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Abstract

Matrix-assisted laser desorption ionization imaging mass spectrometry (IMS) is a relatively new

imaging modality that allows mapping of a wide range of biomolecules within a thin tissue

section. The technology uses a laser beam to directly desorb and ionize molecules from discrete

locations on the tissue that are subsequently recorded in a mass spectrometer. IMS is distinguished

by the ability to directly measure molecules in situ ranging from small metabolites to proteins,

reporting hundreds to thousands of expression patterns from a single imaging experiment. This

article reviews recent advances in IMS technology, applications, and experimental strategies that

allow it to significantly aid in the discovery and understanding of molecular processes in

biological and clinical samples.

Imaging mass spectrometry (IMS) dates back to the early 1960s when secondary ion mass

spectrometry (SIMS) was developed to generate images of the distribution of Al, Mg, and Si

on the surface of a solid sample substrate.1 The use of SIMS for imaging of biological tissue

was reported in the 1970s for imaging elements and low-molecular mass compounds such as

lipids, drugs, and fragments of molecules.2,3 Matrix-assisted laser desorption ionization

(MALDI) MS was introduced in the mid-1980s4,5 and was shown to be able to measure

intact masses of a wide molecular mass range of biological molecules. Subsequently,

MALDI MS was employed in an imaging mode to map on-tissue biochemistries and ion

distribution maps of peptides and proteins across thin sections from rat pituitary and

pancreatic tissues.6 Since these initial imaging experiments, new technological advances and
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sample preparation protocols have been developed that permit high-spatial resolution images

to be produced with the molecular fidelity offered by mass spectrometry. Over the

intervening years, other mass spectrometric imaging approaches have been reported such as

desorption electrospray ionization (DESI) and laser ablation–inductively coupled plasma

(LA-ICP) analysis.7 However, in this work, we focus on current MALDI IMS strategies and

highlight recent applications used to investigate the molecular complexity of biological

tissues through their spatial distribution in both the healthy and diseased states.

MALDI MS provides a rather unique imaging platform because of its molecular specificity

and the fact that the analyte itself is ablated, ionized, and detected directly from the tissue.

Thus, it is ideal for discovery because no target specific reagents, such as antibodies, are

needed. Further, many hundreds of analytes in the tissue are imaged simultaneously,

providing analysis of a wide range of compounds in a multiplex image analysis. Because

homogenates and extracts are not used to produce images, high local concentrations of

analytes can be observed that might otherwise be lost in an assay that averages

concentrations of analytes through extraction of relatively large areas of tissue.

Classically, spatial information from biological processes in tissue has been obtained from

techniques such as histology staining, immunohistochemistry, and in situ hybridization.

However, the first method is not molecularly specific, and the latter two require knowledge

of the target analyte before investigation and are limited to simultaneous investigation of

only a few analytes at one time. In addition, these methods often lack specificity for

molecules such as drugs and their metabolites, lipids, protein isoforms, and mutations, post-

translational modifications, and products of protein cleavage.

An overview of the IMS process for molecular mapping is shown in Figure 1, exemplified

for the imaging of a section of an adult mouse heart “preserved through flash freezing”. Thin

tissue sections cut on a cryostat are coated with a chemical matrix to facilitate laser energy

desorption and ionization of molecules from within the tissue. Following ablation of

multiple spots on the tissue by the laser, each ablated spot or pixel is correlated with a

specific x,y coordinate in the tissue. The size and pitch of the pixels determine the final

spatial resolution of the image. The mass spectrum from each pixel reports intensity versus

mass-to-charge ratio of thousands of ions. Selecting an ion from the mass spectrum and

plotting its intensity over all the pixels produces a map of that ion across the sampled area.

Comparison between the IMS image and histological stained microscopic image often

allows one to determine molecular patterns relative to anatomical structure within the tissue.

Spatial information using IMS may also be obtained by “histology-guided” molecular

profiling. Here, regions marked by a biologist or pathologist on a serial section of stained

tissue are overlaid onto the tissue mounted for IMS experiments. Enzymes and matrices may

be placed with a high degree of accuracy and precision on the defined spot, usually

robotically.7 Thus, the goal of this approach is to produce mass spectra from carefully

defined areas or spots on the tissue evaluated through the experience of investigators. Entire

images are not required in this approach, thus saving acquisition time, giving smaller data

file sizes, and providing spatially targeted information.

EXPERIMENTAL CONSIDERATIONS

A typical experimental approach to acquiring ion images by IMS is shown in Figure 2.

Results from an IMS experiment are dependent on a number of parameters, including

sample collection and preparation, instrumentation, and data processing. These parameters

are interactive and ultimately play a major role in the quality of the final images produced.

Careful planning is essential and ideally should occur before sample collection. The
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experiment begins with determination of the biological question to be answered and the

class of analyte (e.g., drug metabolite, lipid, peptide, or protein) to be analyzed. The minimal

required spatial resolution of the images to be produced, sufficient to answer the biological

question, is determined, as this affects other steps in the experiment. Lower spatial

resolutions (75–200 μm) are useful for analysis of large samples such as an intact organ,

e.g., a rat brain with dimensions of 10 mm × 12 mm, or even a whole mouse or rat body

section. Moderate spatial resolution (10–75 μm) allows targeting of small anatomical

substructures, and the highest spatial resolution (≤10 μm) is used for studies at a cellular

level. As the spatial resolution increases, the sensitivity decreases because of the smaller

area being ablated, data acquisition times increase, and larger data files are produced.

Consequently, computational resources for analysis and storage of the data postimaging

must be considered especially with large data sets that are associated with high-spatial

resolution imaging of large sample areas. Basically, it is beneficial to choose the lowest

spatial resolution possible that gives the required information to solve the biological

problem being investigated.

Sample Collection

Samples must be preserved from the point of collection in the orientation needed for the

imaging experiment because disrupted tissue morphology may lead to ambiguous or

misinterpreted results. Often, how the sample is preserved determines the types of analytes

that can be imaged. For instance, the vast banks of formalin-fixed paraffin-embedded

(FFPE) tissues are limited mainly to peptide analysis from on-tissue protease digestions

because of chemical cross-linking used in the fixation process. In addition, FFPE fixation

leads to at least partial loss of some analytes such as metabolites, lipids, and drugs. Fresh

frozen tissue provides the widest range of experiments and allows all analytes to be imaged.

Tissue embedded in Optimal Cutting Temperature medium (OCT) should be avoided

because it requires additional sample preparation steps for the removal of the surface

polymer that can interfere with the analysis of the analytes. Specific preparation protocols

provide alternate embedding media for use in IMS experiments.8,9 Preserved tissue is

sectioned by microtome at 5–6 μm for FFPE or by cryostat at 3–12 μm for fresh frozen or

embedded tissue. When using instruments that have high voltage ion sources such as

MALDI TOF instruments, tissue sections should be mounted on conductively coated

surfaces such as gold-coated MALDI target plates, stainless steel plates, or ITO-coated

microscope slides to prevent the buildup of charge on the sample during analysis. Modern

imaging software supports the coregistration of stained or IHC sections with the MS image

data, and the use of ITO-coated microscope slides facilitates histology staining and

recording of the same section. This can be done upon completion of the imaging

experiments to allow more precise matching of the histological and MS images. Stained

sections serial to the imaged section can also be used to mark regions of interest for selected

areas of analysis. Neighboring adjacent sections may be used for additional IHC stains.

Sample Preparation

Specific sample preparation protocols depend on the application to be studied. Tissue

sections are typically washed after they are mounted on the sample target. For proteins,

organic washes are used to fix the tissue to the target and remove lipids that may suppress

the protein signal.10 Aqueous washes are used to remove salts prior to lipid analysis to

achieve the highest sensitivity.11 A chemical matrix is then applied across the area to be

analyzed; MALDI matrices are generally low-molecular mass acidic organic molecules that

absorb laser energy to facilitate ablation and ionization of the analyte. Common matrices are

sinapinic acid (SA) for protein analyses, 2,5-dihydroxybenzoic acid (DHB) for lipid

analyses, and α-cyano-4-hydroxycinnamic acid (CHCA) matrix for peptide analyses, but

many more have been reported.12,13 The method of matrix application will determine the
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attainable spatial resolution. Robotic spotting provides low spatial resolution (150–200 μm

spot sizes) and efficient analyte extraction.14 Automated spraying15,16 and sublimation17 are

high-throughput processes for application of a homogeneous coating for low- to high-spatial

resolution imaging. Manual spraying of matrix is a low-cost process but is subjective and

often difficult to reproduce. Matrix may also be applied as a precoating before the tissue is

mounted onto the target.18 Strategies for multiple analytes may be used to increase the range

of biomolecular information and obtain simultaneous information about lipids, peptides, and

proteins.18,19 It is not uncommon for investigations to develop customized sample

development prior to data acquisition.

Instrumentation

There are many instrument configurations that may be used to collect IMS data. Nearly any

MALDI mass spectrometer may be used to perform IMS experiments if equipped with an

x,y movement sample stage of high precision. Two major factors determine the resolution:

the laser spot size on the target and the pitch of the spots across the tissue in the ablation

array. Current commercial instruments are equipped with lasers that may be attenuated to

routinely reach laser spot sizes with ≥20 μm diameters with acquisition rates of 1000 Hz. An

alternate approach to obtaining higher-spatial resolution images is to use an oversampling

technique. Here, the laser spot is positioned to overlap between adjacent spots so that the

derived signal originates from only a fraction of the original laser spot size.20 This technique

is useful when the beam size cannot be attenuated to reach a desired smaller spot size, but

complete sample ablation of each spot is necessary to obtain reasonable results.

Specificity for a target analyte is determined by the mass analyzer. Linear time-of-flight

analyzers are used to image approximately 3 to >50 kDa proteins. In some cases, careful

sample preparation and special tuning of the instrument can result in the measurement of

protein signals up to 250 kDa from biological tissue.21 As m/z decreases, greater molecular

specificity (i.e., higher mass resolution) is needed due to chemical interference from

background signals and an increasingly complex population of near-isobaric or nominally

isobaric masses. The reflectron TOF provides higher resolving power relative to that of a

linear TOF for analysis of molecules from several hundred to approximately 3 kDa,

covering the mass range for peptides and lipid imaging on-tissue. For small molecules in the

range of a few hundred daltons, tandem mass spectrometry (MS/MS) or gas phase ion

mobility instruments can be of great value. Common analyzers for MS/MS imaging are the

ion trap, TOF/TOF, and QTOF instruments used for small molecule imaging.22 Typically,

images are produced by selection of a fragment ion transition from the parent ion, i.e., where

only ions of intact mass M1 (parent ion) fragment to mass M2 are measured (M1 → M2).

This is also known as single-reaction or selected reaction monitoring (SRM). Ion mobility

analyzers separate ionized molecules generated from complex samples on the basis of gas

phase mobility, dependent on the ion’s charge, size, and shape (collisional cross section) as

well as the type of carrier gas.23 Isobaric species may thus be separated on the basis of gas

phase ion structure. Both MS/MS and ion mobility analyzers greatly minimize interference

from the chemical background. Finally, MALDI coupled to high-mass accuracy

instrumentation such as an orbital ion trap or a Fourier transform ion cyclotron resonance

(FT ICR) analyzer can provide data with mass accuracies of 0.1–5 ppm and resolving

powers of ≥150000. Because of atomic mass defects, ions of the same nominal mass, but

different exact mass, may be distinguished and imaged separately.24,25

Current improvements in instrumentation focus on increasing spatial resolution to achieve

single-cell imaging and increase speed of analysis. Multiple approaches have been devised

to target single-cell images. A recent advance in targeting single cells for IMS utilize a

transmission geometry vacuum ion source in which the laser irradiated the back side of the
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sample on a glass slide through a microscope objective. This allows simultaneous sample

viewing for targeting and analysis, for example, producing distinct images of lipid patterns

within HEK-293 cells at a 1 μm lateral resolution.26,27 In another report, single cells were

targeted for imaging analysis by equipping the source chamber with a CCD camera to

capture optical images with separated ion optics utilizing a defocused triplet lens to limit the

laser spot size.28 This mass microscope showed localization of lipids to single-cell layers of

salamander retina.29 An additional study showed the use of an atmospheric-pressure

MALDI source coupled to an orbital ion trap for accurate mass imaging of HeLA cells at a 7

μm lateral resolution, correlating with optical fluorescence images.30,31

Advances in instrumentation have made significant progress toward achieving simultaneous

high spatial resolution and high-speed imaging. A high-speed MALDI TOF MS instrument

with laser repetition rates of up to 5 kHz and a continually scanning stage of up to 10 mm/s

produced images of rat brain (30 mm × 5 mm) in <10 min.32 In another report, a novel

chevron multichannel plate (MCP) detector capable of resolving both position and time-of-

flight information was coupled to a TOF ion microscope to collect pixels of 740 nm × 740

nm from mouse testis.33 The potential for collecting the entire mouse testis (5.4 mm × 5.4

mm) was estimated at 23 min, limited by the rate of transfer of data to the computer. These

instruments show a strong potential to routinely achieve cellular level imaging within

minutes and represent prototypes of the next generation of imaging MS instruments.

Data Processing

Data processing and analysis are essential for reliable interpretation of IMS results and have

become an integral part of the IMS experiment through computational advances. After the

collection of imaging data, individual MS spectra are processed by smoothing and

background subtraction, supported by both open-source [BioMap (http://www.maldi-

msi.org)] and commercial software. Normalization is used to minimize noise and variation

across the entire sample caused by sample preparation. The most commonly used

normalization procedure adjusts all pixels relative to the total ion current.34 Newly

developed methods normalize to a selected peak or a mass window, by root means square, or

to the median of all signal intensities.35,36 Normalization is evaluated on a case-by-case

basis to determine which method produces ion patterns following histology without

introducing noise-related expression patterns.35 Commercial software packages now provide

an assortment of normalization strategies, along with coregistration of multiple optical

images to aid in interpreting normalization procedures.

Within the past 5 years, there have been significant improvements in the statistical

evaluation of IMS data. Clinically oriented investigations utilize multivariate analysis and

classification algorithms to determine molecular signatures correlating to prognosis or

diagnosis.37–40 An in-depth review of the evaluation and use of statistical testing for

imaging mass spectrometry, including clinically relevant topics, has been published.41

Advances in computational data reduction and refinement have led to significant progress in

the pursuit of high-speed processing and analysis of large data sets from lipid, peptide, and

protein IMS experiments.42,43 Continued computational advances are important for

obtaining accurate and robust expression visualization and for statistical evaluation of ion

image patterns from IMS studies.

PHARMACEUTICALS AND METABOLITES

IMS has been widely used as a method to study target tissue dosing, drug degradation and

metabolism, and colocalization with other biomolecules throughout multiple organs.44

Extensive pretreatment and washing of the tissue are avoided, because this may delocalize

or deplete the analytes in the tissue. The specific MALDI matrix used is chosen and
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optimized for sensitive and specific detection of the analyte in either positive or negative ion

mode mass spectrometry and to limit interference from matrix peaks. MS/MS imaging for

single-reaction monitoring22 or multiple-reaction monitoring (MRM),45 and ion mobility,46

increase the specificity of detection in the presence of chemical noise and isobaric to near-

isobaric peaks from other compounds. An example is shown in Figure 3, where the

distribution of sinalbin on Noccaea caerulescens tissue was only accomplished using SRM

imaging. Sinalbin, a glucosinolate, was detected with higher concentrations in new leaflets,

correlating with the known protective role of sinalbin for new leaflets. Other means of

enhancing the sensitivity for a given analyte may be achieved by chemical derivatization

combined with optimized sample preparation protocols.46,47

Several investigators have focused on obtaining quantitative information from images and

subsequent correlation with LC–MS/MS studies.22,45,47 For example, MRM imaging was

employed to investigate moxifloxacin dosing in a rabbit model of lung tuberculosis.45

Levofloxacin was homogeneously sprayed onto the tissue as a reference standard for image

normalization. Images from MS/MS analyses for moxifloxacin showed reproducible levels

of the drug, with the highest levels in granulomatous lesions and lower levels in necrotic

cores and across the entire lung. Quantification of moxifloxacin at postdosing intervals

closely correlated to LC–MS/MS studies.

Imaging of whole body tissue sections facilitates simultaneous relative quantitation of

pharmaceuticals and their metabolites colocalized with endogenous compounds such as

proteins and lipids throughout many organs.46,48 This technology may be used for

uncovering novel metabolites and measuring their clearance from multiple organs without

prior knowledge of their metabolism. A recent study utilized an accurate mass defect

filtering method for detection of reserpine, an antihypertension and psychosis drug, and

discovery of the unexpected metabolic distribution of reserpine throughout whole body

(WB) sections.49 These experiments used a high-mass resolution instrument to collect

accurate mass information for reserpine within dosed rats. Common reserpine metabolic

pathways, including oxygenation/reduction or sulfation and glucuronidation, were used to

predict the 50 most likely metabolites. Postprocessing of imaging data used mass defects to

isolate reserpine metabolites on the basis of predicted chemistries, and these were confirmed

by MS/MS experiments.

Another interesting area of application of IMS is the study of drug-eluting medical implants

and the investigation of in situ pathology around implanted devices. Recently, IMS studies

of sirolius, an antistenotic drug, from drug-eluting coronary stents found an in situ gradient

of sirolius along the length of the stent 14 days after implantation, as well as multiple

degradation products after 8 days under stressed conditions.50 In another study, the release

of theophylline, a drug for chronic obstructive pulmonary disease, among other drugs, from

novel lipid implants was measured with subsequent construction of a mathematical model

for drug formulation.51

LIPIDS

The enormous complexity of possible lipid structures, estimated at hundreds of thousands,52

is generally confined within a narrow m/z range spanning approximately 300–4500.

Whereas there are very few reagents that recognize specific lipid species, IMS can map the

localization of hundreds of individual lipid species in one experiment. MS/MS approaches

can be used to identify lipids from the same tissue section.

IMS of lipids is generally performed on fresh frozen tissue, as other preservation processes

deplete the lipid population. Commercially available frozen embedding media may be used
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but often require extra sample preparation to remove the embedding media that may produce

contaminant peaks interfering with the analyte signal. To increase the magnitude of the lipid

signal and simplify data interpretation and processing, tissue sections may be washed with

aqueous buffers.11 The choice of buffer should be made with care because it may affect

sensitivity. Figure 4 shows an example of lipid imaging on a section of a mouse embryo at

embryonic day 13.5, mapping different lipid classes and products of lipid saturation to the

developing organs. This image was acquired at 20 μm spatial resolution and is shown as an

overlay of four individual lipid species.

Positive and negative ionization modes should be tested with different matrices because

different lipid classes ionize preferentially in positive mode versus negative ion mode. Dry

matrix applications, which prevent lipid delocalization,17,53 allow the acquisition of images

with spatial resolutions limited only by laser spot size. As with pharmaceuticals and other

metabolites, ion mobility46 and MS/MS imaging22,54 are used to increase the specificity for

lipid peaks. Instruments with high resolving power and high mass accuracy have proven to

be especially useful for the field of lipid imaging, resolving the multiple near-isobaric peaks

and their isotopic envelopes within complex lipid populations.55

The use of IMS for lipid research has become more common with the knowledge that this

technology provides both spatial localization and identification of lipids. For example, IMS

was used to investigate phospholipids in normal mouse lung tissue where an unexpected

increase in localized concentrations of arachidonate and docosahexaenoate phospholipids

was discovered within the lung tissue.9 These polyunsaturated fatty acid-containing

phospholipids were found localized to airway edges marked by immunohistochemistry.

Additionally, sphingomyelins were found in edges of lung blood vessels and known lung

surfactant lipids, both glycerophosphocholines and glycerophosphoglycerols, mapped to

lung alveoli, corresponding to localization of stored lung surfactants.

In terms of clinical and translational studies, lipid alterations were measured in symptomatic

great saphenous veins collected from varicose vein patients versus control veins.56 The

accumulation of lipid in the great saphenous veins is thought to precede veinous valvular

dysfunction. Results from a small patient cohort revealed an abnormal distribution and an

increase in levels of several glycerophosphocholines and triglycerides in varicose veins in

contrast with those in control veins. The study implied that the accumulation of lipid begins

in early stage varicose veins and may lead to chronic inflammation and subsequent tissue

degeneration around affected areas.

Another report examined the lipid composition of the breast tumor microenvironments, as

the lipid composition of tumors has been associated with tumor metastatis.57 MDA-MB-231

cells were injected into athymic nude mice and monitored until the tumor size reached 500

mm3. Positive ion mode imaging performed by ion mobility mass spectrometry produced

information about the localization of acylcarnitine, lysophosphocholines, sphingomyelins,

and glycerophosphocholines within the tumor. Relative quantification revealed a uniquely

altered lipid signature of glycerophosphocholines, sphingomyelins, and acylcarnitines

between tumor regions. Here, imaging by ion mobility eliminated matrix-related ions from

the imaging analysis and allowed detection of less abundant acylcarnitines.

PEPTIDES

Imaging of peptides in tissue has been successful in mapping both endogenous peptides and

those produced from in situ enzymatic digestion. Enzymatic digestions allow proteomic

analysis of FFPE tissue where proteins are cross-linked and may also be used to access high-
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molecular mass proteins (>50 kDa) that can be difficult to analyze intact without extensive

sample preparation and instrumental tuning.

Although huge stores of FFPE tissues exist in clinical repositories worldwide, imaging of

intact protein is not practical because of cross-linking from chemical fixation. However,

antigen retrieval techniques coupled with in situ tryptic digestion on the tissue release

peptides that are not cross-linked and may subsequently be sequenced by MS/MS directly

off of the tissue.7 Established protocols for protein database queries subsequently identify

the nominal protein by matching to the peptide sequence tags obtained from the tissue.

A major use of peptide imaging with FFPE tissues is the discovery of molecular markers

associated with disease diagnosis or progression in clinical biopsies. FFPE tissue is often

available in a tissue microarray (TMA) format and allows rapid high-throughput analysis

from large clinical cohorts.58 Peptide signatures from TMAs are used to determine the

biological alteration of proteins that mark a disease state and may be used to classify disease

states and early markers of disease.58,59 Figure 5 shows an example of peptide classification

using the molecular signature from a TMA made of cores from matched normal tissue and

tissue diagnosed with clear cell renal carcinoma.60 After the TMA section is mounted on a

target, the cores are treated with trypsin to release cross-linked peptides. An optical image of

a serial section stained with H&E is used to mark regions of interest to the pathologist. The

cores on the target are imaged, and through biocomputational processing, molecular

signatures of disease and normal states are produced. These signatures, after validation, are

used in the high-throughput screening of additional biopsies.

Often the molecular signature derived from the tissue is more accurate in distinguishing

disease states that may not be apparent by pathology grading. As an example, a Spitz nevus,

a benign skin lesion, and Spitzoid, malignant melanoma were examined by IMS to identify

proteomic differences.38 These skin lesions are sometimes difficult to diagnose by

pathology. Melanocytes from 114 FFPE-preserved archival specimens were marked by a

pathologist, followed by peptide IMS profiling. Statistical modeling revealed a signature of

five peptides that were able to distinguish between the benign and malignant state with a

sensitivity and specificity of ≥90%.

Endogenous peptide signatures can be obtained from fresh frozen tissue. Tissue sections are

treated by alcohol-based washes, as in intact protein imaging.10 Other washes must be used

with caution so as not to deplete more hydrophilic peptides. Common MALDI matrices for

endogenous peptide imaging include CHCA and DHB applied by either precoating18 or

postcoating methods. Endogenous peptide imaging has been reported for investigation of

opioid peptides in a rat model of L-DOPA-induced dyskinesia in Parkinson’s disease.61

Fresh frozen tissue from L-DOPA treatments spanning 15 consecutive days was robotically

spotted with a DHB solution and analyzed via IMS. Unique expression patterns of

endogenous opioid peptides in striatal tissue lesions could be correlated with increased

dyskinesia and included higher levels of neuropeptides dynorphin B, α-neoendorphin, and

substance P. Dynorphin B and α-neoendorphin had a positive correlation with the severity

of L-DOPA-induced dyskinesia, corresponding to previous reports involving mRNA

expression. Novel non-opioid receptor-mediated changes in the striatum of dyskinetic rats

were implicated.

Recently, MRM experiments have been conducted to explore quantitation of peptide

expression produced by the on-tissue tryptic digest of fresh frozen rat brain.62 After tryptic

digestion, an isotopically labeled peptide was robotically sprayed onto the tissue, followed

by MALDI matrix application. On-tissue calibration curves generated from analysis of

isotopically labeled standards applied over a range of concentrations showed a good
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correlation between the amount applied and signal intensity. However, ongoing challenges

for absolute quantification of an on-tissue peptide include the ability to identify and use

peptides that are unique to a protein, the development of standard methods, including

normalization procedures, and the evaluation of the accuracy of the quantification

measurement across different types of tissues.

PROTEINS

Intact protein imaging by IMS can produce distribution patterns of proteins, protein isoforms

and mutations, post-translational modifications, and products of protein cleavage or

degradation. Protein identification strategies are applied separately from the IMS

experiment, although there has been significant progress in fragmenting intact proteins

directly from tissue. Currently, large peptides and some low-molecular mass proteins (<18.5

kDa) can be identified intact directly from the tissue.63,64 Higher-molecular mass proteins

must be digested to peptides for identification, either in situ or in a subsequent experiment

using a protein extract from tissue.

There are many approaches that have been developed to access protein content from tissue

for IMS experiments. Several protocols have been established for ethanol fixation of

proteins, allowing reproducible orientation of tissue and collection of tissue sections

targeting a region of interest without cross-linking protein structure as in FFPE tissues.65,66

The majority of intact protein imaging is performed on fresh frozen tissue treated with

alcohol-based washes.10 Aqueous washes have uncovered both modified and unmodified

membrane proteins.67,68 Altering the organic content of washes with optimized instrumental

parameters expands the mass range of proteins observed from tissue.69,70 Sinapinic acid is a

commonly used matrix for protein analysis, and the addition of detergents to the matrix is

sometimes employed to enhance protein signals.71 Matrix sublimation protocols for protein

analysis require rehydration with organic solvents to produce intense signals and achieve

spatial resolutions of approximately ≥10 μm.72 Figure 6 shows an example of protein

imaging performed on a rat kidney prepared using matrix sublimation followed by

rehydration. Rehydration with organic solvents has also been found to improve the signal

from automated spray application of the matrix.73

Protein signatures from clinical tissue specimens have been obtained using IMS for

improved diagnosis and prognosis.64,74–76 For example, an investigation of a cohort of 38

biopsies from Barrett’s adenocarcinoma was performed to improve the prediction of lymph

node metastasis and disease outcome.75 Hierarchical clustering of IMS protein signatures

from selected regions revealed two clusters corresponding to either intestinal metaplasia or

Barrett’s adenocarcinoma. Six proteins, including S100-A10 (m/z 11185), COX7A2 (m/z
6720), and TAGLN2 (m/z 22262), were identified as potential markers for Barrett’s

adenocarcinoma. Validation by immunohistochemistry on a cohort of 135 biopsies revealed

that strong expression of COX7A2 and TAGLN2 corresponded to poor prognosis. S100-

A10 was an independent prognosticator, and patients with high expression levels showed

significantly worse disease free survival than patients with low levels of expression of S100-

A10.

Multimodality approaches have been used to understand multidimensional distributions of

molecular signatures in disease,77–79 and this topic has been reviewed recently.80 As an

example, a multimodality imaging study was employed to investigate the inflammatory

response to Staphylococcus aureus infection in a rodent model using IMS and magnetic

resonance imaging (MRI). MRI was used to monitor systemic inflammation due to a high

soft tissue contrast and high spatial resolution and IMS was used to inform on innate

immune protein recruitment in response to infection. S. aureus infection was induced in
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mice by intravenous injection and at 4 days either treated with linezolid, an anti-

inflammatory drug, or left untreated. The infection was allowed to proceed for an additional

4 days, resulting in treated animals with small abscesses or untreated animals displaying

significant kidney abscesses with severe organ deformation. Besides other proteins, IMS

data showed that calgranulin A, a subunit of calprotectin (m/z 10165), was most abundant at

the sites of kidney abscesses. Coregistration of IMS data and MRI data showed that treated

animals exhibited calprotectin expression at sites of kidney abscess, whereas untreated

animals had an enhanced calprotectin signal in the entire organ, indicating that calprotectin

is part of a robust inflammatory response during the formation of infectious abscesses in the

murine kidney.

On-tissue chemistries targeting specific proteins, including high-molecular mass proteins, or

protein activities have been reported.81–83 These approaches apply laser labile tags to probes

attached to target proteins within a tissue section. During IMS analysis, the tag is released,

generating a map of target protein expression across the tissue. An activity-based probe was

developed to monitor serine hydrolase activity on tissue.83 The probe was bound to serine

hydrolase on tissue sections incubated in phosphate-buffered saline, followed by chemical

conjugation with a dendrimer carrying multiple laser labile tags. Upon irradiation by the

laser, multiple tags were released in a single binding event, giving a multiplicative signal for

increased sensitivity. This study showed the localization of serine hydrolase activity in

developing hind limb and hind brain in a mouse embryo, as well as in corpus callosum and

portions of the anterior commissure in an adult rat brain. Furthermore, recent work has

illustrated that laser labile tags may be applied to multiple target proteins using short chain

antibodies,82 with the potential for future simultaneous imaging of many targeted proteins.

A potential application for this would be the monitoring of protein pathways by IMS and

correlation to biological processes.

CHALLENGES AND PERSPECTIVES

The current field of IMS has evolved to include an abundance of tools and strategies for the

visualization of in situ molecular patterns from tissue. Continued efforts to improve sample

preparation strategies and instrumentation will no doubt improve the capabilities for

answering biological questions. For example, there is ongoing work to improve single cell

imaging, rapid collection of high-spatial resolution data, and enhancement of sensitivity and

specificity by both instrumental and sample preparation techniques. An increasing

sensitivity and dynamic range represents an important area of development especially at

high spatial resolution where there is little molecular material per pixel. Further,

biocomputational challenges concomitant with increased spatial resolution include high data

dimensionality and the development of more effective tools for data mining.

Integration of IMS with other imaging modalities is an area that shows enormous potential

for increasing the amount of information obtained from biological tissues. IMS studies of

human tissues show the impact and further potential of the technology for improving

prognosis and diagnoses in clinical work. With continued development of the field, we

believe that IMS will be utilized for routine, rapid evaluation of molecular processes in both

biological and medical research. Further, we believe that this molecularly specific imaging

technology can potentially provide critical information for the personalized care of patients.
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MALDI matrix-assisted laser desorption ionization

IMS imaging mass spectrometry

SA sinapinic acid

CHCA α-cyano-4-hydroxycinnamic acid

DHB dihydroxybenzoic acid

SRM selected reaction monitoring

FFPE formalin-fixed paraffin-embedded
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Figure 1.
Overview of an IMS experiment illustrated on a section of adult mouse heart. (A) A fresh

frozen section is mounted on a conductive target surface with a serial section used for

hematoxylin and eosin (H&E) stain. (B) The matrix is applied by sublimation, and the

section is irradiated by the laser in an array pattern. (C) A mass spectrum is generated for

each x,y coordinate. (D) Selected ions are then mapped across the tissue to create images.

Images may be combined to form a multiplex ion image. Abbreviations: SM,

sphingomyelin; PC, glycerophosphocholine. (E) Images may be combined to form a

multiplex ion image.
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Figure 2.
Experimental workflow that should be considered when designing an IMS experiment.
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Figure 3.
SRM imaging of sinalbin on N. caerulescens on new to older leaflets. The matrix 9-

aminoacridine (15 mg/mL in a 9:1 methanol/water mixture) was manually sprayed onto the

plant leaf and imaged by MALDI LTQ XL operating in MS/MS mode at a spatial resolution

of 100 μm. The image is from the m/z 424 → m/z 259 + 275 transition. Sinalbin was

detected with a higher concentration in newer leaflets, in agreement with the known

protective role of sinalbin in new leaflets. Contributed by M. Reyzer at Vanderbilt

University (Nashville, TN) and D. H. McNear at the University of Kentucky (Lexington,

KY).
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Figure 4.
Combined ion image from four lipids from an imaging experiment on a mouse embryo at

embryonic day 13.5. The tissue section was washed with 50 mM ammonium formate,

followed by sublimation with DHB. IMS data were collected at a 20 μm spatial resolution in

negative ion mode. Lipids are assigned by mass using lipidmaps.com.
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Figure 5.
Peptide imaging illustrated on a portion of a tissue microarray (TMA). The TMA is treated

with trypsin, after being mounted on a MALDI target. A pathologist marks an optical image

of a serial section stained with H&E as cancer (outlined in red) or normal (outlined in

black). This image is then overlaid on the optical image of the TMA prepared for IMS. The

TMA is spotted with trypsin, and then matrix and is analyzed by IMS. Marked regions are

then compared to formulate molecular signatures that differentiate tumor and normal tissue.

A classification model is produced from these signatures for the analysis of additional

samples. Here, regions of images that classified as normal are colored yellow, whereas the

images that classified as cancer are colored red (image courtesy of E. Seeley and T. Morgan

of Vanderbilt University).
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Figure 6.
Protein images from adult rat kidney tissue. Sinapinic acid was applied by sublimation

followed by rehydration, and the tissue was imaged at a spatial resolution of 100 μm. Images

are shown at 100% of that peak’s intensity normalized to total ion current. Image

contributed by J. Yang of Vanderbilt University.
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