of the corpus callosum (top left spot of spiked
section, [M+Na]"), an area where PC 32:0 is less
abundant. The spike also straddles part of the neighboring
cerebral cortex. It is postulated that if analyte migration
occurred as a result of formalin spiking (and hence
fixation) then lipids from the cerebral cortex may have
been detected within the corpus callosum. Low ion counts
within the corpus callosum indicate that no migration of
PC 32:0 from the cerebral cortex has occurred.

Conclusion

Lipid species have been successfully ionized directly from
formalin fixed tissue without any pre-treatment that could
interfere with the distribution of these molecules. High quality
molecular lipid images were obtained, showing no signs of
delocalization or interference from the formalin itself. Sodium
buffers associated with the formalin fixation protocol caused a
change in previously reported ionization pathways, and the [M
+ Na]" was found to be the most readily detected ion for each
lipid species investigated. As the involvement of lipids has now
been proven in numerous physiological and pathologic
processes, the ability to analyze these species directly from
and compare to, histologic specimens could provide a plethora
of additional information.

Research presented here indicates that MALDI-MS
imaging may be a valuable tool for the investigation of
phospholipid species directly from formalin fixed clinical
specimens. Further work is needed to identify species
detected in fixed tissue, which are not readily detected in
fresh sections. A high sodium concentration within the
matrix system is known to favorably ionize phosphatidyle-
thanolamine (PE) species, which may also be true for fixed

[PC 32:0 + NaJ*

-2.5E43

Figure 4. MALDI-MS images of PC 32:0 taken from a sagittal section of formalin spiked tissue, top images, and fresh control
section, bottom images. The [M + K]* species is represented on the left and the [M + Na]* species on the right
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tissue. Ongoing investigations will focus on ESI-MS/MS
analysis of whole brain extracts from fixed and fresh tissue
with a view to further profiling the differences afforded by
each sample preparation method.
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