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Abstract

Utilization of MALDI-MS (matrix-assisted laser desorption/ionization mass spectrometry) for
tissue imaging is a relatively new proteomic technique that simultaneously maps the spatial
distribution of multiple proteins directly within a single frozen tissue section. Here we report the
development of a methodology to apply MALDI tissue imaging to chick heart tissue sections
acquired from fixed and paraffin-embedded samples. This protocol produces molecular images
that can be related to the high quality histological tissue sections.

Perfused term chick hearts were fixed in acidic ethanol and embedded in paraffin wax. Tissue
sections (15 um) were collected onto conductive slides, deparaffinized with xylene and
transitioned into water with graded ethanol washes and allowed to air dry. In separate experiments
three different MALDI matrices were applied to chick heart tissue sections through repeated
cycles from a glass nebulizer. Tissue sections were then analyzed by MALDI mass spectrometry
using a raster step-size of 75-100 pm, and molecular images for specific m/z ratios reconstituted.

MALDI tissue imaging revealed spatially-resolved protein signals within single heart sections that
are specific to structures or regions of the heart, e.g., vessels, valves, endocardium, myocardium,
or septa. Moreover, no prior knowledge of protein expression is required as is the case for
immunohistochemistry and in situ hybridization methodologies. The ability to simultaneously
localize a large number of unique protein signals within a single tissue section, with good
preservation of histological features, provides cardiovascular researchers a new tool to give insight
into the molecular mechanisms underlying normal and pathological conditions.
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INTRODUCTION

Detection of protein expression patterns by immunohistochemistry is a standard research
tool for investigating the localization of specific antigens in tissues. The technical basis of
such studies requires prior knowledge of the particular proteins of interest and relies on

either commercial or investigator-derived antibodies. Ideally each antibody should recognize
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only its intended antigen, but in practice many have some degree of cross-reactivity with
other proteins. While this is relatively straightforward to demonstrate for immunoblotting
methods, it is much more difficult to show absolute selectivity for immunohistochemistry.
Physical accessibility of the epitope can also be an issue, requiring “epitope retrieval”
strategies to unmask antigenic sites.(D’Amico et al., 2009) Expanding histological analysis
to the simultaneous localization of multiple proteins in the same section brings additional
complications of limited primary/secondary antibody pairings due to source species and the
availability of spectrally-distinct fluorophores. In general, the relative distribution of only
two to three proteins can be evaluated in any one tissue section. Given that the “omics” era
of science produces a multitude of targets that could be involved in the molecular events
preceding the overt morphological phenotypes of diseases and pathologies, it is unrealistic to
conceive of generating specific immunoreagents to all of these proteins and any related post-
translational modifications that might occur, let alone using conventional
immunohistochemical methods to evaluate their relative distributions.

Mass spectrometry is currently the most sensitive technology for discriminating protein
identities by mass differences of only a few daltons. MALDI-MS (matrix-assisted laser
desorption/ionization mass spectrometry) imaging mass spectrometry, or “MALDI tissue
imaging,” is a relatively new proteomic technique that simultaneously maps the spatial
distribution of multiple proteins directly in a single tissue section. The experimental
workflow for a MALDI imaging experiment is shown schematically in Figure 1. Typically,
frozen tissue is sectioned to 10-20 um thickness, transferred to either a conductive MALDI
sample plate or conductive glass slide, coated with matrix solution, and analyzed by MALDI
mass spectrometry. During data collection, the MALDI laser is raster scanned across the
tissue section with user-defined spatial resolution, typically 100-200 um in x and y
dimensions, and a mass spectrum collected at each sampling location. Depending on
whether matrix solution is applied by glass nebulizer/airbrush(Garrett et al., 2007) or
automatically,(Aerni et al., 2006; Baluya et al., 2007; Deininger et al., 2008) 10’s to 1000’s
of peptide and protein signals are observed simultaneously in a single experiment..
Generally, soluble peptides and proteins in the mass-to-charge (m/z) range 3,000 — 30,000
are detected, although efforts to extend the detectable mass range to higher m/z are ongoing.
(Leinweber et al., 2009) To interpret the data, the intensity of any m/z signal observed in the
mass spectral data is plotted as a function of sampling position, where each m/z signal
represents a protein, protein form or peptide, and each sampling position represents one
pixel in the resultant display. In this way, two-dimensional ion density maps, or molecular
images, can be reconstituted for any observed m/z signal. This technique has distinct
advantages over traditional MALDI mass spectrometry analysis, such as no protein
extraction and separation procedures, minimal sample preparation, and the maintenance of
spatial information. Signal/protein identification can then be determined using standard
proteomics approaches.

First used to detect proteins and peptides in rat pancreas and pituitary (Caprioli et al., 1997),
MALDI tissue imaging has now been applied to isolated tissues as varied as the mouse
brain(Stoeckli et al., 2001), bovine lens(Han and Schey, 2006), and cancerous human
lung(Yanagisawa et al., 2003), and from single neuronal cells(Rubakhin et al., 2003) to
whole body analysis (Khatib-Shahidi et al., 2006; Stoeckli et al., 2007; Trim et al., 2009).
Direct tissue analysis by MALDI can detect a variety of analytes; phospholipids,(Rujoi et
al., 2004; Sjovall et al., 2004; Jackson et al., 2005; Woods and Jackson, 2006; Jackson et al.,
2007)pharmaceuticals,(Troendle et al., 1999; Reyzer et al., 2003; Signor et al., 2007; Chen
etal., 2008; Liu et al., 2009; Trim et al., 2009) peptides,(DeKeyser et al., 2007; Groseclose
et al., 2007; Rubakhin et al., 2007; Taban et al., 2007; Minerva et al., 2008; Monroe et al.,
2008) and proteins(Stoeckli et al., 2001; Yanagisawa et al., 2003; Han and Schey, 2006)
have all been successfully detected in a spatially distinct manner. Normally, fresh-frozen
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tissue is anlayzed, although recent advances have made biochemical information accessible
from formalin-fixed paraffin-embedded (FFPE) samples via in situ enzymatic
digestion(Lemaire et al., 2007), with subsequent application to disease marker identification.
(Groseclose et al., 2008; Stauber et al., 2008) Here we report the application of MALDI
tissue imaging to study protein localization in heart tissue that includes the development of a
tissue preparation protocol that utilizes ethanol/acetic acid fixation and paraffin-embedded
sectioning yielding improved retention of histological features over traditional frozen
section preparations used for MALDI tissue imaging. Furthermore, the use of ethanol/acetic
acid fixation eliminates crosslinking artifacts and signal suppression generated by formalin
fixation protocols. Using this technique, we observed a multitude of peptide and protein
signals in deparaffinized chick heart tissue sections prepared for MALDI tissue imaging
with any of three MALDI matrices examined. Protein signals can be detected that are
specific for the major heart vessels, valves, endocardium, or septa, and can be distinguished
from those expressed throughout the myocardium without any prior knowledge of which
proteins might be present. Thus, the combination of MALDI tissue imaging with acid-
alcohol fixed tissue is a powerful new analytical tool for resolving the relative spatial
expression dynamics of a large number of different proteins and modifications
simultaneously in a single section of heart tissue. This gives cardiovascular researchers the
potential of an integrated readout of the molecular mechanisms underlying normal and
pathological conditions.

MATERIALS AND METHODS

Reagents

Acetonitrile, high-performance liquid chromatography (HPLC)-grade water, and
trifluoroacetic acid were purchased from Thermo Fisher Scientific Inc. (Hampton, NH).
Phosphate-buffered saline (PBS) tablets, 3,5-dimethoxy 4-hydroxycinnamic acid (sinapinic
acid, SA), and a-cyano-4-hydroxycinnamic acid (CHCA) were purchased from Sigma-
Aldrich (St Louis, MO). Indium tin oxide-coated conductive glass microscope slides and
2,5-dihydroxybenzoic acid (DHB) MALDI matrix were purchased from Bruker Daltonics
(Billerica, MA). Unless otherwise stated all other chemicals were obtained from Sigma-
Aldrich.

Tissue preparation

Hatching chicks (Gallus gallus domesticus, Pilgrim’s Pride, Sumter, SC) were sacrificed by
cervical dislocation and their hearts removed and washed in PBS several times. The heart
was then perfused thoroughly with ice cold PBS (10-15 mL over 2-3 min) in order to
remove residual internal blood. Additionally, PBS was injected into the coronary sinus to rid
blood from the coronary veins. Whole chick hearts were immersed in a —20 °C solution of
75% ethanol and 25% glacial acetic acid for 24 hours. On the next day, they were changed
to 80% ethanol for 2 hours, then 90% ethanol for 5 hours, and then to 100% ethanol for 1-2
days. Following the dehydrating process, the hearts were transferred to xylene for two
washes, until the heart appeared to be transparent. The samples were pre-included in paraffin
overnight in a vacuum oven at 55-56 °C. They were then transferred to paraffin for one hour
at 55-56 °C then oriented to make frontal sections and the paraffin allowed to harden. All
paraffin-embedded tissues were sectioned at 15um thickness. After sectioning, each
individual section was transferred to a conductive glass slide by dotting the slide with water,
and then warming the slide on a hot plate to 60 °C, allowing the floating sections to settle
and flatten on the slides. The water was removed and the slide was allowed to dry for one to
two days. The dry sections were heated to 70 °C for 2 seconds in order to melt the paraffin,
which was then removed by soaking in xylene for 24 hours. The deparaffinized sections
were processed through 100% ethanol (3 washes, 10 minutes each), then transferred to 70%
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ethanol (10 minutes), washed with water (3 times, 10 minutes each), and then allowed to air
dry for 2 hours.

MALDI matrix deposition

MALDI matrices were dissolved in 70% acetonitrile/0.1% trifluoroacetic acid. DHB was
used at a concentration of 40 mg/ml, while CHCA and SA were used at a concentration of
15 mg/ml. Matrix solution was applied to dry chick heart tissue sections through repeated
cycles from a glass nebulizer until an even coating of matrix crystals across the entire tissue
slice was achieved. After drying, tissue sections were analyzed by MALDI mass
spectrometry.

Mass Spectrometry

Mass spectrometric analyses were performed in the linear, positive mode at +20 kV
accelerating potential on a time-of-flight mass spectrometer (Bruker Autoflex 111 TOF-TOF;
Bruker Daltonik, Bremen, Germany), which was equipped with a Smartbeam laser capable
of operating at a repetition rate of 200 Hz with optimized delayed extraction time and laser
beam size was set to medium. Laser energy was optimized for signal-to-noise in each
preparation. Using Bruker Protein Standard 1 (Bruker Daltonik, Bremen, Germany), a linear
external calibration was applied to the instrument prior to data collection. Mass spectral data
sets were acquired over a whole chick heart section using flexImaging™ software (Bruker
Daltonik, Bremen, Germany) in the mass range of m/z 3,000 to 30,000, with a raster step
size of 75 or 100 um and 250 laser shots per spectrum. After data acquisition, molecular
images were reconstituted using the fleximaging™ software. Each data set consists of
approximately 6,000 individual sampling locations, or pixels. Data was normalized using
fleximaging™ software, and each m/z signal plotted +/— 4 mass units for m/z values < 7000,
+/— 6 mass units for m/z values 7000-10000, and +/— 8 mass units for m/z values > 10000.
For display purposes, data was interpolated and pixel intensities were rescaled in
fleximaging™ to utilize the entire dynamic range.

RESULTS

Tissue preparation for MALDI tissue imaging involves several straightforward yet critical
steps in order to acquire high quality data. Traditionally, frozen sections have been utilized
in MALDI tissue imaging, and although each tissue requires optimization of experimental
conditions for best results, standardized MALDI tissue imaging workflows have been
reported.(Chaurand et al., 2006; Kaleta et al., 2009) In addition, techniques have been
developed to acquire tissue images from paraformaldehyde-fixed, paraffin-embedded tissue,
with good success.(Lemaire et al., 2007) More recently, protocols for the acquisition of
tissue images from ethanol-fixed, paraffin embedded lung tissue sections (Chaurand et al.,
2008) and matrix solution fixation of cryosectioned brain tissue (Agar et al., 2007) have
been reported. We have developed a similar technique, instead utilizing acidified ethanol
fixation, which combines high-quality anatomical information gained from non-chemically
fixed, paraffin-embedded tissue sectioning, with deparaffinization and matrix solvent
conditions optimized for high-quality molecular images of chick heart tissue. Many attempts
to employ standard frozen section protocols to chick heart MALDI tissue imaging
(Chaurand et al., 2006) yielded poor maintenance of anatomical features (Supplemental
Figure S1) and most often lower mass spectral quality (Supplemental Figure S2).

In the present study multiple peptide and protein signals were observed when any of the
common MALDI matrices DHB, CHCA, or SA were spray deposited. The different
matrices were used to gain complementary mass spectral information, a strategy which has
been employed in other studies.(Khatib-Shahidi et al., 2006; Andersson et al., 2008) For
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example, CHCA typically provides improved signal at low mass while SA provides better
signal at higher molecular masses. Protein signals common and unique to each matrix
system were observed (compare spectra in Figure 2 to Supplemental Figure S2). The most
abundant protein signals detected in each preparation generally showed a ubiquitous
localization. However, many protein signals with spatially distinct localization were also
detected, and are the focus of the following discussion.

Figure 2 shows two average MALDI mass spectra, acquired with CHCA matrix, extracted
from an image data set from two distinct regions of interest. Many signals are observed; any
of which can be plotted as a function of location to produce a plethora of images from a
single imaging experiment. The main differences in protein expression are highlighted by
changes in mass spectral signals highlighted in the spectra.

Molecular images for four spatially distinct m/z signals in a single section of chick heart
tissue prepared with DHB matrix, each representing a unique protein, are presented in
Figure 3, along with the corresponding optical image (Figure 3F). A signal at m/z 6614 was
found predominantly in the myocardium of the right ventricle (Figure 3A), whereas signals
at m/z 7475 and m/z 6143 were localized predominantly to the walls of the major heart
vessels (Figure 3B and 3C, respectively). Interestingly, m/z 7475 and m/z 6143 were
localized to different layers in the major heart vessels, as shown in the merged image of m/z
6614, m/z 7475, and m/z 6143, where each m/z signal is displayed as a distinct
monochromatic pseudocolor (Figure 3D). This pattern indicates the known molecular
heterogeneity and layered arrangement of the major heart vessels, and demonstrates the
ability of MALDI tissue imaging to accurately detect regional differences in protein
distribution throughout cardiac tissue. In contrast, a signal at m/z 6669 was found at low
levels in all regions of the tissue slice and highly expressed at other sites including the apex
of the interventricular septum (Figure 3E).

Spatially distinct patterns for several m/z signals were also observed when CHCA was used
as matrix (Figure 4). A protein signal at m/z 9329 was localized to the bundle of His and it
appears to descend the interventricular septum (Figure 4A). In contrast, a signal at m/z 9492
was distributed at intermediate levels throughout the myocardium of both the atria and
ventricles, but was more intense in the interventricular septum (Figure 4B). A signal at m/z
11862 was also found at intermediate levels in the atrial and right ventricular myocardium,
and localized strongly to major heart vessels and sporadically as intense foci within the free
walls of both ventricles (possibly coronary vasculature) (Figure 4C). Interestingly, a signal
at m/z 12209 was localized exclusively to heart valve structures (Figure 4D). The spatial
relationship of each m/z signal is evident in the merged image (Figure 4E). In particular, this
display mode shows m/z 11862 localized to coronary arteries embedded in the
interventricular septum (Figure 4E, arrowheads), which are clearly visible in the optical scan
of the tissue section (Figure 4F) and the distinct signal in the bundle of His (white).

Both the spatial resolution of the method and the reproducibility of the sample preparation
method are demonstrated by the images presented in Figure 5. Using four serial sections
coated with SA matrix the same distribution of signals can be seen for the four m/z values
displayed. The signal at m/z 3915 (blue) is confined to the leaflets of the left ventricular A—
V valve and shows high spatial resolution. The signal at m/z 5308 (green) localizes to aortic
valvular tissue which is spatially distinct from the signal at m/z 5935 (red) corresponding to
aortic intimal or adventitial tissue. The spatially restricted expression of both signals is
apparent in all four serial sections. The signal at m/z 6643 (pink) is localized throughout the
atrial myocardium and outer ventricular wall.
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DISCUSSION

MALDI tissue imaging is a new analytical technique that has already been used to
investigate the tissue distribution of molecules as varied as pharmaceuticals, lipids and
proteins in many tissue types. In this study, a tissue preparation procedure that utilizes
deparaffinized tissue sections with high quality anatomical information that can be prepared
for MALDI tissue imaging has been developed. This protocol was based on standard
techniques utilized for immunohistochemical staining of chick heart tissue, which aims to
maintain anatomical structures and antigenic sites for subsequent antibody labelling. The
potential of ethanol fixed/paraffin embedded tissue for proteomic analysis has previously
been demonstrated.(Gillespie et al., 2002) Furthermore, similar, albeit shorter, paraffin
removal steps have been utilized to prepare FFPE tissue microarrays for MALDI tissue
imaging and subsequent biomarker identification in squamous cell carcinoma.(Groseclose et
al., 2008) Therefore the current is protocol is not predicted to significantly degrade the
quality of the observed proteomic information. Using this protocol, multiple protein signals
with spatially distinct distribution patterns were observed in a single tissue section of the
chick heart. This is to be expected, since the differential molecular make up of cardiac
structures as diverse as myocardium, vascular smooth muscle, adventitia and other
connective tissue is well known. The power of the MALDI imaging method is that these
signals can be acquired simultaneously and in a “discovery-mode” where prior knowledge
of proteins to be imaged is not required. Moreover, post-translationally modified proteins
can be imaged;(Han and Schey, 2006; Grey and Schey, 2008) a challenging prospect for
alternative imaging methods.

The MALDI imaging approach has a bias toward soluble lower molecular weight (< 50kDa)
proteins, however, this limitation can be overcome to some extent by alternative means of
sample preparation(Leinweber et al., 2009) and by trypsin treatment.(Groseclose et al.,
2007) The spatial resolution achieved in MALDI imaging is generally limited by the laser
diameter and the matrix deposition. However, modified sampling techniques have been
reported that increase MALDI imaging spatial resolution,(Jurchen et al., 2005; Zimmerman
et al., 2008) and continued instrumentation development will increase MALDI imaging
spatial resolution. Although sub-cellular protein expression cannot be routinely resolved as
with optical microscopy, important anatomical features are clearly identifiable as
demonstrated in the current figures.

In the present study, using common MALDI matrices, the relative spatial relationships of
multiple protein signals were observed in heart tissue sections with good reproducibility.
Both the matrix and solvent system used for MALDI tissue imaging dictate which protein
signals are detected in each mass spectrum. The observation of different protein signals in
each preparation is most likely due to a combination of the different matrices used and the
different anatomical locations from which the sections were obtained. Interestingly, the
molecular mass sampling bias of MALDI imaging mass spectrometry to soluble proteins in
the range below m/z 30,000 favours localization of proteins that may not be detectable by
commercially available antibodies. A survey of immunological reagents that detect cardiac
antigens from AbCam Inc. revealed a range in antigen mass from a few thousand to over
three million daltons, the majority of which were related to the cytoskeleton, extracellular
matrix, or gap junctions. Only 23 of the 124 antigens were less than 30,000 daltons,
suggesting that this lower mass bias of MALDI imaging yields protein signatures that do not
correlate with most proteins traditionally studied by immunohistochemical methods.
Identification of the corresponding proteins may yield new insight into regulation of tissue
differentiation and function.
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MALDI tissue imaging is also being used as a protein discovery tool, with particular
application to biomarker discovery, for example in cancerous tissues.(Yanagisawa et al.,
2003; Groseclose et al., 2008; Stauber et al., 2008) In heart tissue, changes in protein
expression during development or during pathogenesis can be detected with this technology,
however, once observed and reproduced, the biomarker signal must be identified. There are
several methods to do this. First, a traditional proteomic approach may be used to acquire
sequence information, e.g., tissue homogenization, protein extraction, enzymatic digestion,
peptide chromatography followed by tandem mass spectrometry analysis. Protein databases
can then be interrogated with observed data and proteins identified. While this approach is
fairly standard in proteomics laboratories, it can be laborious. Extraction of the protein
signals of interest can be challenging, and spatial resolution is difficult to maintain.
Combining laser capture microdissection with standard proteomics methods should prove a
useful tool to identify imaged signals. More recently, in situ protein digestion has been
demonstrated as a method to identify proteins observed in MALDI tissue imaging.
(Groseclose et al., 2007; Lemaire et al., 2007) In this experiment, microdroplets of a
proteolytic enzyme are deposited on to the surface of tissue slices in a dense array in x and y,
followed by matrix solution. MALDI tissue imaging data is collected, and molecular images
of detected peptides are reconstituted. In addition, detected peptides can be subjected to
tandem mass spectrometry directly from tissue sections to acquire sequence information,
which can be used in a subsequent database search to identify detected peptides/proteins.

The current study reports the establishment of a MALDI tissue imaging methodology for
chick heart tissue and creates a baseline measurement of the normal chick heart proteome.
Future studies will involve applying this methodology to molecularly characterize stages of
heart development and to compare MALDI images of hearts from gene-targeted mice with
known cardiovascular defects to assess the earliest variation in the spatial relationships of
protein signals similar to those identified in this report. This information can now be used to
follow the course of normal and anomalous cardiac development in order to gain a greater
understanding of structure/function relationships of cardiac proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Workflow for MALDI Imaging Experiment

Tissue sections are mounted on MALDI target and matrix is applied by spray coating.
MALDI mass spectra are acquired at a specified spatial resolution (75-100 um in the present
study). Plots of spectral intensity and location for a specified m/z value produce a MALDI
image.
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Figure 2. Extracted MALDI Mass Spectra with CHCA matrix
(A) Optical image of chick heart showing regions of interest (dotted circles) from which
mass spectra were extracted. (B) MALDI mass spectrum of the bundle of His region. (C)

MALDI mass spectrum of a heart valve structure.

indicated by asterisks. Scale bar = 1 mm.

Major differences in the mass spectra are
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Figure 3. Chick Heart Imaging Mass Spectrometry with DHB matrix

(A) The protein signal at m/z 6614 is expressed predominantly in the myocardium. In
contrast, the protein signals at m/z 7475 and m/z 6143 are expressed predominantly in the
major heart vessels (B and C, respectively). Interestingly, m/z 7475 and m/z 6143 are
expressed in different regions of the vasculature. (D) An overlay image of protein signals at
m/z 6614 (red), m/z 7475 (green) and m/z 6143 (blue) showing their spatial relationship to
each other. (E) In contrast, the protein signal at m/z 6669 is found throughout the chick
heart. (F) Optical image of the chick heart tissue section prior to application of matrix
solution. Intensity scale applies to panels A-C and E. Scale bar = 1 mm.
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Figure 4. Chick Heart Imaging Mass Spectrometry with CHCA matrix

(A) The protein signal at m/z 9329 is localized to the bundle of His. (B) The protein signal at
m/z 9492 shows an even distribution throughout the myocardium. (C) The protein signal at
m/z 11862, while expressed in the myocardium, is also localized to the walls of the major
vessels of the heart. (D) A signal at m/z 12209 was localized to valve structures. (E) An
overlay image of protein signals at m/z 9329 (white), m/z 9492 (red) m/z 11862 (green), and
m/z 12209 (magenta) showing their spatial relationship to each other. The signal at m/z
11862 is also localized to coronary arteries (arrowheads). (F) The chick heart tissue section
prior to application of matrix solution. Intensity scale applies to panels A-D. Scale bar = 1
mm.
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Figure 5. Reproducibility study using SA matrix

(A) Optical image of chick heart section subsequently sprayed with matrix and imaged. (B—
E) Four MALDI images from serial sections of a chick heart coated with SA matrix. Four
protein signals are plotted in each image to demonstrate spatial resolution and
reproducibility of the method: m/z 3915 (blue), m/z 5935 (red), m/z 5308 (green), and m/z
6643 (pink). Scale bar =1 mm.
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