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Abstract 

 Biomolecules, especially neuropeptides, are highly involved in the stress response. Due 

to their biological and chemical complexity, studying neuropeptides in mammals is challenging. 

To address this challenge, this thesis employs both model organisms and mass spectrometry 

(MS) to better characterize neuropeptides and their role in stress. For example, crustaceans 

provide a simple, well-characterized network for method development while also being 

ecological relevant to stressors of interest (e.g., hypoxia and salinity). With MS, we can probe 

perturbations at a global level both quantitatively and qualitatively. Quantitatively, several 

tagging agents have been explored to improve multiplexing and extend to novel applications. For 

example, MS imaging, a powerful technique capable of determining the localization of hundreds 

of biomolecules without prior knowledge of their structure, is inherently qualitative. While 

useful for relative comparisons between conditions, the application of quantitative tagging 

reagents to MS imaging explored in this work could advance quantitative MS imaging 

techniques. Overall, this work improves methodology for probing biomolecules, such as 

neuropeptides, while expanding biological information about neuropeptides and their roles in 

stress. 
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Introduction 

 Mass spectrometry (MS) has proven to be a powerful, multi-dimensional analytical 

technique to potentially identify, quantify, and localize biological molecules simultaneously.1-4 

This work focuses on developing and applying methodology to further improve MS for 

analyzing crustacean neuropeptides and beyond. Both matrix-assisted laser desorption/ionization 

(MALDI) and liquid chromatography (LC) electrospray ionization (ESI) are utilized to 

demonstrate the complementary nature of these two ionization strategies for crustacean 

neuropeptides. To study distribution differences, MS imaging techniques were also evaluated for 

several different complex biological systems. This dissertation shows the power and potential of 

MS and MS imaging to answer questions ranging from basic scientific endeavors to current 

health concerns.  

 

Research Summary 

 Chapter 1 provides a general summary of this work along with the major findings in each 

study. Brief background information for the combination of MS and neuropeptide analysis is 

found in Chapter 2.1 If more background is needed in MS imaging or general neuropeptide 

analysis techniques, references are available in Appendices VI and VII, respectively.4, 5 Updates 

on all methodologies related to the analysis of crustacean-based models, including potentially 

relevant quantitative tags, are included in Appendix II.6 Appendix VIII provides more information 

on quantitative tagging strategies, particularly for proteomics (publication pending).  

 Environmental stressors are consistently testing organisms to the game “survival of the 

fittest.” Many have developed mechanisms to avoid fatal consequences. We believe that 

neuropeptides, complex signaling molecules of the nervous system, are key regulators in how 
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individuals handle stress.7-9 Due to the natural diversity of neuropeptides, vertebrates provide a 

challenging biological matrix to study neuropeptides, especially on a global scale. On the other 

hand, the use of invertebrate model organisms, such as crustaceans, provide a simplified, well-

characterized network to probe the neuropeptidomic changes.7-10 Since there is no complete 

genomic information for crustacean species, we have worked on creating a comprehensive 

database for our analysis.11-16 In general, we utilize high-resolution mass spectrometry 

instrumentation to characterize the changes in neuropeptide content due to environmental 

stressors, some of which will be discussed below (Chapters 3, 4, 5, and 6).  

 Hypoxia stress, or lack of oxygen (O2), is well recognized in estuaries where many 

crustacean species reside.17 Chapters 3 and 4 provide two different facets of this stress: a severity 

and a time-based understanding, respectively in the blue crab, Callinectes sapidus. In Chapter 3, 

50%, 20%, and 10% O2 exposure for 1 hour were all compared for their neuropeptidomic content 

using MALDI-MS to a control in three major crustacean neuroendocrine tissues. In this study, 

duplex dimethyl labeling, also known as reductive dimehtylation, was utilized, showing many 

significant changes in neuropeptides among different exposure conditions. In Chapter 4, 4-plex 

dimethyl labeling was developed to characterize the neuropeptidomic differences among 0 hours 

(control), 1 hour, 4 hours, and 8 hours of 10% O2 exposure. In comparison to the previous study, 

MALDI-MS and LC-ESI-MS were both used to provide a more comprehensive picture of the 

significant neuropeptidomic changes in five different neuropeptide-rich tissues. These results 

have the potential to be translated to higher order organisms, including mice, rats, or humans.  

 Human hypoxia is often coupled to having high carbon dioxide (CO2) in the respiratory 

system, also known as hypercapnia.18 In order to characterize the differences between hypoxia 

and hypercapnia, a MS imaging-based approach was taken as described in Chapter 5. A wash 
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method to increase neuropeptide signals and matrix application method were optimized and 

applied to this study. Using advanced statistical software, several neuropeptide distributions were 

shown to be significantly different between the several conditions investigated, including control 

(100% O2, pH 8.3), severe hypoxia (10% O2, pH 8.3), mild hypoxia (50% O2, pH 8.3), and 

hypercapnia (50% O2, pH 7.6-7.8), in the C. sapidus.  

 Chapter 6 details studies on quantitation and localization changes in another 

environmental stressor, salinity stress.9 In this case, two different color morphs for the green 

crab, Carcinus maenas, were exposed to both high (60 parts per thousand (ppt)) and low (0 ppt) 

salinity compared to a control (30 ppt) using duplex dimethyl labeling. Interestingly, the two 

color morphs showed distinct changes due to the same stress, concluding that one was more 

tolerant to salinity stress. A time course study was also investigated for high salinity stress. 

Finally, a MALDI-MS imaging study was performed to understand localization differences in 

stressed animals between the two color morphs.  

 Most of the studies above utilize dimethyl labeling for relative, quantitative comparison 

of crustacean neuropeptides.8, 9 Quantitation is done prior to any fragmentation (i.e., at the MS1 

level), which allows for theoretically all the neuropeptides to be relatively quantified. Several 

different MS1 quantitation strategies exist besides dimethyl labeling, one of which is isotopic N, 

N-dimethyl leucine (iDiLeu).19, 20 Both dimethyl labeling and iDiLeu boast 5-plex labeling, 

which allows for both relative and absolute quantitation. iDiLeu has already shown the potential 

for absolute quantitation by labeling one channel with the sample of interest and the other four 

channels with a calibration curve, specifically for neuropeptides in LC-ESI-MS.20 

 In comparison to LC-ESI-MS, quantitative MALDI-MS imaging is less implemented in 

the research community, in part due to several technical challenges.4 Chapter 7 focuses on 
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developing an absolute quantitation method for MALDI-MS imaging using 5-plex iDiLeu and 

dimethyl labeling.20, 21 This included transferring the solution-based methodology to be 

compatible with an imaging platform and optimizing application parameters. This chapter 

provides a summary of all the techniques utilized with future goals and considerations.  

 Quantitation at the MS1 level can be difficult due to the increased spectral complexity, 

especially for tags that have several Dalton (Da) spacings, such as iDiLeu and dimethyl 

labeling.20, 21 Chapter 8 discusses the development of a new mass difference tag, dimethyl 

pyrimidinyl ornithine (DiPyrO), which utilizes mass defect to create small mDa spacings that 

reduce spectral complexity while also allowing for MS1-based quantitation.22 This tag boasts up 

to 8-plex labeling with the most advanced, high-resolution instrumentation, easy synthesis, and 

applicability to any sample type in comparison to other, MS1 mass defect-based quantitation 

strategies.23  

 In collaboration with the Wisconsin Institute for Scientific Literacy, Chapter 9 describes 

this work for a more general audience. Finally, Chapter 10 concludes the thesis with discussion 

of future directions for all the projects above, especially in terms of quantitative strategies for 

crustacean neuropeptides and MALDI-MS imaging. Other interesting projects, including 

crustacean cell culture, rat uterus imaging, and a male-female comparison of crustacean 

neuropeptides, are presented in Appendix III, IV, and V, respectively. All my accomplishments 

resulting from this work and beyond, including grants, publications, patents, and presentations, 

are summarized in Appendix I.  
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Abstract 

Neuropeptides are important mediators in the functionality of the brain and other 

neurological organs. Because neuropeptides exist in a wide range of concentrations, appropriate 

characterization methods are needed to provide dynamic, chemical, and spatial information. Mass 

spectrometry and compatible tools have been a popular choice in analyzing neuropeptides. There 

has been several advances and challenges, both of which are the focus of this review. Discussions 

range from sample collection to bioinformatic tools, although avenues such as quantitation and 

imaging are included. Further development of the presented methods for neuropeptidomic mass 

spectrometric analysis is inevitable, which will lead to a further understanding of the complex 

interplay of neuropeptides and other signaling molecules in the nervous system. 

 

Introduction 

Neuromodulation via signaling peptides can initiate a wide variety of responses for 

numerous conditions including food intake, pain, and other environmental challenges.1-3 One 

class of increasingly studied signaling peptides is neuropeptides, for which their structural and 

functional diversity requires the development of sophisticated analytical tools. Neuropeptides are 

typically short amino acid chains, although they have an unprecedented variety of sizes ranging 

from 3 to more than 70 residues.1 Their physiological function includes the ability to signal 

between neurons or neurons and other targets, but even structurally similar neuropeptides can 

produce very different responses while also possessing conserved functions with other family 

members.4 This diversity has made the global discovery and characterization of neuropeptides 

challenging. 
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Anabolism of neuropeptides begins in the neurons, where they are synthesized from RNA 

chains as a prepropeptide.1 After multiple processing steps, including cleavages and 

modifications (e.g., C-terminal amidation), the resultant propeptide, which can contain several 

neuropeptides, is packaged into vesicles along with the processing enzymes to produce final 

biologically active peptides. Upon stimulation, such as high-frequency firing, the secretory 

vesicles fuse with the plasma membrane and release the fully processed neuropeptides from the 

neuron, allowing them to bind to a receiving target.5 Targets can lie nearby within a specific 

tissue or in a more distant location where the neuropeptide has to travel through the circulating 

fluid. Once at their target, neuropeptides bind with high affinity, and the signal subsides only 

after peptidases break down the neuropeptides. However, the anabolism and catabolism of an 

neuropeptide can vary dramatically between the location of the neuron, and intracellular 

processes may be extracellular in different regions of the body.6 

Even with complete genetic coverage, given the production’s natural complexity, it is 

difficult to predict the structure and function of a single neuropeptide produced. Compared with 

mammals, the networks of invertebrates are simplified and have been utilized to allow for 

neuropeptide characterization. Neuropeptide homologs also exist between invertebrates, such as 

crustaceans, and vertebrates, suggesting a conservation of signaling molecules, pathways, and 

other complex behaviors across species.7-10 By studying these simplified networks, we can gain a 

better understanding of a more complex nervous system, such as that of humans. 

Measuring neuropeptides requires approaches and platforms that provide sensitive and 

specific chemical, dynamic, and spatial information. Classical techniques, such as immunoassays 

(e.g., radioimmunoassay), are nonspecific, require lots of sample material, and/or need prior 
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structural knowledge.1 Antibody-based immunochemical methods also have difficulty 

differentiating between isoforms of a neuropeptide, although this was recently achieved.1, 11 

To compare, mass spectrometry (MS) provides selectivity through accurate mass 

measurement and tandem MS (MS/MS) sequence confirmation without consuming large 

amounts of sample. As a result, various facets of MS have been used as powerful tools for 

neuropeptide analysis. The small differences between isoforms’ mass-to-charge ratios (m/z) 

measured using high-resolution, accurate-mass MS instrumentation can easily distinguish one 

isoform from the other.12, 13 In addition to accurate precursor mass measurement, product ion 

fragmentation mass spectra (MS/MS) enable the discovery of novel neuropeptides from several 

families through de novo sequencing and BLAST strategies, thereby expanding the 

neuropeptidome of the corresponding organism.14-17 Furthermore, quantification of 

neuropeptides, both relative and absolute, has evolved from label-free methods to isotopic 

labeling strategies, providing a more dynamic view of the neuropeptide changes in comparative 

studies.18 To acquire accurate data, proper handling and separation of the samples are key, 

especially in specialized MS techniques such as in vivo methods and MS imaging. 

The general workflow and major approaches for neuropeptide analysis can be readily 

transferred and utilized across species, although the specific materials used will vary. Figure 1 

outlines these strategies using crustacean as a model organism. Throughout this review, these 

general methodologies are discussed, highlighting the major advances in each area as well as the 

major discoveries and challenges that still exist. 

 

Sample Collection and Preparation 
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The first major step is collection and proper sample handling of the neuropeptide-

containing tissues. These samples are well-known for being complex, owing to proteases, lipids, 

salts, etc., which can create problems with intra/interscan dynamic range and ion suppression 

during MS analysis.1 Therefore, it is critical to reduce chemical complexity of an neuropeptide 

sample before analysis. As shown in Figure 1, several workflow pathways exist depending on 

the type of information sought from the neuronal sample. 

Extract Versus Direct Profiling 

In neuropeptide experiments utilizing mechanical/chemical extraction, pooling of several 

tissues, organs, and cells into one sample is often desirable. This creates a neuropeptide-rich 

sample that can be used either to discover or to monitor neuropeptides. Depending on the model 

system used, various schemes for neuropeptide extraction have been developed. To break down 

cellular walls, homogenization using a glass manual homogenizer or a probe sonicator is 

employed. Released neuropeptides are immediately vulnerable to chemical degradation, and 

protease activity must be reduced during extraction. Postmortem degradation, which is even 

more intensified in mammalian tissue, can produce protein fragments that interfere with 

neuropeptide identification.13, 19-21 Commonly, samples are just snap frozen, although this is 

ineffective and reduces the number of peptides identified compared with other stabilization 

methods.22, 23 Denaturation and precipitation of proteases can be achieved with acidified organic 

solvents, such as acidified methanol, acetone, or ethanol, though these extraction solvents may 

need to be coupled with other methods or each other to increase peptide identification.5 Through 

combination of these solvent systems, for example, the four-step “mixing on column” extraction 

method, neuropeptide identification rates have been increased by fivefold (i.e., from 100 to more 

than 500 neuropeptides identified by mixing on column).24 Microwave irradiation, boiling in 
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extraction buffers, or heat stabilization are also effective in minimizing postmortem 

degradation.22-24 By use of the Stabilizer T1 denator, a commercial heat stabilization system, 

Sturm et al. observed a reduction in interference due to degradation products in crustacean 

tissues.23 This method boiling when directly compared with similar tissues acquired from the 

same blue crab. 

Although technological advance have made MS analysis of single tissue homogenates 

more accessible, unlike homogenization and extraction, direct tissue analysis is a much simpler 

sample preparation technique that enables comparison between individual samples or animals. 

Once dissected out and rinsed with water to desalt, the tissue can be directly placed onto a glass 

slide or sample plate for analysis. In contrast to pooling tissues for extraction, in situ direct 

analysis simplifies the workflow; it minimizes artifacts, contamination, and sample loss. Even 

with smaller sample sizes, high sensitivity can be obtained, as demonstrated by the studies 

above. Finally, the spatial information gained from direct tissue analysis is often lost when 

homogenates are pooled. 

Single Cell Analysis 

The use of single cell analysis has allowed for the profiling of rare, low-concentration 

neuropeptides within a heterogeneous population. Individual cells usually contain each form of a 

bioactive molecule, meaning these analyses can provide mechanistic signaling information.11, 25-

29 In single-cell MS, researchers must carefully consider special strategies and instrumentation, 

such as the appropriate microscope and capillary for cell transfer. Several sample preparation and 

technological advances have been made regarding microanalysis of single cells (for a recent 

review, see 30). Notably, immunohistochemical methods are useful for localizing and identifying 

clusters, but antibodies can be unspecific, require prior knowledge, and can hinder MS analysis 
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because fixation of the analytes is normal practice. Recently, by using a heating step, 

investigators reversed these crosslinks and determined that neuron samples produce signals 

similar to those of freshly dissected cells while causing minimal Schiff base formation.27 

Although many neuropeptide functions remain elusive, the demonstration of single-cell MS in 

many organisms is the stepping stone to combining functional studies with neuropeptidomic 

profiling. 

Liquid Collection Methods: in vivo Monitoring  

Alternatively, liquid-based collection methods can be used to sample neuropeptides from 

media such as blood or other biofluids. These procedures provide the distinct advantage of 

determining whether a peptide is secreted while delivering an extract that is less complex than 

tissue homogenates. Biofluid sample collection is most often done by using a needle attached to 

a syringe to withdraw a specified volume of liquid that supposedly contains neuropeptides. 

Although simple, needle sampling can be stressful to the organism, thus producing artificial 

circulating neuropeptides that can skew results. Biofluids, such as crustacean hemolymph, are 

also protein abundant, and degradation products lead to the suppression of trace-level 

neuropeptides.7 

These limitations have led to the development of new sample collection strategies to 

measure in vivo changes that can further our understanding of important biological questions.31 

These techniques target the extracellular space, which enables researchers to monitor secretion 

and dynamic changes due to a stimulus or normal rhythm. Such work provides valuable insights 

into an neuropeptide’s possible functional role. The two most common in vivo sampling methods 

are push-pull perfusion and microdialysis (MD), although MD has acquired the most attention 

for method development owing to its minimal disturbance to the animal.5, 32-34 Both approaches 
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require the insertion of a sampling probe into a specific region of the brain or circulation system. 

Many recent reviews include ample discussion on the technical considerations involved in MD.7, 

8, 33 When coupled to MD techniques, MS offers an attractive tool that can provide sensitivity, 

aid in identification, and allow for confident quantitation. 

Challenges still exist with MD in vivo measurements, specifically whether they provide a 

balance between both sensitivity and temporal dynamics. Temporal resolution, defined as the 

shortest time duration over which a dynamic change event can be observed, is required to 

understand the possible functionality of neuropeptide targets. Short time points intrinsically lead 

to small volumes and low neuropeptide concentrations, and the limited sensitivity provided by 

MS may often hinder the detection of these low-level signaling molecules. Increasing the 

collection volume will alleviate this issue but at the cost of temporal resolution. Another strategy 

is to add a rapid preconcentration step prior to analysis, which Zhou et al. demonstrated using 

Sprague-Dawley rats with an optimized system.35 

One way to increase the amount of neuropeptides in small sample volumes is by 

improving their recovery rate, which, according to in vitro studies, is approximately 20—30% 

for neuropeptides.8 One option is to use affinity agents within the probe, such as C18 magnetic 

micro- or nanoparticles.8 Recovery is enhanced, allowing for the increased sensitivity required 

for confident MS detection. For example, compared with other affinity agents, antibody-coated 

nanoparticles provide significantly improved recovery for six neuropeptides in the Jonah crab, 

Cancer borealis (see Figure 2).8 

 

Qualitative Analysis of the Neuropeptidome 
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Normally in MS, a top-down approach, or the analysis of intact molecular species, is used 

for neuropeptide detection. By contrast, in a bottom-up approach, samples are subjected to 

proteolytic digestion prior to analysis. Once prepared, MS investigation requires the ionization of 

the analytes. Two common ionization methods utilized for neuropeptide studies are matrix-

assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). Although 

MALDI-based methods provide high sensitivity, simple sample preparation, and are tolerant to 

contaminants, this technique preferentially produces singly charged ions. This simplifies the 

spectra for quantitative analysis, but it can be a problem when the mass range achievable is 

limited on a high-resolution instrument such as the Orbitrap. Fragmentation of singly charged 

ions is also inefficient, making MALDI-MS alone insufficient for large-scale neuropeptidomic 

analyses. By contrast, ESI-MS offers greater coverage of the peptidome owing to its ability to 

produce multiply charged ions and to promote efficient fragmentation for sequence derivation. 

However, via recent advances in MALDI instruments using laserspray ionization and similar 

techniques, researchers have produced multiply charged ions under various pressure (e.g., 

atmospheric) conditions.36-41 

Separations 

Owing to its natural complexity, crude extracts must be simplified prior to MS analysis. 

Initially, samples can be simplified with a reversed-phase (C18) or strong cation exchange 

desalting system, such as ZipTip or SepPak, depending on the type and amount of neuropeptide 

material available. When the purpose of the experiment is to investigate a specific neuropeptide 

or family, immunocapture techniques can be utilized to enrich the sample.42 Even with these 

methods, tissue extracts require chromatographic separation prior to MS analysis to allow for 

characterization of the wide dynamic range of neuropeptides in a sample.13, 43-46 
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Liquid chromatography (LC) is the most common separation method coupled to MS in 

neuropeptidomic studies. When a sample is injected, it is loaded onto a trap column, which 

concentrates and desalts the neuropeptide sample prior to nano-LC separation and subsequent 

MS analysis. To improve neuropeptidome coverage, two orthogonal separation methods can be 

coupled to provide a multidimensional separation.13, 43, 44 In the past, online reversed-phase liquid 

chromatography (RPLC) was coupled to an SDS-PAGE (sodium dodecylsulfate polyacrylamide 

gel electrophoresis) gel to achieve an orthogonal separation. Unfortunately, manual manipulation 

(e.g., cutting bands) was required before the samples could be coupled to a mass spectrometer. 

Today, it is commonplace to couple two different LC stationary phases together, offline or 

online, to provide enhanced resolution, increased sensitivity, and reduce sample complexity. The 

first dimension of separation is often strong cation exchange or high-pH reverse phase.13, 43 

Recently, an online RPLC/RPLC system, the first dimension containing a C18 column and the 

second with a polar-RP column, allowed for the accurate and sensitive quantitation of 

endogenous oxytocin in rat brain and plasma.44 

When the available sample volume is low and sample consumption is a concern, capillary 

electrophoresis (CE) can provide high-resolution separation for MS analysis. Online coupling is 

common with ESI sources, whereas MALDI instruments, which require the introduction of 

matrix, are frequently utilized offline. Several CE-MS interfaces exist; these are nicely reviewed 

elsewhere.47 One notable highlight is a novel SPE preconcentration method coupled to online 

CE-ESI-MS, which produced a 5,000-fold improvement in the limit of detection of 

neuropeptides.48 Although CE-ESI-MS has some limitations, such as nonindependent 

optimization, intolerance to salts, and MS sampling rate, offline CE-MALDI-MS provides the 

opposite characteristics. Discrete fractions are usually acquired during separation, which 
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decreases column resolution featured in CE analysis. Collection and detection of a continuous 

CE trace circumvent this issue. Using MS imaging, which is discussed below in more detail, to 

image the entire CE trace, our group successfully separated individual neuropeptides and 

accurately acquired their relative quantity via dimethyl labeling.45 

An MS-separation technology based on the mobility of biomolecules in the gaseous 

phase, known as ion mobility mass spectrometry (IM-MS), has recently been used in the study of 

neuropeptides.49-52 Traditional IM-MS separates molecules on the basis of their mass, charge, 

and different gas-phase conformations, which causes ions to travel at different velocities through 

a drift gas in the presence of an electrical field.53 Other ion mobility separation modes exist. For 

example, differential, or field-asymmetrical, ion mobility spectrometry separates ions by 

measuring their mobility in time-varying electric fields.51, 54 The creation of dimers or molecular 

complexes also causes mobility differences. For example, IM-MS showed that neuropeptides 

interact with amyloid-beta peptides in Alzheimer’s disease, leading to the understanding of the 

disease process and the possible choice of biomarkers.49 Ion mobility detects even minute 

structural differences within a peptide, such as epimeric differences or post-translational 

modifications (PTMs), demonstrating the selectivity of this technique.51, 52 Recently, Jia et al. 

used traveling-wave IM-MS to discern between L- and D-amino-acid-containing peptide 

fragments.52 

Characterization 

Once neuropeptides are introduced as gas-phase ions into the mass spectrometer, a 

precursor scan is performed, from which putative identifications can be made on the basis of the 

exact mass compared with those in a database. However, many organisms lack genomic 

information, and de novo sequencing is required to identify peptides. Initially, product ion scans 
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are acquired for each peptide-like precursor for preliminary sequence information. A precursor is 

then chosen for fragmentation into characteristic pieces to aid in peptide identification. There are 

several product ion fragmentation methods, such as collision-induced dissociation (CID), high-

energy collisional dissociation (HCD), and electron-transfer dissociation (ETD), each of which 

provides complementary information for structural elucidation. Although CID has been the 

predominant technique, it may be biased and promote incorrect sequences via sequence 

scrambling and PTM removal.50 HCD and ETD may serve as alternative methods to combat 

these disadvantages. Although mechanistically similar (i.e., bombardment with neutral ions to 

produce b and y ions), HCD lacks biases in structural size, amino acid content, and low-

molecular-weight cutoff that plague CID. Conversely, ETD utilizes electrons to cause random 

fragmentation to a target ion to produce orthogonal c and z ions. In combination, the 

complementary fragmentation methods CID and ETD have provided more complete 

neuropeptide coverage.55 

To facilitate better fragmentation and sequencing, many chemical derivatization schemes 

have been utilized. By introducing a mass shift at either the C or N terminus, easier 

differentiation between the b and y ions is readily achieved for de novo peptide sequencing. 

Owing to the specificity of a label for a particular side group, chemical labeling also determines 

which amino acids are present in a peptide. Choice of derivatization is important, as some 

additions may lead to a decrease in ionization and fragmentation frequencies. Successfully 

developed methods include acetylation, methyl esterification, and dimethyl labeling.9, 56-59 In 

particular, dimethylation, which introduces a mass shift of 28 Daltons (Da) to primary amines 

(i.e., N terminus and lysine residues), has been utilized to determine amino acid content for mid-

sized peptides, such as crustacean hyperglycemic hormone precursor--related peptides.59 
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Bioinformatic Tools 

LC-MS/MS is a high-throughput method that produces large data files that require robust 

bioinformatic tools to parse the MS data to confidently identify and quantify neuropeptides. As 

stated previously, neuropeptides undergo many processing steps prior to becoming biologically 

active.1, 5 This limits the amount of information a genetic sequence can provide, but many 

bioinformatics tools have been created to facilitate prediction of the final peptide forms from the 

prohormones produced.60-66 One such tool allows for the prediction of prohormones (NeuroPID) 

and is effective in metazoan proteomes.60 By using several logistic regression models depending 

on the species of interest, the NeuroPred application suite predicts likely cleavage sites of a 

prohormone, thus allowing for the discovery of novel neuropeptides and prediction of expected 

neuropeptides.61 Southey et al. used NeuroPred to locate the prohormone genes and predict 

cleavage sites to produce a cattle database, which can be useful for comparable species whose 

complete genome sequences are not available.67 

Once MS data have been acquired, manual matching or an automated search with a 

database such as SwePep or Neuropedia is the simplest way to identify neuropeptides.62, 63 

However, there is a trade-off in prohormone and sequence coverage when working with small 

samples, such as single cells or direct profiling, as opposed to tissue-extract analysis. Individual 

cells are likely to contain each form of the prohormone that produces biologically active 

peptides. Yet, peptide sequence coverage is best when neuropeptide-rich extracts are used. 

Although neuropeptides can be identified with mass matching, the use of MS/MS spectral data 

increases the confidence of assignments and can be critical for novel neuropeptide discovery or 

PTM mapping.68 When a genome is available, standard proteomic-based searches such as 

Mascot can be utilized. Otherwise, de novo sequencing is required. Manual de novo sequencing 
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is time consuming, but several software packages such as PEAKS facilitate de novo 

sequencing.64 Although de novo sequencing is a powerful tool, it does not always produce 

accurate results. Several programs such as SPIDER, BLAST, and MEME can be employed for 

homology searches. These platforms compare putative peptide sequences against a database of 

closely related species. This strategy may not provide complete sequence information for the 

peptide in question; however, they can provide key evolutionary and functional roles of the 

peptide.65 Several workflows have been developed to use the many available tools, such as 

BLAST, Uniprot database, and PepNovo, that facilitate peptide identification from complex data 

sets.66 It is expected that new bioinformatics tools will emerge, providing more confident 

assignments while increasing the high-throughput nature of MS. 

 

Neuropeptide Quantitation 

Another aspect in determining neuropeptide functions is to assess their quantitative 

regulation in response to a physiological change or manipulation. However, the heterogeneity of 

ionization efficiency, unpredictable bias, and suppression effects of complex mixtures may 

complicate quantitative MS analysis. The necessity for accurate quantitation information has 

sparked the development of several strategies to address these problems. Currently, lack of 

standardization exists for a neuropeptide-level quantitation strategy. This has led to a growing 

interest in creating robust MS-based approaches to quantify neuropeptides in targeted and 

nontargeted workflows. 

Absolute Quantitation 

There are two main types of MS quantitation strategies: absolute and relative 

quantitation. Owing to the inherent defects mentioned above, an analyte’s intensity or peak area 



22 

 

 

 

in a spectrum is alone not a reliable indicator of the amount of the analyte in the sample. To 

determine the absolute amount of a neuropeptide in a sample, internal standards, either a 

homologue or a stable isotope-labeled target peptide, must be included. The abundance of the 

target peptide is compared with that of the internal standard and back calculated to the initial 

concentration of the standard using a predetermined standard curve. Initial homologous internal 

standards suffered from different hydrophobicity, LC elution profiles, and ionization efficiency, 

resulting in inaccurate quantitation.1, 69, 70 Subsequent stable isotope-labeled internal standards 

were introduced for target peptide quantification to improve measurement accuracy and 

precision. For example, Desiderio & Kai used an O18 stable isotope-labeled internal standard of 

methionine enkephalin and leucine enkephalin to quantify targetpeptides in canine thalamus 

extract.71 In this study, both the stable isotope-labeled internal standards and endogenous 

neuropeptides have indistinguishable physicochemical.71 Thus, the neuropeptides coeluted and 

were analyzed simultaneously by MS, thereby avoiding inaccuracy caused by different 

hydrophobicity effects. Subsequent studies used a selected-reaction monitoring approach to 

evaluate the amount of methionine-enkephalin and of a larger neuropeptide, β-endorphin, in 

human pituitaries down to picomolar levels.72-74 With this approach as the foundation, Gerber et 

al. later developed the absolute quantification of proteins.75 In recent years, this method has been 

modified and applied to measure concentrations of multiple neuropeptides in different chemical 

environments. Kheterpal et al. employed stable isotopes 13C and 15N on the leucine residue to 

generate a standard curve for MIF-1 (Pro-Leu-Gly-NH2), which has potent therapeutic effects in 

depression and Parkinson’s disease, thereby facilitating measurement of its actual concentration 

in the mouse brain.76 

Relative Quantitation 
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In contrast to absolute quantitation, relative quantitation experiments do not provide 

information about the actual amount of a specific neuropeptide within a sample. Rather, relative 

quantitation experiments aim to compare the fold change of neuropeptides between multiple 

samples/treatments and then yield a ratio or relative change. This approach can be broken down 

into two main categories based on whether the underlying methodology uses a chemical label to 

modify neuropeptides within a sample: label-free and labeling approaches. 

Label-Free Quantitation 

Label-free quantitative approaches rely on the comparison of different features between 

independent LC-MS and LC-MS/MS measurements. As such, reproducible chromatograms are 

key to providing accurate results. These approaches have drawn more attention during the past 

few years because label-based approaches always cost more and require additional sample 

preparation steps. Two widely used label-free quantitative methods are spectral counting and 

peptide peak-intensity/area measurement. 

Spectral counting has its roots in bottom-up proteomic experiments and is based on the 

observation that more abundant proteins have a greater chance or higher frequency to be sampled 

in tandem MS scans than do low-abundance proteins (Figure 3a).77 In neuropeptide applications, 

relative quantitation by spectral counting compares the number of identifications of the same 

peptide between different samples. Using spectral counting, Southey et al. investigated the roles 

of proprotein convertase subtilisin/kexin type 1 inhibitor peptides and other peptides associated 

with feeding behavior in the suprachiasmatic nucleus.18 However, in spectral counting, if 

peptides are to be identified and thus quantified, they must trigger MS/MS acquisition. Thus, 

while spectral counting works better for highly abundant neuropeptide samples where MS/MS 

events are readily triggered, this method is less reliable when peptides are present in trace 
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amounts.78 Estimated ratios can be significantly suppressed, and low-abundance neuropeptides 

may be left unquantified. Spectral counting is also less sensitive toward small-fold changes (<2 

orders of magnitude).79 Finally, each neuropeptide elutes at a single time point for MS/MS 

fragmentation, reducing the sampling depth. As a result, spectral counting is less than ideal for 

neuropeptide quantitation. 

An alternative label-free approach to spectral counting is peak-intensity/area 

measurement, which is illustrated in Figure 3b. This technique measures and compares the 

chromatographic peak areas of peptide precursor ions from different runs. The theory behind this 

strategy is that the peak intensity/area of ions after detection correlates with ion concentrations 

within a sample. Lee et al. used such an approach to study the circadian rhythms system of rat 

suprachiasmatic nucleus and found ten endogenous peptides that showed differences between 

day and night.80 

Although peak-intensity measurement seems conceptually straightforward, its use 

requires caution during data processing to ensure reproducible and accurate detection and 

quantitation between individual sample runs. Concerns may arise when coeluting peptides in a 

complex mixture having similar m/z values that are overlapped with peptides of interest, 

especially when using low-resolution MS instruments.81, 82 In such cases, complication of the 

extracted ion chromatogram and, therefore, quantitation accuracy occurs. Variation in peak 

intensities, retention times, and m/z values of the same peptide between technical replicates 

should also be appropriately normalized. Therefore, this label-free technique necessitates 

computational processing to take into account all these factors. Myriad software solutions for 

label-free experiments, most of which are designed for proteomic studies, are currently available 

on the market.83-86 Total ion current normalization as well as normalization to internal standards 
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(e.g., bovine serum albumin (BSA) peptides) are two widely accepted and simple approaches.3, 

87-89 Several statistical, mathematical methods have been evaluated on endogenous peptide 

samples.90, 91 Kultima et al concluded that their novel method, linear regression followed by 

analysis order normalization (RegrRun), was superior to all the other nine methods compared.91 

Compared to the raw data collected from three different species, RegrRun decreased the median 

standard deviation by 42–43% between replicates on average, whereas other methods only 

reduced the median standard deviation by 15–28%. Later on, this approach was employed to 

investigate the effect of cyanobacterial toxin β-N-methylamino-l-alanine on neurodegenerative 

disease and several proteins and peptides were revealed to have does-dependent responses.92 

Labeling Quantitation 

Stable isotopic labeling strategies allow simultaneous comparison of multiple samples by 

introducing a mass difference tag to the peptide. The technique usually makes use of stable 

heavy isotopes of 13C, 15N, 18O, and 2H. Labeling reagents with heavy or light isotopes introduce 

a mass shift into different samples, and by comparing intensities of mass-shifted peaks within the 

same spectrum, relative peptide ratios can be visualized. Mass defect, which exploits the 

differences between nominal mass and exact mass of peptides, is continually used in quantitative 

proteomic applications, although neuropeptide-compatible approaches are currently in 

development.93 Overall, the combination of these effects is a powerful way to increase the 

analytical throughput of quantitation via multiplexing. Experimentally, stable isotope labels can 

be introduced metabolically or chemically. 

Metabolic Labeling 

Metabolic labeling incorporates isotopes into peptides during cell growth and duplication 

by feeding organisms with a special isotope-enriched medium.94, 95 Ong et al. improved the 
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metabolic labeling approach by inventing stable isotope labeling by amino acids in cell culture 

(SILAC).96 SILAC takes advantage of the fact that organisms have to incorporate essential 

amino acids from the environment for protein synthesis. By providing heavy- or light-labeled 

essential amino acids in the growth media, usually arginine or lysine, SILAC introduces mass 

difference tags into target organisms, ideally with a 100% incorporation efficiency after a few 

generations. Subsequent pooling of differently labeled samples will help avoid errors from 

sample preparations. Enzymatic digestion using trypsin produces peptides that contain at least 

one arginine or lysine residue at a peptide’s C terminus, allowing the peptides to be quantified. 

Multiple proteomic studies have employed SILAC,97-99 whereas hardly any neuropeptide work 

has been reported. Although metabolic labeling of whole animals is a powerful tool, it is both 

expensive and limited to animals that can be raised in the lab. In addition, the global 

incorporation of isotopic elements into an animal may lead to different phenotypes. Many groups 

have already utilized SILAC for global protein quantification in both plants and animals, and this 

powerful tool could be useful for future neuropeptidomic investigations.100-102 

Chemical Labeling 

Relative quantitation via chemical labeling relies on chemical reactions between a 

labeling reagent and a peptide target to produce a certain mass shift into different biological 

samples. This can be seen in either the precursor spectrum (mass-difference approaches, e.g., 

dimethyl labeling) or the product ion fragmentation spectrum [isobaric reagents, e.g., isobaric 

tags for relative and absolute quantification (iTRAQ), tandem mass tag (TMT), N, N-dimethyl 

leucine (DiLeu)]. 

Several chemical labeling strategies have been successfully applied to MS1 neuropeptide 

quantitation in recent years. Common labeling approaches include succinic anhydride, 4-
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trimethylammoniumbutyryl (TMAB), and dimethyl labeling, in which primary amines of N 

termini and ε amino groups of lysine residues are chemically derivatized. Duplex succinic 

anhydride tags with a 4-Da mass difference facilitated the quantification of approximately 50% 

of known bee brain neuropeptides in the context of foraging. Eight neuropeptides show robust 

and dynamic regulation during foraging procedure or with different foraging preferences.103 

Developed by Regnier’s group, TMAB labels contain a quaternary amine labeled with 

methyl groups that impart a permanent positive charge on the peptide.104 Originally, only two 

forms were synthesized (e.g., a heavy form containing nine 2H and a light form without 2H). 

However, two additional forms containing three and six 2H were later synthesized and tested.105 

This scheme features several advantages (low cost, simple synthesis, and labels that differ by 3 

Da or more) and eliminates the major limitation of other isotopic labeling reagents (e.g., labeled 

peptides do not coelute on high-performance LC). This labeling technique has been utilized in a 

large variety of neuropeptide studies that required more than duplex tags to label all samples.15, 

106, 107 A drawback of this labeling scheme is that the quaternary amine causes the label to be 

unstable in many different MS applications.105 

Isotopic formaldehyde labeling is one of the first chemical labeling approaches used for 

neuropeptide quantitation. This labeling scheme adds two methyl groups to any primary amine in 

the peptide (e.g., N terminus or lysine ε amino group). By labeling neuropeptides with light or 

heavy formaldehyde (CH2O or CD2O), a 28-Da or 32-Da mass shift, respectively, will be 

generated. The 4-Da mass difference between light- and heavy-labeled peptides allows for direct 

comparison of the same peptide from different samples.108-110 Later, Boersema et al. modified 

this protocol and successfully introduced triplex formaldehyde reagents (CH2O, CD2O, and 
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13CD2O), although this increase in multiplexing comes at the cost of increased spectral 

complexity at the MS1 level.111 

Researchers can also generate chemical labeling reagents that allow for highly 

multiplexed quantification to be performed in product ion MS/MS scans. Tandem MS-level 

techniques enable simultaneous quantitation and peptide sequencing from a single MS/MS 

spectrum and allow increased multiplexing without increased mass spectral complexity. Isobaric 

mass tags, such as TMT, iTRAQ, and DiLeu, allow for multiplexed comparison of samples in 

parallel (Figure 4).112-116 These MS/MS isobaric tags are composed of an amine-reactive group, 

a mass balance group, and a reporter group. The mass balance group counterbalances the mass 

difference possessed by the reporter group, which ensures that peptides labeled with different 

reporter ion channels are detected as a single precursors in the parent scan. Upon MS/MS 

fragmentation, distinct reporter ions unique to each labeled sample are observed in the low m/z 

region. By comparing reporter ion intensities within the same MS/MS spectra, peptides from 

different samples can be compared within a single LC run. iTRAQ reagents have been used for 

peptidomic analysis of the effect of prolyl oligopeptidase inhibition in the rat brain.117 With 

reduced cost per experiment, DiLeu reagents developed by our group display comparable, if not 

better, performance compared with that of iTRAQ.115 Recently, DiLeu was used in a study of the 

neuropeptidomic expression changes in a major neuronal ganglion at multiple developmental 

stages of the lobster Homarus americanus.118 

 

Distribution Analysis by MS Imaging 

Although focus has been placed on the chemical identity of neuropeptides, spatial 

localization can provide important information for understanding functionality, delivering a 
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powerful tool for scientists. Many methods, such as staining or isolation of a neuroendocrine 

structure, exist, but they can be cumbersome and require antibodies or selective probes. First 

introduced by Caprioli et al., MS imaging has been applied to several different tissue types and 

various molecular sizes over the past several years.119, 120 These data presentations vary from 

peptide profiling to several clinical applications.89, 121 In a MS imaging experiment, mass spectra 

are collected via a predefined grid along an x-y coordinate system on the tissue. Once ions are 

collected from each position, their intensities can be assigned according to the grid created, and a 

heat-map display can be generated for every compound detected, producing hundreds of two-

dimensional images displaying the spatial localization of any detected ions of interest. Because 

MS imaging is not highly quantitative, applications and bioinformatics tools, such as Quantinetix 

and other novel in-house software, are in development to offer quantitative analysis of the MS 

imaging data.122 

Special Consideration for MS Imaging 

Several MS imaging methods have been established, although their usage depends on the 

type of analyte and resolution required. Secondary-ion mass spectrometry provides cellular-level 

resolution of submicrons but is typically limited to the ionization of small-molecule compounds 

such as lipids and other metabolites.123 Nanostructure-initiator mass spectrometry, a matrix-free 

method that performs well when working with low mass-to-charge (m/z) species such as lipids, is 

not optimal in imaging neuropeptides.124 Our group and others showed that MALDI has enabled 

the study of large biological peptides and proteins, making it a popular choice for 

neuropeptides.120, 123, 125-127 

Special sample preparation steps must be taken to preserve the tissue and prevent 

degradation prior to analysis (for a recent summary, see 123). These strategies have allowed for 
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the characterization of a range of peptides and have been successfully applied to studies 

requiring single-cell resolution.128, 129 Three-dimensional tissue imaging has also been achieved 

by analyzing consecutive slices of a two-dimensional tissue and in silico combining the images 

to show the distribution along a three-dimensional z-axis (Figure 5).130 

Mass and Space 

Three areas of MS imaging have undergone major development: mass resolution, mass 

range, and spatial resolution. With the development of MALDI-FTMS (Fourier-transform mass 

spectrometer) instrumentation, such as the MALDI-FTICR (Fourier-transform ion cyclotron 

resonance) and Orbitrap technologies, high-resolution accurate mass measurements are 

achievable. For the American cockroach, the hybrid MALDI-LTQ-Orbitrap XL mass 

spectrometer provides both high mass accuracy and high mass resolving power of neuropeptides 

directly from tissue slices.131 Unfortunately, the cost of high-resolution “ion-trap-based” 

technologies limits the upper mass range to approximately m/z 4,000. Thus, methods to increase 

the mass range of these instruments have been an important area of development.36-41, 132 High 

m/z tissue imaging is challenging even for time-of-flight (TOF) instruments, which have a 

theoretically infinite mass range. Several groups have developed specialized sample preparation 

techniques, equipment, and matrices to increase the mass range of detectable ions in TOF 

instruments.133-135 Mainini et al. successfully detected proteins up to 135 kDa using ferulic acid 

as a MALDI matrix.135 

As stated previously, MALDI is well-known for primarily producing only singly charged 

ions. However, several recent studies reported on the production of multiply charged ions on 

commercially available MALDI instruments by laserspray ionization, matrix-assisted inlet 

ionization, or matrix-assisted ionization vacuum.36, 38-40 By creating multiply charged ions, more 
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efficient tandem MS fragmentation can be achieved when using ETD or CID. Using an 

intermediate pressure MALDI source with laserspray ionization, the Trimpin group showed the 

measurement of +12 ubiquitin ions (8.5 kDa).36 Although MS imaging is used primarily as a top-

down approach, in situ digestion on tissue slices has emerged as another strategy to bring larger 

neuropeptides into the appropriate mass range of a mass analyzer.136 Instead of directly imaging 

intact neuropeptides, a bottom-up approach is taken, and the enzymatically digested peptide 

fragments are visualized and colocalized on the tissue slice. With the appropriate bioinformatics 

tools (e.g., PEAKS; for more examples, see above), the corresponding large neuropeptides may 

then be identified. Many factors including the choice of the enzyme, matrix, and instrumentation 

need to be considered when optimizing in situ digestion (for quality reviews, see 136, 137). 

Notably, researchers have developed a novel graphene-immobilized trypsin platform for on-

tissue digestion that provides more complete sequence coverage compared with on-plate 

digestion of BSA (77% versus 30%).138 With the development of high-resolution and accurate 

mass measurements, MS/MS and/or orthogonal ESI-MS experiments have successfully imaged 

and identified larger neuropeptides and neuroproteins.139, 140 

MS imaging data relevance depends on the pixel size acquired, which is directly related 

to the spatial resolution achievable by the experimental setup.125, 141 Spatial resolution is chosen 

by the step size the plate takes to raster the laser across the tissue, which is primarily defined by 

the diameter of the laser beam. To increase spatial resolution, investigators have developed 

several approaches, such as traditional “microprobe” mode, “microscope” mode, oversampling, 

and parafilm stretching, all of which are summarized elsewhere.129, 142 Recently, the Spengler lab 

developed a home-built MALDI source paired to the LTQ-Orbitrap that allows for step sizes 

down to 5 m.143 These developments allowed for high-resolution imaging of neuropeptides 
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such as oxytocin and vasopressin in the mouse pituitary gland.143 As spatial resolution continues 

to improve, single-cell imaging will become more accessible for researchers. Both cell cultures 

and dissected cells have been used, although special consideration must be made to create the 

images.128, 129, 144 For example, cells in culture have been stretched prior to placing them on slides 

and analyzed by MALDI-TOF/TOF, which allowed for the spatial mapping of several ions.129 

These methods will become more refined, and efforts will be extended toward subcellular 

analysis. 

Specialized Applications: Coupling Separations to Mass Spectrometry Imaging 

Neuropeptide MS imaging has also been used in applications outside of tissue slices, 

specifically CE fractionation or LC separation.45, 46, 145 Normally, distinct fractions are deposited 

on MALDI plates as individual spots and analyzed by MS.146, 147 This approach can cause a 

decrease in separation resolution. To preserve temporal resolution, the separated mixture may be 

continuously deposited across the MALDI plate surface. Although time-consuming, manual 

profiling of this continuous trace can be performed. However, MS imaging enables simplified 

analysis of the column eluent. MS imaging has been coupled to both CE-MALDI and LC-

MALDI workflows, thus allowing for high-temporal resolution separation of neuropeptides.45, 46, 

145 CE-MS imaging has led to a four- to sixfold increase in peptide coverage.45 By separating 

isotopic formaldehyde labeled neuropeptides from a complex mixture of crustacean pericardial 

organ extract, quantitative information can also be obtained with CE-MS imaging (Figure 6).45 

With the development of new columns or separation strategies, these successful analysis 

strategies will be applied to other neuropeptide-rich media, such as microdialysates. 

 

Concluding Remarks 
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As technologies and methodologies are further developed, additional neuropeptides will 

be discovered and interrogated using a variety of workflows. Although generally well-developed, 

MS-based neuropeptide studies still have many areas that need elaboration, especially for low-

volume samples. Both qualitative and quantitative characterization strategies have been 

developed, allowing important biological questions to be answered. The amount of data acquired 

from a single MS run has only increased, and the bioinformatics tools available will continue to 

mature to meet these needs. As future technologies enhance the information acquired, we expect 

to see an expansion of the use of MS for neuropeptidomic analysis. 

 

Summary Points 

1. With its ability to provide maximum information from very small sample volumes, MS has 

become a powerful tool for the characterization of the neuropeptidome. As instrumentation 

advances along with innovative sampling strategies, MS-based tools will continue to find 

widespread utilities in different animal systems. 

2. It is clear that not one platform can provide simultaneous chemical, spatial, and temporal 

information. Thus, the development of tools for better in vivo measurements, MS imaging, 

and peptide sequencing should be coupled with new separation or sample preparation steps 

within new multifaceted approaches. 

3. Owing to its high-throughput nature, MS has led to the growth of new characterization 

techniques and bioinformatics tools. Commercially available instrumentation and 

downloadable bioinformatics tools make data processing more efficient and much simpler. 

Yet, new methods will be created. 
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4. High-resolution instrumentation has provided new depth toneuropeptide characterization. 

Further improvements are surely in development, and new tools (e.g., isobaric quantitative 

tags that are constructed using subtle mass defects) will be established to utilize their 

power. 

 

Future Issues 

1. Although several resources have been established for the quantitation of neuropeptides, the 

number and availability of such are stunted in comparison to proteomic studies. 

Nevertheless, further development of cost-effective, multiplexed reagents will be key to 

allow cross comparisons in high throughput. With the ability to multiplex, absolute 

quantification using same-run calibration curves will facilitate targeted neuropeptide 

investigations. 

2. Although MS imaging has become a popular tool exploring the spatial distribution of 

neuropeptides, it still requires further method advancement to better measure 

neuropeptides. In situ digestion and multiply charged ion production methods are still in 

their infancy, and focus should be on maturing their use for larger neuropeptides. 

Furthermore, increasing spatial resolution to visualize subcellular peptide distributions will 

require innovation in instrumentation and sampling strategies. 

3. Although there are hopes of applying MS to more complex systems (i.e., humans), work 

with MS as a whole is limited to well-characterized model organisms. The global 

progression of all MS preparatory steps must continue to answer any new and interesting 

questions related to neuropeptide research in these more complex situations. 
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Figures 

 

Figure 1. General overview of sample preparation and data analysis strategies for neuropeptide 

analysis by MS. Three major sample preparation pathways exist: (1) extract profiling, (2) direct 

tissue profiling, and (3) direct tissue imaging. Once spectra have been collected, peptides can be 

identified via database searches, de novo sequencing, and/or prediction algorithms. 

Abbreviations: ESI, electrospray ionization; MALDI, matrix-assisted laser desorption/ionization; 

MS, mass spectrometry; MSI, MS imaging; RT-PCR, reverse-transcription polymerase chain 

reaction. 
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Figure 2. Recovery rates for several crustacean neuropeptides for different AAs using 

microdialysis. Conditions with p < 0.05 and compared with No AA are indicated with one 

asterisk. Significant differences (p < 0.05) for the AbMnP condition are indicated with a lambda. 

Adapted with permission.8 Abbreviations: AbMnP, antibody-coated magnetic nanoparticle; AA, 

affinity agent; BK, bradykinin; FLP, Homarus americanus FMRFamide like peptide; FMRFa, 

FMRFamide (Phe-Met-Arg-Phe); SMT, Somatostatin-14; SP, Substance P.  
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Figure 3. Representation of two label-free relative quantitation strategies. (a) Spectral counting 

uses the fact that more abundant peptides enable acquisition of more tandem MS scans. (b) Peak-

area measurements utilize the chromatogram to provide quantitative information. Abbreviations: 

LC, liquid chromatography; MS, mass spectrometry; XIC, extracted ion chromatogram. 
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Figure 4. Isobaric chemical labels used for MS/MS quantitation. (a) Structure of DiLeu 

reagent showing reporter group, balance group, and amine-reactive group. Fragmentation of 

labeled peptides by CID/HCD generates reporter ions at m/z 115.1, 116.1, 117.1, and 118.1, 

and the carbonyl balance group is lost as a neutral species. (b) Fourplex DiLeu reporter ion 
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structures. Each colored dot represents a location where a stable isotope has been 

incorporated, allowing for the mass of each reporter to differ by 1 Da. (c) General workflow 

for quantitation employing fourplex DiLeu isobaric tags. Initially, four samples containing a 

peptide of interest are differentially labeled and mixed. During MS analysis, differentially 

labeled peptides are measured at the same m/z in the parent scan; upon precursor isolation 

and fragmentation by CID/HCD in the MS/MS scan, unique reporter ions are generated in 

the low mass region along with b- and y-type peptide backbone fragment ions, allowing 

quantitation and sequence identification of the peptide of interest. (d) Structures of TMT 

and iTRAQ isobaric tags. Labeling workflows for each are similar to the scheme illustrated 

in panel c. Abbreviations: CID, collisional-induced dissociation; DiLeu, N-dimethyl 

leucine; HCD, high-energy collisional dissociation; iTRAQ, isobaric tags for relative and 

absolute quantification; MS, mass spectrometry; TMT, tandem mass tag. 
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Figure 5. Three-dimensional analysis of the crustacean brain to show high spatial information of 

several neuropeptides of interest. Consecutive sections were analyzed to show the distribution in 

the z-plane of the tissue. Mass spectrometry (MS) images use an intensity scheme ranging from 

red, which is considered high (100%), to black/blue, which is considered low (0%). (a) Optical 

images of each consecutive section from the dorsal to ventral regions of the brain. Several 

neuropeptides were imaged showing a wide variety of distributions: (b) CabTRP la 

APSGFLGMRamide (m/z 934.5), (c) Orcokinin NFDEIDRSGFGFA (m/z 1474.1), (d) Orcokinin 

NFDEIDRTGFGFH (m/z 1554.7), and (e) RFamide SMPSLRLRFa (m/z 1105.6). 
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Figure 6. PACE-MS imaging for quantitative analysis of formaldehyde-labeled neuropeptide 

peak pairs. (a) Representative spectrum of neuropeptide extract from crustacean pericardial 

organ by MALDI-MS highlighting two peak pairs. (b) MS image of the CE trace. (c, d) Mass 

spectra corresponding to the highlighted regions in the CE trace. Two distinct peak pairs are 

separated into two color regions for accurate quantitation. Adapted with permission.45 

Abbreviations: PACE, pressure-assisted capillary electrophoresis; CE, capillary electrophoresis; 

MALDI, matrix-assisted laser desorption/ionization; MS, mass spectrometry. 
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Abstract 

Oxygen (O2) is a critical component of life, as without proper O2 levels, cells are unable 

to respire, meaning glucose cannot be utilized. Thus, hypoxia (low O2 levels) is a well-

documented stressor, in particular in aquatic environments. Neuropeptides are a major class of 

regulators for stress-induced responses; however, their global expression changes during stress 

are not well characterized due to the natural complexity of the nervous system. Beyond being a 

neurological model organism, crustaceans are regularly exposed to hypoxia, making them a 

relevant system for this study. Several neuropeptide families, including orcokinins, RFamides, 

and allatostatin A-types, show dynamic dysregulation due to hypoxia stress. In particular, the 

brain showed the most dynamic changes with a survival mechanism “switching” (i.e., significant 

increase to decrease) of neuropeptide content between moderate and severe hypoxia (e.g., 

NFDEDRSGFA, FDAFTTGFGHS, NRNFLRFamide, and APSGFLGMRamide). Globally, 

neuropeptides in different tissues appeared to react uniquely at the various severities of hypoxia, 

including LSSSNSPSSTPL and NFDEIDRSSFGF. In complement to the tissue-specific 

neuropeptide expression level changes in response to hypoxia stress revealed in the current 

study, future studies will focus on neuropeptide levels in hemolymph to fully characterize the 

dynamic neuropeptidomic changes due to hypoxia stress.  

 

Introduction 

 Hypoxia, or low oxygen (O2) levels, poses a physiological challenge for many organisms, 

especially aquatic invertebrates. Estuarine ecosystems, for example, are well known to have 

seasonal hypoxic/anoxic zones (e.g., dead zones) from stratification of the water due to 

eutrophication (i.e., enrichment of the environment with nutrients).1-3 The presence of these 
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zones decreases the quality of the habitat leading to mortality of organisms unable to escape. 

Several studies have been done to understand the physical and biochemical changes that occur 

due to these conditions.4-13 Flounder growth rates were seen to drop by ~90% at low O2 levels 

when coupled to temperature elevation.4 Feeding rates also decreased at all temperatures when 

the flounder was exposed to hypoxia. Furthermore, in the estuarine fish Fundulus grandis, 

reproduction rates were reduced considerably after hypoxia exposure.5 It is clear that hypoxia 

stress can have a major effect on the population of an organism, and the evolutionarily developed 

mechanisms to survive need to be studied.  

   Crustaceans are well known for residing and surviving where hypoxia is rampant. The 

blue crab, Callinectes sapidus, for example, is a well-studied organism in hypoxia research, as it 

mainly resides in coastal estuaries, such as the Chesapeake Bay.6-13 While the survival of blue 

crabs in low dissolved oxygen levels does decline with increasing exposure time, crabs still have 

a surprisingly high survival rate, with over 80% surviving at <20% oxygen saturation for 30 

hours.10 Molecularly, another study showed that hypoxia has a dramatic impact on phenoloxidase 

enzyme activity in C. sapidus, which can have a direct effect on the organisms ability to fight 

deadly infections.6 Other players, such as hemocyanin, the protein that assists in oxygen transfer 

in the body, has been shown to be different for hypoxia-tolerant and hypoxia-sensitive 

crustaceans.7, 9, 10 Ultimately, there is a lack of knowledge on the precise molecular mechanisms 

that allow crustaceans to survive during such stressful conditions.  

 Neuropeptides, one of the most diverse and complex class of signaling molecules, are 

thought to be major regulators of stress response. Several stress-based studies on neuropeptides 

have been done with crustaceans, primarily focusing on temperature or salinity stress.14, 15 With 

their simple, well-characterized nervous system, crustaceans, especially the blue crab, provide 
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not only a model organism for neuropeptide studies but also a relevant system for understanding 

environmental hypoxia stress. Currently, the only neuropeptide studies involving hypoxia and 

crustaceans have been crustacean hyperglycemic hormone (CHH) and crustacean cardioactive 

peptide (CCAP).12, 16-19 Other invertebrates, such as C. elegans, have been used for hypoxia 

studies, such as the investigation of how hypoxia-inducible transcription factor-1 upregulated 

serotonin and the following neurological alterations.20 Overall, all studies have focused on a 

single neuropeptide or signaling pathway, leaving a high demand for a global neuromodulation 

study of hypoxia-induced stress. 

 Here, we utilized matrix-assisted laser desorption/ionization (MALDI) mass spectrometry 

(MS) technology to profile the global neuropeptidomic changes with high mass resolution in the 

blue crab Callinectes sapidus.21 Three tissues, including the sinus gland (SG), brain, and the 

pericardial organ (PO), were collected to understand the dynamic changes due to three different 

severities of hypoxia stress. Not only were distinct trends seen across each tissue type, especially 

the brain, but neuropeptides found in all three tissues also showed variable expression changes 

depending on the hypoxic severity (e.g., allatostatin A-type NPYSFGLamide, mass-to-charge 

ratio (m/z) 796.399). Studies exploring hemolymph are required in the future to understand the 

secretion of these neuropeptides over the course of different exposure time due to long-term 

effects of hypoxia.  

 

Materials and Methods 

Methanol (MeOH), glacial acetic acid (GAA), ammonium bicarbonate, and all crab saline 

components (see below) were purchased from Fisher Scientific (Pittsburgh, PA). H2-

formaldehyde, 2H2-formaldehyde, and borane pyridine were acquired from Sigma-Aldrich (St. 
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Louis, MO). 2, 5-dihydroxybenzoic acid (DHB) was obtained from Acros Organics (Morris, 

New Jersey), while formic acid (FA) was purchased through Fluka (Mexico City, Mexico). All 

water used in this study was doubly distilled on a Millipore filtration system (Burlington, MA) or 

Fisher HPLC grade (Pittsburgh, PA), and C18 Ziptips were purchased from Millipore 

(Burlington, MA).  

Animals and Stress Experiment 

Female blue crabs, Callinectes sapidus, were either purchased from Midway Asian 

Market (Madison, WI) or LA Crawfish Company (Natchitoches, LA). After transport, crabs were 

allowed to recover in artificial seawater made to be 35 parts per thousand (ppt), 17-18 °C, and 8-

10 parts per million (ppm) dissolved O2 (~80-100% O2 water saturation) for several days prior to 

being exposed to hypoxia. For stress experiments, the tank was sparged with nitrogen (N2) gas 

for 30-40 minutes prior to placing a crab in the tank in order to bring the dissolved O2 down to 

the desired level as measured by a Pinpoint II Oxygen Monitor, which was calibrated prior to 

each experiment. The levels of interest included severe hypoxia (1 ppm, ~10% O2 water 

saturation, n=7), moderate hypoxia (2 ppm, ~20% O2 water saturation, n=5), and mild hypoxia (5 

ppm, ~50% O2 water saturation, n=5). A plastic tarp was placed on top of the water’s surface to 

minimize water-air oxygen exchange during the course of the experiment. A crab was then 

placed in the tank to allow hypoxia exposure for 1 hour.  The crab was then anesthetized on ice 

for 20 minutes, sacrificed, and tissues of interest were collected as previously described.22 All 

dissections were performed in chilled (approximately 10 oC) physiological saline (composition: 

440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; pH 7.4 

(adjusted with NaOH)). 

Sample Preparation  
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For each sample, tissues from 3 crabs were pooled together and extracted with a manual 

homogenizer with chilled acidified MeOH (90:9:1 MeOH:H2O:GAA; volume (v):v:v). The 

sample was centrifuged at 13,200 rpm for 10 minutes, and the supernatant was collected. The 

resulting pellet was re-extracted twice, with the supernatant collected each time. The combined 

supernatant fractions were dried down in a Savant SCV100 Speedvac concentrator. All crude 

extracts were purified using C18 ZipTips following the manufacturer’s protocol. All samples 

were centrifuged at 13,200 rpm prior to purification to pellet any particulates. Control and 

hypoxia-exposed samples were then differentially labeled using duplex reductive methylation 

using a previously published protocol.14, 15, 23 All control samples were labeled with H2-

formaldehyde (+28.0313 Daltons (Da)), while all hypoxia-exposed (stress) samples were labeled 

with 2H2-formaldehyde (+32.0564 Da). Borane pyridine was used as the reducing agent, and 

ammonium bicarbonate was used to quench the reaction. After labeling, control and experimental 

samples were mixed at a 1:1 ratio and dried down prior to analysis.  

MS Data Collection and Analysis 

Samples were redissolved at one tissue set (exposed/control) per 5 μL (i.e., 15 μL for 3 

pooled tissue), spotted 1:1 with 150 mg/mL DHB ( in 50:50 MeOH:H2O with 0.1% FA) in 

triplicate and analyzed in the m/z 500-2000 range at a resolution of 60,000 on the Thermo 

Scientific MALDI-LTQ-Orbitrap XL. The peak list was exported from Thermo Xcalibur 

software, and a program written in Java was used to find neuropeptides in the peak list by 

accurate mass matching within a ±5 ppm error to a custom, in-house crustacean neuropeptide 

database, with an intensity threshold cutoff of 100. If both light and heavy-labeled peaks were 

found, a peak ratio was calculated by dividing the intensity of the heavy peak by that of the light 

peak. A peak ratio of “1.0” means no change in abundance between the stressed sample and a 
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control. A student’s two-tailed t-test was used to determine statistical significance of the results. 

Only those neuropeptides found in at least 2 out of 3 technical replicates and in at least 3 

biological replicates were analyzed for statistical differences. A p-value<0.05 was said to be 

significant.  

 

Results and Discussion 

Dynamic Changes Due to Variable Hypoxia Stress 

Hypoxia is a well-documented phenomenon in the environment that has a high impact on 

marine species, in particular crustaceans that live on the ocean floor. These invertebrates have 

developed mechanisms to survive harsh conditions, especially when escape is not possible. In 

order to compare the neuropeptidomic changes due to different severities of hypoxia of interest 

(severe (1 ppm O2, 10% O2 water saturation), moderate (2 ppm O2, 20% O2 water saturation), 

and mild (5 ppm O2, 50% O2 water saturation)) to control conditions (8-10 ppm O2, 80-100% O2 

water saturation), a duplex dimethyl labeling strategy was utilized to increase throughput and 

quantitative accuracy. An example spectrum is shown in Figure 1, where the light labels (closed 

hexagon) and heavy labels (open hexagon) reflect neuropeptide levels in the control and 

hypoxia-affected crustacean, respectively. In this example, it can be visually inferred that the 

highlighted neuropeptides from the orcokinin family decrease due to hypoxia stress. These 

intensity levels can be visualized in bar graphs to infer trends across different severities of 

hypoxia in various tissue types, including the SG, brain, and PO (Figures S1, 2, and 3, 

respectively).  

Located in the eyestalks of the crab, the SG is a neuroendocrine organ close to the brain 

(i.e., the central nervous system) and is known to secrete peptide hormones or neuropeptides 
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involved in blood glucose levels and hydro-mineral balance.24, 25 Compared to the other tissues in 

this study, the SG’s changes appear muted, as shown in Figure S1. Most of the neuropeptides 

identified show no differences compared to a control, except for in the most extreme case of 

hypoxia (1 ppm O2), including orcokinins NFDEIDRGFG (m/z 1256.554) and 

NFDEIDRSGFGFA (m/z 1474.660). In fact, many neuropeptides show no change at all in all 

three severities, including proctolin RYLPT (m/z 649.367), RFamide GHRNFLRFamide (m/z 

1045.580), and tachykinin YPSGFLGMRamide (m/z 1026.519) (Table S1). The only outlier to 

this trend was CHH precursor-related peptide (CPRP) RSAEGLGRMamide (m/z 975.515), 

which showed significant changes for the severe (1ppm O2 and mild (5 ppm O2) hypoxia, but not 

the moderate (2 ppm O2). From the above results, it is clear that the mild (5 ppm O2) and 

moderate (2 ppm O2) hypoxia does not majorly affect the SG within an hour of exposure. Even if 

a neuropeptide’s levels were affected by the severe hypoxia (1 ppm O2) (Table S1), the dynamic 

range of the changes was relatively minimal compared to changes we see in the brain (Table S2) 

and PO (Table S3). Interestingly, HL/IGSL/IYRamide (m/z 844.479) only shows significant 

changes in the SG at severe hypoxia, thus it likely plays a distinct role in how the SG handles 

hypoxia stress compared to the brain and PO, suggesting tissue-specific response of this peptide.  

Likely due to its central regulatory role in the nervous system, the brain has the most 

dynamic changes when increasing the hypoxic severity (Figure 2, Table S2).25 Very few 

neuropeptides, one example being CPRP LSSSNSPSSTPLG (m/z 1233.596), showed a trend 

towards increased expression due to hypoxia, no matter the severity. But, the most distinct and 

interesting trend was the following: no change at 5 ppm O2, a significant increase at 2 ppm O2, 

and either no change or significant decrease at 1 ppm O2. This was seen across several 

neuropeptide families, such as allatostatin A-type PRNYAFGLamide (m/z 936.505), RFamide 
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NRNFLRFamide (m/z 965.543), and tachykinin YPSGFLGMRamide (m/z 1026.519). It appears 

that between 2 ppm and 5 ppm O2 there may be a survival mechanism “switching” point. This 

was consistent with what was observed during the actual stress exposure, as a physical difference 

was seen between the behaviors of the crustaceans of the 1 ppm O2 and the 5 ppm/2 ppm 

exposed crabs, where the latter groups were more active. Beyond the significant changes, it was 

interesting to see that two families, tachykinins and RFamides, show little change compared to a 

control in any hypoxia severity (Table S2). Both of these families have human neuropeptide 

homologs (substance P and neuropeptide Y, respectively) that have been previously implicated in 

mammalian hypoxia stress.26-32 The lack of detection of statistically significant differences in 

these molecules in response to hypoxia stress could be due to (a) biological variability and/or (b) 

instrumental sensitivity.  Further experiments to target these neuropeptidomic families will be a 

priority.  

 In contrast to the SG and brain, the PO comes in direct contact with the heart, meaning all 

secretions can have a direct impact on the animal’s reaction to stress by modulating the 

frequency or amplitude of heart contractions.25, 33 In general, similar trends occur in this tissue as 

what was previously discussed, as demonstrated in Figure 3 and Table S3. We still see the 

survival mechanism “switching” as seen in the brain (Figure 2), where the 2 ppm O2 severity 

had the most significant changes in neuropeptidome content. Some neuropeptides showed 

constant downregulation (allatotropin GFKNVEMMTARGFamide (m/z 1486.729)) or 

upregulation (CPRP LSSSNSPSSTPLG (m/z 1233.596)) due to all cases of hypoxic severity. 

This neuropeptide content change occurs independent of the hypoxic severity, which could be a 

part of a “flight or fight” response. Another homologous trend includes only the severe hypoxia 

(1 ppm O2) case creating significant changes (CPRP GFLSQDVHS (m/z 989.469)). While it may 
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not be as affected as the brain, the PO plays a distinct role in how the blue crab handles hypoxia 

stress.  

Whole System Trends 

 Across the three tissues studied, several neuropeptides were unique to one tissue but there 

were also many that overlap, as shown in Figure 4. The brain contained the fewest unique 

neuropeptides compared to the SG and PO (i.e., neuroendocrine organs). The most interesting 

nine neuropeptides lie in the center, as they were identified in all three tissues in at least two 

biological replicates. Since we considered only those neuropeptides found in three biological 

replicates for statistical analysis, it should be noted that only two neuropeptides (Proctolin 

RYLPT (m/z 649.397) and Others HL/IGSL/IYRamide (m/z 844.479)) were found in all three 

tissues for all three conditions and three biological replicates, and their changes were minimal. 

Trends for three select neuropeptides found in multiple tissues are illustrated in Figure 5.  

In Figure 5a, allatostatin A-type NPYSFGLamide (m/z 796.399) showed no change 

compared to a control for any tissue at 5 ppm O2. In the brain, as the severity was decreased, 

NPYSFGLamide showed distinct increase (ratio = 0.047 to 3.742) and then dramatic decrease 

(ratio = 3.742 to 1.025) for 2 ppm O2 and 5 ppm O2, respectively. Although we cannot comment 

these trends statistical significance, this was similar trend that we see in the brain for other 

neuropeptides (e.g., allatostatin B-type). The trend in the brain has no consistency with the PO, 

which showed an increase in neuropeptide amount that leveled off (ratio = ~2.5) as severity 

decreased, and the SG, which showed no change even as the O2 saturation was lowered. 

Allatostatin A-type neuropeptides are known to be localized throughout the nervous system of 

the crustacean including neuroendocrine organs and synapses, suggesting that they work both 

locally and as long-distance hormones.34 Their function is also well-defined as inhibitory 
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neuro/myo-modulators, in particular targeting the cardiac neuromuscular system and 

stomatogastric nervous systems (STNS).34 While we have not studied tissue within either of 

these systems, NPYSFGLamide could be indirectly affecting them by targeting the PO, which is 

in direct contact with the heart, and the brain, which is connected to the STNS.  

Similarly, orcokinins are located throughout the crustacean nervous system and can act 

locally and long distance.34 While they are involved in modulating the STNS, they also have 

known roles in increasing frequency and amplitude of spontaneous hindgut contraction.34 In 

Figure 5b, orcokinin NFDEIDRSSFA (m/z 1433.633) seems to show consistently across all 

tissue types besides the PO, although we are unable to comment on the statistical changes for this 

neuropeptides in the PO. Several other orcokinins were found in all three tissues, including 

NFDEIDRSSFGF (m/z 1300.580), NFDEIDRSSFGFA (m/z 1504.670), and NFDEIDRSSFGFN 

(m/z 1547.676), all of which have variable responses to hypoxia stress. In fact, 

NFDEIDRSSFGFN shows no changes due to hypoxia stress in any tissue. This is an example of 

the diverse roles that neuropeptides from the same family have within the crustacean nervous 

system.  

Finally, when looking at CPRP LSSSNSPSSTPLG (m/z 1233.596) (Figure 5c), the brain 

once again exhibited interesting trends, where the neuropeptide level increased at lower severity 

(5 ppm O2) (ratio = 12.745) and decreased as severity was increased (ratio = 4.684 and 2.431 for 

2ppm and 1 ppm O2, respectively). In general, this trend was consistent with the SG, although we 

cannot comment on statistically significant changes, but the PO shows no difference in response 

regardless of hypoxic severity (ratio = ~4.5). CPRPs are co-released with CHH, an important 

neuropeptide for the crustacean’s regulating glucose use.34 In the literature, CHH was the only 

neuropeptide that has been implicated in how blue crabs handle hypoxia stress, where CHH 
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levels in the hemolymph increased in response to hypoxia stress.12 This could also imply an 

increase in CPRPs. In our studies, CPRP levels decreased in all tissues as the hypoxic severity 

was increased. The decrease could indicate the release into the hemolymph, matching well with 

previous literature, although all of the CPRP levels were still higher than those in a control crab. 

Thus, we may be seeing a buildup phase prior to the release of the CHH/CPRPs. One thing to 

note is that different variants of CHH are known to be produced in the PO and the SG, so it is 

interesting that we see the most variable response in the brain.34, 35 It could indicate that the brain 

was a target of these CPRPs that were being produced elsewhere or that was already circulating. 

This aligns well with the fact that we see the most dynamic neuropeptidomic changes overall in 

the brain (Table S2) compared to the SG (Table S1) and PO (Table S3). To understand these 

results, (a) a time course study to quantify neuropeptide levels in the hemolymph as well as (b) a 

top-down MS approach to characterize changes in CHH are of interest in the future.  

 

Conclusions and Future Directions  

It is clear that neuropeptides play a dynamic role in how crustaceans, specifically C. 

sapidus, survive hypoxia stress, and even neuropeptides from different tissues appear to have 

distinct functions in the animal’s ability to handle this stress. It is suggested that between 2 ppm 

and 1 ppm O2, there is a “switch” that occurs where the published defensive behaviors are 

observed, which was supported in our studies. The brain (i.e., the central nervous system) 

provides the strongest evidence of this assumption, although it will require more severity-

specific resolution in our studies to quantitatively determine the exact level of hypoxia at which 

this occurs. Studies involving how the duration of exposure affects crustacean neuropeptides are 

underway along with incorporating electrospray ionization MS to improve peptidomic coverage 
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and identification.   
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Figures 

 

Figure 1. A representative MALDI-MS spectrum where duplex dimethyl labeling was utilized to 

compare neuropeptide levels between a control (light labeled, closed hexagons) and hypoxia 

(10% O2 water saturation, 1 hour) stressed (heavy labeled, open hexagons) blue crabs. Several 

orcokinin neuropeptides are highlighted.  
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Figure 2. Bar graphs that represent the dynamic neuropeptide changes due to severe (purple), 

moderate (blue), and mild (green) hypoxia for the brain. The x-axis shows the neuropeptides’ 

sequences, while the y-axis represents the log-base 10 of the ratio of hypoxia-stressed divided by 

control. A log-base 10 ratio close to 0 indicates no change in neuropeptides for that hypoxia 

condition compared to the control. Neuropeptides that were deemed significant (p<0.05) in their 

change are indicated with an asterisk (*). The error bars represent standard error of the mean 

(SEM). AST-A: Allatostatin A-type; AST-B: Allatostatin B-type; CPRP: CHH Precursor Related 

Peptide. 
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Figure 3. Bar graphs that represent the dynamic neuropeptide changes due to severe (purple), 

moderate (blue), and mild (green) hypoxia for the PO. The x-axis shows the neuropeptides’ 

sequences, while the y-axis represents the log-base 10 of the ratio of hypoxia-stressed divided by 

control. A log-base 10 ratio close to 0 indicates no change in neuropeptides for that hypoxia 

condition compared to the control. Neuropeptides that were deemed significant (p<0.05) in their 

change are indicated with an asterisk (*). The error bars represent standard error of the mean 

(SEM). AST-A: Allatostatin A-type; AST-B: Allatostatin B-type; CPRP: CHH Precursor Related 

Peptide. 
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Figure 4. A Venn diagram depicting the neuropeptide overlap (regardless of expression changes) 

of the three tissues studied. Only neuropeptides that were found in all 3 conditions (severe, 

moderate, and mild hypoxia) and in at least 2 bioreplicates in a tissue were included.  
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Figure 5. Line graphs showing the variable changes between the same neuropeptide in the SG 

(pink), brain (orange) and PO (yellow). (a) Allatostatin A-type NPYSFGLamide (m/z 796.399). 

(d) Orcokinin NFDEIDRSSFGF (m/z 1300.580). (c) CPRP LSSSNSPSSTPLG (m/z 1233.596). 

Neuropeptides that were deemed significant (p<0.05) in their change are indicated with an 

asterisk (*). Due to lack of appearances in biological replicates, significant changes cannot be 

determined for the brain for (a), the PO for (b), and SG for (c).  
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Supplemental Information 

 

Figure S1. Bar graphs that represent the dynamic neuropeptide changes due to severe (purple), 

moderate (blue), and mild (green) hypoxia for the SG. The x-axis shows the neuropeptides’ 

sequences, while the y-axis represents the ratio of hypoxia-stressed divided by control. The 

dotted line marks a ratio of 1, which indicates no difference between the stressed and control 

samples. Neuropeptides that were deemed significant (p<0.05) in their change are indicated with 

an asterisk (*). The error bars represent standard error of the mean (SEM). AST-A: Allatostatin 

A-type; CPRP: CHH Precursor Related Peptide.  
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Table S1. Ratios (stressed/control) of neuropeptides in the SG that were detected in all three 

conditions. The highlighted cells are those were significant changes (p<0.05) were calculated. 

SEM: standard error of the mean.  
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Table S2. Ratios (stressed/control) of neuropeptides in the brain that were detected in all three 

conditions. The highlighted cells are those were significant changes (p<0.05) were calculated. 

SEM: standard error of the mean. 
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Table S3. Ratios (stressed/control) of neuropeptides in the PO that were detected in all three 

conditions. The highlighted cells are those were significant changes (p<0.05) were calculated. 

SEM: standard error of the mean. 
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Abstract 

 Hypoxia (i.e., low oxygen (O2) levels) is a common environmental challenge for several 

aquatic species, including fish and invertebrates. In order to survive or escape these conditions, 

these animals have developed novel biological mechanisms, mainly regulated by neuropeptides. 

By utilizing mass spectrometry, this study aims to provide a global perspective of neuropeptides 

in the blue crab, Callinectes sapidus, and their changes over time (0, 1, 4, and 8 hours) due to 

severe (~10% O2 water saturation) hypoxia stress using a 4-plex dimethyl labeling strategy to 

increase throughput. Using electrospray ionization and matrix-assisted laser 

desorption/ionization provided complementary coverage, 48 neuropeptides were identified with 

only four overlapping between the two ionization techniques. Interesting trends include (1) 

changes only after 4+ hours exposure (e.g., RFamide AYPSLRLRFamide), (2) a return to basal 

levels after 8 hours’ exposure following an initial response (e.g., allatostatin A-type 

DPYAFGLRHTSFVLTAFGLamide), and (3) an oscillating pattern (e.g., CHH precursor related 

peptide (CPRP) RSAEGLGRMamide), although many neuropeptides showed no significant 

changes. Overall, challenges still exist for the large-scale quantitation using 4-plex dimethyl 

labeling of neuropeptides, likely due to spectral complexity, and further applications towards 

optimizing instrumental parameters are a priority.  

 

Introduction 

Estuaries and coastal ecosystems are increasingly threatened by climate change, poorly 

managed wastewater, and agricultural and industrial runoff.1 These factors often lead to 

eutrophication of coastal waters, causing large algal blooms and subsequent hypoxic (i.e., low 

oxygen (O2)) episodes that can last for hours to days.2 Aquatic hypoxia also occurs naturally from 
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a multitude of hydrodynamic and meteorological effects.3 During hypoxic episodes, the dissolved 

O2 (DO) in the water greatly decreases, causing massive dead zones and a reduction in biodiversity 

as organisms are deprived of oxygen. Environmental hypoxia occurs most frequently in the spring 

and summer and can last for months.3 As commercially-fished species rapidly perish during these 

times, the repercussions of hypoxia become economic as well as environmental.4  

Although many aquatic organisms are affected by hypoxia, the blue crab, Callinectes 

sapidus, is of particular interest. The blue crab possesses both environmental and economic 

relevance as it is frequently fished from estuaries plagued by eutrophication and hypoxia.2 In the 

literature, hypoxia has been shown to cause decreased rates of reproduction, growth, and feeding, 

and increased mortality rates in aquatic species.5 Due to the adverse effects of hypoxia, the blue 

crab has developed interesting ways of surviving the low levels of DO. Prior studies have observed 

hypoxia-initiated defensive behaviors, including inactivity, self-burying, and migration towards 

shallower, more O2-rich, waters.5 Additionally, the composition of hemocyanin (i.e., O2 transport 

protein analogous to hemoglobin) has been shown to change in response to hypoxia, demonstrating 

physiological defensive mechanisms as well.6, 7 

The variable behavioral and physiological changes in C. sapidus suggest the presence of 

complex signaling pathways involved in survival. Neuropeptides are short amino acid chains that 

act as signaling molecules within the nervous and neuroendocrine system. Previously, 

neuropeptides have been implicated in a range of environmental stress responses, including 

temperature and salinity fluctuations.8, 9 They can have highly diverse effects within the body while 

also maintaining low in vivo concentrations.10 Prior research has shown that the crustacean 

hyperglycemic hormone (CHH) is a neuropeptide involved in regulating the response to hypoxia 

in the blue crab,11 but no work has thoroughly characterized other neuropeptidomic changes. By 
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examining the neuropeptide expression changes in the blue crab, their role in survival can be better 

understood.  

Unfortunately, the high chemical diversity, low in vivo concentrations, and rapid 

degradation of neuropeptides makes their study challenging. Mass spectrometry (MS)—both 

matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI)—has 

proven to be an effective method of analyzing neuropeptides as it has high sensitivity, high 

specificity, and can provide both quantitative and sequence information. Additionally, because it 

requires no prior knowledge of the analyte, MS is ideal for discovering novel neuropeptides 

involved in response to hypoxia. Relative quantitation of neuropeptides by MS is typically 

achieved by employing either MS1-based labeling strategies (e.g., dimethyl labeling, iDiLeu, and 

mTRAQ),12-14 or tandem MS (MS/MS) labels (e.g., iTRAQ, TMT, and DiLeu) .15-17 MS/MS 

reporters require the neuropeptide be selected for fragmentation to be quantified. The low 

abundance of many neuropeptides, however, makes their selection for MS/MS less likely. For this 

reason, MS1-based labeling strategies are often selected for neuropeptide quantitative analyses.  

Previously, experiments have utilized duplex dimethyl labeling to analyze 

neuropeptidomic changes in crustaceans.8, 9 Stable isotopes, supplied by isotopic formaldehyde, 

are added to the N-termini and lysine side chains of peptides by reductive dimethylation, adding 

two methyl groups, which add either 28.03130 or 32.05641 Daltons (Da) to each primary amine, 

depending on the stable isotopes incorporated. The heavy- and light-labeled samples are analyzed 

simultaneously to provide relative quantitation information between experimental and control 

conditions. Though effective, duplex labeling requires an individual control sample for each 

experimental sample. Expanding the multiplexing capabilities of dimethyl labeling strategies 

greatly reduces the number of samples needed as multiple samples can be compared to a single 
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control. Simultaneous analysis of the differentially labeled samples also reduces the instrument 

time required and the run-to-run variability. A 4-plex dimethyl labeling method is achieved by 

selecting formaldehyde with different combinations of 12C/13C and 1H/2H, providing four distinct 

mass additions (+28.03130, +30.03801, +32.05641, and +34.06312 Da) that can be incorporated 

at the N-termini and lysine residues via reductive dimethylation.18-20 This is a cost-effective 

approach to increase both throughput and quantitative abilities. 

In this study, 4-plex dimethyl labeling was used to quantify the relative changes in 

expression of neuropeptides in Callinectes sapidus after 1, 4, and 8 hours of hypoxia exposure. 

These exposure durations are reflective of hypoxia exposure before blue crabs manage to escape 

hypoxic episodes and have been studied previously.5 The multiplexed samples were analyzed by 

both MALDI- and ESI-MS to provide enhanced, complementary coverage of the crustacean 

neuropeptidome.21 In fact, only four of the 48 identified neuropeptides were found in both ESI- 

and MALDI-MS analyses. Several trends were revealed in this time course study, the most 

interesting being a oscillating expression pattern seen in neuropeptides such as orcokinin 

NFDEIDRSSFA, CHH precursor related peptide (CPRP) RSAEGLGRMamide, and other 

neuropeptide hormone, such as HL/IGSL/IYRamide.  

 

Materials and Methods 

Methanol (MeOH), acetonitrile (ACN), glacial acetic acid (GAA), ammonium 

bicarbonate, and all crab saline components (see below) were purchased from Fisher Scientific 

(Pittsburgh, PA). Formaldehyde (CH2O), 13C-formaldehyde (13CH2O), 2H2-formaldehyde 

(C2H2O), 13C,2H2-formaldehyde (13C2H2O), and borane pyridine complex (~8M BH3) were 

acquired from Sigma-Aldrich (St. Louis, MO). 2,5-dihydroxybenzoic acid (DHB) was obtained 
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from Acros Organics (Morris, New Jersey), and formic acid (FA) was purchased from Fluka 

(Mexico City, Mexico). All water (H2O) used in this study was either HPLC grade or doubly 

distilled on a Millipore filtration system (Burlington, MA), and C18 Ziptips were purchased from 

Millipore (Burlington, MA). All LC solvents were Fisher Optima Grade. 

Animals and Stress Experiment 

All female blue crabs, Callinectes sapidus, were either purchased from LA Crawfish 

Company (Natchitoches, LA). After transport, crabs were allowed to recover in artificial 

seawater made to be 35 parts per thousand (ppt), 17-18 °C, and 8-10 parts per million (ppm) 

(~80-100%) O2 for several days prior to being exposed. To mimic severe hypoxia (1 ppm, ~10% 

O2), a tank was sparged with N2 gas for 30-40 minutes to bring the DO down to the desired level 

as measured by a Pinpoint II Oxygen Monitor prior to adding a crab. A plastic tarp was placed on 

top of the water’s surface to minimize water-air oxygen exchange during sparging. A crab was 

then placed in the tank for the desired amount of time (i.e., 1 hour, 4 hours, or 8 hours), 

anesthetized on ice for 20 minutes, and sacrificed for its organs of interest as previously 

described.22 All dissections were performed in chilled (approximately 10 oC) physiological saline 

(composition:  440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; 

pH 7.4 (adjusted with NaOH)). 

Sample Preparation  

For each bioreplicate, one set of tissues was extracted with a Fisherbrand Model 120 

probe sonicator/sonic dismembrator with chilled acidified MeOH (90:9:1 MeOH:H2O:GAA; 

volume (v):v:v). Each sample was sonicated three times for 8 seconds at 50% amplitude with a 

15 second break in between each sonication. After centrifugation at 20,000 rpm for 20 minutes at 

4 °C, the supernatant was collected and dried down in a Savant SCV100 Speedvac. All crude 
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extracts were purified using C18 ZipTips following the manufacturer’s protocol. All samples 

were centrifuged at high speed (>10,000 rpm) briefly prior to purification. Control and hypoxia-

exposed samples were differentially labeled using reductive dimethylation using a previously 

published protocol with slight modifications,18-20 Borane pyridine was the reducing agent. The 

samples were all differentially labeled as follows: (a) control (i.e, 0 hours) with formaldehyde 

(CH2O, +28.03130 Da), (b) 1 hr exposure with 13C-formaldehyde (13CH2O, +30.04391 Da), (c) 4 

hr exposure with 2H2-formaldehyde (C2H2O, +32.05641 Da), and (d) 8 hr exposure with 13C, d2-

formaldehyde (13C2H2O, +34.06902 Da). All samples were mixed 1:1:1:1 after being quenched 

with ammonium bicarbonate. The multiplexed samples were then processed two different ways: 

(a) spotted with 150 mg/mL DHB (in 50:50 MeOH:H2O with 0.1% FA) on a stainless-steel plate 

to be analyzed by a Thermo MALDI-LTQ-Orbitrap XL or (b) purified again with C18 ZipTips 

and analyzed by a Thermo Q Exactive (QE) coupled to a Waters nanoAquity system.  

MS Data Collection 

MALDI samples were spotted in triplicate and analyzed in the mass-to-charge ratio (m/z) 

500-2000 range at a resolution of 60,000 on the MALDI-LTQ-Orbitrap XL. ESI samples were 

injected in triplicate onto a homemade C18 column (14-16 cm), from which the analytes were 

eluted using a 90-minute gradient (10% B to 35% B) with H2O (0.1% FA) (A) and ACN (0.1% 

FA) (B) and analyzed by the QE in a mass range of m/z 200-2000 with a top 15 data-dependent 

acquisition method with high-energy collision dissociation. MS1 and MS/MS spectra were 

collected at a 70,000 and 17,500 mass resolution, respectively. 

Data Analysis 

Data collected by MALDI-MS was analyzed by exporting all the m/z values from Xcalibur 

and processed using a custom program written in Java by accurate mass matching (±5 ppm) with 
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an intensity threshold of 100. Neuropeptides were identified by matching their masses to an in-

house database, accounting for the addition of +28.03130, +30.03801, +32.05641, and +34.06312 

Da on the N-terminus from isotopic reductive dimethylation. ESI-MS raw data were imported into 

PEAKS 8.5 software for de novo sequencing and database matching. Quantitation was performed 

manually from the exported PEAKS database search results and the corresponding peak areas for 

the tandem MS-identified neuropeptides. All fragments of a neuropeptides were equally weighted 

in calculating ratios. No isotopic correction was considered for our datasets. For both MALDI and 

ESI analyses, all channels were normalized by taking individual intensity or peak areas divided by 

the total intensity or peak area. Ratios were then calculated by taking dividing the normalized 

intensity of either the +30.03801, +32.05641, or +34.06312 channel by the +28.03130 channel’s 

normalized intensity. Statistical significance between experimental and control samples was 

determined by a Dunnett’s test, which is utilized for comparing multiple experimental conditions 

to a single control.23, 24 

 

Results and Discussion 

 Hypoxia is rampant in coastal estuaries, and profiling the molecules (e.g., neuropeptides) 

that are implicated in the stress, especially in crustaceans who tend to reside in these areas, 

response is a priority.4, 25 In particular, a temporal component is important to consider more than 

just the immediate response to a stress. Short term changes could be due to the hyperarousal, and 

long-term exposure could reveal an alternative, possibly novel mechanism for surviving these 

stressful conditions until the hypoxic episode ends, which could be a few hours to days.26 In 

order to examine four time points (i.e., 0, 1, 4, and 8 hours), a multiplexing strategy was 

implemented using reductive dimethylation. In the literature, this technique has been utilized in a 
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2-plex, 3-plex, and 5-plex form, but a 4-plex version has not been investigated further.9, 12, 18, 27-30 

Because our version does not require the addition of deuterium reducing agent, we use a borane 

pyridine complex, which has already been proven to be successful for the 2-plex reductive 

dimethylation model (Figure 1).8, 9, 20, 30 One concern for multiplexing beyond 2-plex is isotopic 

overlap, and formulas have been derived to handle this issue specifically for 5-plex reductive 

methylation. This is not a major concern for our studies however, due to the low molecular 

weight of most the neuropeptides in this study.19  

Figure 2a shows an example spectrum of allatostatin B-type VPNDWAHRFGSWamide 

(m/z 1470.703) found in the PO from our 4-plex labeled experimental data set. As expected, we 

see four distinct peaks in the spectra that were separated by ~2 Da. In this spectra, we also can 

see a dynamic, overall increase in neuropeptide expression due to increased time exposure of 

hypoxia stress. To test the quantitative accuracy of this system, Figure 2b shows 1:1:1:1 box 

plots of the ratio across all 4 channels, which were all within a <15% error range. Compared to 

2-plex reductive dimethylation, which traditionally has been used for crustacean 

neuropeptidomic studies,8, 9, 30 one particular challenge is finding all channels due to spectral 

complexity, which we see in our dataset (Tables S1 and S2), in our study, we were able to 

identify 48 neuropeptides across five different tissues (i.e., sinus gland (SG), brain, pericardial 

organ (PO), commissarial ganglion (CoG), and thoracic ganglion (TG)). 

In our analysis, both MALDI- and ESI-MS were utilized due to their complementary 

ionization mechanisms, but it should be noted that there are major differences in (a) instruments 

and (b) data analysis pathways.21 Interestingly, out of the 48 total neuropeptides identified, only 

4 were found by both MALDI- and ESI-MS (Figure 3). These overlapped peptides include 

HL/IGSL/IYRamide (m/z 844.479) found in the SG, orcokinin NFDEIDRSGFA (m/z 1198.579) 
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found in the SG, allatostatin B-type SGDWSSLRGAWamide (m/z 1220.581) found in the PO, 

and VPNDWAHFRGSWamide (m/z 1470.703) found in the PO. None of the overlapping 

neuropeptide channels were found to be significantly different. Interestingly, for allatostatin B-

type SGDWSSLRGAWamide, only the +28.03130 and +30.03801 channels were found by ESI-

MS, but the +28.03130, +32.05641, and +34.06312 channels were identified in MALDI-MS. In 

order to be quantified, we require at least one stress channel (i.e., + 30, +32, or +34) and the 

control channel (i.e., +28). Thus, in this case, the ESI-MS analysis provided us with the +30/+28 

ratio, while the MALDI-MS analysis allowed us to calculate the +32/28 and the +34/+30 ratios. 

One neuropeptide (i.e., VPNDWAHFRGSWamide) was identified in all 4 channels for both ESI- 

and MALDI-MS, though the MALDI and ESI ratios did not appear to match (0.614, 0.581, and 

0.480 for ESI; 1.191, 1.195, 1.540 for MALDI). In general, it was clear that there were distinct 

families that were only identified in the MALDI results, such as proctolin, RFamide, RYamide, 

tachykinin, and cryptocyanin. On the other hand, orcomyotropin and pigment dispersing 

hormone (PDH) were only identified in the ESI data, although orcomyotropin has been identified 

in MALDI data sets in the past (see Chapter 3). The ESI data provides a unique opportunity to 

look at larger neuropeptides. Two CPRP neuropeptides (i.e., 

RSAEGLGRMGRLLASLKSDTVTPLRGFEGETGHPLE and 

RSAEGLGRMGRLLASLKSDTVTPLRGFEGETGHPLE) along with the PDH neuropeptide 

family were outside the MALDI-LTQ-Orbitrap XL’s mass range. Conversely, many of the 

smaller (<m/z 1000) neuropeptides were identified by MALDI-MS.  

 Neuropeptides identified in the ESI- and MALDI-MS dataset in at least three biological 

replicates are shown in Tables S1 and S2, respectively. All neuropeptides that had a statistically 

significantly change at any point during the hypoxia exposure time course are highlighted in 
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Figure 4. From this, several trends were revealed: (1) While an initial response was observed, 

after 8 hours of exposure the neuropeptide levels return to those similar to a control (i.e., basal 

levels). This could be interpreted as a hyperarousal response. Allatostatin A-type 

DPYAFGLRHTSFVLYAFGLamide was the only neuropeptide that illustrated this trend. In 

crustaceans, allatostatin A-type neuropeptides were well documented for being inhibitory 

neuro/myomodulators.31 By possibly decreasing the crab’s heartbeat, the nervous system may be 

giving the crab an initial survival mechanism for short bouts of hypoxia. (2) Neuropeptides were 

increased or decreased after a certain duration of hypoxia exposure, either 4 or 8 hours. Unlike 

trend 1, this delay aligns more with the “fight” in the “flight-or-fight” response, where the 

crustacean has developed a mechanism to handle the hypoxia stress after initial attempts to 

escape were unsuccessful. This trend was seen for allatostatin B-type STNWSSLRSAWamide 

(m/z 1293.633) in the SG, CPRP RSAEGLGRMGRLLASLKSDTVTPLRGFEGETGHPLE (m/z 

3838.003) in the SG, RFamide AYPSLRLRFamide (m/z 1121.658) and tachykinin 

APSGFLGMRamide (m/z 934.493) in the brain. It is difficult to decode why these families all 

appear to have similar trends due to their various and/or unknown functions, although it should 

be noted that most of them were localized in the SG.31 While this may be due to more 

neuropeptides being identified in the SG than the brain, the SG could play more of a role in the 

crab’s ability to survive in the long-term “fight” response. (3) An oscillating pattern was 

observed. After 1 hour of exposure, there was a significant change in the neuropeptide content, 

followed by a return to normal at the 4 hour time point. Finally, after eight hours of exposure, 

there is a similar, significant change as seen at 1 hour. This can either be an increasing (i.e., 

allatostatin A-type SPRLTYFGLamide (m/z 1052.589) in brain, CPRP RSAEGLGRMamide (m/z 

975.516) in SG, and others HL/IGSL/IYRamide (m/z 844.479) in SG) or decreasing (i.e., 
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orcokinin NFDEIDRSSFA (m/z 1228.559) in SG) trend. Once again, the variety of neuropeptides 

and families makes it difficult to make any conclusions, although the only decreased 

neuropeptide was an orcokinin, which is known to increase the frequency and amplitude of 

contractions in the hindgut.31 In general, the crab may be going in and out of either escape or 

coma-like activities in order to survive the harsh, hypoxic environment.  

When comparing to results reported in Chapter 3, seven different neuropeptides were 

found to overlap in our MALDI-MS analyses. Several of these were consistent with each other in 

that no significant changes were seen after one hour of severe hypoxia exposure (1 ppm or 10% 

O2 water saturation), including tachykinin APSGFLGMRamide (m/z 934.493; brain), allatostatin 

A-type NPRSFGLamide (m/z 796.399; PO), allatostatin B-type VPNDWAHRFGSWamide (m/z 

1470.703; PO), proctolin RYLPT (m/z 649.367; PO), and RYamide SGFYANRYamide (m/z 

976.464; PO). In the SG, there were two neuropeptides (i.e., HL/IGSL/IYRamide (m/z 844.479) 

and CPRP RSAEGLGRMamide (m/z 975.515)) that showed significant changes in both studies. 

Unfortunately, the trends we observe were opposite. In Chapter 3, we see a downregulation in 

HL/IGSL/IYRamide and RSAEGLGRMamide, while here we observe an upregulation in the 

same tissue. This was likely due to number of animals used, which will increase biological 

variability, or analytical variation. One other possibility is from where our crustacean species 

were obtained. In Chapter 3, all crabs for the 1 hour 1 ppm O2 saturation exposure were obtained 

over a three-year period from the Midway Asian Market in Madison, Wisconsin, which acquires 

crabs from the Maryland area. For the present study, all crustaceans were collected over a one-

month period from LA Crawfish Co. in Louisiana. Not only could the timeline account for the 

biovariability observed but also could the location. Some crustaceans, deemed hypoxia-tolerant 

or hypoxia-sensitive, can have different hemocyanin phenotypes when collected from two 
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different coastal bodies.7 Also, different years can have different seasonal environmental factors 

that need to be considered, which could have affected the congruency our results.32  

 In order to quantify a neuropeptide, the neuropeptide must be identified in at least the 

control and one other channel. Unfortunately, this does not allow us to analyze neuropeptides 

that were expressed only after hypoxia exposure. The CoG provides us an excellent example, as 

out of the neuropeptides identified, four neuropeptides were only identified in the control, while 

the other eight only appeared after hypoxia exposure occurred. Table S3 provides a 

representative sample of those neuropeptides that were unquantifiable in all five tissues. It should 

be noted that our analysis requires that the neuropeptide to be found in at least four out of five 

biological replicates to be “identified.” Thus, neuropeptides may have been present in all four 

channels, but those neuropeptides may be below the detection limit of our instrument or data 

analysis parameters. All tissues had neuropeptides that were only measurable in the control 

condition, such as allatostatin A-type GPYSFGLamide (m/z 739.377) in both the CoG and PO. 

This could indicate that they were released into the hemolymph or degraded. Similar to trend 2, 

several examples of neuropeptides that only appear after severe hypoxia exposure. Some 

neuropeptides appear over the entire time course (e.g., allatostatin B-type AWSNLGQAWamide 

(m/z 1031.506) in PO, crypotocyanin KIFEPLRDKN (m/z 1259.711) in SG, and CPRP 

RSVEGVSRMEKLLT (m/z 1604.879) in the TG, while others may only appear after or for a 

certain time period. For example, allatostatin A-type LKAYDFGLamide (m/z 925.514) in the 

brain, cryptocyanin YKIFEPLRES (m/z 1281.684) in the CoG, and allatostatin A-type 

AGPYAFGLamide (m/z 794.420) in the PO, were only expressed after 1 hour of severe hypoxia 

exposure and then disappeared. This was also seen for 4 hour exposure for RYamide 

L/IFVGGSRYamide (m/z 897.494) in the brain and PO, burscion (m/z 13257.451) in the PO, and 
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orcokinin DRDEIDRSSFA (m/z 1271.554) in the PO. Interestingly, these were all mainly found 

in the PO, which could indicate a distinct role for the PO after 4 hours of stress. The extended 

time for exposure revealed different sets of neuropeptides, eleven neuropeptides (e.g., RFamide 

ALDRNFLRFamide (m/z 1150.648) in the brain and allatostatin B-type STDWSSLRSAWamide 

(m/z 1294.618) in the PO) only showed up after 8 hours of stress, although we cannot comment 

if their expression was maintained after this point due to the limitations of our study. Finally, in 

the brain, an oscillating pattern similar to previous trend 3 was observed for two neuropeptides 

(i.e., RFamide APQGNFLRFamide (m/z 1048.569) and RYamide LGRVSNRYamide (m/z 

954.516)). Overall, due to the variable neuropeptide families, their functions, and various tissues, 

it is difficult to formulate true roles that each of these grouping may affect the crustacean, 

although it is clear that they all play distinct roles in how the crustacean survives both short- and 

long-term hypoxia stress.31  

Of particular interest to hypoxia stress are RFamides, RYamides, and tachykinins, 

because their mammalian homologs, neuropeptide Y (NPY) and substance P (SP), have been 

implicated in hypoxia stress.33-39 Both RFamides and RYamides showed variable expression due 

to severe hypoxia stress. Both families known for their dynamic roles in the nervous system, and 

it is expected that they will have a diverse response due to stress.31 In the brain, PO, and SG, 

several RFamide and RYamide isoforms appeared consistently only after hypoxia stress. Many of 

these were highlighted in the trends above, including RFamide ALDRNFLRFamide (m/z 

1150.648) in the brain, RFamide APQGNFLRFamide (m/z 1048.569) in the brain, RYamide 

LGRVSNRYamide (m/z 954.516) in the brain, and RYamide L/IFVGGSRYamide (m/z 897.494) 

in the brain and PO. Interestingly, in the TG, there was only one RFamide (i.e., RFamide 

LNRNFLRFamide (m/z 1078.627)) isoform that was expressed after 8 hours of severe hypoxia 
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stress. The other two RFamides (i.e., LGRPNFLRFamide (m/z 1118.658) and 

SMPTLRLRFamide (m/z 1119.646)) were only identified in the control, which could mean that 

they were degraded or released into the hemolymph to possibly target the cardiac or 

stomatogastic neuromuscular systems.31 The variety of changes between RFamides and 

RYamides, which are homologs to NPY, emphasizes the importance of analyzing isoforms due to 

their possible different functions within the body, especially in understanding stress.37, 38 A 

singlular tachykinin family neuropeptide (SGFLGMRamide (m/z 766.403)) was identified in the 

PO, and our results show that it was only present after 8 hours of severe hypoxia stress. Being 

homologous to SP, tachykinins may be more important for long-term hypoxia stress compared to 

the dynamic patterns seen for the various RFamide isoforms.40 Either way, validation studies 

with hemolymph are of interest to truly characterize if these neuropeptides were being released 

(if the neuropeptides was only in the control) or were already present in the hemolymph to target 

these tissues after exposure to hypoxia stress (if they appear after hypoxia stress). 

 

Conclusions and Future Directions 

Neuropeptidomic studies offer new possibilities in untangling complex signaling pathways 

involved in a wide range of biological process, such as environmental stress response. 

Characterization of neuropeptides, however, presents many challenges as these signaling 

molecules are highly diverse and the analysis is often sample-limited. By utilizing isotopic 

reductive dimethylation, we demonstrate the efficacy of using multiplex labeling to quantify 

neuropeptidomic changes in the blue crab, Callinectes sapidus, after exposure to different 

durations of severe hypoxia. Several statistically significant changes were observed in both the 

MALDI and ESI data sets. Compared to the 2-plex labeling strategies used in the past, the 4-plex 
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method yielded fewer neuropeptide identifications and higher quantitative variability. In the future, 

we will improve this by (a) collecting more biological replicates and (b) pooling more animals 

together like the duplex studies (see Chapter 3). To complement the data presented here and offer 

further validation, analyzing the spatial distribution of neuropeptides using MS imaging would 

allow us to observe changes that would otherwise be missed by analyzing only expression changes. 

Furthermore, analysis of the crustacean circulating fluid (i.e., hemolymph) could demonstrate the 

secretion and transport of specific signaling molecules. 
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Figures 

 

Figure 1. Reaction scheme for each version of the 4-plex reductive dimethylation utilized in this 

study. 13C and 2H (i.e., D) were the only isotopes utilized.  
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Figure 2. (a) Sample spectrum of 4-plex reductive dimethylation. Each label is spaced by ~2 Da. 

The representative neuropeptide is allatostatin B-type VPNDWAHRFGSWamide (m/z 1470.703) 

found in the PO. (b) A representative box plot of 1:1:1:1 labeling.  
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Figure 3. A Venn diagram depicting the neuropeptide overlap (regardless of expression changes) 

between ESI- and MALDI-MS. Only neuropeptides that were found in at least 2 bioreplicates in 

at least the control and one other channel in the SG, brain, PO, CoG, or TG were included. The 

four neuropeptides that overlapped included (1) HL/IGSL/IYRamide (m/z 844.479) (SG), (2) 

orcokinin NFDEIDRSGFA (m/z 1198.549) (SG), (3) allatostatin B-type SGDWSSLRGAWamide 

(m/z 1220.581) (PO), and (4) allatostatin B-type VPNDWAHFRGSWamide (m/z 1470.703) (PO). 
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Figure 4. A bar graph of all neuropeptides found to have significant differences between a control 

and one of the three time points (i.e., 1 hour (yellow), 4 hour (orange), and 8 hour (pink)) for severe 

(i.e., 1 ppm O2) hypoxia exposure. The x-axis shows the neuropeptides’ sequences, while the y-

axis represents the ratio of hypoxia-stressed to a control. The dotted, black line represents a ratio 

of 1, indicating no change between the stressed condition and a control. The asterisk (*) represents 

statistical significance determined by a Dunnett’s test. The error bars represent standard error of 

the mean (SEM). 
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Supplemental Information 

Table S1. Ratios (stressed/control) of neuropeptides in the brain that were detected in at least three 

biological replicates in the ESI-MS results. The highlighted cells (e.g., yellow, orange, or pink) are 

those were significant changes based upon the Dunnett’s test. Blacked out cells are those that were 

identified in fewer than three biological replicates. Four neuropeptides (i.e., HL/IGSL/IYRamide 

(m/z 844.479) and orcokinin NFDEIDRSGFA (m/z 1198.579) in the SG; allatostatin B-type 

SGDWSSLRGAWamide (m/z 1220.581) and VPNDWAHFRGSWamide (m/z 1470.703) in the PO) 

overlapped with the MALDI-MS data. SEM: standard error of the mean. 
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Table S2. Ratios (stressed/control) of neuropeptides in the brain that were detected in at least three 

biological replicates in the MALDI-MS results. The highlighted cells (e.g., yellow, orange, or pink) 

are those were significant changes based upon the Dunnett’s test. Blacked out cells are those that 

were identified in fewer than three biological replicates. Four neuropeptides (i.e., 

HL/IGSL/IYRamide (m/z 844.479) and orcokinin NFDEIDRSGFA (m/z 1198.579) in the SG; 

allatostatin B-type SGDWSSLRGAWamide (m/z 1220.581) and VPNDWAHFRGSWamide (m/z 

1470.703) in the PO) overlapped with the ESI-MS data. SEM: standard error of the mean. 
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Table S3. Select neuropeptides that were unquantifiable. Only neuropeptides that appeared in over 

four biological replicates were selected. AST-A: Allatostatin A-type; AST-B; Allatostatin B-type.   
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Chapter 5 

Improved Sample Preparation for Comparative 

MALDI-MS Imaging of the Crustacean Brain under 

Hypoxia and Hypercapnia Stress 

 

 

Modified from: 

Amanda R. Buchberger, Nhu Q. Vu, Jillian Johnson, Lingjun Li. “Improved Sample 

Preparation for Comparative MALDI-MS Imaging of the Crustacean Brain under Hypoxia and 

Hypercapnia Stress.” In Preparation, 2018.  

 

Keywords: Crustaceans, Neuropeptides, Hypoxia, Hypercapnia, Mass Spectrometry Imaging 
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Abstract 

 Matrix-assisted laser desorption/ionization (MALDI)-MS imaging has been utilized to 

image a variety of biomolecules, including neuropeptides. Washing a tissue section is an 

effective way to eliminate interfering background and improve detection of low concentration 

target analyte molecules, however many previous methods have been incompatible with 

neuropeptides. Using crustaceans as a neurological model organism, we developed a new 

washing procedure and applied this method to characterize neuropeptide changes due to stress. 

Specifically, hypoxia and hypercapnia stress are environmentally a concern for crustaceans, 

making them a relevant model for this study. Furthermore, since crustacean neuropeptides are 

homologous to those found in humans, results from these studies can be applied to understand 

potential roles of neuropeptides involved in medical hypoxia and hypercapnia.  

 

Introduction 

 Mass spectrometry (MS) imaging has found popularity because of its ability to provide 

relative molecular abundance and localization information simultaneously within a single tissue 

section. Unlike immuno-based assays, which require prior knowledge about the molecules of 

interest, thousands of species can be imaged in a single sample run, including unknown 

molecules.1 Originally developed in 1997, matrix-assisted laser desorption/ionization (MALDI) 

– MS imaging has been applied to several molecular species, including metabolites, peptides, 

and proteins.1, 2 In general, MS imaging has the power to map the spatial localization of a 

molecule, which could provide important clue to possible function of this molecule.  

 As with all analytical techniques, the success of MALDI-MS imaging is dependent upon 

proper sample preparation. For MALDI-MS imaging, the basic workflow requires an optimized 
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matrix application step after proper sectioning of the biological tissue. While this has been 

successful in the past, innovative techniques are being added to this workflow to increase 

molecular depth and image quality.1 In particular, researchers are focusing on both (a) properly 

removing contaminants and (b) modifying molecules of interest prior to matrix application. 

Some examples include enzymatic digestion, chemical derivatization, and even incubation vapor 

chambers.1, 3-5 Washing is one of the simplest methods to remove contaminants and enrich 

molecules. By immersing the tissue section in a solvent of choice for a desired amount of time, 

one can fix proteins (e.g., Carnoy’s solution) or release molecules from formalin-fixed paraffin-

embedded tissue section.1, 6, 7 The most common and effective wash solvents seen in the 

literature are alcohol-based.8  

Even with the constant development of new methodology, an appropriate wash has not 

been found compatible for several molecular species, in particular, neuropeptides.9 

Dysregulation of neuropeptides, which are diverse signaling molecules in the brain, can have 

long-lasting physiological effects, suggesting they are of high interest in many social and 

biochemical behavioral studies.10 Extensive washing tends to remove peptides due to their 

solubility in water, thus these washes need to be short and precisely timed. One group has used a 

70% ethanol (EtOH) (10 seconds) followed by two 90% EtOH washes (10 seconds each) for rat 

neuropeptides, although this is the only example seen in the literature and is similar to washes 

used for protein MS imaging analysis.11    

Compared to mammals, crustaceans have been utilized as a model system for 

neuropeptide-based studies due to their simple, well-characterized networks.12 This is especially 

useful for comprehensive global analysis, which lends well to untargeted MS imaging-based 

studies.13 Crustacean neuropeptides are also known to be homologous to many of those found in 



106 
 

 
 

humans, thus findings from crustacean-based studies can be applied to human studies in the 

future.14-17 Specifically, crustaceans have been used to study the role of neuropeptides in the 

stress response, including temperature and salinity stress.13, 18, 19 Other stressors, including 

hypoxia (e.g., low oxygen (O2) levels) and hypercapnia (e.g., low O2 and high carbon dioxide 

(CO2) levels), are interesting due to their relevance to human respiratory distress (e.g., asthma) or 

disease (e.g., cancer).20-24 In particular, there is a lack of understanding of the molecular changes 

that occur due to hypoxia and hypercapnia stress.  Hypoxia and related pH stress (i.e., 

hypercapnia) are well documented as environmental barriers for crustacean species.25-32 Cellular 

respiration is a key process in the body, so it is imperative to further our knowledge of hypoxia 

and hypercapnia’s effect on the nervous system.20  

Here, we present a new washing method to enrich crustacean neuropeptides in brain 

tissue. Upon optimization of the washing procedure, neuropeptide identifications were increased 

by 1.15-fold, and normalized intensities were increased by 5.28-fold.  This new sample 

preparation method was applied to characterize the localization changes of crustacean 

neuropeptides in four different stress conditions in the brain: (a) control (pH = 8.3, 100% O2 

water saturation), (b) severe hypoxia (pH = 8.3, 10% O2 water saturation), (c) mild hypoxia (pH 

= 8.3, 50% O2 water saturation), and (d) hypercapnia (pH = 7.6-7.8, 50% O2 water saturation) for 

2 hours. Statistically significant changes were seen for several neuropeptides, including the 

RFamide (e.g., RQFLRFamide (mass-to-charge ratio (m/z) 865.516) and LPGVENFLRFamide 

(m/z 1061.626)) neuropeptide family, which is homologous to human opioids and neuropeptide 

Y.15-17 

 

Materials and Methods 

All water (H2O) used in this study was doubly distilled on a Millipore filtration system 
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(Burlington, MA) or Fisher HPLC grade. DifcoTM gelatin, plain glass microscope slides, all crab 

saline components (see below), and methanol (MeOH) were obtained from Fisher Scientific 

(Pittsburgh, PA). EtOH utilized in this study was from Pharmco-Aaper (Chicago, IL). Formic 

acid (FA) was purchased from Fluka (Mexico City, Mexico), and the 2, 5-dihydroxybenzoic acid 

(DHB) was obtained from Acros Organics (Morris, New Jersey). 

Animals and Stress Experiments 

All female blue crabs, Callinectes sapidus, were either purchased from Midway Asian 

Market (Madison, WI) or LA Crawfish Company (Natchitoches, LA). After transport, crabs were 

allowed to recover in seawater made to be 35 parts per thousand, 17-18 °C, 8-10 parts per 

million (ppm) O2 (80-100% O2 saturation), and pH = 8.3 for several days prior to being exposed 

to stressful conditions. For hypoxia experiments, a crab-less 10 gallon tank was sparged with N2 

gas for 30-40 minutes to bring the dissolved O2 down to the desired level (i.e., 1 ppm or 5 ppm 

O2) (10% and 50% O2 saturation, respectively). For hypercapnia experiments, a crab-less 10 

gallon tank was sparged with CO2 gas for 5 minutes to lower the pH to 7.6-7.8, which also 

lowered the dissolved O2 levels (i.e., 5 ppm O2) (50% O2 saturation). A plastic tarp is placed on 

top of the water’s surface to minimize H2O-air O2 exchange during the course of the experiment. 

A crab was then placed in the tank for the desired amount of time (i.e., 2 hours) before being 

anesthetized on ice and obtaining the brain as previously described.33  

Sample Preparation 

Freshly dissected brains were embedded in gelatin (in small plastic cups) and sectioned 

using a Micro HM525 cryostat (Thermo Scientific). The 12 micron thick sections were thaw 

mounted onto plain glass microscope slides and stored at -80 °C until use. Prior to use, samples 

were then dried in a vacuum chamber for 10-20 minutes. Samples were then submerged into 
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varying ratios of EtOH:H2O for either 10 or 30 seconds using a slide staining system (Tissue-

Tek). After drying under vacuum (i.e., 15-20 minutes), matrix (i.e., 40 mg/mL DHB in 50:50 

MeOH:H2O and 0.1% FA) was applied with a commercial TM-Sprayer (HTX Technologies, 

LLC) with the following optimized parameters: 0.1 mL/min syringe flow rate; 12 passes, 0.5 min 

dry time, 1250 mm/min nozzle velocity, 80 °C,  and 3 mm track spacing. Samples were then 

analyzed immediately after matrix application. Control brains were used for all method 

optimization. To determine if salts are being removed after washing, the osmolarity (i.e., salt 

content) of the wash solution after the tissue section was submerged in it and was determined by 

using an Advanced Instruments Model 325 Single-Sample Osmometer. To characterize the wash 

off, samples were spotted 1:1 with 150 mg/mL DHB (in 50:50 MeOH:H2O and 0.1% FA). 

Data Collection and Analysis 

Samples were run on a MALDI-LTQ-Orbitrap XL (Thermo Fisher). A mass range of m/z 

500-2000 was used along with the following parameters: 30,000 mass resolution and 75 micron 

spatial resolution. Raw data files were exported into an imZML format (using Thermo Fisher 

ImageQuest; Version 1.1.0 Build 54) to be imported into MSiReader (Version 1.00) or SCiLs lab 

software (Bremen, Germany).34 Files were loaded into MSiReader together and normalized to 

the TIC to generate images. Accurate mass matching (AMM) (±10 parts per million (ppm)) to a 

homebuilt database was used to manually identify neuropeptides and their distributions. Lipids 

were identified by AMM (± 5 ppm) to the online LIPID MAPS database.35 When distributions 

were compared, all images were normalized to the same intensity scale. Co-localization analysis 

was performed using the Coloc2 FIJI plugin on FIJI (FIJI Is Just ImageJ).36 To determine 

statistically significant changes between control, hypoxia, and hypercapnia samples, samples 

were identified by AMM (±5 ppm) and analyzed by a student’s t-test using SCiLs software 
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(Bruker; Bremen, Germany). In order to correct for the multi-comparison analysis, a Bonferroni 

correction was applied for the four comparisons, decreased the desired p-value from 0.05 to 

0.0125.37  

 

Results and Discussion 

Wash Optimization and Characterization 

 In order to increase neuropeptide signals in the crustacean brain tissue, several different 

washes with varying amount of EtOH:H2O were investigated: 100:0, 85:15, 70:30, 50:50, 30:70, 

15:85, and 0:100 (volume (v):v). All washes were investigated for either 10 seconds or 30 

seconds. A basic workflow is shown in Figure 1.  

As one increased the amount of H2O, the number of neuropeptide identifications 

increased, with 50:50 to 15:85 (EtOH:H2O) showing the highest number of neuropeptides (Avg. 

~30 neuropeptides), although 100% water showed a major decrease in neuropeptides when 

washed for 30 seconds compared to 10 seconds (18 versus 25 neuropeptides, respectively). The 

top 3 wash solutions were 50:50, 30:70, and 15:85 EtOH:H2O, with each time duration 

investigated further with intensity analysis. Average normalized intensity showed an increase for 

all washes compared to a control by 3-5 fold, although the 50:50 wash, both 10 seconds and 30 

seconds, provided the highest overall signal intensity (~5x), as shown in Figure 2.   

 In order to pick the most effective wash, co-localization analysis was performed on the 10 

and 30 second 50:50 EtOH:H2O washes. For m/z 865.516 (RFamide RQFLRFamide), we 

obtained a Pearson’s correlation coefficient of 0.71 and a Mander’s split coefficients 1 and 2 

values of 0.896 and 0.897, respectively (Table S1).36 The Pearson’s correlation coefficient, 

which ranges from -1 to 1, relates the intensity colocalization between two images, in which 
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values closer to one are considered more colocalized.36 The Mander’s coefficient, which ranges 

from 0 to 1, determines spatial correlation between two images, where values closer to 1 are 

considered to be more correlated.36 Thus, for m/z 865.516, it appears that the washes show 

identical changes to the localization of the neuropeptide. For m/z 1071.562 

(TNYGGFLRFamide), 1119.646 (SMPTLRLRFamide), 1124.632 (GLSRNYLRFamide), and 

1150.648 (ALDRNFLRFamide), high values for intensity and spatial distribution colocalization 

were found for both 10 second and 30 second washes (Table S1). Due to the lack of differences 

between these two wash conditions, the 10 second 50:50 EtOH:H2O was chosen as the optimal 

wash for neuropeptides in this study. It should be noted that these colocalization tests here are 

automatically thresholded in FIJI to account for non-zero pixel overlap, however new statistical 

colocalization algorithms are currently in development that are not dependent upon the 

background to minimize the accounted effect of non-zero pixel overlap, which can artificially 

increase colocalization coefficient values.36, 38 

 For this wash system (50:50 EtOH:H2O for 10 seconds), several neuropeptides were 

enriched. In fact, compared to a control (n=4), 34 neuropeptides showed an increase in signal 

after washing. It should be noted that three neuropeptides did not show any signal change, and 

six neuropeptides showed a signal decrease after washing. Several examples are shown in Figure 

3. These trends were seen consistently across bioreplicates and technical replicates, an example 

of both shown in Figures S1 and S2, respectively. While we lose some neuropeptides in this 

washing process, it is clear that there was an overall positive effect with enhanced detection of 

majority of neuropeptides due to the additional wash step.  

 Hydrophobicity analysis was also performed to find trends in which neuropeptides were 

removed while others increased in signals.  Based upon the number of residues that are 
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characterized as hydrophobic divided by the total number of residues, each peptide’s 

hydrophobicity was calculated and compared. Other online calculators, including Peptide 2.0, 

SSR Calculator, and Biosyn, were used to confirm our calculations and observations.39 Overall, it 

appears that there is no clear trend, but, interestingly, most of the peptides that were more 

hydrophobic show a signal decrease after wash (Table S2). It should also be noted that most of 

these peptides were smaller, including m/z 808.435 (allatostatin A-type AAPYAFGLamide) and 

m/z 826.446 (allatostatin A-type TVAYGFGLamide), likely due to amino acids with hydrophobic 

side chains have a bigger effect on smaller peptides. There were obvious outliers to this trend 

though, including m/z 1019.590 (RFamide APRNFLRFamide), m/z 1061.574 (RFamide 

LPGVNFLRFamide), and m/z 1106.611 (RFamide LNPSNFLRFamide), which all decreased but 

showed low or no hydrophobic nature (Table S2). In general, smaller neuropeptides appeared to 

decrease in signal after being washed, while larger neuropeptides appeared to increase in signal, 

which could be related to hydrophobicity. Unfortunately, these results appear counterintuitive 

when thinking about how water-based washes tend to hydrophilic species, including salt. Thus, 

our results may be due to the unique biology of the crustacean tissue or other, special molecular 

characteristics of the neuropeptides. 

Several different avenues were investigated to determine factors that contributed to 

enhanced detection of neuropeptides after washing protocol. Other biologically relevant species 

such as lipids and interfering background such as salts appeared to show signal increase or minor 

decrease, respectively, compared to control. Thus, while the washes were increasing 

neuropeptide signals, they were also increasing lipid signals likely due to the removal of salts. 

One point to note is that the salt concentration did not appear to decrease dramatically, but the 

measured osmolality values (e.g., 1 and 4 mOsm before and after washing) were near the method 
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detection limit of the instrument, and its lack of sensitivity at these values could limit our 

analysis. When analyzing the post tissue wash solution, it did contain neuropeptides, such as m/z 

1061.574 (orcokinin TRPDIANLYamide), that were observed to be removed from the tissue, 

confirming that the wash itself was removing these neuropeptides.   

Hypoxia and Hypercapnia Comparison 

 The optimized wash system was utilized to characterize the neuropeptidomic changes 

between four different conditions: a) control (pH = 8.3, 100% O2 water saturation), (b) severe 

hypoxia (pH = 8.3, 10% O2 water saturation), (c) mild hypoxia (pH = 8.3, 50% O2 water 

saturation), and (d) hypercapnia (pH = 7.6-7.8, 50% O2 water saturation), all exposed for 2 

hours. A representative group of neuropeptides that were calculated to have statistically 

significant changes are shown in Table S3.  

 Figure 4 illustrates several neuropeptides that are dysregulated due to hypoxia or 

hypercapnia stress. In some cases, there were clear changes in intensity and localization, such as 

Figures 4d-f, while Figures 4b-c require more sophisticated computational analysis to 

discriminate changes. Using the student’s t-test for determining statistical significance (Table 

S3), many of the conditions were different from the control, including m/z 975.541 

(cardioacceletory peptide (CAP) pELYAFPRVamide), m/z 1031.590 (RFamide 

AHKNFLRFamdie), m/z 1061.626 (RFamide LPGVNFLRFamide), and m/z 1079.611 (RFamide 

LDRNFLRFamide). In particular, Figure 4d shows that the neuropeptide (RFamide 

AHKNFLRFamide, m/z 1031.590) was absent in the control but was readily detected when the 

crustacean was exposed to hypoxia or related stress. This was also the case in Figures 4f and 4g. 

The opposite trend was seen in Figure 4e, where the neuropeptide appears to be released into the 

hemolymph (i.e., crustacean hemolymph) or degraded due to exposure to stress since there was 
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only localization around the edge of the tissue. Figure 4b and 4c are difficult to infer what was 

occurring in the system, although it was clear that the neuropeptides exhibited substantial 

changes in relative abundance throughout the entire tissue (Figure 4b) or in specific ganglions 

(Figure 4c).  

Besides comparing in situ peptide expression patterns only between the stress condition 

and a control, differences were also tested between both the moderate and severe hypoxia (i.e., 

was there difference in localization and intensity due the hypoxic severity?) and moderate 

hypoxia and hypercapnia (i.e., were the changes due to the hypoxia or also the inclusion of 

CO2?). This can be aligned with statistically significant differences from the control (m/z 

1065.595, 1119.646, and 1120.604) as well as not being significantly different from the control 

(m/z 1007.579). In the case of m/z 1007.579 (RFamide PKSNFLRFamide), both the two hypoxia 

severities were different from each other, suggesting that dysregulation of this neuropeptide was 

related to the hypoxic severity. More biological replicates are required to distinguish these 

minute differences. Another interesting trend was that several neuropeptides only exhibited 

significant changes due to pH stress, such as m/z 1024.557 (RFamide GLSRNYLRFamide), 

which suggested that the changes were directly related to the inclusion of CO2, not just hypoxia.  

Interestingly, most of the neuropeptides exhibiting statistically significant changes were 

RFamides, a crustacean neuropeptide family that is homologous to opioids and neuropeptide Y 

(NPY).15-17 In crustaceans, RFamides, also known as FMRFamide-like peptides (FLPs), have 

various well documented functions, including modulation of the cardiac and stomatogastric 

neuromuscular system along with exoskeleton muscles.40 They also work as autocrine/paracrine 

modulators while also circulating as hormones. Overall, it is obvious that RFamides can play 

various roles due to its diverse targets and functional roles. NPY has already been implicated in 
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hypoxia stress (e.g., in rats), demonstrating that crustacean neuropeptides react similarly to those 

in higher order organisms.41, 42 Another crustacean neuropeptide family (i.e., tachykinin) that is 

homologous to human substance P, which has previously been implicated in hypoxia stress were 

also identified in our experiments.14, 41 Like RFamides, tachykinin and related peptides work 

both locally and as long-distance circulating hormones as well as being implicated in decapod 

neuromuscular modulation. Unlike RFamides, all tachykinin-related neuropeptides showed no 

statistically significant changes were seen besides one (m/z 605.304; APSFGQamide). For this 

neuropeptide, only the two hypoxia severities (i.e., 10% vs. 50% O2) and the hypoxia and 

hypercapnia (i.e., 50% O2 vs. pH) conditions were significantly different, meaning none of the 3 

stress conditions were significantly different from a control. This could mean that, since 

RFamides seem to play a more comprehensive role in how crustaceans handle hypoxia and 

hypercapnia stress, NPY could also be a more dominant player how humans handle respiratory 

distress and other hypoxia/hypercapnia prominent conditions. 

 

Conclusions and Future Directions 

Crustacean neuropeptides are important biomolecules due to their role in the stress 

response. Using MALDI-MS imaging, a new wash-based was developed in order to improve 

detection of neuropeptides and better understand their role in both hypoxia and hypercapnia 

stress. It would be of interest to further expand our ability to image other crustacean 

neuropeptides, specifically by utilizing different matrices and exploring other enrichment 

strategies. Comparison to quantitative tissue and hemolymph data is also needed to fully 

understand the dynamic changes due to stress, such as the distinction between degradation and 

release into the crustacean hemolymph (i.e., blood). Furthermore, this wash method can be 
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applied to future imaging studies including mapping their localization in other crustacean tissues 

(e.g., pericardial organ).  
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Figures 

 

Figure 1. A pictorial schematic of the proposed wash method for crustacean neuropeptides. After 

collecting the brain from the control or exposed crab, the tissue is embedded in gelatin for 

sectioning using a cryostat. Next, sections are washed in the optimal wash solution and dried 

under vacuum. Matrix is then applied prior to be analyzed by MALDI-MS imaging.  
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Figure 2. Comparison of the top three washes with number of neuropeptides identified (blue 

bars) and the normalized signal intensity (purple dots). The number of neuropeptides varied 

slightly between these conditions and a control, but the intensity spiked for the 50:50 H2O:EtOH 

washes.  
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Figure 3. Examples of neuropeptide image changes due to the wash step in serial sections of a 

crustacean brain. (A) An optical image of the crustacean brain. The elongated tubes point 

towards the commissural ganglion of the crustacean nervous system. (B)-(F) Crustacean 

neuropeptides that were removed due to the washing step. (G) A neuropeptide image example 

that did not have a change in intensity or localization due to the washing step. (H)-(M) 

Neuropeptides that had a clear signal increase due to the washing step. All washed-control 

comparisons are generated at the same TIC normalized signal intensity level. The white line 

represented a 1 mm scale bar. 
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Figure 4. Examples of neuropeptides and their changes due to hypoxia and hypercapnia stress 

compared to a control. (a) Optical image of each washed condition. (b)-(g) Statistically 

significant (p<0.0125) neuropeptides between either severe hypoxia vs. control, moderate 

hypoxia vs. control, hypercapnia vs. control, severe hypoxia vs. moderate hypoxia, and moderate 

hypoxia vs. hypercapnia, with a table of these results provided in Table S2. The elongated tubes 

point towards the commissural ganglion of the crustacean nervous system. The white line 

represented a 1 mm scale bar. 
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Supplemental Information 

 

Figure S1. One technical replicate example of different bioreplicates (m/z 1061.626, orcokinin 

TPRDIANLYamide) (n=4) a control and washed brain. The top row shows the control brains, 

while the bottom row shows the washed (50:50 H2O:EtOH for 10 seconds) brains. The elongated 

tubes point towards the commissural ganglion of the crustacean nervous system. The intensity 

scale is based upon the TIC normalized signal, ranging from 0 to 1x10-3. The white line 

represented a 1 mm scale bar. From visual inspection, the neuropeptide signal appears to increase 

after the wash consistently across all biological replicates.  
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Figure S2. Example technical replicate images (m/z 1079.611, RFamide LDRNFLRFamide) 

(n=4) of one bio-replicate of a control and washed brain. All technical replicates are serial 

sections from the same crustacean brain. The top row shows the control brains, while the bottom 

row shows the washed (50:50 H2O:EtOH for 10 seconds) brains. The elongated tubes point 

towards the commissural ganglion of the crustacean nervous system. The intensity scale is based 

upon the TIC normalized signal, ranging from 0 to 1.75x10-3. The white line represented a 1 mm 

scale bar. From visual inspection, the neuropeptide signal appears to increase after the wash 

consistently across all technical replicates.  
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Table S1. Colocalization analysis results for 5 representative neuropeptides between the 10 

second and 30 second 50:50 EtOH:H2O wash. The Pearson’s correlation coefficient relates to 

intensity localization, while the Mander’s split coefficient 1 and Mander’s split coefficient 2 

coefficients convey spatial localization. The Mander’s split coefficient 1 is the projection of the 

10 second wash tissue image onto the 30 second tissue wash image. The Mander’s split 

coefficient 2 is the opposite. The Costes value (ranging from 0 to 1) confirms that our results are 

not from random chance by randomizing the pixels and re-performing the Pearson’s and 

Mander’s analysis.  
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Table S2. Hydrophobicity analysis of select crustacean neuropeptides. Neuropeptides that were 

decreased (↓), increased (↑), or had no change (*) after the wash are indicated in the “Change” 

column. The “Manual,” Biosyn,” “Peptide 2.0,” and “HI (Pred)” are all conditionally formatted 

with blue being high hydrophobicity, white being in the middle, and red being low 

hydrophobicity. The “Manual” calculation is done by taking the number of residues that are 

characterized as hydrophobic divided by the total number of residues. “Biosyn” and “Peptide 

2.0” are freely available online calculators. “HI (Pred)” is a predicted hydrophobic index using a 

previously published method.43  
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Table S3. Representative p-values for all neuropeptides that were found to be significant 

(p<0.0125) in their intensity changes in at least one of the 5 comparisons (severe hypoxia (1 ppm 

O2 (10% O2), pH 8.3) vs. control (8-10 ppm O2 (100% O2), pH 8.3), moderate hypoxia (5 ppm O2 

(50% O2), pH 8.3) vs. control, hypercapnia (5 ppm O2 (50% O2), pH 7.6-7.8) vs. control, severe 

hypoxia vs. moderate hypoxia, and moderate hypoxia vs. hypercapnia). CAP: cardioacceleratory 

peptide. 
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Expression and Distribution of Neuropeptides in the 

Nervous System of the Crab Carcinus maenas and 

their Roles in Environmental Stress 
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distribution of neuropeptides in the nervous system of the crab Carcinus maenas and their roles 
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Abstract  

Environmental fluctuations, such as salinity, impose serious challenges to marine animal 

survival. Neuropeptides, signaling molecules involved in the regulation process, and the dynamic 

changes of their full complement in the stress response have yet to be investigated. Here, a 

MALDI-MS-based stable isotope labeling quantitation strategy was used to investigate the 

relationship between neuropeptide expression and adaptability of Carcinus maenas to various 

salinity levels, including high (60 parts per thousand (ppt)) and low (0 ppt) salinity, in both the 

crustacean pericardial organ (PO) and brain. Moreover, a high salinity stress time course study 

was conducted. MS imaging of neuropeptide localization in Carcinus maenas PO was also 

performed. As a result of salinity stress, multiple neuropeptide families exhibited changes in 

their relative abundances, including RFamides (e.g., APQGNFLRFamide), RYamides (e.g., 

SSFRVGGSRYamide), allatostatin B-types (e.g., VPNDWAHFRGSWamide), and orcokinins 

(e.g., NFDEIDRSSFGFV). The MS imaging data revealed distribution differences in several 

neuropeptides (e.g., SGFYANRYamide) between color morphs, but salinity stress appeared to 

not have a major effect on the localization of the neuropeptides. 

 

Introduction  

Significant environmental fluctuations, such as in salinity levels, pose great physiological 

challenges to a variety of organisms. Acclimation to different conditions is crucial to an animal’s 

survival, however the precise mechanism of how this process occurs remains elusive. Increasing 

evidence suggests that neuropeptides play an important role in stress regulation.1-6 Unfortunately, 

a comprehensive view of the neuropeptides involved in the stress response is lacking and 

required to understand their functions inside the nervous system. As one of the most important 
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and complex class of signaling molecules, neuropeptides are bioactive peptides that occur in the 

nervous system but can also be expressed in non-neuronal tissues. Due to neuropeptides’ natural 

diversity and chemical complexity, a nervous system that is relatively simple would be beneficial 

to investigate a neuropeptide’s modulatory effect (i.e., function) at the system and circuit level. 

Crustaceans (e.g., crabs and lobsters) provide a simple, well-characterized neurological platform 

for the study of behaviors, including feeding, molting, and reproduction.7-16 The crustacean 

nervous system is comprised of the neuroendocrine nervous system (e.g., pericardial organs 

(PO)), stomatogastric nervous system (STNS), and the CNS (e.g., brain).17 In addition, this 

model organism has previously served as an important system for the research of environmental 

stress related responses, providing valuable information on neuropeptides’ roles in the regulation 

process.3, 4, 6, 18-25  

In this study, the green crab Carcinus maenas is employed as an experimental model. 

Originating from Europe, green crabs are one of the most invasive marine species well known 

for their adaptability to a wide range of environmental conditions.26 Therefore, C. maenas serves 

as a model organism to explore the roles of neuropeptides in acclimation to salinity changes.21, 24, 

26, 27 Largely determined by the local environment, the shell colors of green crab are variable, 

ranging from a dark green to a reddish brown.28 It should be noted that crabs with red shells are 

stronger, more aggressive, but appear to avoid areas with undesirable environmental conditions, 

such as low salinity.29 Given the negative biological and economic impact of C. maenas, great 

effort should be devoted to exploring their nervous system to develop molecular tools to prevent 

further ecological damage.30 A recent study of the green crab identified 122 neuropeptides, 

including 49 peptides first-time described in C. maenas and 42 novel peptides in any 

crustaceans.31 Furthermore, crustacean hyperglycemic hormones (CHHs), a neuropeptide 
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superfamily, were identified and found to be involved in the stress response in the green crab 

using a RIA.15, 25  

MS has gained a lot of attention for neuropeptidomic analysis studies.32 With its tolerance 

to salts, simple sample preparation, and fast acquisition time, MALDI-based methods have been 

extensively used to investigate neuropeptide changes, including several studies involving 

stressors.6, 8, 21 Recently, MALDI-based MS imaging has gained increased attention as a 

powerful tool to obtain molecular maps of biomolecules.32-36 This technique can provide spatial 

distribution of compounds of interest in a similar manner to traditional techniques such as 

chemical staining, immunohistochemistry, and RIAs without requiring prior knowledge of the 

target analytes.37-39 Moreover, MS imaging can maintain an analyte’s molecular distribution 

while avoiding the disadvantages of sample extraction, purification, and separation.40, 41  

Here, isotopic dimethyl labeling coupled to MALDI-MS was utilized to investigate the 

quantitative changes of several neuropeptide families in the crustacean brain and PO. The results 

showed that green crabs with different shell colors (i.e., red or green) responded differently 

towards stress, with red shell individuals being less tolerant. Comparing low and high salinity 

stress, all crabs showed a more significant response to high salinity conditions. A time course 

study of high salinity stress was performed to determine the dynamics of neuropeptide 

expression upon exposure to salinity changes in the green shell green crabs. MS imaging was 

also employed to illustrate the distribution changes of neuropeptides of interest in the PO due to 

salinity stress, enabling detailed mapping of individual isoforms of various neuropeptides.  

 

Materials and Methods  
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All methods are described briefly below. Please see the supplementary information for 

more details.  

Animals and Salinity Stress Experiments  

Both red and green shell Carcinus maenas were exposed to normal (30 parts per thousand 

(ppt)), high (60 ppt), or low (0 ppt) salinity for a predetermined amount of time ranging from 5 

hours (h) to 48h. Crabs were cold anesthetized, and the neuronal organs were dissected out.42 All 

the dissection and sample processing steps were exactly the same between the two shell types.  

Sample Preparation  

Neuropeptides were extracted from the sample tissue by manual homogenization with 

acidified MeOH and desalted with C18 Ziptips. To allow for relative quantitation via 

dimethylation, extracts were either labeled with formaldehyde (CH2O) (control) or deuterium 

formaldehyde (C2H2O) (stressed) and mixed in equal amounts. The resulting mixture was spotted 

with CHCA and analyzed by MALDI-TOF/TOF. For imaging experiments, the dissected PO was 

mounted onto the MALDI-TOF/TOF sample plate and coated with DHB.  

MS Analysis and Imaging  

A model 4800 MALDI-TOF/TOF analyzer (Applied Biosystems, Framingham, MA) 

equipped with a 200 Hz, 355 nm Nd:YAG laser was used for extract quantitation and tissue 

imaging. Image acquisition was performed with the 4800 Imaging application (Novartis, Basel, 

Switzerland).  

Quantitative Data Analysis  

The same approaches were used for both high salinity and low salinity stress 

experiments. Neuropeptide extracts from salinity stressed and control animals were differentially 

labeled and mixed with 1:1 ratio. The abundance ratio for each neuropeptide in stressed versus 
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control crabs was determined by dividing the heavy labeled peak intensity (stressed) with the 

respective light labeled peak intensity (control).  

 

Results and Discussion  

Neuropeptide Content Changes between High Salinity Stress and Control in the PO  

As a major neuroendocrine organ in crustaceans, the PO can release peptide hormones to 

modulate the motor patterns of neuronal circuits in the STNS, which are located close to the 

crustacean’s heart. Thus, the involvement of this neuroendocrine organ with stress regulation by 

releasing neuropeptides can be expected. Here, to investigate how neuropeptides in the PO are 

involved in the stress regulation, a duplex dimethyl labeling strategy with formaldehyde in 

conjunction with MALDI-MS was utilized to measure quantitative changes in neuropeptides 

between control and stressed animals.  

Fourteen neuropeptides from 4 families were examined for both green (n=6) and red 

(n=6) shell individuals’ POs. Significant changes were observed for members from several 

neuropeptide families (p<0.05) after high salinity stress, indicated with asterisks in Figure 1a. 

All important values are included in Table S1. In general, the results were variable depending on 

the color morph studied. For green shell individuals, only a few neuropeptides exhibited 

significant changes in relative content levels. For example, allatostatin B-type 

VPNDWAHFRGSWamide (mass-to-charge ratio (m/z) 1470.7) showed great increase after 

stress (p<0.005), which could be indicative of no release from the tissue due to a silent neuron or 

a delayed released. Other neuropeptides, such as the RYamide SSRFVGGSRYamide (m/z 

1114.5), decreased significantly (p<0.05). This observation suggests that these peptides, once the 

crab has been exposed to high salinity stress, could have been released from the PO or degraded.  



134 
 

Compared to the green color morphs, red individuals after high salinity stress showed a 

more extreme response, as almost all quantified neuropeptide content levels changed upon 

exposure to the high salinity stress. Allatostatin B-type VPNDWAHFRGSWamide (m/z 1470.7) 

levels were significantly elevated (p<0.005), whereas the RYamide SSRFVGGSRYamide (m/z 

1114.5) showed a decreasing trend (p<0.005). Both of these content changes were consistent 

with the green color morph crabs. However, all RFamide peptide levels in red individuals rose 

significantly after high salinity stress (p<0.05).  

It was found that only 5 neuropeptides in green shell crabs showed significant content 

changes, whereas 10 neuropeptides in red shell crabs exhibited significant content changes. 

Furthermore, the neuropeptide content changes seen in the red morph were much more intense 

than those observed in the green morph. These findings suggest that green morph crabs show not 

only better tolerance to low salinity stress but also to high salinity stress.29 From this observation, 

greater peptidome stability, which is a potential molecular clue for better adaptability, is implied 

for green individuals compared to red shell variants. It should be noted that a neuropeptide may 

or may not carry the same weight in terms of stabilizing the peptidome, and further studies will 

need to be performed to validate our conclusions. As discussed, this color morph difference is 

not only genetically related but also largely due to local environment factors which affect the 

crab molting.28 A red shell color indicates that the crab took a longer time to molt, particularly 

inter molt, which helps them to gain greater size, heavier weight, thicker carapaces, and thus an 

advantage in mating.43 However, a tradeoff is that the red morph crabs are physiologically less 

tolerant to harsh environments.29 These observations lead us to believe there is a molecular, 

specifically neuropeptidomic, connection among reproductive success, morphological evolution, 
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and environmental adaptability. More in-depth investigations will be required to fully understand 

the underlying mechanism and establish the correlation.  

Neuropeptide Content Changes in the Brain Tissue of Animals Subjected to High Salinity Stress 

and Controls  

The brain is an important neural organ in the CNS, which plays a crucial role in behavior 

and physiological condition regulation in both mammals and crustaceans.44-48 Figure 1b 

illustrates the neuropeptide changes in green and red morph brain tissue in response to high 

salinity stress, with all valuable numbers included in Table S2. In green individuals (n=4), all 8 

neuropeptides in 5 families kept the same levels after stress, while in red individuals (n=4), all 

orcokinins and most RFamide peptides exhibited elevated content levels after stress (p<0.05).  

RFamides are a conserved peptide family throughout different animal nervous systems, and they 

have been shown to be involved in cardiovascular function, modulation of muscle contraction, 

control of locomotor activity, and water balance.49-51 Orcokinin peptides are the most abundant 

neuropeptide family in crab brain, which have been reported to exert neuromodulatory effects on 

the lobster pyloric neural circuits.52 It should be noted that, while the STNS contains many 

intrinsic orcokinin neurons, it is not clear how the brain can exert direct effects on the pyloric 

circuits. Overall, the increase of RFamide and orcokinin isoforms after high salinity exposure 

suggests their possible involvement in the stress response. In contrast, SIFamide, 10 tachykinin, 

and HIGSLYRamide (m/z 844.5) peptides remained unchanged in both color morphs, suggesting 

they have no role in the acute stress response. While not detected here, previous research has 

shown that other peptide families (e.g., angiotensin-like peptides) would increase during chronic 

stress.3  
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These different neuropeptide changes in Carcinus maenas with diverse shell colors in 

response to high salinity stress in both the PO and the brain indicate that different growth 

environments may determine the tolerance to environmental stress for the crustacean, which is 

consistent with previous ecological research.29 Thus, the relationship between environments and 

evolutionary benefits (e.g., shell differences) would be an area for future investigation. Also, 

special considerations should be made when executing physiological studies, as the origin of 

animals should be always an important control factor taken into account.  

Neuropeptide Content Changes in the PO and Brain of Animals Subjected to Low Salinity Stress 

and Control Animals  

In addition to high salinity stress, neuropeptide changes in response to low salinity stress 

were also investigated. Figure 2a compares the neuropeptide content change between green 

(n=5) and red (n=6) shell crab POs, with all the important values included in Table S3. All 

RYamides (e.g., FVGGSRYamide (m/z 784.4)) in red individuals experienced a significant 

decrease (p<0.05), reduced by almost 25% of the original levels. A smaller degree of decrease 

was observed for RFamides (e.g., NRNFLRFamide (m/z 965.5)), exhibiting only a ~10% 

decrease after low salinity stress (p<0.05). In contrast, in the green color morphs, RFamide 

DGNRNFLRFamide (m/z 1137.6) and all allatostatin B-type family members (e.g., 

VPNDWAHFRGSWamide (m/z 1470.7)) were significantly increased after low salinity stress 

(p<0.05).  

Figure 2b shows the neuropeptide content changes in the brains between crabs with red 

11 (n=5) and green (n=5) shell colors, and Table S4 details all of these observations. 

Interestingly, red and green individuals almost showed no significant response to low salinity 

stress. All neuropeptide expression besides the RFamide DGNRNFLRFamide in red shell crabs 
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stayed at the same level, while only 4 neuropeptides showed a significant increase of less than 

5% in green shell crabs.  

Neuropeptide Content Differences in Response to Different Salinity Stresses  

When comparing high and low salinity stress in the two shell colors, there is a distinct 

difference in expression of the measured peptides. In the high salinity stress study, 10 

neuropeptides in the red shell crab PO showed significant changes. 9 of these neuropeptides 

showed significant increase, most of which were larger than 20% (p<0.05). In contrast, in the red 

shell crab PO low salinity stress study, only 7 neuropeptides showed significant decrease, and 

only 2 showed more than a 20% level change (p<0.05). For green shell crabs, four neuropeptides 

showed significant content level changes in high salinity stress PO experiments. Only five 

neuropeptides were involved in low salinity stress regulation of the green morph PO, exhibiting 

elevation in their content levels (p<0.05). We can thus conclude that high salinity stress is a more 

severe stress for Carcinus maenas than low salinity stress. This is inferred from not only the 

number and amount of neuropeptides having content changes due to the particular salinity stress 

but also the severity of the responses observed.  

Animals have different adaptability to low or high salinity, which can be related to 

genetic factors. Many crustacean species were reported to have a better tolerance to low salinity 

stress than high salinity stress, like Moina affinis and Homarus.53, 54 As mentioned above, our 

research results show that Carcinus maenas crustaceans also have a better tolerance to low 

salinity stress, which can be explained by green crabs living habitat. C. maenas is a non-native 

invasive predator that frequently migrates across oceans and experiences fresh water regions, 

thus it has developed a better tolerance to low salinity environment. When comparing between 

color morphs, we found even though the green shell crab showed a better stress tolerance to high 
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salinity stress, but the neuropeptide families involved and trends in the regulation were still 

similar between the red and green shell crabs. However, in low salinity stress, most 

neuropeptides in the red morph experienced a reduction, while those in green morph exhibited an 

increase in their content levels. This phenomenon is interesting because it raises the question 

whether different color morphs in the same species can have different neuropeptide regulation 

mechanisms under certain physiological conditions. Further investigation with electrophysiology 

experiments, such as extracellular recording of the STNS and PO, will need to be performed to 

provide robust evidence.  

When comparing the neuropeptide content changes in response to acute stress in the PO 

and brain, it is interesting to observe that the extent of regulatory responses in the brain is smaller 

than that of PO regardless of the color morphs and different salinity stress conditions. This 

observation triggers an interest in exploring the relationship between neuroendocrine organs and 

the CNS. In previous research, signaling molecules in neuroendocrine organs were shown to play 

a role in regulating the mammalian nervous system.55-57 Combining research on mammalian 

model systems and our own study, it is believed that neuroendocrine organs in the crustacean can 

also play a role in the regulation of CNS responses. Our data show that the PO exhibits a more 

intense response compared to brain in acute stress, although it is likely they work together to 

overcome the stress caused by salinity changes. However, a more in-depth investigation of 

chronic stress and adaptability will need to be performed to fully understand the underlying 

mechanism.  

Time Course Study  

In order to better understand the dynamics of neuropeptide changes in response to stress, 

we also conducted a time course study of the green color morph of C. maenas in response to high 
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salinity stress. Measurements were taken at 5h, 12h, 24h, and 48h after exposure, and all results 

are shown in Figure 3, Table S5, and Table S6. In a previous experimental study, researchers 

performed more acute stress studies ranging from 1h to 2h.4, 58 We are more interested in a 

longer time adaptability; thus we selected 24h and 48h time periods, setting our time points 

according to a similar experiment design.59 For each time point, at least 6 replicates of 

experiment were performed. In Figure 3a, a majority of neuropeptide levels stayed at the same 

level after 5h stress in the crustacean PO. Two exceptions were allatostatin B-type neuropeptide 

VPNDWAHFRGSWamide, which increased by ~20%, and orcokinin NFDEIDRSSFGFV, 

which decreased by ~25%. After 12h of stress, only the allatostatin B-type peptide 

VPNDWAHFRGSWamide showed a statistical change, increasing from the 5h increase. It 

should be noted that we did see two out of ten groups of experimental animals exhibit an unusual 

high levels of NFDEIDRSSFGN (m/z 1547.7), producing a clearly higher average relative ratio 

(~1.4). After 24h elapsed, four neuropeptide levels dropped compared to a control. Finally, only 

three neuropeptides, two allatostatin B-types and one orcokinin, showed a significant difference 

after 48h exposure.  

The brain tissue results are shown in Figure 3b. None of the neuropeptide content levels 

showed significant changes after 5h of stress, as discussed before, but several neuropeptides 

exhibited extreme changes in their neuropeptide content over time. For example, tachykinin and 

NRNFLRFamide showed significant increase after 12h of high salinity stress. After 24h stress, a 

majority of neuropeptide content levels experienced a drop, including HIGSLYRamide, 

tachykinin, and SIFamide. These 10% drops were also maintained after 48h. All other 

neuropeptides had no major changes after 48h when compared to a control. Overall, the 

differential time course response of neuropeptide expressions observed in the PO and brain after 
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high salinity stress could be related to the release, degradation, and/or accumulation of these 

peptides, accentuating the diverse physiological roles played by different types of neuropeptides 

in the decapod crustaceans. More information on these mechanisms could be determined by the 

study of the crustacean hemolymph during salinity stress, including the use of microdialysis.32  

Neuropeptide Localization in the PO  

Previous studies have shown that a rich repertoire of neuropeptides exist in the crustacean 

PO [7, 60, 61].7, 60, 61 To investigate correlation of neuropeptide function and localization, 

MALDI-MS imaging was used to map the distribution of several neuropeptides of interest in the 

PO. Intact POs were collected from both green (n=3) and red (n=3) shell C. maenas, and images 

of numerous neuropeptides were obtained.  

Figure 4 shows the localization of 3 most abundant neuropeptide families of green and 

red shell green crab PO. allatostatin B-types (e.g., STNWSSLRSAWamide (m/z 1293.6)) showed 

very similar spatial localization within the family. They were prevalent all over the PO tissue 

with highest concentration in the anterior bar and posterior bar region of both green and red shell 

crustacean POs. The RFamide family peptides (e.g., DGNRNFLRFamide (m/z 1137.6)) were not 

as abundant as the allatostatin B-types in the C. maenas PO. They also existed throughout the 

whole tissue in both morphs, but they were more concentrated in posterior part of green shell 

crabs. The small difference in localization of the RFamide family between these two morphs 

during high and low salinity can be related to the quantitative study.  

The most abundant neuropeptides in the C. maenas PO belong to the RYamide family 

(e.g., SSRFVGGSRYamide (m/z 1114.6)). The localization pattern among the family members is 

quite similar, as all RYamide peptides were highly concentrated in dorsal trunk, anterior, and 

posterior region in crabs of both shell colors. They were most abundant in posterior region 
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especially for 15 red shell green crabs. Other peptides like proctolin RYLPT (m/z 649.4), CCAP 

PFCNAFTCamide (m/z 956.4), and HIGSLYRamide (m/z 844.5) shared similar localization 

patternsto the allatostatin B-type family. 

Neuropeptide localization patterns between the two morphs were quite similar in 

RYamide and allatostatin B-type families. For RFamide, their patterns exhibited slight 

differences not only between morphs but also among peptide families, indicating the distinct 

physiological functions of each member of the respective family, which also can be related to the 

quantitation study. Intensity variation between two morph images could also be due to the error 

induced by sample preparation and matrix application. It should be noted though that all of the 

above localizations are consistent with previously collected immunochemistry data in both C. 

maenas and other crustacean species.62-65 Our study presents the first survey of neuropeptide 

localization in the C. maenas PO using MALDI-MS imaging, which suggests that the peptide 

content changes due to stress may correlate to the peptide’s distribution pattern.  

 

Concluding Remarks  

In summary, we employed isotopic dimethyl labeling and MALDI-MS based 

methodology to quantitatively study neuropeptide regulation of environmental stress in both the 

brain and the PO. Green color morphs of C. maenas demonstrated a better tolerance to salinity 

stress, with fewer, less intense changes in relative abundances of neuropeptides compared to the 

red morphs. Different neuropeptides were observed to be involved in the stress regulation 

between the two morphs, associating environmental factors with possible genetic involvement. 

Time course studies were also carried out to investigate the dynamics of neuropeptide expression 

changes upon exposure to environmental stress. Finally, MALDI-MS imaging was utilized to 
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characterize the spatial distribution of a multitude of neuropeptides within various peptide 

families in their respective neuronal terminals in the PO.  
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Figures 

 

Figure 1. Content changes of neuropeptides of interest in Carcinus maenas (a) PO (n=6) and (b) 

brain (n=4) between a control and 5h of high salinity stress. For each pair, the bars on the left 

refer to changes in the green morph, while the bars on the right correspond to the red morph. 

Each group contained two POs or one brain. A ratio equal to one denotes no change between 

stress and control conditions, marked by a dotted line. The error bars depict the SEM of the 

measured ratio. Asterisks indicate significance levels (student’s t test): *, p<0.05, **, p<0.005.  
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Figure 2. Content changes of neuropeptides of interest in Carcinus maenas (a) PO (n=5) and (b) 

brain (n=5) between a control and 5h of low salinity stress. For each pair, the bars on the left 

refer to changes in the green morph, while the bars on the right correspond to the red morph. 

Each group contained two POs or one brain. A ratio equal to one denotes no change between 

stress and control conditions, marked by a dotted line. The error bars depict the SEM of the 

measured ratio. Asterisks indicate significance levels (student’s t test): *, p<0.05, **, p<0.005.  
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Figure 3. Time course study of Carcinus maenas neuropeptide content changes due to high 

salinity stress for the (a) PO and (b) brain for the green color morph. 6 groups for 5h, 10 groups 

for 12 h, 6 groups for 24h, 6 groups for 48h (each group has two POs or one brain). A ratio equal 

to one denotes no change between stress and control conditions, marked by a dotted line. The 

error bars depict the SEM of the measured ratio. Asterisks indicated significance levels 

(student’s t test): *, p<0.05, **, p<0.005. ANOVA tests where the peptide changes were found to 

be significant are indicated by a pound sign (#) by the peptide name.  
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Figure 4. MALDI-MS imaging analysis of several neuropeptides in the C. maenas PO. (a) 

Optical image of a PO on a MALDI plate. The main body of the decapod crustacean PO consists 

of anterior region, posterior region, dorsal trunk, and ventral trunk. Neuropeptide localization in 

(b) green shell and (c) red shell C. maenas PO for both control (left) and stressed (right) animal 

are shown. Visualized neuropeptides pertain to three families, including RYamides ((i) 

FVGGSRYa (m/z784.5), (ii) SGFYANRYa (m/z 976.5), and (iii) pEGFYSQRYa (m/z 1030.5)), 

RFamides ((iv) NRNFLRFa (m/z 965.5), (v) GNRNFLRFa (m/z 1022.6), and (vi) 

DGNRNFLRFa (m/z 1137.6)), and allatostatin B-types ((vii) QWSSMRGAWa (m/z 1107.6), 

(viii) STNWSSLRSAWa (m/z 1293.6), and (ix) VPNDWAHFRGSWa (m/z 1470.7)). 
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Supporting Information 

Table S1 Content changes of neuropeptides in the POs from Carcinus maenas green (n=6) and 

red (n=6) individuals between 5h high salinity stressed individuals and a control. Each group had 

two POs. Bold font indicates significant changes after stress.  

 

 

 

 

 

 

 

 

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value

RYamide 784.41 FVGGSRYamide 0.97 0.06 2.98E-01 1.04 0.05 4.40E-01
976.46 SGFYANRYamide 0.97 0.06 3.64E-01 1.08 0.07 2.06E-01
1114.47 SSFRVGGSRYamide 0.82 0.10 1.05E-02 0.79 0.04 2.54E-05

RFamide 965.54 NRNFLRFamide 0.93 0.06 7.05E-02 1.23 0.08 1.05E-03
966.53 DRNFLRFamide 0.91 0.06 3.38E-02 1.08 0.02 9.44E-04
1048.57 APQGNFLRFamide 0.83 0.09 1.83E-02 1.13 0.09 6.21E-02
1124.63 GLSRNYLRFamide 0.90 0.08 6.65E-02 1.10 0.05 1.86E-02
1137.59 DGNRNFLRFamide 1.05 0.08 5.67E-01 1.32 0.20 3.21E-02

1158.62 YGNRSRLRFamide 0.86 0.08 2.51E-02 1.13 0.08 3.77E-02
AST-B 1107.58 QWSSMRGAWamide 1.12 0.18 5.37E-01 1.20 0.06 3.82E-04

1293.63 STNWSSLRSAWamide 1.08 0.14 6.54E-01 1.23 0.11 1.58E-02
1470.70 VPNDWAHFRGSWamide 1.23 0.10 3.82E-03 1.37 0.12 5.09E-04

Orcokinin 1502.69 NFDEIDRSGFGFV 1.06 0.22 7.87E-01 1.20 0.12 3.88E-02

1532.70 NFDEIDRSSFGFV 0.74 0.11 7.33E-03 1.05 0.04 1.91E-01

Green	Morph Red	Morph
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Table S2. Comparison of neuropeptide content changes in green shell (n=6) and red shell (n=4) 

C. maenas brain after 5h high salinity stress compared to a control. Each group contained one 

brain. Bold font indicates significant changes after stress.  

 

 

 

 

 

 

 

 

 

 

 

 

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value

Others 844.48 HIGSLYRamide 1.03 0.02 1.36E-01 1.02 0.02 3.14E-01

Tachykinin 934.49 APSGFLGMRamide 1.04 0.03 1.15E-01 1.00 0.01 9.47E-01
RFamide 965.54 NRNFLRFamide 1.06 0.04 8.26E-02 1.07 0.01 2.41E-05

966.53 DRNFLFRamide 1.03 0.04 2.65E-01 1.03 0.01 5.87E-03
1022.56 GNRNFLRFamide 1.07 0.05 9.60E-02 1.00 0.03 9.57E-01

SIFamide 1381.50 GYRKPPFNGSIFamide 1.01 0.03 8.52E-01 1.00 0.01 7.11E-01
Orcokinin 1474.66 NFDEIDRSGFGFA 1.02 0.04 6.30E-01 1.07 0.03 1.22E-02

1502.69 NFDEIDRSGFGFV 1.05 0.05 2.43E-01 1.10 0.05 2.67E-02

Green	Morph Red	Morph
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Table S3 Content changes of neuropeptides in the POs from Carcinus maenas green (n=5) and 

red (n=5) individuals between 5h low salinity stressed individuals and a control. Each group had 

two POs. Bold font indicates significant changes after stress. 

 

 

 

 

 

 

 

 

 

 

 

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value

RYamide 784.41 FVGGSRYamide 1.13 0.10 1.38E-01 0.76 0.06 8.70E-04
976.46 SGFYANRYamide 1.13 0.11 1.22E-01 0.79 0.08 8.52E-03

1114.47 SSFRVGGSRYamide 1.14 0.06 1.45E-02 0.86 0.08 4.78E-02
RFamide 965.54 NRNFLRFamide 1.08 0.10 3.88E-01 0.92 0.03 1.34E-02

966.53 DRNFLRFamide 1.00 0.15 7.21E-01 0.87 0.05 1.02E-02
1048.57 APQGNFLRFamide 1.03 0.05 5.18E-01 0.94 0.02 4.90E-03
1124.63 GLSRNYLRFamide 1.09 0.08 1.73E-01 0.93 0.06 1.39E-01
1137.59 DGNRNFLRFamide 1.31 0.20 4.11E-02 0.97 0.04 2.53E-01
1158.62 YGNRSRLRFamide 1.02 0.03 3.69E-01 0.92 0.04 1.63E-02

AST-B 1107.58 QWSSMRGAWamide 1.17 0.10 3.94E-02 1.01 0.05 9.22E-01
1293.63 STNWSSLRSAWamide 1.19 0.07 5.88E-03 0.96 0.04 2.87E-01
1470.70 VPNDWAHFRGSWamide 1.75 0.44 7.18E-03 1.11 0.07 8.25E-02

Orcokinin 1502.69 NFDEIDRSGFGFV 1.03 0.17 7.67E-01 0.95 0.04 7.71E-02

Green	Morph Red	Morph
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Table S4. Comparison of neuropeptide content changes in green shell (n=4) and red shell (n=6) 

C. maenas brain after 5h low salinity stress compared to a control. Each group contained one 

brain. Bold font indicates significant changes after stress.  

 

 

 

 

 

 

 

 

 

 

 

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value

Others 844.48 HIGSLYRamide 1.02 0.02 8.73E-02 0.98 0.02 7.06E-02
Tachykinin 934.49 APSGFLGMRamide 1.05 0.04 9.87E-02 0.93 0.08 2.09E-01

RFamide 965.54 NRNFLRFamide 1.05 0.01 2.22E-03 0.97 0.04 3.22E-01
966.53 DRNFLFRamide 1.03 0.02 1.24E-01 0.93 0.06 1.30E-01

1022.56 GNRNFLRFamide 1.03 0.02 3.00E-02 0.97 0.04 2.74E-01
1105.63 SMPSLRLRFamide 1.03 0.02 4.00E-02 0.99 0.05 6.90E-01
1137.59 DGNRNFLRFamide 1.01 0.02 5.59E-01 0.97 0.02 5.54E-02
1158.62 YGNRSFLRFamide 1.01 0.01 2.16E-02 0.96 0.05 2.63E-01
1288.68 QDLDHVFLRFamide 1.02 0.01 2.16E-02 0.99 0.03 7.00E-01

1314.78 DARTALRLRFamide 1.00 0.01 9.99E-01 0.96 0.03 9.37E-02
SIFamide 1381.50 GYRKPPFNGSIFamide 1.01 0.02 2.83E-01 0.93 0.05 8.47E-02
Orcokinin 1474.66 NFDEIDRSGFGFA 1.02 0.02 2.64E-01 0.98 0.03 2.83E-01

1502.69 NFDEIDRSGFGFV 1.03 0.02 1.42E-01 0.98 0.02 2.25E-01

Green	Morph Red	Morph
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Table S5. Comparison of neuropeptide content changes in green shell C. maenas PO after 5h 

(n=6), 12h (n=10), 24h (n=6), and 48h (n=6) of high salinity stress compared to a control. Each 

group contained two POs. Bold font indicates significant changes after stress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

ANOVA

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value Ratio SEM p-Value Ratio SEM p-Value p-Value

RYamide 784.41 FVGGSRYamide 0.97 0.06 3.45E-01 0.95 0.07 2.51E-01 0.88 0.05 3.91E-03 0.93 0.09 1.89E-01 2.79E-01
976.46 SGFYANRYamide 0.97 0.06 3.35E-01 0.96 0.06 2.85E-01 0.92 0.03 1.83E-03 0.88 0.10 9.27E-02 2.70E-01

RFamide 965.54 NRNFLRFamide 0.93 0.06 6.09E-02 1.07 0.05 1.08E-01 0.90 0.07 3.51E-02 0.88 0.08 5.35E-02 1.88E-01
1022.57 GNRNFLRFamide 0.92 0.07 8.62E-02 1.08 0.06 9.79E-02 0.93 0.07 6.53E-02 0.94 0.09 2.37E-01 4.75E-01

AST-B 1293.63 STNWSSLRSAWamide 1.08 0.14 7.46E-01 0.91 0.11 1.47E-01 0.98 0.08 3.88E-01 0.73 0.09 1.68E-03 3.65E-01
1470.70 VPNDWAHFRGSWamide 1.23 0.10 2.13E-03 1.28 0.16 2.57E-02 1.02 0.07 9.44E-01 1.29 0.07 7.74E-05 8.93E-01

Orcokinin 1502.69 NFDEIDRSGFGFV 1.06 0.22 6.23E-01 1.00 0.13 6.87E-01 1.06 0.04 9.10E-02 0.77 0.12 1.24E-02 3.15E-01
1532.70 NFEIDRSSFGFV 0.74 0.11 7.15E-03 0.94 0.11 2.47E-01 0.87 0.04 6.47E-04 0.73 0.09 2.62E-03 3.85E-01
1547.7 NFDEIDRSSFGFN 1.14 0.29 9.45E-01 1.28 0.19 1.01E-01 0.96 0.05 3.01E-01 0.97 0.20 3.85E-01 6.47E-01

5h 12h 48h24h
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Table S6. Comparison of neuropeptide content changes in green shell C. maenas brain after 5h 

(n=6), 12h (n=10), 24h (n=6), and 48h (n=6) of high salinity stress compared to a control. Each 

group contained one brain. Bold font indicates significant changes after stress.  

 

 

 

 

 

 

 

 

 

 

 

 

 

ANOVA

m/z Sequence Ratio SEM p-Value Ratio SEM p-Value Ratio SEM p-Value Ratio SEM p-Value p-Value

Others 844.48 HIGSLYRamide 1.03 0.02 1.36E-01 1.02 0.03 3.39E-01 0.91 0.04 7.30E-03 0.93 0.02 1.77E-03 1.41E-02

Tachykinin 934.49 APSGFLGMRamide 1.04 0.03 1.15E-01 1.07 0.02 8.58E-04 0.90 0.03 8.64E-04 0.93 0.02 2.69E-04 2.48E-04
RFamide 965.54 NRNFLRFamide 1.06 0.04 8.26E-02 1.06 0.04 2.77E-02 0.94 0.02 5.46E-03 0.97 0.03 7.69E-02 3.00E-04

SIFamide 1381.50 GYRKPPFNGSIFamide 1.01 0.03 8.52E-01 1.01 0.03 7.72E-01 0.89 0.03 3.51E-04 0.91 0.03 1.15E-03 1.71E-02
Orcokinin 1474.66 NFDEIDRSGFGFA 1.02 0.04 6.30E-01 1.02 0.02 2.69E-01 0.93 0.05 9.61E-02 0.90 0.07 5.88E-02 2.34E-01

1502.69 NFDEIDRSGFGFV 1.05 0.05 2.43E-01 1.06 0.03 7.70E-03 0.99 0.02 3.17E-01 0.96 0.04 1.49E-01 1.51E-01
1532.72 NFDEIDRSSFGFV 1.01 0.04 8.70E-01 1.02 0.04 4.20E-01 0.96 0.02 3.40E-02 1.00 0.03 8.72E-01 5.26E-01

1547.68 NFDEIDRSSFGFN 1.05 0.04 1.53E-01 1.02 0.03 4.57E-01 0.98 0.04 3.31E-01 0.99 0.04 5.38E-01 5.41E-01

5hr 12h 48h24h
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Materials and Methods (Extended) 

Methanol (MeOH), acetonitrile (ACN), formic acid (FA), glacial acetic acid (GAA), 

borane pyridine, and formaldehyde (CH2O) were purchased from Fisher Scientific (Pittsburgh, 

PA).  2H2-formaldehyde (C2H2O) was purchased from Isotech (Miamisburg, OH), and DHB was 

obtained from MP Biomedicals, Inc. (Solon, OH). CHCA was purchased from Sigma-Aldrich 

(St. Louis, MO).  Acidified MeOH was prepared using 90% MeOH, 9% GAA, and 1% water 

(H2O).  All water used in this study was doubly distilled on a Millipore filtration system 

(Bedford, MA), and C18 Ziptips were purchased from Millipore (Billerica, MA).  

Animals and Salinity Stress Experiments 

Both red and green shell green crabs Carcinus maenas were purchased from The Marine 

Biological Lab (Woods Hole, Massachusetts, USA).  Animals were maintained without food in 

an artificial seawater tank (30 parts per thousand (ppt) salinity at 12-13 °C) for 5 days before use.  

In the high salinity stress experiments, crabs were kept in 60 ppt artificial seawater for 5 hours 

(h), 12h, 24h, or 48h. For the low salinity stress experiments, crabs were kept in artificial 

seawater 0 ppt for 5h.  Crabs were then cold anesthetized by packing in ice for 15 minutes. All 

dissections were performed in chilled (approximately 10 oC) physiological saline (composition:  

440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM HEPES acid; pH 7.4 

(adjusted with NaOH)).  The details of dissection were described previously [42]. All the 

dissection and sample processing steps were exactly the same between the two shell types. 

Sample Preparation  

 Neuropeptides were extracted from the tissue samples with an appropriate amount of 

acidified MeOH and manually homogenized. The resulting homogenate was centrifuged at 
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13,200 rpm for 10 minutes, and the supernatant was transferred to a clean tube and placed on ice. 

The homogenizer was further rinsed with acidified MeOH, and the resulting solution was used to 

then wash the pellet and centrifuged for 8 minutes before it was added to the supernatant tube. 

The rinse and wash steps were repeated three times. The final, combined supernatant was dried 

down using a Savant SC 110 SpeedVac concentrator (Thermo Electron Corporation, West Palm 

Beach, FL). The sample was then resuspended in 8 μL of Millipore water containing 0.1% FA 

(volume (v)/v). To remove lipids and salts before the formaldehyde labeling reaction, the crude 

extract was processed by a C18 Ziptip according to the product instruction.  

 To achieve duplex dimethyl labeling, a 3 μL aliquot of tissue extract from the PO or brain 

was labeled in solution by adding 0.7 μL borane pyridine (C5H8BN, 120 mM in 10% MeOH), 

and then mixed with formaldehyde (CH2O, 4% in H2O, 0.5 μL) for control samples or deuterium 

formaldehyde (C2H2O, 4% in H2O, 0.5 μL) for stressed samples. The samples were then left in 

room temperature for 15 minutes to complete the labeling reaction. 4 μL of each heavy and light 

labeled solution were combined. The resulting mixture was spotted on a target plate and was 

analyzed by MALDI- TOF/TOF.  

For imaging experiments, the freshly dissected PO was rinsed briefly by dipping in 

deionized water for two seconds to decrease salt content. It was then mounted onto a MALDI-

TOF/TOF sample plate and kept in a desiccator for one hour. Before imaging acquisition, five 

coats of DHB (150 mg/mL in 50% MeOH, v/v) were applied on the tissue surface using an 

airbrush (Paasche airbrush company, Chicago, IL) with 30-second intervals between each cycle. 

Mass Spectrometry and Imaging 

MALDI-TOF/TOF 
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A model 4800 MALDI-TOF/TOF analyzer (Applied Biosystems, Framingham, MA) 

equipped with a 200 Hz, 355 nm Nd:YAG laser was used for extract quantitation and imaging. 

Acquisitions were performed in positive ion reflectron mode, and instrument parameters were set 

using the 4000 Series Explorer software (Applied Biosystems). Mass spectra were obtained by 

averaging 900 laser shots covering a mass range of m/z 500-2000.  5 mg/mL of CHCA in 50% 

ACN (v/v) was used as the matrix. For sample spotting, 0.4 μL of sample was spotted on 

MALDI plate first, allowed to dry, and then followed by 0.4 μL matrix.  

MALDI Imaging  

Image acquisition was performed on the model 4800 MALDI-TOF/TOF analyzer 

(Applied Biosystems, Framingham, MA, USA) using the 4800 Imaging application (Novartis, 

Basel, Switzerland) available through the MALDI-MS imaging website (www.maldi-msi.org). 

To generate images, spectra were collected at 100 μm intervals in both the x and y dimensions 

across the surface of the sample. Each mass spectrum was generated by averaging 200 laser shots 

over the mass range of m/z 800-2000.  Individual spectra were acquired using 1.0 ns binning to 

yield 27812 data points per spectrum. Image files were processed, and extracted ion images were 

created using the TissueView software package (Applied Biosystems, Framingham, MA, USA). 

Quantitative Data Analysis 

The same approaches were used for both high and low salinity stress experiments. 

Stressed and control extractions from one salinity stress experiment were differentially labeled 

and mixed with 1:1 ratio. Each resulting sample was spotted on the MALDI plate twice, from 

which the resulting spectra were analyzed by manual mass matching from an in-house crustacean 

neuropeptide database. The matched 4 Dalton (Da)-spaced peak pairs’ intensities were extracted 

http://www.maldi-msi.org/


160 
 

for both known and unidentified neuropeptides.  The raw intensities were then natural log 

normalized prior to further data processing. The abundance ratio for each neuropeptide in 

stressed versus control crabs was determined by dividing the heavy labeled peak intensity 

(stressed) with the respective light labeled peak intensity (control). Average ratios were 

calculated from the two duplicate spectra. Student’s two-sample, two-tailed t-tests were 

performed to evaluate the differences between stressed and control samples using Microsoft 

Excel (p value <0.05).  Prior to the t-test, the intensity of the CH2O or C2H2O labeled peak was 

normalized by dividing by the total, log normalized intensity of the peak pairs to eliminate 

differences of ionization efficiency between acquisitions. ANOVA tests as well as individual t-

tests were performed on the time course data using Microsoft Excel (p value <0.05). While the t-

tests discerned differences between the expression at that point and a control, the ANOVA tested 

for any differences between the 4 individual time points.  
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Chapter 7 

In situ Labeling for the Absolute Quantitation of 

Crustacean Neuropeptides with Mass Spectrometry 

Imaging  

 

 

 

This work will be continued by Nhu Q. Vu and Meng Xu. 
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Abstract 

 Quantitative mass spectrometry (MS) imaging provides an ideal workflow to extract both 

quantitative and localization information of an analyte of interest from a single tissue section. 

Unfortunately, especially in matrix-assisted laser desorption/ionization (MALDI)-MS imaging, 

challenges still remain, including ion suppression differences and tissue heterogeneity. By 

combining in situ derivatization and isotopic labeling strategies, we propose to build an on-tissue 

calibration curve to absolutely quantify neuropeptides in the crustacean brain. Both 5-plex 

isotopic N, N-dimethyl leucine (iDiLeu) and dimethyl labeling (DM) were applied, although 

optimization of in-solution and spot-based labeling was required for iDiLeu prior to application 

on tissue. Unfortunately, neither approach shows efficient labeling currently. One case of success 

was seen for DM labeling of a selected peptide (mass-to-charge ratio (m/z) 844.479, 

HL/IGSL/IYRamide), for which >95% labeling was observed, although reproducibility proves to 

be an issue. The wide range of application and incubation techniques proves to complicate the 

next steps, although employing different derivatization techniques or examining different target 

molecules (e.g., metabolites) may offer promising solutions in the future.  

 

Introduction 

 Mass spectrometry (MS) imaging has developed a reputation for its ability to localize 

molecules of interest  in any tissue section without prior knowledge of their structure or 

labeling.1-3 Matrix-assisted laser desorption/ionization (MALDI)-MS imaging in particular has 

been one of the most popular approaches for analyzing biological samples.1 To prepare samples 

for MALDI-MS imaging, a tissue is usually thinly sectioned and thaw mounted onto glass 

microscope slides prior to being sprayed with a matrix. Inside the instrument, an (x, y) grid is 
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formed over the surface of the sample, each square being a “pixel.” A mass spectrum is then 

collected at each pixel, and, using sophisticated computational software, individual mass-to-

charge ratio’s (m/z) intensity can be extracted from each pixel and reformed into a heat map 

image.1 This means that, compared to immuno-based techniques where only one analyte can be 

imaged at a time, we can extract images for theoretically hundreds of molecules from a singular 

MS imaging run.1-3 With all the advances in this field, MS imaging is rapidly evolving and 

requires continuous technological and method development to match the current demand. 

 The current stigma with MS imaging is its inherently “semi-quantitative” nature, 

especially MALDI-MS. Due to the tissue heterogeneity, sample topography, and variable ion 

suppression, researchers have struggled to confidently extract quantitative information.1, 4 In the 

past, parallel liquid chromatography (LC) analysis of a serial tissue section was required to both 

fully identify and quantify a molecule of interest.5, 6 While still applicable for confirmation of 

results, researchers are developing new and innovative methods for extracting quantitative 

information using MS imaging.1 The easiest method for this is direct relative comparison of 

different tissue sections, although this tends to be more “semi-quantitative” even with proper 

normalization and other pre- and post-processing steps.7-11 While other relative comparison 

strategies exist (e.g., generation of reporter ions), absolute quantitation strategies have clearly 

been the most popular and accurate in the literature.4, 11 The use of an internal standard applied 

all over the tissue using a commercial sprayer is employed for both absolute and relative 

quantitation but less frequently than building an on-tissue calibration curve.7, 12-14 To build a 

calibration curve, the standards of interest are usually spotted or applied to a separate, serial 

“control” section or into tissue homogenates. Unfortunately, we are still plagued with inaccurate 

quantitation with heterogeneous tissue sections (e.g., brain), continuity issues between serial 
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sections, and lack of access to computational workflows. However, as MALDI-MS imaging 

methods are becoming increasingly efficient, imaging and LC workflow results are becoming 

more similar.6, 15  

 In order to circumvent these disadvantages in absolute quantitation MS imaging, an 

isotopic labeling strategy can be developed. By incorporating different amounts or combinations 

of stable isotopes (e.g., 2H, 13C, 15N, 18O), we can distinguish between samples inside a MS 

instrument in a singular run by their m/z value.16 In LC-MS workflows, an unknown sample is 

labeled with a tag with a distinct isotopic structure. Then, standards of a molecule of interest are 

labeled with different isotopic combinations (two 2H vs two 1H) and mixed with the previously 

labeled, unknown sample. When analyzed on a MS, an in-solution calibration curve can be 

extracted and used to absolutely quantify the molecule of interest. This can be translated to a 

MALDI-MS imaging workflow, as shown in Figure 1. Initially, a tissue section is labeled with 

one of the tags while the other tags are used to label standards of the molecule of interest at 

different concentrations. The standards are then applied with the matrix prior to the section being 

imaged by MALDI-MS imaging. As with the in-solution technique, we construct a calibration 

curve to quantify the molecule of interest. This can be done for the whole tissue (e.g., brain), one 

discrete region of the tissue (e.g., brain ganglion), or on a pixel-by-pixel basis. While this is a 

novel approach for in situ MALDI MS imaging, on-tissue labeling for a variety of molecular 

species is well-documented in the literature, meaning the proposed technique is feasible.6, 7, 11, 17-

19 

 The initial challenge is selecting the proper labeling scheme to target the molecular 

species of interest. For absolute quantitation, at least four calibration points are needed, thus our 

isotopic labeling schemes must include a minimum of five isotopic combinations.20, 21 Another 
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consideration is the spacings between tags, as many MALDI instruments only allow for a 

maximum mass resolution of 100,000 (at m/z 400), meaning we are limited to spacings of a few 

Daltons (Da) rather than mDa. In particular, we are interested in labeling primary amines, which 

are available on the N-terminus of all peptides (except for N-terminally blocked peptides). Two 

tagging systems (i.e., isotopic N,N-dimethyl leucine (iDiLeu) and dimethyl labeling (DM)) both 

have (a) 5 different isotope combinations along with (b) 3 and 2 Da mass spacings between the 

tags, respectively.20, 21 The different isotope combinations and structures for each of these 5-plex 

tagging systems are shown in Figure S1. Both of these tags target primary amines, meaning it 

can easily target peptides and proteins due to having a primary amine at the N-terminus.  

 Here, we describe the attempt to successfully in situ label crustacean neurological 

peptides (i.e., neuropeptides) in the brain tissue using both iDiLeu and DM labeling schemes. 

Crustaceans have been utilized as a model system to understand neuromodulation, while 

neuropeptides provide an excellent system for method development and biological application to 

understanding absolute quantitative changes due to major physiological processes (e.g., stress or 

feeding).22-25 Spots of neuropeptide standards were able to be successfully labeled by iDiLeu 

>95% labeling. Unfortunately, in situ labeling was not achieved for either iDiLeu or DM 

consistently at this point. Different, novel application conditions, incubation strategies, and even 

labeling schemes are being considered for future experiments.  

 

Material and Methods 

Methanol (MeOH), acetonitrile (ACN), glacial acetic acid (GAA), DifcoTM gelatin, plain 

glass microscope slides, sodium hydroxide (NaOH), and all crab saline components (see below) 

were purchased from Fisher Scientific (Pittsburgh, PA). Formaldehyde (CH2O), dry 
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dimethylformamide (DMF), dry dichloromethane (DCM), triethylammonium bicarbonate 

(TEAB), hydroxylamine (NH2OH), sodium cyanoborohydride (NaBH3CN), and 4-(4,6-

Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) were acquired from 

Sigma-Aldrich (St. Louis, MO). 5-dihydroxybenzoic acid (DHB) and dry ACN were obtained 

from Acros Organics (Morris, New Jersey), while formic acid (FA) was purchased through Fluka 

(Mexico City, Mexico). N-methylmorpholine (NMM) was obtained from TCI (Portland, OR). 

Ethanol (EtOH) utilized in this study was from Pharmco-Aaper (Chicago, IL). Yeast protein and 

digestion enzymes were acquired from Promega Corporation (Madison, WI). Neuropeptide 

standards were from American Peptide Company (Fisher Scientific). All water (H2O) used in this 

study was doubly distilled on a Millipore filtration system (Burlington, MA) or HPLC grade. All 

LC solvents were Fisher Optima Grade.  

Animals Housing and Care 

All female blue crabs, Callinectes sapidus, were either purchased from Midway Asian 

Market (Madison, WI) or LA Crawfish Company (Natchitoches, LA). After transport, crabs were 

allowed to recover in seawater made to be 35 parts per thousand (ppt) and 12-14 °C for several 

days prior to experiments. A crab was anesthetized on ice for 20 minutes and sacrificed for their 

tissues of interest (e.g., brain) as previously described.26 All dissections were performed in 

chilled (approximately 10 oC) physiological saline (composition: 440 mM NaCl; 11 mM KCl; 13 

mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; pH 7.4 (adjusted with NaOH)). 

Sample Preparation 

iDiLeu Workflow 

iDiLeu d0 (i.e., non-isotopic DiLeu, DiLeu 114) was synthesized as previously 

published.20, 27 Figure S2 shows the basic workflow for labeling with DiLeu, and a step-by-step 
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guide to activating the tag and labeling peptides of interest is published elsewhere.27, 28 Briefly, a 

0.7x molar ratio DMTMM and NMM solution (e.g., in DMF) was added to an aliquoted, inactive 

iDiLeu tag (e.g., 1 mg) and allowed to vortex for 30-40 minutes, forming an amine-reactive 

triazine-ester on the iDiLeu tag. The activated iDiLeu d0 was then added to a solution of 

peptides of interest at a 20:1 label:peptide ratio. The final solution should be ~30% aqueous, 

usually by addition of TEAB buffer to maintain a pH ~8. The solution was then mixed for 30 

minutes to 2 hours, depending on the molecular target and label:peptide ratio.29-31 The resulting 

solution was then quenched by addition of NH2OH to ~0.25%. Prior to running by LC-MS, the 

labeled sample was cleaned up sequentially by strong cation exchange (e.g., PolyLC Inc. 

TopTips with PolySULFOETHYL A Material) and desalting (e.g., Agilent C18 OMIX tips). 

Modifications to this method (i.e., solvent composition, activation time, label:peptide ratio, 

labeling time, labeling temperature, and H2O/buffer integration) are discussed below. All 

solvents utilized in this workflow were anhydrous.  

In-Solution Optimization 

Yeast (S. cerevisiae) protein (MS Compatible Yeast Protein Extract, Intact) was digested 

using a trypsin/LysC enzyme mix (Trypsin/Lys-C Mix, Mass Spec Grade) following the 

manufacturer’s recommend procedure. Tryptic peptides were labeled in-solution following the 

protocol above with modifications (see Results and Discussion). All samples were analyzed with 

at least two technical replicates.  

Spot-Based Analysis 

Neuropeptide-rich crustacean tissues were extracted using a manual homogenizer with 

chilled acidified MeOH (90:9:1 MeOH:H2O:GAA), and the supernatant was collected after the 

sample was centrifuged at 13,200 rpm for 10 minutes. The resulting pellet was re-extracted 
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twice, with the supernatant collected each time. The combined supernatant fraction was dried 

down in a Savant SCV100 Speedvac. All crude extracts were purified using C18 ZipTips 

following the manufacturer’s protocol. All samples were centrifuged at high speed prior to 

purification to pellet any particulates. To calculate how many peptide species were in all tissues 

of interest, the Pierce Quantitative Colorimetric Peptide Assay was used following the 

manufacturer’s protocol. 

For the labeling procedure, neuropeptide extracts or standards were spotted onto a 

MALDI stainless steel plate. iDiLeu d0 was activated using an optimized protocol (i.e., 45 

minutes in ACN) immediately prior to labeling. Three types of experiments were performed. (1) 

Spots were allowed to dry prior to having activated label added on top and allowed to react. (2) 

Spots were allowed to dry and then rehydrated before having the activated label being added. (3) 

Spots had the activated label added prior to drying. After being allowed to react, the sample can 

be quenched by addition of 5% NH2OH. DHB matrix was then added to the dried spot prior to 

MALDI-MS analysis.  

Tissue Section Preparation 

Freshly dissected brains were embedded in gelatin (in small plastic cups) and sectioned 

using a Micro HM525 cryostat (Thermo Scientific). The 12-16 μm thick sections were thaw 

mounted onto plain glass microscope slides (Fisher Scientific) and stored at -80 °C till use. Prior 

to use, sample were then dried in a desiccator box or vacuum chamber for 10-20 minutes.  

 The labeling system of interest was prepared immediately prior to analysis. For iDiLeu 

d0, the label was activated and diluted in ACN. The DM reagents were dissolved in H2O. For 

reference to in-solution DM, please see previous chapters and publications.32 All labeling 

systems were applied using a commercial TM-Sprayer (HTX Technologies, LLC). The volume 
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applied varied depending on the desired label:peptide ratio, which was based upon the 

peptidomic density of the tissue section (mg/mm2). To calculate the average concentration of 

peptides in a single tissue section, a Pierce Quantitative Colorimetric Peptide Assay was used 

following the manufacturer’s protocol (i.e., 3.3 μg for a 16 μm section). The area of the brain 

was determined using ImageJ (i.e., 0.095 cm2). It should be noted that brains were embedded in 

ice instead of gelatin only for this experiment due to gelatin’s interference with the peptide 

assay’s colorimetric reagents. An appropriate TM sprayer method was developed considering the 

peptidomic density of the tissue section. Parameters, including labeling concentration, nozzle 

temperature, velocity, and syringe pump speed, were all varied to optimize application of the 

label. The equation used to calculate application density is shown in Equation S1. After 

applying the label, the tissue section was incubated for a desired amount of time (see Results and 

Discussion).  

Matrix (i.e., 40 mg DHB in 50:50 MeOH:H2O and 0.1% FA) was then applied using the 

TM-Sprayer with the following optimized parameters: 0.1 mL/min syringe flow rate; 12 passes, 

0.5 min dry time, 1250 mm/min nozzle velocity, 80 °C,  and 3 mm track spacing. Samples were 

then run immediately after matrix application. Control brains were used for all method 

optimization. All experiments were run with a serial brain section to represent a control. An 

example method sheet is provided in the Supplemental Materials for both iDiLeu and DM.   

MS Data Collection and Analysis 

Initial re-optimization of the in-solution iDiLeu labeling was performed on a Thermo 

Fisher Q-Exactive (QE) mass spectrometer connected to a Waters NanoAcquity LC system. 

Samples were injected onto a homemade C18 column (14-16 cm) using a 90 minute gradient 

(10% B to 35% B) with H2O (0.1% FA) (A) and ACN (0.1% FA) (B). MS and tandem MS 
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spectra (top 15 data dependent acquisition with high-energy collision dissociation) were run at a 

70,000 and 17,500 mass resolution, respectively, in the m/z 200-2000 mass range. Spot-based 

optimization and MALDI-MS imaging analysis were performed on a MALDI-LTQ-Orbitrap XL 

(Thermo Fisher). A mass range of m/z 500-2000 and at least 30,000 mass resolution was used for 

all experiments. For imaging experiments, the spatial resolution was 75 micron.  

Data Analysis 

All yeast tryptic peptides were identified with Thermo Fisher Proteome Discoverer 

(Version 1.4). A custom modification was created for iDiLeu d0 (+114.115 Da) for both lysines 

and the N-terminus. Labeling efficiency was calculated by considering the difference between 

the number of peptides identified between (a) dynamic lysine and N-terminus labeling and (b) 

static lysine and N-terminus labeling. The number of proteins identified should be equal if 100% 

labeling is achieved. 

Spectra generated from analysis of the spot-labeled neuropeptides were averaged in 

Xcalibur, and all peaks and their intensities were exported into Excel.+ A custom Java program 

was used to (a) identify neuropeptides and (b) determine their efficiency of labeling with iDiLeu 

d0.  All neuropeptides were identified using ±5 parts per million (ppm) mass error and an 

intensity threshold of 100.  

For imaging experiments, raw data files were exported to .imZML format (using Thermo 

Fisher ImageQuest; Version 1.1.0 Build 54) followed by importing into MSiReader (Version 0.9 

or 1.00). Files were normalized to the TIC to generate images with a ±5 ppm error from known 

neuropeptides in our homebuilt crustacean database. In order to identify the neuropeptides 

(labeled and unlabeled), ImageQuest was used to average the signals found in the brain tissue, 

from which the centroid peaks and their intensities were extracted for accurate mass matching 
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(±10 ppm) to a homebuilt crustacean database using a custom Java program. All accurate mass 

matched neuropeptides were compared to the generated images for final identification. Labeling 

efficiency was calculated using another Java program that divides the intensity of the labeled 

neuropeptide m/z by the total intensity of both the labeled the unlabeled neuropeptide m/z in the 

same sample. All reported m/z values are in the [mass+H] form. 

 

Results and Discussion 

In order to develop a better method for absolute quantitation MS imaging, here, well-

vetted isotopic labeling strategies are being translated from in-solution to on-tissue workflows, 

including iDiLeu and DM. Figure 1 illustrates a general workflow, which is applicable to all 

labeling strategies, not just iDiLeu or DM. 

iDiLeu 

 The first step in utilizing iDiLeu labels is to activate the inactive form to a triazine, 

amine-reactive form. The original, in-solution workflow utilizes dry DMF as the activation 

solvent, although it doesn’t evaporate away and has to be removed through further clean up. 

Unfortunately, this makes DMF an unideal solvent choice for applying iDiLeu to tissue sections, 

so an alternative solvent was investigated. DCM, which has been used as an alternative labeling 

solvent, and ACN, which is commonly used in MS imaging workflows, were tested for their 

iDiLeu labeling efficiency of tryptic peptides using the original optimized workflow shown in 

Figure S2. While DMF produces 100% labeling, DCM and ACN provided 0.85% and 61.96% 

labeling, respectively. Thus, ACN was chosen as the solvent for iDiLeu activation for all future 

studies. The labeling efficiency for ACN was improved by optimizing the activation time, 

labeling ratio, and labeling time, which was found to be 45 minutes, 25:1 (label:peptide), and 90 
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minutes, respectively. Compared to the original workflow, the label:peptide ratio was only 

slightly affected, but the activation time and labeling time greatly increased. With that in mind, 

we were only able to get ~80% labeling of tryptic peptides at optimal conditions with ACN 

compared to DMF. A standard mixture of six neuropeptides (unlabeled in Figure 2a) showed 

~70% labeling (with and without quenching) using the optimized in-solution ACN conditions.  

 Prior to on-tissue labeling, direct spot labeling was done for preliminary optimization. In 

general, for on-tissue experiments, four different characteristics need to be considered: (1) 

changing the label:peptide ratio, (2) integration of H2O or a buffer, (3) labeling time, and (4) 

labeling temperature. All of these were also considered in spot-based analysis. Initial 

experiments on both fresh and dried spots showed >90% labeling (with and without quenching) 

of the standard neuropeptide mixture (unlabeled: Figure 2a; labeled: Figure 2b) at room 

temperature. Interestingly, even though the reaction was allowed to proceed for 90 minutes prior 

to addition of the quenching agent or DHB matrix, the spots appeared to dry after 30 minutes. 

One major difference between our spot labeling and the solution-based workflow was the 

incorporation of an aqueous component, which was adjusted to ~30% in the solution-based 

workflow. The triazine ester reaction with primary amines is pH dependent, and TEAB (0.5M), 

which buffers around pH ~8, was utilized when labeling in solution. Both TEAB (Figure 2c) and 

a H2O (pH=8) (Figure 2d) solutions were used to hydrate pre-dried spots prior to the addition of 

iDiLeu. All produced acceptable labeling, although 60 and 30 minutes labeling time produced 

optimal labeling for TEAB and pH=8 H2O, respectively (Table S1). Overall, a 25:1 label:peptide 

ratio was maintained throughout. 

 Even with consideration of all four parameters above, little success was seen for in situ 

labeling of neuropeptides in crustacean brain tissue (Table S2). It should be noted that a 
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label:peptide ratio of 10:1 was maintained in all experiments in order to conserve iDiLeu. This 

can be demonstrated further by comparing the amount of iDiLeu utilized in a LC-MS experiment 

(1 mg) to our imaging experiments (20-40 mg). While inexpensive to synthesize these iDiLeu 

reagents, the overall process of synthesis, clean up, and final allocating could be time consuming. 

Unfortunately, reducing the label:peptide ratio is not ideal and may lead to lower labeling, 

although some have used DiLeu, which uses a similar activation and labeling procedure to 

iDiLeu, at lower ratios with success.30 In general, low-level of labeling was seen overall, but 

high efficiency labeling was seen for low intensity neuropeptides. Unfortunately, this does not 

translate well in the MS images. Figure 3a shows an ideal situation, where all the intensity in the 

unlabeled m/z in the control tissue is converted to the labeled m/z in the sprayed tissue with 

minimal diffusion. Whenever applying a chemical reagent to a tissue section, including matrix, it 

is important to minimize any diffusion that may occur. Beyond no labeling (Figure 3d, 

DLPKVDTALK, m/z 1099.636), applying iDiLeu appears to also contribute to the background 

noise (Figure 3b, DPSFLEFamide, m/z 853.409), which could suggest substantial ion 

suppression upon application of the activated iDiLeu reagent. To determine the failure point, 

since all the spots previously analyzed were desalted, another iteration of experiments was 

performed on undesalted spots, which showed low labeling consistent with what was seen in the 

on-tissue experiments. It can be inferred that the high salt content of crustacean tissue hinders the 

labeling of neuropeptides and/or primary amines in the tissue, and a better way to desalt the 

tissue or the tissue section is needed to allow for derivatization of these molecules. One 

consideration could be inclusion of a washing step, such as the one from Chapter 5 applied to 

DM labeling (see below). 

Dimethyl Labeling 
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Unlike iDiLeu, DM labeling methodology has been applied previously to spot on tissue 

to provide localized dimethylation to improve crustacean neuropeptidomic identification on-

tissue. Before the commercialization of MALDI MS imaging, spotting onto specific brain 

regions provided low-resolution localization information without requiring advanced instruments 

or technology. The in-solution workflow that provided inspiration is shown in Figure S3. When 

comparing the DM labeling efficiency results found in Table S3 and Table S4 to those of 

iDiLeu (Table S2), the labeling efficiency was overall much higher. Due to the still inherantly 

low intensity values, Condition 12 incorporated a washing step (50:50 EtOH:H2O for 10 

seconds) prior to labeling to improve detection of neuropeptides, which was discussed separately 

in Chapter 5. The washing step did increase the overal intensity, although this was not reflected 

in the labeling efficiency observed. It should be noted that the labeling efficiency does not take 

into consideration a control section, as we calculate the labeling efficiency of the neuropeptide 

by dividing the intensity of the labeled peptide m/z by the total intensity of both the labeled and 

unlabeled peptide m/z in the sprayed section.  This means that these labeling efficiency 

calculations for both native and DM were skewed for several neuropeptides, and the images 

should always be checked for true labeling.  

Unfortunately, DM was still plagued with the same issues as iDiLeu with background 

noise (Figure 3c, DFSAWAamide, m/z 695.315) and little to no labeling (Figure 3e, 

KPKTEKK, m/z 858.541). Successful (>95%) labeling was achieved for m/z 844.479 

(HL/IGSL/IYRamide) using condition #7 (Table S3), as shown in Figure 3f. This is a prime 

example, as no diffusion was visualized along with near 100% labeling efficiency. 

Unfortunately, this was not repeatable (Condition 7 vs 9; Table S3 and S4, respectively). This 

could be due to using different brain sections, as the neuropeptide (m/z 844.479; 
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HL/IGSL/IYRamide) was not even present in the control tissue in Condition 9’s experiment. 

More interestingly, there were several examples of neuropeptide signals that “appeared” after 

labeling in both unlabeled and labeled m/z (Figure 4). This difference suggested that the specific 

neuropeptide was not present in the control tissue, but signal became apparent after addition of 

the DM reagents. Some examples that are seen consistently throughout different conditions are 

shown in Figure 4. One case, RFamide pQRNFLRFamide (Figure 4b), should not be labeled 

due to its N-terminus being blocked by the pyroglutamine post-translational modification, so it is 

likely not this neuropeptide but an interfering molecule. Thus, these examples and others should 

be investigated further by on-tissue tandem MS (MS/MS) to confirm their identities.33  

Once labeling is achieved consistently, applying peptide standards to the tissue section 

for absolute quantitation is the next step. Two different avenues can be taken: (1) spraying the 

standards separately from the matrix or (2) adding the standards to the matrix for application. 

This is a challenge due to determining the appropriate concentration to spray which requires the 

guess-and-check method. In preliminary experiments, unlabeled bradykinin (m/z 1060.569) was 

utilized. When sprayed before the matrix, there appeared to be ion supression in the brain itself, 

although applying with the matrix provided homogenous application of the standard without 

differntial ion suppression between the geletin and tissue. It should be noted that in both cases, 

standard m/z dominated each pixel’s spectra. Also, these experiments should be repeated since 

the standard mass was also found in the control section, which had no standard applied 

separately or in the matrix.   

Literature Analysis 

Our first step is analogous to determining on-tissue derivatization strategies for MS 

imaging, which is rampant throughout the literature for a variety of molecular species. 
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Derivatization is typically used to increase ionization of typically difficult to analyze molecules. 

In the last few years, people have found ways to derivatize fatty acids, steroids, metabolites, N-

glycans, tryptic peptides, and even elements.6, 7, 11, 17-19, 34-41 Some LC-MS methods in the 

literature also have potential for application to MS imaging.42-45  

For two of the steroid studies, Girard’s reagent T (GirT) was used as the derivatization 

agent, although the application and incubation methodology was distinctly different. This 

highlights a general challenge in the MS imaging field, as inconsistency in methods comes from 

differences in equipment or use of non-commercial/modified instruments. Both groups utilized 

commercial sprayers (i.e., HTX TM Sprayer and SunChrom SunCollect) and both used a 

humidity chamber (i.e., with H2O only or 50:50 MeOH:H2O).11, 18 In comparison, another steroid 

study employed a novel 2-fluoro-1-methylpyridinium p-tolunesolfonate to derivatize 

cannabinoids, although they focused on using a handheld airbrush, which was difficult to 

reproduce between people in the same lab let alone between labs.17 The use of a different 

derivatization agent is likely due to structural differences in the steroids highlighted here. Both 

fatty acid and glycan derivatization have unique methods due to their structures, although the 

same challenges and differences highlighted above are still true.6, 19  

The most comparable literature comes from the Andren Lab, where neurotransmitters 

were derivatized using pyrylium salts.7, 34 This reaction scheme targets primary amines, which is 

analogous to the current study and provided inspiration for all method considerations. While an 

automated sprayer was utilized (i.e., HTX TM Sprayer), the incubation technique was very 

unique, in that, during the 15 minute room temperature incubation, the sample was dried by 

nitrogen every 5 minutes.7, 34 They also utilize a 50:50 Meth:H2O hydration chamber. Even when 
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replicating this successful publication with slight modification, it was clear that DM and DiLeu 

require unique, novel methods to increase labeling efficiency.  

 

Conclusions and Future Directions 

In situ labeling has great promise to provide more accurate absolute quantitation on tissue 

for MS imaging workflows. Through our investigation, both iDiLeu and DM require more 

optimization to provide better data processing pipelines and consistent labeling, although DM 

shows the most promise. This is not only due to the potential for absolute quantitation but also 

the derivatization aspect that has shown DM provides better MS/MS fragmentation for 

neuropeptides.46 Furthermore, derivatization has shown a lot of promise for metabolites and 

other molecular species, as shown in the literature analysis. Thus, focus could shift towards both 

iDiLeu’s and DM’s labeling efficiency onto amine-containing metabolites. Finally, investigation 

of previously successful methods may provide insight as well as new avenues since theoretically 

derivatization schemes can be modified to include stable isotopes to become new methods for in 

situ absolute quantitation. In general, due to the massive data sets, confounding factors (e.g., 

signal in sprayed but not control section), or overlap in labeled and unlabeled m/z of interest (i.e., 

spectral complexity or even double labeling), a better data analysis pipeline should be considered 

for more thourough analysis of these large data sets for more accurate understanding of the 

labeling quality.  
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Figures 

 

Figure 1. Generic workflow for MS imaging in situ labeling for absolute quantitation. After 

applying the tissue section with the label of interest (e.g., iDiLeu d0 or DM D0),20, 21, 27 various 

concentrations of a standard will be labeled with the other four isotopically different tags and 

mixed into the matrix solution, which will be applied at a known spatial density. The tissue 

section will then be imaged by a MALDI-MS instrument. The labeled on-tissue sample and 

standards’ intensities will then be extracted from the spectra. A calibration curve will be built 

from the standards, and the on-tissue concentration of the neuropeptide of interest will be 

determined.  
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Figure 2. Mass spectra of neuropeptide standards after spot labeling with iDiLeu d0 and possible 

hydration agents. (a) Unlabeled, control neuropeptide standard mixture. Six different standards 

were added, which are indicated in the spectrum. (b) Neuropeptide standard mixture with the 

addition of just iDiLeu d0 after spot was allowed to dry. An example of a partially labeled 

peptide is highlighted. (c) Neuropeptide standard mixture after the dried spot was rehydrated 

with 0.05M TEAB followed by addition of iDiLeu d0. (d) Neuropeptide standard mixture after 

the dried spot was rehydrated with pH=8 H2O (adjusted with NaOH) followed by addition of 

iDiLeu d0. In (b)-(d), the peaks range from partially labeled peptides to interfering ions that 

come from either the labeling reagents or hydration buffer. The labeling efficiency of conditions 

(c)-(d) are shown in Table S1.  
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Figure 3. Example images of in situ on-tissue labeling neuropeptides in the crustacean brain 

using both iDiLeu d0 and DM D0. The control and sprayed sections are serial sections from the 

same crustacean brain. The white line represented a 1 mm scale bar. In each group, we see 4 

panels: (1) left upper corner, the unlabeled neuropeptide m/z in a control brain; (2) left lower 

corner, the labeled neuropeptide m/z in a control brain; (3) right upper corner, the unlabeled 

neuropeptide m/z in a iDiLeu or DM sprayed brain; (4) right lower corner, the labeled 

neuropeptide m/z in a iDiLeu or DM sprayed brain. (a) The ideal example of 100% labeling. No 
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signal of the labeled m/z should be seen in the control brain, while the unlabeled neuropeptide 

m/z should be present. After being sprayed with either iDiLeu or DM labels, the neuropeptide 

should be labeled, meaning no signal should be see in the sprayed, unlabeled m/z panel while the 

signal should be present in the sprayed, labeled m/z section. No diffusion should be noticeable. 

(b)-(c) Examples of neuropeptides that the application of iDiLeu d0 and DM D0, respectively 

show an increase in background noise. (d)-(e) Examples of neuropeptides with no labeling after 

application of iDiLeu d0 and DM D0, respectively, was observed. (f) An example of 100% 

labeling of a neuropeptide after applying DM D0. Identifications: (b) Theoretical 

DPSFLEFamide, m/z 853.409. (c) Theoretical DFSAWAamide, m/z 695.315. (d) Theoretical 

DLPKVDTALK, m/z 1099.636. (e) Theoretical KPKTEEK, m/z 858.541. (f) Theoretical 

HL/I/GSL/IYRamide, m/z 844.479.  
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Figure 4. Example images of in situ on-tissue labeling of neuropeptides in the crustacean brain 

using DM D0. The control and sprayed sections are serial sections from the same crustacean 

brain. The white line represented a 1 mm scale bar. In each group, we see 4 panels: (1) left upper 

corner, the unlabeled neuropeptide m/z in a control brain; (2) left lower corner, the labeled 

neuropeptide m/z in a control brain; (3) right upper corner, the unlabeled neuropeptide m/z in a 

DM sprayed brain; (4) right lower corner, the labeled neuropeptide m/z in a DM sprayed brain. 

All of these images contain unusual cases, as the control tissue contains no signal, but the 
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sprayed tissue contains signal at the unlabeled m/z and/or labeled m/z. (a) Theoretical 

GGSLYSFGLamide, m/z 899.462. (b) Theoretical pQRNFLRFamide, m/z 960.532. (c) 

Theoretical GPKNFLRFamide, m/z 977.568. 
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Supplemental Information 

 

Figure S1. Isotopic combinations and structures for 5-plex iDiLeu (a-b) and the 5-plex DM (c-

d). Stars indicate where isotopes are incorporated, and each circle denotes a different isotopic 

species that is utilized. The corresponding tag mass additions are also shown. iDiLeu has mass 

spacings of ~3 Da, while DM has mass spacings of ~2 Da. The labeling scheme for iDiLeu and 

DM are shown in Figure S2 and S3, respectively. Appropriate starting reagents for each reaction 

can be found in the corresponding references. 21, 27  
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Figure S2. A schematic of the activation and labeling process of iDiLeu in solution. Since DMF 

is not compatible with spraying onto a tissue section, the solvent composition, activation time, 

label:peptide ratio, and labeling time needed to be re-optimized. After a new in-solution 

workflow is optimized, the label:peptide ratio, labeling time, labeling temperature, and 

H2O/buffer integration must be considered at the tissue section application stage.  
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Figure S3. A schematic of the labeling process for DM. For on-tissue labeling, the concentration 

and ratio of formaldehyde and borane pyridine along with the incubation time and temperature 

are areas to optimize.  
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𝐿𝑎𝑏𝑒𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝑔

𝑚𝑚2
)

=  
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑠𝑠𝑒𝑠)(𝐿𝑎𝑏𝑒𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(

𝑚𝑔
𝑚𝐿))(𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (

𝑚𝐿
min))

(𝑁𝑜𝑧𝑧𝑙𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑚𝑚
𝑚𝑖𝑛))(𝑇𝑟𝑎𝑐𝑘 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚𝑚))

 

Equation S1. TM Sprayer equation for calculating application density. 
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Table S1. Optimized conditions for spot-based labeling of iDiLeu d0 and the corresponding 

labeling efficiency.  
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Table S2. All conditions attempted for iDiLeu on-tissue application along with the calculated 

labeling efficiency. The 50:50 MeOH:H2O incubation condition was a saturated 50:50 

MeOH:H2O chamber placed in a hydration chamber (i.e., 37 °C H2O bath). 
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Table S3. Some conditions (1-7) attempted for DM on-tissue application along with the 

calculated labeling efficiency. Conditions 1 and 2 vary by their TM application method, with 

Condition 1 being a “wet” application and Condition 2 being a “dry” application. The hydration 

chamber was a H2O bath set at 37°C. The 50:50 MeOH:H2O incubation condition was a 

saturated 50:50 MeOH:H2O chamber placed in a hydration chamber (i.e., 37 °C H2O bath).
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Table S4. Some conditions (8-12) attempted for DM on-tissue application along with the 

calculated labeling efficiency The 50:50 MeOH:H2O incubation condition was a saturated 50:50 

MeOH:H2O chamber placed in a hydration chamber (i.e., 37 °C H2O bath). The 50:50 

MeOH:H2O
+ incubation condition was a saturated 50:50 MeOH:H2O chamber placed in a 

warmed (37 °C) chamber. V = vacuum chamber dried; DB = desiccator box dried; WASHED = 

washed in 50:50 EtOH:H2O for 10 seconds prior to being labeled.   
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Sample iDiLeu Experimental Set Up 

Purpose: (Fill in depending on purpose of experiment) 

Aliquot 20 mg aliquot (dry down) 

Make up DMTMM/NMM activation solution(s) in dry solvent (0.7x DMTMM/NMM to 

DiLeuAA-OH) 

 31 mg DMTMM BF4 dissolved in 990 μL of dry ACN w/ 10.36 μL NMM* 

 DO IN 1.5 mL tube (will transfer to larger tube later) 

Triazine ester activation – to the 20 mg tube of DiLeuAA-OH 

 Add 1000 μL of activation solution; sonicate if necessary% 

 Vortex for 45 min at RT 

 Spin down particulate (30s) if any 

 Yields 14 mg (14000 μg) activated DiLeuAA-Trz label 

Labeling On-Tissue with DiLeuAA-Trz 

 Dilute activated DiLeu to 2.8 mg/mL (5 mL Total) (Add 1500 μL 0.05M TEAB and 2500 

μL ACN) 

 Wait for 2.5 min to allow sample to get through plumbing (Detached Loop) 

Apply using following TM Sprayer method: 

o 0.2 mL/min flow rate 

o 800 mm/min velocity 

o 12 passes 

o 3 mm track spacing (Final Density: 0.0028 -> Goal: 0.0026) (10:1 ratio) 

 Incubate in 50:50% MeOH:H2O Saturated Chamber for 90 min 

Spray with DHB (40 mg/mL) to run on MALDI-Orbitrap 

NOTE: Make sure to run a non-labeled brain as a control.  

 

 

 

 

 

 

*NOTE: Can dissolve in half this volume, but one would then take half the amount added to 

activation solution. %NOTE: Add in 50 μL of this solution for every 1 mg tube activated. 
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Sample DM Experimental Set Up 

Purpose: (Fill in depending on purpose of experiment) 

Make the following solutions: 

 1% CH2O (1.5 mL) -> 40.5 microliters  

 0.03 M NaBH3CN (1.5 mL) - > 2.83 mg 

Labeling On-Tissue by Dimethylation 

 Wait for 10 min to allow sample to get through plumbing (Detached Loop) 

Mix 1 mL of each of the solutions above and apply using following TM Sprayer method: 

o 0.05 mL/min flow rate 

o 1250 mm/min velocity 

o 24 passes** 

 Incubate 2 sections each in: 

o For 1 hour in cell culture oven (37 °C) 

Spray with DHB (40 mg/mL) to run on MALDI-Orbitrap 

NOTE: Make sure to run a non-labeled brain as a control.  

 

 

 

 

 

 

 

 

 

 

 

 

**This will depend on how long it takes to spray all of the solution. We want to apply all 2 mL 

of this solution mixture. Can stop in the middle of spraying. 
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Chapter 8 

Development of Dimethyl Pyrimidinyl Ornithines 

(DiPyrO) as Mass Defect-Based Tags for Multiplex 

Quantitative Proteomics 

 

 

 

Modified from: 

Dustin Frost, Amanda R. Buchberger, Lingjun Li. “Development of Dimethyl Pyrimidinyl 

Ornithines (DiPyrO) as Mass Defect-Based Tags for Quantitative Proteomics.” Analytical 

Chemistry, 2017, 89(20): 10798-10805.  

 

Key Words: Quantitation, Isotopic Labeling, Mass Defect, Proteomics, Mass Spectrometry  



199 

 

Abstract  

We have developed a novel amine-reactive mass defect-based chemical tag, dimethyl 

pyrimidinyl ornithine (DiPyrO), that is compact in size, is suitable for various biological 

samples, and enables highly multiplexed quantification of peptides at the MS1 level without 

increasing mass spectral complexity using mass spectrometry (MS). The DiPyrO tag structure 

incorporates heavy isotopes in a variety of configurations to impart as much as 45.3 milliDalton 

(mDa) or as little as 5.8 mDa per tag between labeled peptides. Notably, peptides containing 

lysine are labeled with two tags, doubling the imparted mass defect to up to 90.6 mDa for the 

duplex tags and effectively reducing the resolving power requirement compared to previously 

reported mass defect-based quantification approaches. This permits current and previous 

generation LTQ-Orbitrap platforms to perform confident quantitative analyses of two DiPyrO-

labeled samples at 100K resolving power, while triplex and 6-plex quantification are possible at 

240K and 480K resolving powers, respectively. In this work, we discuss the design and synthesis 

of the DiPyrO tag, characterize its effect on labeled proteome analysis by nanoLC-tandem MS, 

and demonstrate proof-of-principle applications of the duplex and triplex tags for quantitative 

proteomics using high-resolution MS acquisition on the Orbitrap Elite and Orbitrap Fusion 

Lumos. 

 

Introduction 

Stable-isotope labeling is a core technology for mass spectrometry (MS)-based 

quantitative proteomics that has seen rapid advances in recent years. Heavy carbon, hydrogen, 

nitrogen, and oxygen atoms are incorporated onto peptides either metabolically or chemically to 

impart mass differences that can be detected in mass spectra to differentiate the samples and 
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allow comparison of ion intensities for relative quantification.1-12 Typically, a mass difference of 

4 Daltons (Da) or greater is ideal in order to minimize overlap between isotopic clusters in MS1 

spectra. As the number of quantitative channels increases, so does the spectral complexity, which 

consequently decreases sampling depth and proteomic coverage. Thus, mass difference 

approaches, such as stable isotope labeling by amino acids in cell culture (SILAC), dimethyl 

labeling, and mTRAQ, are typically limited to triplex comparisons, though increased plexing, 

under special considerations, can be attained with 5-plex SILAC, 5-plex dimethyl labeling, and 

our custom-designed 5-plex isotopic N,N-dimethyl leucine (iDiLeu). 2-4, 10, 12-15 High levels of 

multiplexing are possible with isobaric chemical labeling approaches, such as isobaric tags for 

relative and absolute quantitation (iTRAQ), tandem mass tag (TMT), and our own N,N-dimethyl 

leucine (DiLeu) isobaric tags, where labeled peptides are indistinguishable in the MS1 precursor 

ion scan, in contrast to mass difference, and quantitative information is revealed through reporter 

ions produced during tandem MS (MS/MS) analysis.8, 9, 16-20 However, isobaric labeling suffers 

from ratio distortion due to ubiquitous co-isolation of interfering precursors in complex samples, 

necessitating MS3-based approaches for accurate reporter ion quantification that reduce both 

instrument duty cycle and sensitivity with the consequence of fewer identifications and 

quantified peptides.21-23 The Orbitrap Fusion tribrid mass spectrometer is equipped with 

synchronous precursor selection of multiple MS/MS fragment ions for HCD MS3 analysis to 

significantly increase sensitivity, though proteomic depth is still hindered by the approach.24, 25 

High-resolution MS platforms have enabled increased multiplexing capacities of the 

aforementioned strategies through the use of small mDa mass defects. The isobaric 6-plex TMT 

reagents were increased to 8-plex by exploiting subtle relative mass differences between 12C/13C 

and 14N/15N isotopes—by substituting a 15N in place of a 14N atom and a 13C in place of a 12C 
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atom. The resulting reporter isotopologues differ in mass by 6.3 mDa and can be distinguished at 

an MSn resolving power (RP) of 30K (at mass-to-charge ratio (m/z) 400).26, 27 The TMT reagents 

are now offered as a 10-plex set with four mass defect-based isotopologues. Similarly, we were 

able to triple the multiplexing capacity of our custom isobaric DiLeu reagents from 4-plex to 12-

plex with the addition of eight mass defect-based isotopologues.20 Pseudo-isobaric dimethyl 

labeling (pIDL) takes advantage of mDa mass differences between isotopes of carbon and 

hydrogen and high-resolution MS/MS for quantification.28, 29 Neutron-encoding, or NeuCode, is 

a term coined by Coon and coworkers for mass defect-based stable isotope labeling for 

quantification at the MS1 level.30 

NeuCode SILAC employs isotopologues of lysine, each incorporating up to eight heavy 

isotopes (13C, 2H, 15N) in unique configurations, to impart mDa mass defect differences between 

samples via metabolic labeling.30, 31 Extracted proteins are digested with Lys-C and subjected to 

MS analysis, where these mass defect signatures, ranging from as little as 5.8 mDa to as much as 

36 mDa, are concealed in the MS1 precursor scan at low to moderate resolving powers but are 

revealed at high resolving power (>200K) to permit quantitative comparison of the differentially 

labeled peptides. Because the mass difference between multiplexed labeled peptides is so small, 

all are isolated, fragmented, and analyzed during the same MS/MS scan event, and the resulting 

spectra are no different from an unlabeled sample at typical resolving powers. Thus, the strategy 

permits multiplexing without the increased spectral complexity that accompanies traditional 

SILAC. Since quantification is done at the MS1 level, it does not require MS/MS for 

quantification, and by extension, it does not suffer from poor quantitative accuracy due to 

precursor co-isolation like isobaric labeling does. The multiplexing ability of NeuCode scales 

with MS1 resolution—duplex quantification using 36 mDa lysine isotopologues requires a 
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resolving power of 240K (at m/z 400) for quantification of >95% of a sample’s proteome, while 

triplex and 4-plex quantification using 18 mDa and 12 mDa lysine isotopologues requires 

resolving powers of 480K and 960K, respectively.31 These high resolutions require the most 

sophisticated FT-ICR instruments or Orbitrap platforms employing ultra-high field detectors, and 

as such, the technology is not yet widely accessible for a majority of researchers. NeuCode 

metabolic labeling has thus far been demonstrated in cell culture and in mouse tissues.30-35 

Mass defect-based chemical labeling approaches reported by Coon and coworkers under 

the NeuCode moniker include duplex quantification via carbamylation and methylamination as 

well as multiplex quantification via amine-reactive tags.36-38 The amine-reactive NeuCode tags 

employ six heavy isotopes (13C and 15N) in differing configurations to create a 4-plex set of tags 

spanning 37.8 mDa, with each differing in mass by 12.6 mDa. However, the tag consists of three 

amino acids—acetylated arginine, acetylated lysine, and glycine—and is consequently 

exceedingly large at 431 Da. Arginine inhibits backbone fragmentation due to charge 

sequestration, and the tag itself generates many sequence-uninformative product ions, both of 

which lead to reduced peptide identification rate.39, 40 While useful for demonstrating the concept 

of a multiplexed mass defect-based tag for quantitative proteomics, the aforementioned 

limitations of these amine-reactive tags diminishes their potential for conventional use. A 

multiplex amine-reactive mass defect-based tag that is small in size and does not undermine 

identification of labeled peptides is necessary to make the approach a viable one. 

We recently demonstrated that our DiLeu isobaric tag can be employed for mass defect-

based duplex quantification of peptides and metabolites on an Orbitrap platform, circumventing 

ratio distortion caused by co-isolation while facilitating chromatographic separation of polar 

metabolites and improving ionization efficiency.41 We realized, however, that a purpose-built tag 
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could make more efficient use of heavy isotopes to achieve a greater maximum mDa mass 

difference and offer greater multiplexing. 

Herein, we describe the design and application of a novel amine-reactive, multiplex mass 

defect-based tag, DiPyrO, that is not only compact in size but also enhances fragmentation of 

labeled peptides. The multiplex DiPyrO tags are synthesized in-house in just a few steps using 

commercially available starting materials. The structure of the tag incorporates six heavy 

isotopes (13C, 2H, 15N, 18O) in various configurations to impart a mass defect of 45.3 mDa 

between the lightest and heaviest tag to labeled peptides, and up to 8-plex quantification is 

possible using isotopologues that differ in mass by a minimum of 5.8 mDa per tag. To 

demonstrate the viability of the DiPyrO tags, we label yeast protein extract digest samples with 

duplex and triplex isotopologues and perform proof-of-principle nanoLC-MS quantification 

experiments on the Orbitrap Elite and Orbitrap Fusion Lumos. 

 

Materials and Methods 

Chemicals 

Heavy isotopic reagents used for the synthesis of labels were purchased from Isotec 

(Miamisburg, OH). Yeast protein extract and MS-grade enzymes were purchased from Promega 

(Madison, WI). ACS grade and Optima LC/MS grade solvents were purchased from Fisher 

Scientific (Pittsburgh, PA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO).  

DiPyrO Synthesis  

Synthesis of the DiPyrO isotopologues is accomplished using commercially available 

isotopic reagents. Starting with arginine or heavy isotopic arginine, 18O atoms are introduced by 
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acid-catalyzed exchange in H2
18O, if required. The primary amine is dimethylated via Pd/C-

catalyzed reaction with formaldehyde or heavy isotopic formaldehyde under H2 or 2H2 

atmosphere, allowing for pairwise incorporation of 2H and 13C atoms. The guanidinium group is 

converted to the 4,6-dimethyl pyrimidine by base-catalyzed derivatization with acetylacetone, 

and the carboxylic acid product is purified by flash column chromatography. Finally, the active 

DiPyrO triazine ester form is generated by reaction with 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-

4-methylmorpholinium tetra-fluoroborate (DMTMM) and N-methylmorpholine (NMM) in dry 

DMF. 

Yeast Protein Extract Digestion 

  S. cerevisiae protein extracts were digested by trypsin/Lys C mix or rLys C according to 

the manufacturer’s protocols and desalted using SepPak C18 SPE cartridges (Waters, Milford, 

MA). Digested peptides were divided into equal aliquots in replicate, dried in vacuo, and 

dissolved in 60:40 acetonitrile (ACN):0.5M triethylammonium bicarbonate (TEAB) pH 8.5 prior 

to labeling. 

Protein Digest Labeling 

DiPyrO labeling was performed by addition of activated label in dry DMF at a label to 

protein digest ratio of 50:1 (weight (w):w) and incubation with vortexing at ambient temperature 

for 1 hour. The labeling reaction was quenched by addition of hydroxylamine to a concentration 

of 0.25%. Labeled peptide samples were combined in known ratios (1:1, 5:1, 10:1, 2:1:2), 

fractionated by SCX chromatography using SCX SpinTips (Protea Biosciences), and desalted 

with Omix C18 pipette tips (Agilent Technologies). 

NanoLC-MS/MS 
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Samples were analyzed by nanoLC-MS/MS using either a Waters nanoAcquity UPLC 

(Milford, MA) coupled to a Thermo Scientific Orbitrap Elite mass spectrometer (San Jose, CA) 

or a Dionex Ultimate 3000 UPLC coupled to a Thermo Scientific Orbitrap Fusion Lumos mass 

spectrometer. Labeled peptides were dried in vacuo and dissolved in 3% acetonitrile (CAN), 

0.1% formic acid (FA) in water. Samples were loaded onto a 75 µm inner diameter 

microcapillary column fabricated with an integrated emitter tip and packed with 15 cm of BEH 

C18 particles (1.7 µm, 130Å, Waters). Mobile phase A was composed of water and 0.1% FA. 

Mobile phase B was composed of ACN and 0.1% FA. Separation was performed using a 

gradient elution of 5% to 35% mobile phase B over 120 min at a flow rate of 300 nL/min. On the 

Orbitrap Elite, FTMS survey scans of peptide precursors from 380-1600 m/z were performed in 

the Orbitrap mass analyzer at RP 120K or 240K (at 400 m/z) with an AGC target of 5 × 105 and 

maximum injection time (IT) of 150 ms. The top fifteen precursors were selected for rapid scan 

CID IT-MS/MS analysis in the LTQ with an isolation width of 2.0 Da, a normalized collision 

energy (NCE) of 30, an AGC target of 1 × 104, and an IT of 100 ms. Precursors were subject to 

dynamic exclusion for 20 s with a 10 ppm tolerance. On the Orbitrap Fusion Lumos, FTMS 

survey scans of peptide precursors from 350-1500 m/z were performed in the Orbitrap at RP 

240K or 500K (at 200 m/z) with an AGC target of 1 × 105 and an IT of 100 ms. The top fifteen 

precursors were selected by quadrupole isolation for rapid scan HCD IT-MS/MS analysis in the 

LTQ with an isolation width of 0.7 Da, an NCE of 30, an AGC target of 1 × 104, and an IT of 35 

ms. Precursors were subject to dynamic exclusion for 20 s with a ±0.05 m/z tolerance. 

Data Analysis 

Mass spectra were processed using Proteome Discoverer (PD; version 2.1, Thermo 

Scientific) to identify proteins and peptides. Raw files were searched against the UniProt 
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Saccharomyces cerevisiae complete database using Sequest HT. Searches were performed with a 

precursor mass tolerance of 10-25 ppm and a fragment mass tolerance of 0.6 Da. Static 

modifications consisted of carbamidomethylation of cysteine residues (+57.02146 Da) and either 

non-isotopic DiPyrO tags (+248.16372 Da) or the appropriate heavy isotopic DiPyrO tags 

(DPO0041 (+254.15610 Da), DPO2220 (+254.17705 Da), DPO0600 (+254.20138 Da) (four-

digit subscript denotes number of incorporated 13C, 2H, 15N, and 18O atoms)) on peptide N-

termini and lysine (K) residues. Dynamic modifications consisted of oxidation of methionine 

residues (+15.995 Da) and acetylation (+42.011 Da) of protein N-termini. Peptide spectral 

matches (PSMs) were validated based on q-values to 1% FDR using percolator.  

Quantification of peptides identified by PD was performed using PyQuant.42 Raw files were 

converted to mzML format using ProteoWizard msconvert for PyQuant processing with the 

corresponding MSF files from PD. The label scheme specified duplex and triplex DiPyrO as tags 

on peptide N-termini and K residues, and quantification was performed with a precursor ppm of 

5 or 10 (for triplex or duplex samples, respectively) using the sum of intensities of the first two 

isotopic peaks in the isotopic cluster. PyQuant script arguments can be found in the Supporting 

Information. 

 

Results and Discussion 

Rationale and Mass Defect Tag Design Considerations 

The NeuCode SILAC proteomics studies by Coon and coworkers have demonstrated that 

mass defect-based isotopic labeling is a viable multiplexed quantitative approach that addresses 

the drawbacks of both mass difference and isobaric labeling quantification strategies, but there 

are limitations. First, the minimum resolving power of 240K (at 400 m/z) necessary for duplex 
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NeuCode SILAC quantification limits its use to researchers with modern Orbitrap platforms. 

Second, metabolic labeling with heavy isotopic amino acids is restricted to primarily cell culture, 

as metabolic labeling studies in mammalia (e.g., SILAC mouse) can be cost-prohibitive and time 

consuming, with further complications of different incorporation rates for different tissues and 

incomplete incorporation.43 For studies of most other animal models, notably human tissues and 

fluids, metabolic labeling is not an option. In contrast, a chemical labeling approach can 

conveniently be applied to various biological samples, regardless of origin, with high labeling 

efficiency. Additionally, a chemical tag need not be limited to a single amino acid structure and 

can be more easily customized to carry a higher density of heavy isotopes in perhaps a wider 

variety of configurations. The multiplex NeuCode amine-reactive labels reported by Hebert et al. 

demonstrate the potential of such an approach, but due to their complex synthesis, bulky tag size, 

and production of sequence-uninformative fragment ions and inhibition of backbone 

fragmentation during MS/MS analysis, they serve only as a proof-of-principle example.38 We 

reasoned that an improved amine-reactive mass defect-based chemical tag design could address 

the deficiencies of previous implementations by offering broad sample compatibility and a more 

modest resolving power requirement to make the mass defect-based approach more widely 

accessible. 

An ideal mass defect-based tag should afford a large maximum mDa mass difference, yet 

remain small in size for efficient peptide labeling, and be simple in design to minimize the 

number of fragments generated during MS/MS analysis. The structure should contain a high 

density of nitrogen atoms, to impart negative mass defects with 15N, while also providing a 

straightforward and preferably inexpensive avenue for selective incorporation of 13C, 2H, and 18O 

to impart positive mass defects and permit the creation of a variety of isotopologues. As a 
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starting point, we consider an amino acid to be a suitable candidate based on the wide 

availability of isotopic amino acids as well as the benefit of retaining native fragmentation 

pathways. Arginine lends itself as a candidate given its four nitrogen atoms, but its polarity, 

basicity, and hydrophilicity can alter chromatographic retention, increase charge state during 

ionization, and severely suppress peptide backbone cleavage during fragmentation if used to 

label peptides.39, 40, 44 Instead, we consider a dimethyl pyrimidine derivative to attenuate these 

properties and potentially enhance chromatographic retention, improve electrospray ionization 

without significant charge augmentation, and enhance tandem mass fragmentation of labeled 

peptides, as reported previously.40, 44-52 N,N-dimethylation of the primary amine allows us to 

tailor isotopologues both with a pair of 13C isotopes and up to six 2H isotopes to impart 

substantial positive mass defects, and 18O exchange adds two neutrons at a single isotopic 

position but with a fairly modest positive mass defect. Combined with the availability of the 

necessary heavy isotopic starting materials, these synthetic steps enable us to make efficient use 

of six isotopic positions to create a light tag and a heavy tag that differ in mass by 45.3 mDa. 

Given our criteria of a compact tag size, we note that 2H isotopes are key to achieving a 

sufficient mass defect difference between the lightest and heaviest labels, so we employ them in 

favor of the alternative of coupling several amino acids to increase the number of 15N isotopes 

that can be swapped for 13C isotopes. Additionally, they afford the flexibility to more freely tune 

the mass differences between isotopologues, enabling the creation of several multiplex sets. 2H 

atoms are often considered a cause for concern due to their effect on chromatographic retention 

during reversed-phase liquid chromatography (RPLC), but research has indicated that placing 2H 

atoms around a polar amine, as we do here, decreases their interaction with RPLC stationary 

phase and minimizes retention time shifts.53 Our experience with our DiLeu tags supports these 
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conclusions.54 By deriving quantification from the entire integrated XIC peak areas for each 

channel, rather than from a single MS1 scan, slight chromatographic retention time shifts 

between channels differing in 2H content are inconsequential to quantitative accuracy.55 

The general structure of the DiPyrO labeling reagent is composed of an N5(4,6-dimethyl-

2-pyrimidinyl)-Nα,Nα-dimethylornithine mass defect tag and an amine-reactive triazine ester 

group for selective modification of peptide N-termini and lysine side chains (Figure 1a). A total 

of six isotopes are incorporated onto the dimethyl pyrimidinyl ornithine tag structure (notated 

DPO#13C#2H#15N#18O) in varying configurations (Figure S1) to yield unique mass defect-based 

isotopologues differing in mass by up to 45.28 mDa. Using only commercially available isotopic 

starting materials, we have formulated duplex, triplex, 4-plex, and 6-plex sets with respective 

minimum mass defects of 45.28 mDa, 20.95 mDa, 12.64 mDa, and 8.31 mDa between tags, 

respectively (Figure 1b). An 8-plex set with a mass defect of 5.84 mDa is also possible with a 

custom isotopic starting reagent. The DiPyrO tags are synthesized in-house at high purity and 

stored dry in the inactive carboxylic acid form until needed, at which point a brief reaction to the 

triazine ester form is performed immediately prior to a labeling. Peptides are labeled with >99% 

efficiency within 1 hour, and each incorporated DiPyrO tag adds a moderate mass of 254 Da to 

the labeled peptide. 

Characterization of the DiPyrO Reagent.  

In order to characterize the DiPyrO reagent and effect of the tag on peptide analysis, we 

synthesized a non-isotopic version and verified the structure and synthetic purity by direct 

infusion MS (Figure S2). This tag was used to first optimize activation and labeling reaction 

times and determine the appropriate label to peptide ratio for high labeling efficiency 

(Supporting Information). Upon achieving 99% labeling of tryptic and Lys C yeast peptide 



210 

 

samples (Table S1 & Figure S3), normalized collision energy was optimized and labeled 

peptide fragmentation behavior was evaluated. NanoLC-MS/MS analyses were performed on the 

Orbitrap Elite, and raw data was processed using Proteome Discoverer and Sequest HT database 

search. 

The optimal collision energy for DiPyrO-labeled peptides was determined by analyzing a 

labeled yeast tryptic digest using CID fragmentation with NCE values of 24, 27, 30, 33, 36, and 

39. The resulting numbers of identified PSMs and median XCorr values were plotted as 

functions of NCE (Figure S4). We observed that an NCE value of 30 yields high numbers of 

high quality spectra. A similar experiment using HCD fragmentation also found an NCE value of 

30 to be optimal. 

A particularly attractive benefit of the amine-reactive DiPyrO tag is that peptides with 

lysine are labeled with two tags, doubling the measured mass difference (Figure S5) and 

reducing the resolving power required for quantification. A pair of formulas described by Coon 

and coworkers estimate the theoretical rate at which peptides can be successfully quantified at a 

given Orbitrap resolving power by comparing a peptide’s full width at 10% maximum peak 

height (FWTM) to the m/z difference between labeled peptides.31 Variables considered in these 

formulas include Orbitrap resolving power and its reference m/z, the peptide’s measured m/z, the 

peptide’s charge, the mass difference between labels, and the number of labels. A peptide is 

considered resolvable, and thus quantifiable, if its m/z difference is larger than its width at 

FWTM. Using libraries of ~6,700 unique DiPyrO-labeled yeast tryptic peptides and ~3,500 

unique DiPyrO-labeled yeast Lys C peptides identified by data-dependent acquisition on the 

Orbitrap Elite, we calculated the theoretical resolving powers (at m/z 400) necessary to resolve 

the multiplets of the various multiplex sets of DiPyrO tags given the minimum mass difference 
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between channels per incorporated tag (Figure 2). For tryptic peptide samples, the duplex, 

triplex, and 4-plex DiPyrO tags can be used at resolving powers of 120K, 240K, and 480K to 

quantify ≥95% of peptides, and the 6-plex can be used at 480K to quantify 87% of peptides. 

Quantification using 8-plex DiPyrO would require a future Orbitrap platform or current FT-ICR 

platform with a resolving power approaching one million in order to quantify 97% of all tryptic 

peptides. However, if Lys C is used as the enzyme, all peptides will contain C-terminal lysine 

and will be labeled with two tags, permitting the 6-plex and 8-plex tags to be used at 480K to 

quantify 96% and 77% of peptides, respectively, which is currently achievable on the Orbitrap 

Elite with the developer’s kit. Compared to the reported resolving powers required for NeuCode 

SILAC, DiPyrO tags permit greater multiplexing at each resolving power increment for both 

trypsin or Lys C peptide samples.31 Notably, the duplex tags permit quantitative analysis at RP 

100K, with ~90% of tryptic peptides resolved, putting their use into range of the LTQ Orbitrap 

and LTQ Orbitrap XL platforms and opening up the approach to a broader cross-section of 

researchers in the field. 

To evaluate the effect of DiPyrO labeling on peptide identification, we compared 

nanoLC-MS/MS analyses of labeled and unlabeled yeast tryptic digest samples using HCD 

fragmentation. NCE values of 30 for the labeled sample and 35 for the unlabeled sample were 

specified while other acquisition parameters were equal. The peptide gas-phase charge state, 

peptide length, and XCorr value distributions across identified PSMs were plotted as histograms 

to compare between samples (Figure 3). We observe that DiPyrO labeling leads to moderate 

charge state enhancement—labeled peptides are more evenly distributed between 2+ and 3+ 

charge states at 42% and 47%, respectively, while unlabeled peptides are largely 2+ (77%), and 

4+ charge state is likewise higher for labeled peptides (9%) than for unlabeled (2%). Labeling 
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also enhances detection and identification of short peptides with 6-8 amino acids (21.6% labeled 

compared to 12.5% unlabeled). Interestingly, labeling enhances the overall quality of MS/MS 

spectra, as the distribution of XCorr values spreads considerably further towards higher values—

31% of PSMs have an XCorr of 3.0 or greater in the labeled sample compared to 11% in the 

unlabeled sample, while 14% of labeled PSMs have an XCorr of 4.0 or greater compared to 1% 

of unlabeled PSMs. This increase in identification confidence indicates that the DiPyrO tag 

enhances the fragmentation of peptides into sequence-informative product ions. An example 

HCD MS/MS spectrum of a DiPyrO-labeled yeast tryptic peptide yielding high coverage of b- 

and y-ions is shown in the Supporting Information (Figure S6). 

Fragmentation of DiPyrO-labeled peptides yields characteristic fragment ions in the low mass 

region of HCD MS/MS spectra which are analogous to isobaric tag reporter ions (Figure S7a). 

The non-isotopic DiPyrO tag gives rise to an intense ion at m/z 176.12 and lower intensity ions 

at m/z 204.11, 221.18, and 249.17. A multiplex set will give rise to several ions in four clusters 

due to the different isotopic configurations of each tag (Figure S7b). While these ions could be 

used for MS/MS-level quantification in the same manner as isobaric tag reporter ions—

particularly those at m/z 176.12, 178.11, and 179.11 for the triplex set—they will be subject to 

the same ratio distortion that arises due to precursor co-isolation. Because these ions exist within 

the mass range of peptide backbone fragment ions, there is potential for them to be considered 

during peptide sequence identification. If desired, Proteome Discoverer’s ‘Non-Fragment Filter’ 

node may be used prior to database search to remove these ions using narrow mass width filters. 

Multiplex DiPyrO Quantification  

Following characterization of the non-isotopic DiPyrO reagent, we synthesized the 

triplex isotopologues, DiPyrO0041, DiPyrO2220, and DiPyrO0600, for evaluation. First, we 
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labeled yeast tryptic digests with the duplex pair (DiPyrO0041 and DiPyrO0600), combined the 

samples at a ratio of 1:1, and analyzed at MS1 resolving powers of 120K and 240K on the 

Orbitrap Elite. We inspected the resulting precursor scan spectra to confirm that RP 120K was 

sufficient for resolving the peptide doublets (Figure S8). We also acquired spectra using the dual 

RP 30K-240K MS1 scan sequence suggested for NeuCode SILAC, in which the 30K scan is 

used to dictate DDA based on its higher frequency of precursor charge state assignment 

compared to the high resolving power scan used for quantification.30 Notably, the 90 mDa mass 

difference is partially resolved for many peptides in the 30K scan—for 2+ and 3+ charged 

peptides with two tags, light and heavy peaks are partially resolved at up to m/z ~850 and ~650, 

respectively (Figure S9). This is significant in that it presents two masses for MS/MS 

acquisition. In order to avoid redundant sampling of such peptides in successive duty cycles, the 

mass tolerance used for dynamic exclusion should be set to ±0.1 Da or ±0.05 m/z at minimum. 

To evaluate quantitative performance, we prepared samples mixed at 1:1, 5:1, and 10:1 

ratios (light:heavy; L:H) in duplicate and analyzed them at RP 120K. Raw data was processed 

with Proteome Discoverer for protein and peptide identification by Sequest HT (PSMs filtered to 

1% FDR). Approximately 900 proteins were identified for the combined 1:1 samples, and 

approximately 1030 proteins were identified for each of the combined 5:1 and 10:1 samples. 

Unique peptide sequence identifications were comparable as well, yielding approximately 4070, 

4370, and 4590 identifications from 15660, 15260, and 14480 PSMs for the 1:1, 5:1, and 10:1 

samples, respectively. Identified spectra from the Proteome Discoverer MSF files were then 

processed with PyQuant for quantification, yielding quantitative ratios for 87%, 78%, and 60% 

of identified PSMs, corresponding to 94%, 78%, and 71% of proteins, for the 1:1, 5:1, and 10:1 

samples, respectively. The resulting L:H median ratios of 0.91, 4.84, and 9.73 (SD = 1.59, 2.00, 
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and 2.33) for quantified PSMs agree well with the expected ratios, demonstrating reliable 

quantification across the dynamic range tested (Figure 4a). Next, we prepared triplex DiPyrO-

labeled samples mixed at 2:1:2 (light:medium:heavy; L:M:H) ratios in duplicate and performed 

analyses on both the Elite and Fusion Lumos at RP 240K (at m/z 400) and 500K (at m/z 200, 

equivalent to ~350K at m/z 400), respectively. The Elite yielded 1075 protein identifications 

from 4600 unique peptide sequences, while the Fusion Lumos yielded nearly 1830 proteins from 

7255 unique peptide sequences from the combined samples. Out of 17360 and 24240 identified 

PSMs on the Elite and Fusion Lumos, 89% and 76% were quantified across all three channels, 

corresponding to 92% and 87% of proteins, respectively. Quantitative performance of the 

DiPyrO tags was on par between platforms with L:M, H:M, and L:H median ratios of 2.20, 2.21, 

and 1.03 (SD = 2.11, 1.89, 1.57) on the Elite and 2.14, 2.07, and 1.05 (SD = 1.66, 1.72, 1.49) on 

the Fusion Lumos, showing good agreement with the expected ratios (Figure 4b). 

The triplex DiPyrO-labeled sample was also acquired on the Elite using the dual RP 30K-

240K MS1 scan sequence. A representative spectrum, shown in Figure 5, confirms that RP 

240K was sufficient to resolve the multiplets for all three precursor charge states (4+, 3+, 2+ at 

m/z 471, 628, and 932, respectively) of a peptide labeled with two DiPyrO tags, 

ELQDIANPIMSK, that was confidently identified from MS/MS spectra of each charge state 

precursor. 

Following evaluation of the duplex and triplex tags, we synthesized the remaining 

DiPyrO-OH isotopologues that comprise the 4-plex and 6-plex sets and verified their masses, 

alongside the triplex set, by direct infusion MS (Figure S10). Application of the 4-plex and 6-

plex tags is planned for future research efforts. 
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The DiPyrO tags may be used in a hybrid mode that combines mass difference and mass 

defect to significantly increase multiplexing at a given resolving power. Isotopologues with two 

or ten heavy isotopes (‘DiPyrO2’ and ‘DiPyrO10’, respectively), which are offset in mass by -4 

Da and +4 Da from the current ‘DiPyrO6’ tags, allow for the creation of additional multiplex sets 

of tags, which upon combined analysis would produce three isotopic clusters of mass defect 

multiplets in MS1 spectra. A set comprised of 2-plex DiPyrO2, 3-plex DiPyrO6, and 4-plex 

DiPyrO10 would permit 9-plex quantification at RP 240K, sufficient for resolving the ~18 mDa 

minimum mass difference between tags (Figure S11). This strategy has also been reported for 

making 7-plex NeuCode SILAC quantification possible at RP 480K with lysine isotopologues 

incorporating four, eight, and twelve isotopes. Another hybrid approach could combine triplex 

SILAC with triplex or 6-plex DiPyrO to achieve 9-plex quantification at RP 240K or 18-plex 

quantification at RP 480K.   

 

Concluding Remarks 

We have presented herein a novel chemical labeling technology, DiPyrO, for highly 

multiplexed mass defect-based MS1 quantification that aims to address the limitations of current 

implementations while also making the general approach more accessible through several 

noteworthy improvements. The reactivity of the compact chemical tags permits complete 

labeling of various biological samples containing amines, allowing quantification of a broad 

range of samples, regardless of their origin. Their structure enhances ionization and 

fragmentation of labeled peptides, leading to more confident sequence identification. The mass 

defect signatures encoded onto the tags using only six heavy isotopes permit various levels of 

multiplexing, from duplex to 8-plex, at resolving powers ranging from 100K to ≥1M using an 
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Orbitrap mass analyzer. The DiPyrO tags permit greater multiplexing than currently available 

high-resolution MS1-based quantification methods at lower resolving powers—owing to the 

small tag size and ability to impart up to a 90 mDa mass difference between samples with two 

tags on lysine-containing peptides—which now enables researchers with previous generation 

LTQ Orbitrap instruments to adopt the technique for quantitative proteomics, increasing the 

accessibility of the technology. We have demonstrated accurate and precise quantification using 

the duplex and triplex DiPyrO tags via proof-of-principle quantitative proteomics experiments on 

the Orbitrap Elite and Fusion Lumos. Future efforts will endeavor to demonstrate the utility of 

the 4-plex and 6-plex tags in addition to hybrid approaches that employ mass difference in 

concert to double or triple multiplexing. We consider the DiPyrO tags to be a valuable new 

addition to the quantitative proteomics toolkit, and we anticipate that their availability as a viable 

chemical tag for mass defect-based MS1-level quantification will encourage wider application of 

the approach. 
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Figures 

 

Figure 1. DiPyrO general structure and multiplex isotopologues. (a) The DiPyrO labeling 

reagent consists of a dimethyl pyrimidinyl ornithine mass defect tag and an amine-reactive 

triazine ester group. (b) A total of six heavy stable isotopes (13C, 2H, 15N, 18O) are incorporated 

onto the mass defect tag in differing configurations to create 2-plex, 3-plex, 4-plex, 6-plex, and 

8-plex sets with minimum mass defects of 45.28 mDa, 20.95 mDa, 12.64 mDa, 8.31  
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Figure 2. Orbitrap resolving power required to quantify DiPyrO-labeled peptides. Theoretical 

calculation predicting the percentages of DiPyrO-labeled tryptic peptides (solid lines) and Lys C 

peptides (dotted lines) that are resolved and quantifiable at full width at 10% maximum peak 

height for each multiplex set at Orbitrap resolving powers ranging from 15K to 1M. 
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Figure 3. Effect of DiPyrO labeling on peptide identification. DiPyrO-labeled and unlabeled 

yeast tryptic digest samples were analyzed via nanoLC-MS/MS on the Orbitrap Elite using HCD 

fragmentation (NCE 30 and 35, respectively). The distribution of peptide charge state, peptide 

length, and  peptide XCorr values of the PSMs from the labeled sample were plotted against 

those from the unlabeled sample. 
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Figure 4. Quantitative performance. Yeast tryptic digest samples were labeled with duplex and 

triplex DiPyrO tags and analyzed on the Orbitrap Elite and Orbitrap Fusion Lumos. Measured 

quantitative ratios (box and whiskers) of quantified PSMs are shown for samples mixed at (a) 

1:1, 5:1, and 10:1 ratios (Elite analysis, RP 120K) and (b) 2:1:2 ratios (Elite, RP 240K; Fusion 

Lumos, RP 500K). Box plots demarcate the median (line), the 25th and 75th percentile 

(interquartile range; box), and 1.5 times the interquartile range (whiskers). 
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Figure 5. Resolving Triplex DiPyrO Tags for Peptide Quantification. (a) An MS1 survey scan of 

triplex DiPyrO-labeled yeast tryptic peptides, acquired on the Orbitrap Elite, is shown. Precursor 

ions of a peptide with charge states of 4+, 3+, and 2+, identified as DiPyrO–ELQDIANPIMSK–

DiPyrO in associated MS/MS spectra, are marked (*). (b) MS1 acquisition at RP 240K (blue) 

reveals quantitative data that is concealed at RP 30K (black). (c) The triplex DiPyrO multiplet is 

sufficiently resolved at RP 240K (blue) for each charge state, permitting accurate quantification 

of the peptide. 
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Supplemental Information 

 

Figure S1. Multiplex DiPyrO isotopic structures. The eleven unique isotopic configurations 

comprising the duplex, triplex, 4-plex, 6-plex, and 8-plex sets of DiPyrO tags are shown. ‘A’ 

represents the amine-reactive moiety (triazine ester). Da: Daltons. 
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Figure S2. Non-isotopic DiPyrO synthesis – direct infusion MS validation. The DiPyrO 

carboxylic acid structure was synthesized using non-isotopic starting materials, purified by flash 

column chromatography, and analyzed by direct infusion MS on a Bruker maXis 4G mass 

spectrometer. The peak at 267.2 m/z confirms the structure based on its expected nominal mass. 
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Figure S3. DiPyrO labeling efficiency – trypsin & Lys C yeast digests. 
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Figure S4. Normalized collision energy optimization. A DiPyrO-labeled yeast tryptic digest 

sample was analyzed via nanoLC-MS/MS on the Orbitrap Elite using CID fragmentation at NCE 

values of 24, 27, 30, 33, 36, and 39. The number of identified peptide spectral matches (blue) 

and median XCorr values (violet) were plotted as functions of NCE. An NCE of 30 was chosen 

for subsequent experiments based on the greater number of high-quality MS/MS spectra. 
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Figure S5. Double mass difference imparted by two DiPyrO tags. Tryptic peptides labeled with 

triplex DiPyrO tags and acquired on the Orbitrap Elite at RP 240K are shown. Triplex DiPyrO 

tags impart theoretical mass differences of 21 mDa between light and medium, 24 mDa between 

medium and heavy, and 45 mDa between light and heavy channels. Measured mass differences 

between channels can differ from theoretical values due to space-charge effects in the Orbitrap 

mass analyzer. (a) Peptides containing arginine at the C-termini, derived from digestion with 

trypsin, are labeled with one DiPyrO tag. (b) Peptides containing lysine at the C-termini, derived 

from digestion with trypsin or Lys C, are labeled with two DiPyrO tags, doubling the imparted 

mass difference between labeled peptides and permitting quantification at lower resolving power.  
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Figure S6. DiPyrO-labeled peptide MS/MS. An MS/MS spectrum of a DiPyrO-labeled yeast 

tryptic peptide acquired in the Orbitrap following HCD fragmentation is shown. A wealth of b- 

and y-ions are observed for confident peptide sequence identification. Signature ions in the low 

mass region produced by fragmentation of the DiPyrO tag are marked by gray diamonds. 
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Figure S7. Characteristic DiPyrO fragment ions. (a) Collision-induced dissociation of DiPyrO 

labeled peptides produces four characteristic fragment ions in the low mass region of MS/MS 

spectra. Based on the measured masses of the ions, potential gas-phase structures are shown. (b) 

A theoretical MS/MS spectra illustrates that the 3-plex DiPyrO mass defect isotopologues give 

rise to additional ions, resulting in four clusters of ions.  
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Figure S8. Resolving duplex DiPyrO-labeled peptides at RP 120K. Duplex DiPyrO-labeled 

peptides, mixed at a 1:1 ratio between light:heavy and acquired at RP 120K on the Orbitrap Elite, 

are baseline-resolved as doublets in MS1 spectra, suitable for quantification. Slight 

chromatographic retention time shifts are evident for some peptides due to 2Hs used in the heavy 

tag. 

  



242 

 

 

Figure S9. Partially resolved and unresolved duplex DiPyrO-labeled peptides at RP 30K. Duplex 

DiPyrO-labeled peptides, mixed at a 1:1 ratio between light:heavy and acquired at RP 30K and 

120K on the Orbitrap Elite, are partially resolved as doublets at RP 30K in MS1 spectra for 

certain charge states and in certain mass ranges. This requires consideration of acquisition 

parameters for DDA and dynamic exclusion in order to avoid redundant sampling of peptides, 

and data processing parameters should also be tolerant of multiple masses per peptide.  
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Figure S10. DiPyrO multiplex isotopologues. (A) Each of the eight DiPyrO-OH isotopologues 

required for the 2-plex, 3-plex, 4-plex, and 6-plex sets were synthesized in-house using 

commercially available reagents and their exact masses validated by direct infusion MS on the 

Orbitrap Elite. Prior to activation of the carboxylic acid to the triazine ester, the isotopologues 

with 18O have two such isotopes, resulting in a nominal mass 2 Da greater than the isotopologues 

with no 18O isotopes.  
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Figure S11. DiPyrO isotopologues for hybrid mass difference approach. DiPyrO isotopologues 

with two or ten heavy isotopes (‘DiPyrO2’ and ‘DiPyrO10’, respectively) allow for the creation 

of additional multiplex sets of tags with nominal masses of 250 Da and 258 Da that can be used 

in conjunction with the 254 Da tags (‘DiPyrO6’) to permit 9-plex quantification at RP 240K 

across three isotopic clusters that differ in mass by 4 Da. 
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Table S1. DiPyrO-labeled yeast digest identifications – trypsin & Lys C digests. Yeast peptides 

generated by digestion with either trypsin or Lys C were labeled for 1 hr with DiPyrO at 

label:peptide ratios of 50:1 or 25:1 (weight (w)/w), and the samples were analyzed by nanoLC-

MS/MS on the Orbitrap Elite. Raw data was searched in Proteome Discoverer 2.1 using Sequest 

HT with DiPyrO tags specified as dynamic or static modifications on peptide N-termini and K 

residues. The % labeling efficiency for was calculated by dividing the number of PSMs with the 

DiPyrO modification by the total number of PSMs or PSMs with K 
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Supplemental Methods 

Chemicals 

All heavy isotopic reagents used for the synthesis of labels were purchased from Isotec 

(Miamisburg, OH). Mass spec grade trypsin/Lys C mix, rLys C, yeast protein extract, and 

dithiothreitol (DTT) were purchased from Promega (Madison, WI). ACS grade methanol 

(MeOH), ACS grade dichloromethane (DCM), ACS grade acetonitrile (ACN), Optima UPLC 

grade ACN, Optima UPLC grade water, and Optima LC/MS grade formic acid (FA) were 

purchased from Fisher Scientific (Pittsburgh, PA). Palladium on activated charcoal (Pd/C), 

hydrogen chloride gas (HCl), deuterium gas (2H2), ʟ-arginine HCl, formaldehyde (CH2O), Tris-

HCl, triethylamine (TEA), acetylacetone, urea, iodoacetamide (IAA), triethylammonium 

bicarbonate (TEAB), N,N-dimethylformamide (DMF), 4-(4, 6-dimethoxy-1, 3, 5-triazin-2-yl)-4-

methylmorpholinium tetrafluoroborate (DMTMM), N-methylmorpholine (NMM), 

hydroxylamine solution, trifluoroacetic acid (TFA), and dimethyl-sulfoxide (DMSO) were 

purchased from Sigma-Aldrich (St. Louis, MO). 

Yeast Protein Extract Digestion 

S. cerevisiae protein extracts (Promega, Madison, WI) were digested by trypsin/Lys C 

mix (Promega) or rLys C (Promega). Proteins were reduced in a solution of 5 mM DTT 

(Promega) with 7 M urea in 80 mM ammonium bicarbonate pH 8 at 37 °C for 1 hr followed by 

alkylation of free thiols by addition of 15 mM IAA and incubation in the dark for 30 min. The 

alkylation reaction was quenched with 5 mM DTT, and the solution was diluted to 1 M urea with 

50 mM Tris-HCl pH 8. Proteins were proteolytically digested by addition of trypsin/Lys C mix at 

a 1:25 enzyme to protein ratio and incubation at 37 °C for 16 hr. Lys C digests were performed 

similarly, except that the urea concentration was not diluted prior to addition of protease. 
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Digestions were quenched with TFA to pH < 3, and peptides were desalted using SepPak C18 

SPE cartridges (Waters, Milford, MA). 

Data Analysis 

Quantification of peptides identified by PD was performed using PyQuant (available at 

https://chris7.github.io/pyquant/). PyQuant script arguments included the following: --neucode, -

-overlapping-labels, --precursor-ppm 5 or 10 (for triplex or duplex samples, respectively), --

isotopologue-limit 2, --no-rt-guide, --no-contaminant-detection. Overlapping labels is specified 

for mass defect quantification, declaring that m/z values of the discrete labeled peptides are 

interleaved within the isotopic envelope. Isotopologue limit determines the number of isotopic 

peaks within the envelope to consider for quantification, starting with the monoisotopic peak. 

‘No RT guide’ was specified ignores the scan’s MS/MS retention time when fitting peak data to 

the measured extracted ion chromatogram (XIC), and ‘no contaminant detection’ was specified 

to disable a routine that could mistake peaks in the multiplets for isotopologues of contaminating 

species. Resulting data were filtered to require at least 15 isotopic peaks found (per channel) in 

scans over the peptide’s extracted ion chromatogram to reduce distortion of quantification values 

caused by having too few data points for any channel. 

 

Supplemental Results and Discussion 

To optimize the reaction times for activation and labeling, we labeled a yeast tryptic 

digest and evaluated a number of conditions based on the number of identified proteins & 

peptides and the number of PSMs containing the DiPyrO label. Activation reactions were carried 

out for 30 min or 1 hr, and labeling was carried out for 30 min, 1 hr, 2 hr, or 4 hr. Following 

nanoLC-MS/MS analysis (data not shown), we determined that 30 min activation was sufficient, 
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whereas 1 hr activation yielded slightly fewer protein and peptide identifications. The 30 min 

and 1 hr labeling times performed similarly, delivering greater identification rates than 2 hr and 4 

hr labeling times. 

To assess labeling efficiency, we labeled yeast digests for 1 hr at a 25:1 and 50:1 

DiPyrO:peptide ratio by weight and analyzed the samples using a 120 min elution gradient. Raw 

data was searched with DiPyrO tags specified as dynamic or static modifications on peptide N-

termini and K residues. The numbers of identified protein groups, peptides, and PSMs, along 

with the % efficiency—calculated by dividing the number of PSMs with the DiPyrO 

modification by the total number of PSMs or PSMs with K—are reported in Table S1 & Figure 

S3. Overall labeling efficiency is excellent at a 50:1 label to peptide ratio, with over 99% of 

trypsin and Lys C peptides carrying at least one DiPyrO tag (specified as a dynamic mod on both 

N-term & K). Approximately 99% of tryptic peptides and 95% of Lys C peptides containing 

lysine are labeled with two tags. This experiment also highlights the benefit of using trypsin for 

digestion in a chemical labeling workflow, compared to the requisite Lys C for NeuCode SILAC, 

as it outperformed Lys C by yielding 25% more protein identifications and nearly 70% more 

peptide identifications (50:1 ratio). 

Multiplex DiPyrO Quantification. In the MS1 spectra of duplex and triplex DiPyrO-

labeled yeast protein digest samples acquired on the Orbitrap Elite at RP 120K and 240K, we 

observed peak coalescence occurring for some peptides with particularly high signal intensities 

(around 5 × 107 or greater) near the apex of their elution profile, due to space-charge effects in 

the Orbitrap mass analyzer. The degree of coalescence and ranged from mild, with a reduced 

mass difference between peak pairs, to complete, with peak pairs converging into a single peak, 

and the frequency was similar at both resolving power settings. Coalescence affected only the 
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most abundant isotopic peaks in the isotopic distribution, with those lower in abundance 

remaining resolved. We found it beneficial to moderate sample loads and reduce the AGC target 

from 1 × 106 to 5 × 105 in order to control the frequency and extent of coalescence with the 

consequence of reducing identification rates by some degree. When we acquired similar samples 

on our Orbitrap Fusion Lumos, which is less susceptible to coalescence due to its higher field 

Orbitrap mass analyzer, we observed only very slight deviations in the multiplet peaks’ measured 

masses at signal intensities reaching as high as 7 × 107 (AGC target 1 × 105). With particularly 

high sample concentrations, we were able to induce complete coalescence on the Fusion Lumos, 

indicating that care must still be taken when calculating sample loads for acquisition. 
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Chapter 9 

Seeing the Big Picture with Small Systems: 

Analytical Methods to Understand Stress 

 

 

Written in collaboration with the Wisconsin Initiative for Science Literacy to communicate this 

thesis research to non-specialists.  

 

Key Words: Neuropeptides, Mass Spectrometry, Crustaceans, Hypoxia Stress, Mass 

Spectrometry Imaging, Labeling 
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Abstract 

In order to understand how humans and animals handle stress, specifically hypoxia, also 

known as low oxygen levels, my thesis research has focused on utilizing mass spectrometry as an 

analytical technique to probe the neurological response to this stressor. Instead of humans, we 

use crustaceans to understand the changes through the whole body due to stress. Our results 

show changes due to hypoxia stress both quantitatively and how neurological molecules are 

located in the brain. Theoretically, future studies can apply these results, both medically and 

environmentally.   

 

Why Stress?  

Humans require a state of homeostasis, or the balance of everything in the body.1 Every 

day external stimuli challenge our bodies. Even slight changes in homeostasis can be fatal to 

humans. Some key, recognizable examples of human stress are changes in blood sugar (e.g., 

hyper- or hypo-glycemia) or body core temperature (e.g., hypothermia or a fever). Our body is 

amazing; it has developed several different ways to handle stress. For example, when we get an 

infection, our immune system removes the offending virus or bacteria. Beyond the human body, 

ecosystems have also evolved to handle stress. During environmental fluctuations, which have 

increased in frequency due to human activity, stress afflicts aquatic animals. Examples of stimuli 

include temperature, water saltiness (i.e., salinity), or even water pH changes.2-5  

During my graduate study, my research has focused on understanding hypoxia, or low 

oxygen (O2), stress. Hypoxia stress is well documented in the scientific literature to occur in 

aquatic estuaries, or areas where freshwater outlets meet saltwater inlets, such as the Maryland 

coast (e.g., Chesapeake Bay).6-8 In general, O2 has a harder time reaching the bottom of these 

water reservoirs. Human activity amplifies this effect, as chemicals added into the water streams 
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have caused stratification, or layering. These layers make it even harder for O2 to reach these 

lower water levels, creating areas with little to no O2. Thus, animals that reside on the ocean 

floor developed mechanisms to either avoid or survive these stressful conditions.  

Humans also suffer from hypoxia stress. Even brief periods of hypoxia can cause 

developmental issues within children, while long term exposure could lead to permanent damage 

in important regions of our brain.9-11 In general, lack of O2 to the organs (hypoxia) or blood 

(hypoxemia) prevents the cells from using glucose, causing fatigue, cell injury, and eventually 

death. Medical conditions, including cancer, asthma, pulmonary hypertension, and respiratory 

distress, tend to be associated with low O2 levels, although there is limited knowledge about the 

biological and molecular changes that occur due to episodes of constant O2 deprivation.12-14 It is 

a well-known fact that losing access to O2 is fatal, and we should investigate these effects (even 

in short term exposures) more thoroughly. Overall, this research will improve our understanding 

of the biochemical changes of hypoxia on the nervous system, both in acute and long-term 

exposure.  

 

Why Neuropeptides? 

Within the brain, several players are involved in regulating homeostasis. These range 

from very small molecules, such as metabolites and neurotransmitters, to things that are 

100,000x bigger, such as proteins. The main regulators of the stress response are peptides, which 

are short chains of amino acids involved in signaling changes in the body. Specifically, 

neurological peptides (i.e., neuropeptides) allow for this signaling within the brain and the 

nervous system. Neurons (i.e., cells in the brain) synthesize and secrete these neuropeptides, as 

depicted in Figure 1.15, 16 Secreted neuropeptides cause a chain reaction of neuron-neuron 
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signaling prior to affecting the final target tissue. Unlike other neurological molecules (e.g., 

neurotransmitters), which create an instantaneous, short-term response, neuropeptides have long-

lasting effects within the nervous system. Changes due to stress, especially during critical 

developmental times, can lead to long-term behavior and biological changes. This is also true for 

aquatic organisms, although they are less well characterized and understood. In general, there is 

a lack of understanding of the whole-body neurological changes caused by hypoxia exposure.   

 

Why Crustaceans? 

Neuropeptides are one of the most complex classes of signaling molecules in the brain. 

Their sizes range from just a few to several hundred amino acids.15, 16 Neuropeptide analysis is 

even more complicated because several other molecules interact with, degrade, or just exist in 

the sample (e.g., blood, etc.). This knowledge gap largely stems from numerous technical 

difficulties associated with the complete analysis of the highly complex mammalian nervous 

system. In complex animal models (e.g., rodents), it can be challenging to confidently map the 

interconnected neurons and analyze the active compounds in the presence of a diverse and highly 

complex biological matrix. Thus, mammalian systems are much too complicated for us to use in 

our studies, and working with relatively simple systems is required to get an overall, more 

comprehensive picture of the changes occurring due to hypoxia stress. The Lingjun Li lab uses 

crustaceans (e.g., crabs, lobsters, etc.) as model organisms for neuropeptide-based studies.5, 17 

Because crustaceans have a well-characterized and simple nervous system and structure, we can 

easily find the neuropeptide-rich organs of interest (shown in Figure 2), such as the brain.18 Our 

lab also developed a very large crustacean neuropeptide database, which we use to identify 

several key players in environmental stressors, including hypoxia stress.  
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Hypoxia stress also affects crustaceans.19-21 Estuaries are home to many crabs, including 

the blue crab, which has been the main focus of my graduate studies. Interestingly, crustaceans 

are not only ecologically relevant in terms of hypoxia stress, but they are also good model 

organisms for translating to higher organisms (e.g., rodents). Because many of the crustacean 

neuropeptides have similar structures to human neuropeptides, findings using the crustacean 

model system are transferable to mammals. For example, RFamide-like and tachykinin peptide 

families are related to human peptides that are involved in how we feel pain.22-24 These changes 

in the crustacean model organisms will help us identify similar signaling molecules that may 

play a role in adaptation to hypoxia in mammals.  

 

Why Mass Spectrometry? 

Classically, to study neuropeptides, scientists used techniques with fluorescent molecules 

that were thought to bind very specifically to a neuropeptide of interest.25 As you could expect, 

this means we can only look at one neuropeptide at a time. When trying to look at the changes on 

a whole-body scale, looking at one at a time can be tedious, time consuming, and inefficient. 

This situation is made worse by the fact that these fluorescent molecules can actually bind non-

specifically, meaning that similar neuropeptides that have distinct functional differences in stress 

regulation cannot be seen as different.23 Thus, there is a need for a fast, specific, and sensitive 

way to look at all the neuropeptides at once.  

Mass spectrometry (MS) meets all those requirements. MS is an analytical technique that 

works by making molecules charged (e.g., become ions) by transferring energy to add or remove 

hydrogen, allowing them to be measured by an instrument, which is depicted in Figure 3. We 

then use software to graph the “mass-to-charge” (m/z) ratio along with a measured intensity onto 
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a mass spectrum (as shown in Figure 4). An m/z ratio is just what it sounds like: the mass of a 

chemical compound divided by the charge that it has. For example, if a molecule is 1000 mass 

units and is has one charge, then the m/z will be ~1000. When we have a specific m/z value we 

are interested in, we can select it to be broken up and measured separately, a process called 

tandem MS, in order to have its structure rebuilt using computer software.15 This technique is 

extremely powerful, as we do not require any prior knowledge of the molecules (e.g., 

neuropeptides) in order to analyze them. One major method for ionizing neuropeptides is with 

matrix-assisted laser/desorption ionization (MALDI)-MS. MALDI seems complicated, but, 

simply, we use a matrix and a laser to charge the neuropeptides. For this method, we usually put 

a small volume of the crushed and cleaned up brain tissue that has to be mixed with the matrix 

on a stainless steel plate, where we can estimate and/or quantify how much of a neuropeptide 

was found in the tissue.15 While this makes getting a mass spectrum easy, we are unable to get 

spatial information about the neuropeptides within in the tissue. Both the quantity and the 

location of a neuropeptide provide important information to understand its function. Instead of 

crushing up the tissue, we can actually section it into thin slices (~12 μm thick), which can then 

be covered in matrix for MALDI analysis.26 On this tissue section, we form a grid. On each grid 

point, we acquire an individual mass spectrum. The size of the grid and thus number of grid 

points depends on the spatial resolution, and these squares in the grid can range from 500 μm to 

5 μm in length/width. For comparison of the size, blood cells have a diameter of 7-8 μm! For 

data processing, we can then select the mass of a neuropeptide of interest (e.g., from our 

crustacean database), and we extract the intensity of that mass from each of the individual mass 

spectrum (i.e., grid point), forming an image (Figure 5).26 We also generate images for any peak 
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detected by the MS, meaning scientists can investigate unknown m/z values for their roles in 

environmental stress.27  

With MS, we have methods we can use to directly compare samples, which is extremely 

important for our studies since we want to compare a hypoxia-exposed animal to a control 

animal. To do this, we take advantage of the existence of different, heavy versions of elements. 

For example, hydrogen, the most common element in the universe, has a heavy version called 

deuterium. Deuterium and hydrogen differ by one mass unit. This increase in mass makes it 

heavier in general, but it doesn’t change any of its properties. By incorporating a different 

number of isotopes between two labels, such as adding one hydrogen to one group and one 

deuterium to the other group and mixing them, we see pairs of peaks in the mass spectrum that 

are separated by a known distance. In our case, we will be looking for a 2 or 4 m/z ratio 

difference between the peaks when they are singly charged molecules, depending on the number 

of different conditions we want to compare.28 Figure 4 shows an example where 2 samples are 

differentially labeled (shown in the open and closed hexagons) with 4 m/z mass differences in the 

spectrum. In this case, by comparing the intensity of the light and heavy peak pairs, we can see if 

neuropeptide levels increase or decrease in a hypoxia-exposed animal compared to a control, 

which will give us an idea about their function and/or role in hypoxia stress. 

 

Putting it All Together 

  By combining MS and crustacean neuropeptide analysis, we can provide an overall idea 

of what is occurring when the crab is exposed to stress, specifically hypoxia. Normal levels 

range from 8-10 parts per million, which translates to 80-100% maximum O2 capacity of the 

water. In order to consistently expose the crabs to hypoxia, we “bubbled” out the O2 in the water 
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using nitrogen gas, as depicted in Figure 6. Once the level of O2 reaches the level we are 

interested in, such as 10% O2 (i.e., severe hypoxia) compared to 100% O2 (i.e., normal), we place 

the crab in the water for a period of time, such as 1 hour, before sacrificing them. In addition to 

hypoxia-exposed crabs, we also need control crabs, which have a fully aerated tank (80-100% 

O2). After sacrificing the crabs, we take out all their neuropeptide-rich organs (see Figure 2), 

isotopically label each sample, and finally analyze by MS (Figure 7).  

 Looking back at Figure 4, we can see that hypoxia stress does affect the neuropeptides 

and their concentrations. In this spectrum, the orcokinin neuropeptide family has been 

highlighted, and they all appear to be downregulated due to this severe hypoxia (i.e., 10% O2) 

stress. This is a trend across many other neuropeptide families not in the spectrum. As stated 

before, we can translate information from both the RFamides and tachykinin neuropeptide 

families of crustaceans to mammals, including humans. Several RFamides show changes ranging 

from 100% increase to 90% decrease. Thus, neuropeptides that are from the same family, 

meaning they are similar in structure, can have very different functions in the stress response.  

Crustaceans are a necessary first step for overall, comprehensive studies, and the next 

step would be applying these results to more complex organisms, such as mice, for follow up 

studies. Beyond severe hypoxia (i.e., 10% O2) for 1 hour, we have also investigated moderate 

(i.e., 20% O2) and mild (i.e., 50% O2) hypoxia for an hour, along with a time course study (i.e., 0 

hour, 1 hour, 4 hours, and 8 hours) for severe (i.e., 10% O2) hypoxia. All of these conditions 

have shown distinct neuropeptidomic changes due to hypoxic stress. 

 In order to acquire spatial information of these neuropeptides, we also employed MS 

imaging, as seen in Figure 5. As you can see, some neuropeptides are located all over the tissue 

(e.g., LNPSNFLRFamide, m/z 1106.611), while others are located only around the edges of the 
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brain (e.g., LPGVNFLRFamide, m/z 1061.626). The most interesting neuropeptides are those 

that either appear or completely disappear after hypoxia stress, as it makes us believe they have a 

key role in how these animals handle hypoxia stress. It should be noted that when comparing 

control and hypoxia-exposed animals, no quantitative changes doesn’t mean there is no change 

in the localization of neuropeptides in the tissue. For example, neuropeptides localizing to the 

outside or the middle can have the same overall concentration, meaning that when we crush up 

the tissue for labeling (see above), we would not see any change. Also, if we only find the 

neuropeptide on the outside of the tissue, they could be preparing for release into the crustacean 

blood (i.e., hemolylmph). Thus, while quantitative information is important, we should consider 

also looking at the neuropeptide location over time to determine its role in hypoxia stress. 

 

Conclusions and Future Directions 

 Using the crustacean model organism, we discovered that hypoxia stress can have a 

significant effect on the expression of several neuropeptides. By gaining further knowledge in 

basic neurobiology and neurochemistry, society will have a better understanding of the brain and 

how it changes in medical conditions where hypoxia occurs, including respiratory distress, 

cancer, asthma, etc. While we have found ways to probe these systems, the Lingjun Li lab will 

explore other areas. Another avenue I have explored is the difference between hypoxia (i.e., low 

O2) and hypercapnia (i.e., low O2 with increased carbon dioxide (CO2)) stress. Several other 

graduate students in the lab have been inspired to look at this research from different angles, 

including sampling crustacean blood (i.e., hemolymph) sampling while the crab is still alive or 

exploring other similar stressors (e.g., pH).  
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Figures 

 

Figure 1. An artistic image of a neuron interacting with another neuron. In the zoomed in region, 

one can observe several molecules, including neuropeptides, being released. 
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Figure 2. Locations of neuropeptide-rich organs in the crustacean. The sinus glands are located 

in the eyestalks. The brain is located between the eyestalks above the stomach. The pericardial 

organs surround the heart in the pericardial ridges. 
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Figure 3. A schematic of a mass spectrometer. After we insert the sample into “Ms. Magic Mass 

Spec,” the molecules become ions (i.e., ionize), meaning they gain a charge. We then visualize 

the resulting m/z values in a mass spectrum (MS1). If an m/z value is of interest, the instrument 

can break it up into smaller pieces by tandem MS (MS/MS). We can then piece the fragments 

together into the molecule’s structure using advanced computer software.  
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Figure 4. Example MS spectrum, highlighting the heavy and light peak pairs we see when we 

use duplex labeling. The closed hexagons are the neuropeptides from the control brain sample, 

while the open hexagons are from the severe hypoxia (i.e., 10% O2) exposed brain sample. 
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Figure 5. Nine neuropeptide brain distributions found by MS imaging comparing the control 

(left) and severe hypoxia (i.e., 10% O2) (right) exposed crab brains. The optical image of the 

brain is in the background of each of these images. A color bar shows both low (blue) and high 

(red) intensity. 
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Figure 6. Tank set up for control (left) and hypoxia (right) exposure.  
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Figure 7. Schematic of the workflow for comparing a control and hypoxia stressed crab by MS. 

After collecting the tissues of interest, the samples are extracted and differentially labeled using 

different amounts of stable isotopes. We can then mix and analyze the differentially extracted 

and labeled peptides by MS, where we see a mass difference between these two samples.  
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Chapter 10 

 

Conclusions and Future Directions 
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Conclusions 

In this dissertation, methods utilizing mass spectrometry (MS) (i.e., electrospray 

ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI)) and MS imaging were 

developed to characterize the changes of neuropeptides due to stress in a crustacean model 

system. In particular, a bridge between translational and basic science research is made evident.  

Hypoxia (i.e., low oxygen (O2) levels) are well-documented in coastal estuaries, where 

many aquatic species live, and also in human disease (e.g., cancer).1, 2 In Chapter 3 we quantified 

the differences between several neuropeptides in hypoxia stress by using MALDI-MS in three 

major neuropeptide-rich tissues using 2-plex dimethyl labeling. We were able to infer several 

neuropeptidomic trends that correlated with hypoxic severity (50%, 20%, and 10% O2 water 

saturation) in the blue crab, Callinectes sapidus. Neuropeptides that showed distinct trends 

include crustacean hyperglycemic hormone (CHH) precursor related peptide (CPRP) 

LSSSNSPSSTLPLG, which showed significant increase in the brain and pericardial organ (PO) 

regardless of the severity of hypoxia, while others (e.g., orcokinin NFDEIDRSGFGF) had a very 

unique trend, including a possible “switching point” for survival mechanisms between 20% and 

10% O2 water saturation. This was demonstrated by no change at 50% O2, a significant increase 

at 20% O2, and either a significant decrease or return to baseline for 10% O2 exposure. However, 

it would require more experiments to determine exactly at what O2 level this switch begins along 

with quantifiable behavioral analysis to confirm our results. 

Chapter 4 provided evidence in how crustaceans handled the severe hypoxia (10% O2 

water saturation) over time (0, 1, 4, and 8 hours). This method expanded our quantitation 

multiplexing from 2- to 4-plex dimethyl labeling along with incorporating both MALDI- and 

ESI-MS to improve neuropeptidomic coverage. In general, MALDI- and ESI-MS showed 



270 
 

complementary coverage, with 28 and 24 neuropeptides identified, respectively, and only four 

were overlapping between the two ionization methods. It should be noted that while five 

different tissue types were analyzed, only 3 (i.e., brain, PO, and sinus gland (SG)) provided 

peptides that could be evaluated for statistical significance. Ultimately, several distinguishing 

trends were seen. One neuropeptide (e.g., allatostatin A-type 

DPYAFGLRHTSFVLYAFGLamide) showed downregulation for 1 hour and 4 hour exposure 

but returned to a “control” level after 8 hours. Others showed no changes until the longest time 

point (i.e., 8 hours) (e.g., allatostatin B-type STNWSSLRSAWamide). The most surprising trend 

showed oscillating changes in the neuropeptide expression, meaning it became up or down 

regulated only at 1 hour or 8 hours, but not at 4 hours (e.g., Others HL/IGSL/IYRamide). Even 

with using both MALDI- and ESI-MS, we are still plagued by relatively low number of 

identifications, limiting our abilities to understand the true global changes due to hypoxia stress 

overtime. More biological replicates will be investigated to expand our identification and 

biological understanding. 

 Medically, hypoxia is interesting, but an analogous stress, hypercapnia (i.e., low O2 levels 

with high carbon dioxide (CO2) levels), is more relevant to human disease and respiratory 

distress.3, 4 In Chapter 5, we studied the localization differences among neuropeptides in the 

brain between two different severities of hypoxia (severe and mild) and hypercapnia stress using 

MALDI-MS imaging. In order to profile more neuropeptides, a wash method of 50:50 

ethanol:H2O for 10 seconds was developed to effectively enrich crustacean neuropeptide 

numbers (1.15x) and their intensity (5.28x). Using this new method, several neuropeptides were 

imaged, RFamides in particular, that were shown to have significant differences due to either 

hypoxia or hypercapnia stress. Interestingly, neuropeptide Y (NPY), which has already been 
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implicated in hypoxia stress in higher organisms, is homologous to crustacean RFamides.5-7 The 

variety of changes seen for different RFamides, including LFDDRLRFamide (mass-to-charge 

ratio (m/z) 1071.562), and their various roles in crustacean nervous system demonstrate the (a) 

dynamic roles of NPY, (b) validity of studying isoforms in higher organisms, and (c) importance 

of studying simpler systems to examine a global effect of a stressor. 

In Chapter 6, we investigated another common environmental stressor for crustacean 

species: salinity stress.8, 9 In our study, two different color morphs of the green shore crab 

showed distinct responses to salinity (i.e., high (60 parts per thousand (ppt)) and low (0 ppt)), 

with the green color morph showing better tolerance. Even so, multiple neuropeptide families 

exhibited changes in their relative abundances, including RFamides, RYamides, allatostatins B-

type, and orcokinins due to salinity stress, with distinct responses depending on the color morph. 

The time course study and MALDI-MS imaging also provided dynamic information on how 

these crustaceans reacted to salinity stress. As we have seen with hypoxia stress, severity, 

temporal, and localization aspects should be considered, as stress is a dynamic process that is not 

unidirectional in neuropeptide expression or release.   

 This thesis has also focused on developing and utilizing different strategies to better 

quantify neuropeptides and other biomolecules. Beyond 2-plex and 4-plex dimethyl labeling, we 

can multiplex up to 5-plex with dimethyl labeling (DM) and isotopic N,N-dimethyl leucine 

(iDiLeu), which has allowed researchers to build in-solution calibration curves to absolutely 

quantify a molecule of interest in a single MS run.10 In order to make MS imaging more 

quantitative, in Chapter 7, we took advantage of these 5-plex labeling strategies to build an on-

tissue calibration curve on tissue. This required labeling of the biomolecules in the tissue initially 

with one label, which was the focus of the study. More optimization is required to get consistent, 
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confident labeling of crustacean brain neuropeptides, which were used for initial method 

optimization. One neuropeptide (HL/IGSL/IYRamide, m/z 844.479) showed >95% labeling 

when the tissue section was incubated in 50:50 methanol:H2O, although we were unable to 

reproduce this result. Throughout the literature, on-tissue derivatization is becoming more 

common, so promise still exists for both iDiLeu and DM for in situ labeling for the absolute 

quantitation of neuropeptides. 

 Many of the tags utilized throughout this thesis work have large spacings (2-4 Daltons 

(Da)) that increase spectral complexity. Chapter 8 delves into developing, synthesizing, and 

characterizing a new, MS-compatible quantitative tag entitled dimethyl pyrimidinyl ornithines 

(DiPyrO).11 Eight different tag structures incorporating six different heavy isotopic signatures 

were developed that have mDa mass spacings between each other. At low resolution, the 

individual, quantifiable peaks are hidden, but, at high resolution, we are able to differentiate the 

small mass spacings between each tag. Researchers are able to utilize these tags using previous 

and newer generation LTQ Orbitrap technology with and without double labeling, respectively. 

Furthermore, beyond quantitation, we demonstrated this new tag’s ability to improve 

fragmentation and thus identification of tryptic peptides from yeast, which makes it a valuable 

new addition to the quantitative proteomics tool-kit.  

 Chapter 9 provides a description of a majority of this work for the general public. 

Overall, this work improved techniques for both qualitative and quantitative profiling of 

neuropeptides and other biomolecules, which can be applied to answer other challenging 

questions in analytical chemistry, biochemistry, and pharmaceutical sciences. 

 

Future Directions 
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Crustaceans survive hypoxia stress with a complex, dynamic response curated by 

neuropeptides. In order to understand the “switching point” for the blue crab’s survival 

mechanism we observed in Chapter 3, more detailed hypoxic severity control and analysis is 

required, although this is limited by our ability to accurately expose the crab to hypoxia. Due to 

the constant oxygen exchange between the air and water, it is hard to accurately measure or 

maintain the true oxygen level in the water. Building a relay system that would constantly 

monitor and adjust the water tank with either nitrogen (lower oxygen) or oxygen (increase 

oxygen) would help to control and modulate the hypoxia conditions more precisely.12, 13 This 

will also facilitate future studies outlined in Chapter 4. Crustaceans are actually regularly 

exposed to hypoxia for days at a time, so a long term (e.g., 30 days) or a Diel’s-cycling hypoxia 

(i.e., daily periods of hypoxia) study should be considered.14 

The developed method in Chapter 5 can be applied to other crustacean based studies 

(e.g., feeding) or even tissue groups. For example, the PO is known to be difficult to image due 

to the rapid degradation of neuropeptides in the tissue, with Chapter 6 showing examples 

MALDI-MS images of the PO.8 In order to expand the types of washes and also molecular 

species that can be washed, formalin fixation is currently being investigated for its power to 

cross-link neuropeptides and thus “lock them in place” when we wash. This would allow us to 

utilize both extremes (hydrophobic and hydrophilic solutions) to remove contaminants while 

keeping the neuropeptides stationary for MALDI-MS imaging. Currently, challenges remain, as 

neuropeptides may not have the appropriate structure (i.e., several primary amines) for proper 

cross-linking.  

For Chapters 3 and 4, complementary hemolymph studies are required to truly 

understand if the neuropeptides that are downregulated are (a) being released to their target or (b) 
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degrading. One challenge for this study is the complex nature of hemolymph, which can quench 

or block the signal of neuropeptides, limiting their analysis by MS. Several methods for 

concentrating, separating, or enriching crustacean neuropeptides are being developed to improve 

this analysis.15-17 This is especially true for live hemolymph sampling (i.e., microdialysis).15, 18 

Also, in general, for Chapters 3-6, these stressors should be expanded to different species of 

crabs in order to understand if we are observing species-specific or general decapod crustacean 

stress response.  

  Investigating hypoxia and salinity stress has prompted the investigation of other 

environmental stressors. Other novel stressors of interest in the Lingjun Li lab are pH (i.e., 

hypercapnia), copper exposure, and nanoparticles. Another area of interest is neuromodulation 

due to known addicting behaviors for humans, such as feeding or alcohol.19 Neuropeptides are 

thought to be major players in the regulation of addiction (e.g., drugs or food) and the resulting 

motivating behaviors. Several human neuropeptides involved in stress pathways, such as 

corticotropin-releasing factor, dynorphin, and NPY, have been implicated in alcohol addiction.20 

Furthermore, several drugs that are rewarding in humans also produce the same effects in 

crustaceans.21 Our lab has previously investigated the acute and long term effects of alcohol 

exposure in the rock crab, Cancer irroratus, so expanding this work to other common species, 

such as the blue crab and Jonah crab, Cancer borealis, would be easy to implement. Also, 

compared to the original study, other neuroendocrine organs, such as the TG and CoG, will be 

added to the commonly targeted tissues (i.e., brain, PO, and SG). In order to compare several 

different conditions, utilizing isotopic dimethyl labeling (2- or 4-plex) or even further 

multiplexing with N, N-dimethyl leucine (DiLeu), which boasts up to 12-plex comparison at the 

tandem MS level, would be good directions depending on the final goals.22 
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Appendix V discusses another interesting comparison of male versus female crustacean 

neuropeptide differences. Many of our crustacean studies focus on one gender of a species. For 

example, the Asian Midway Market (Madison, WI) supplies only female blue crabs, while 

vendors like The Fresh Lobster Company (Gloucester, MA) sell only male Jonah crabs. For our 

studies, we were able to get both male and female blue crabs from The LA Crawfish Company 

(Natchitoches, LA). Using blue crabs, we saw significant differences in neuropeptidomes 

between the male and female groups. This means that all our stress studies should be either (a) 

gender specific or (b) consider both genders in the study to ensure accurate results and 

comparisons. This factor along with consideration of seasons and tissue types for pooling could 

all affect the outcome of our experiments.23  

While we have developed methods to accurately quantify peptides (i.e., iDiLeu and 

dimethyl labeling), it is clear that better methods are required to really profile the depth of 

dynamic changes due to stress in crustaceans and other model organisms.8, 10 For example, 

DiPyrO (Chapter 8) could be used for higher multiplexing of crustacean species.11 Dimethyl 

labeling also improved fragmentation of peptides, but DiPyrO may provide a slight increase in 

this effect. DiLeu tagging also provides higher multiplexing but works at the tandem MS level.22 

This means that if a neuropeptide is not selected for fragmentation then it cannot be quantified, 

making it challenging to implement for crustacean neuropeptides due to their low abundance. 

Currently, our lab is working towards optimizing the liquid chromatography and instrumental 

parameters for crustacean neuropeptides labeled with 4-plex DiLeu with the hope of expanding 

to 12-plex. Another example of quantitative method development appears in Chapter 7, where 

we explore expanding MALDI-MS imaging technology beyond label-free comparison.24 On-

tissue derivatization is becoming more common in the literature, although its application to 
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quantitation is limited. While this research was unsuccessful as of now, hope still remains with 

the variety of tagging systems and our abilities to incorporate different isotopes into simple 

structures. One possibility is that crustacean neuropeptides may be difficult to label due to their 

low concentration, and targeting other molecular species, such as tryptic peptides or metabolites, 

may yield more successful outcome.24 

Finally, in general, peptidomics is a challenging field due to (a) their low concentration 

and (b) the lack of established data processing workflows and software. Many of the tools 

utilized in the Lingjun Li Lab (e.g., PEAKS, Proteome Discoverer, MaxQuant) all hold inherent 

disadvantages for our research due to our relatively low numbers of identifications compared to 

proteomics. This means we have difficulty applying the same statistical analyses or data integrity 

filters (e.g., false discovery rate) in order to filter the most important or obvious changes due to 

stress. Furthermore, the manual processing needed leads to high rates of human error and bias. 

This is a challenge that will remain in the field until better, more specific bioinformatic tools and 

sensitive instrumentation are available. Furthermore, the availability of new lasers with high 

repetition rate and better focused beam (i.e., Bruker RapifleX) have improved the community’s 

ability to image neuropeptides and other molecules,25 but the fact remains that our computational 

processing abilities for imaging-based data sets are far behind what is needed due to the (a) 

massive data set sizes, (b) lack of spatial resolution compared to microscopy images, and (c) lack 

of online databases to share methods and results across labs.24 Continued efforts from the 

Lingjun Li lab and the scientific community will directed toward addressing some of these 

longstanding challenges.  

Overall, this thesis provides a starting point for several studies related to crustacean 

stress, neuropeptides, and novel quantitation strategies. Beyond application to other model 
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system and instrumental platforms, this dissertation will assist researches in bioscience, 

neuropeptidomics, and analytical chemistry, and hopefully inspire the next group of researchers.   

 

References 

1. Diaz, R. J.; Rosenberg, R., Oceanography and Marine Biology - an Annual Review, Vol 

33 1995, 33, 245-303. 

2. Santana, R.; Lessa, G. C.; Haskins, J.; Wasson, K., Estuaries and Coasts 2018, 41 (1), 

99-113. 

3. Hardy, K. M.; Burnett, K. G.; Burnett, L. E., American Journal of Physiology-Regulatory 

Integrative and Comparative Physiology 2013, 305 (11), R1356-R1366. 

4. Byrne, M., Impact of Ocean Warming and Ocean Acidification on Marine Invertebrate 

Life History Stages: Vulnerabilities and Potential for Persistence in a Changing Ocean. In 

Oceanography and Marine Biology: an Annual Review, Vol 49, Gibson, R. N.; Atkinson, R. J. 

A.; Gordon, J. D. M., Eds. Crc Press-Taylor & Francis Group: Boca Raton, 2011; Vol. 49, pp 1-

42. 

5. Husson, S. J.; Mertens, I.; Janssen, T.; Lindemans, M.; Schoofs, L., Prog Neurobiol 

2007, 82 (1), 33-55. 

6. Dockray, G. J., Exp Physiol 2004, 89 (3), 229-35. 

7. Coast, G. M.; Schooley, D. A., Peptides 2011, 32 (3), 620-31. 

8. Zhang, Y.; Buchberger, A.; Muthuvel, G.; Li, L., Proteomics 2015. 

9. Wang, J. H.; Zhang, Y. Z.; Xiang, F.; Zhang, Z. C.; Li, L. J., Journal of Chromatography 

A 2010, 1217 (26), 4463-4470. 

10. Greer, T.; Lietz, C. B.; Xiang, F.; Li, L. J., Journal of the American Society for Mass 

Spectrometry 2015, 26 (1), 107-119. 

11. Frost, D. C.; Buchberger, A. R.; Li, L., Anal Chem 2017. 

12. Hassell, K. L.; Coutin, P. C.; Nugegoda, D., Journal of Experimental Marine Biology and 

Ecology 2009, 371 (2), 147-154. 



278 
 

13. Grecay, P. A.; Stierhoff, K. L., Journal of Experimental Marine Biology and Ecology 

2002, 280 (1-2), 53-62. 

14. Cheek, A. O., Journal of Experimental Marine Biology and Ecology 2011, 409 (1-2), 13-

20. 

15. Jiang, S.; Liang, Z. D.; Hao, L.; Li, L. J., Electrophoresis 2016, 37 (7-8), 1031-1038. 

16. Schmerberg, C. M.; Li, L. J., Analytical Chemistry 2013, 85 (2), 915-922. 

17. Hou, X. W.; Xie, F.; Sweedler, J. V., Journal of the American Society for Mass 

Spectrometry 2012, 23 (12), 2083-2093. 

18. Liang, Z. D.; Schmerberg, C. M.; Li, L. J., Analyst 2015, 140 (11), 3803-3813. 

19. Zhang, Y.; DeLaney, K.; Hui, L.; Wang, J.; Sturm, R. M.; Li, L., J Am Soc Mass 

Spectrom 2018. 

20. Skibicka, K. P.; Hansson, C.; Alvarez-Crespo, M.; Friberg, P. A.; Dickson, S. L., 

Neuroscience 2011, 180, 129-137. 

21. Nathaniel, T. I.; Panksepp, J.; Huber, R., Behavioural Brain Research 2009, 197 (2), 331-

338. 

22. Frost, D. C.; Li, L. J., High-Throughput Quantitative Proteomics Enabled by Mass 

Defect-Based 12-Plex DiLeu Isobaric Tags. In Quantitative Proteomics by Mass Spectrometry, 

2nd Edition, Sechi, S., Ed. Humana Press Inc: Totowa, 2016; Vol. 1410, pp 169-194. 

23. Lycett, K. A.; Chung, J. S.; Pitula, J. S., Plos One 2018, 13 (2), 14. 

24. Buchberger, A. R.; DeLaney, K.; Johnson, J.; Li, L. J., Analytical Chemistry 2018, 90 (1), 

240-265. 

25. Potocnik, N. O.; Porta, T.; Becker, M.; Heeren, R. M. A.; Ellis, S. R., Rapid 

Communications in Mass Spectrometry 2015, 29 (23), 2195-2203. 

 



279 
 

 

 

Appendix I 

 

 

 

 

List of Publications, Presentations,  

Patents, and Grants 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



280 
 

 

 

Publications 

 

1. Amanda R. Buchberger, Kellen DeLaney, Yang Liu, Kylie Helfenbein, Nhu Vu, 

Lingjun Li. “Mass Spectrometric Profiling of Neuropeptides in Callinectes sapidus 

during Hypoxia Stress.” In Preparation, 2018.  

 

2. Amanda R. Buchberger¥, Christopher Sauer¥, Kellen DeLaney, Nhu Vu, Lingjun Li. “A 

Temporal Study of the Perturbation of Crustacean Neuropeptides Due to Severe Hypoxia 

Using 4-Plex Reductive Dimethylation.” In Preparation, 2018.  ¥Co-first Authors 

 

3. Amanda R. Buchberger, Nhu Vu, Jillian Johnson, Lingjun Li. “Improved Sample 

Preparation for Comparative MALDI-MS Imaging of Neuropeptides in the Crustacean 

Brain under Hypoxia and Hypercapnia Stress.” In Preparation, 2018. 

 

4. Yang Liu, Amanda R. Buchberger, Kellen DeLaney, Zihui Li, Lingjun Li. 

“Multifaceted Mass Spectrometric Investigation of Neuropeptide Changes in the Blue 

Crab, Callinectes sapidus, in Response to Ocean Acidification.” In Preparation, 2018. 

 

5. Clara Hu¥, Kylie Helfenbein¥, Amanda R. Buchberger, Kellen DeLaney, Yang Liu, 

Lingjun Li. “A Study of Gender Differences in Crustaceans” In Preparation, 2018. ¥Co-

first Authors 

 

6. Xiaofang Zhong, Christopher Lietz, Xudong Shi, Amanda R. Buchberger, K. Craig 

Kent, Lingjun Li. “12-plex Isobaric DiLeu-enabled Quantitative Proteomics and 

Phosphoproteomics Reveal TGF-B Signaling Stimulates Vascular Smooth Muscle Cells 

De-differentiation.” In Preparation, 2018 

 

7. Ling Hao, Yuerong Zhu, Pingli Wei, Jillian Johnson, Amanda R. Buchberger, Dustin 

Frost, John W. Kao, Lingjun Li. “Metandem: A Software Tool for Mass Spectrometry-

based Isobaric Labeling.” In Preparation, 2018. 

 

8. Amanda R. Buchberger¥, Jillian Johnson¥, Lingjun Li. “Quantitative Proteomics for 

Analyses of Multiple Samples in Parallel with Chemical Perturbation.” Invited Book 

Chapter. Mass Spectrometry-based Chemical Proteomics. Submitted, 2017. ¥Co-first 

authors 

 

9. Bingming Chen, Feng Yu, Dustin Frost, Xuefei Zhong, Amanda R. Buchberger, Jillian 

Johnson, Meng Xu, Mariam Kim, Diane Puccetti, Carol Diamond, Chrysanthy 

Ikonomidou, Lingjun Li. “Quantitative Glycomic Analysis by Mass Defect-Based 

Dimethyl Pyrimidinyl Ornithine (DiPyrO) Tags and High-Resolution Mass 

Spectrometry.” Analytical Chemistry. Technical Note. Accepted, 2018. 

 

10. Xiaoyue Jiang, Feng Xiang, Chenxi Jia, Amanda R. Buchberger, Anita Metzler, 

Lingjun Li. “Relative quantitation of neuropeptides at multiple developmental statges of 

the American lobster using novel N, N-dimethyl leucine isobaric tandem tags.” Invited 

Contribution. ACS Chemical Neuroscience. Accepted, 2018.  



281 
 

 

 

 

11. Kellen Delaney, Amanda R. Buchberger, Lingjun Li. “Identification, Quantitation, and 

Imaging of the Crustacean Peptidome.” Invited Book Chapter, Springer. Methods in 

Molecular Biology. 2018, 1719: 247-269. 

 

12. Kellen Delaney¥, Amanda R. Buchberger¥, Lingjun Li. “New techniques, applications 

and perspectives in neuropeptide research.” Invited Contribution. Journal of 

Experimental Biology. 2018, 221:jeb151167. ¥Co-first authors 

 

13. Amanda R. Buchberger, Kellen DeLaney, Jillian Johnson, Lingjun Li. “Mass 

Spectrometry Imaging: A Review in Emerging Advancements and Future Insights.” 

Invited Contribution. Analytical Chemistry. 2018, 90(1): 240-265. 

 

14. Dustin Frost, Amanda R. Buchberger, Lingjun Li. “Development of Dimethyl 

Pyrimidinyl Ornithines (DiPyrO) as Mass Defect-Based Tags for Quantitative 

Proteomics.” Analytical Chemistry, 2017, 89(20): 10798-10805.  

 

15. Ling Hao, Jillian Johnson, Christopher Lietz, Amanda R. Buchberger, Dustin Frost, 

John W. Kao, Lingjun Li. “Mass Defect-Based N,N-Dimethyl Leucine (mdDiLeu) Labels 

for Quantitative Proteomics and Amine Metabolomics of Pancreatic Cancer Cells.” 

Analytical Chemistry, 2016, 89(2): 1138-1146. 

 

16. Yuzhuo Zhang¥, Amanda R. Buchberger¥, Gajan Muthavel, Lingjun Li. “Expression 

and distribution of neuropeptides in the nervous system of the crab Carcinus maenas and 

their roles in environmental stress.” Invited Contribution. PROTEOMICS, 2015, 15 (23-

24): 3969-79. ¥Co-first authors 

 

17. Amanda R. Buchberger, Qing Yu, Lingjun Li. “Advances in Mass Spectrometric Tools 

for Probing Neuropeptides.” Invited Contribution. Annual Review of Analytical 

Chemistry, 2015, 8: 485-509. 

 

18. Ruibing Chen, Mingming Xiao, Amanda R. Buchberger, Lingjun Li. “Quantitative 

neuropeptidomics study of the effects of temperature change in the crab Cancer 

borealis.” J. Proteome Res., 2014, 13 (12): 5767-76. 

 

 

 

 

 

 

 

 

 

 

 

 



282 
 

 

 

Presentations 

 

1. Amanda R. Buchberger, Lingjun Li. “Improved Sample Preparation for Comparative 

MALDI-MS Imaging of Neuropeptides in the Crustacean Brain under Hypoxia and 

Hypercapnia Stress”, ASMS Conference on Mass Spectrometry & Allied Topics, San 

Diego, CA, June 2018.  

 

2. Amanda R. Buchberger, Lingjun Li. “In situ Labeling for the Absolute Quantitation of 

Crustacean Neuropeptides with Mass Spectrometric Imaging”, ASMS Conference on 

Mass Spectrometry & Allied Topics, Indianapolis, IA, June 2017.  

 

3. Amanda R. Buchberger, Lingjun Li. “Qualitative and Quantitative Analysis of 

Crustacean Neuropeptides after Hypoxia Exposure”, ASMS Sanibel Conference, 

Clearwater Beach, FL, Jan 2017. Selected for 3 min Oral Intro. 

 

4. Amanda R. Buchberger, Lingjun Li. “Development of Dimethyl Pyrimidinyl Ornithines 

(DiPyrO) as Mass Defect-Based Tags for Quantitative Proteomics”, ASMS Conference on 

Mass Spectrometry & Allied Topics, San Antonio, TX, June 2016.  

 

5. Amanda R. Buchberger, Lingjun Li. “Mass Spectrometric Investigation of Crustacean 

Neuropeptides and Their Roles in Environmental Stress”, University of Wisconsin-

Madison Department of Chemistry Analytical Division Seminar. Madison, WI, October 

2015. Invited Seminar. 

 

6. Amanda R. Buchberger, Lingjun Li. “Multifaceted Mass Spectrometric Profiling of 

Neuropeptides in Callinectes sapidus during Hypoxia”, ASMS Conference on Mass 

Spectrometry & Allied Topics, St. Louis, MO, June 2015.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



283 
 

 

 

Patents 

 

1. Dustin Frost; Amanda R. Buchberger; Lingjun Li. 2015. Mass Defect-Based Multiplex 

Dimethyl Pyrimidinyl Ornithine (DiPyro) Tags for High-Throughput Quantitative 

Proteomics and Peptidomics. P150350WO01US. Patent Pending. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



284 
 

 

 

Grants 

 

1. Multifaceted Mass Spectrometric Investigation of Neuropeptides in Callinectes sapidus 

during Hypoxia  

Funding Agency: NIH/NIGMS 

Type: NRSA F31 Predoctoral Fellowship  

Duration: June 1st, 2016 – May 31st, 2018 

Amount Received: $30,724/year 

Received an impact score of 20 and ranked at 9%.   

 

 



285 
 

Appendix II 

 

Crustacean-Focused Methods: An Update 

 

 

 

Additional information including on-tissue labeling, tissue section washing, and crustacean cell 

culture was added.  

 

Modified from: 

Kellen DeLaney, Amanda R. Buchberger, Lingjun Li. “Identification, Quantitation, and 

Imaging of the Crustacean Peptidome.” Invited Book Chapter. Methods for Molecular Biology. 

1719, 247-269, 2018. DOI: 10.1007/978-1-7537-2_17 

 

Key Words: Crustacean, MALDI Mass Spectrometry Imaging, Microdialysis, Isotopic/Isobaric 

Labeling, De novo Sequencing 
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Abstract 

 Crustaceans serve as a useful, simplified model for studying peptides and 

neuromodulation, as they contain numerous neuropeptide homologs to mammals and enable 

electrophysiological studies at the single-cell and neural circuit levels. In particular, crustaceans 

contain well-defined neural networks, including the stomatogastric ganglion, oesophageal 

ganglion, commissural ganglia, and several neuropeptide-rich organs, such as the brain, 

pericardial organs, and sinus glands. Due to the lack of a genomic database for crustacean 

peptides, an important step of crustacean peptidomics involves the discovery and identification 

of novel peptides and the construction of a database, more recently with the aid of mass 

spectrometry (MS). Herein, we present a general workflow and detailed methods for MS-based 

peptidomic analysis of crustacean tissue samples and circulating fluids. In conjunction with 

profiling, quantitation can also be performed with isotopic or isobaric labeling. Information 

regarding the localization patterns and changes of peptides can be studied via mass spectrometry 

imaging. Combining these sample preparation strategies and MS analytical techniques allows for 

a multi-faceted approach to obtaining a deep knowledge of crustacean peptidergic signaling 

pathways. 
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A generic workflow is shown in Figure 1.  

  

Materials 

Chemicals and Equipment 

1. Ultrapure water (H20), used for all of the solutions listed below 

2. Methanol (MeOH) 

3. Acetonitrile (ACN) 

4. Formic acid (FA) 

5. Glacial Acetic Acid (GAA) 

6. Acidified MeOHl (90:9:1 MeOH:H2O:GAA) 

7. Isotopic formaldehyde solution (1% volume (v)/v) 

8. Borane pyridine solution (30 mM) 

9. Ammonium bicarbonate solution (100 mM) 

10. Gelatin (100 mg/mL dissolved in H2O) 

11. Matrix-assisted laser desorption/ionization (MALDI) matrix  

a. 2,5-dihydroxybenzoic acid (DHB) dissolved in 50:50 MeOH:H2O with 0.1% 

FA (150 mg/mL for spots; 40 mg/mL for imaging) 

b. α-cyano-4-hydroxycinnamic acid (CHCA) dissolved in 50:50 ACN:H2O with 

0.1% FA (10 mg/mL for spots; 5 mg/mL for imaging) 

12. Glass manual homogenizer (e.g., Wheaten 1 mL Tissue Grinder, Tenbroeck) 

13. Plasic or teflon pestle (e.g. Wheaten 1 mL Tissue Grinder, Tapered Pestle) 

14. Bath sonicator 

15. Centrifuge capable of up to 16,000 g and able to fit microfuge tubes and microfilters 

(e.g., Eppendorf 5424 R) 

16. Vacuum centrifuge/concentrator, such as a SpeedVac 

17. 3 kDa or 10 kDa Molecular Weight Cutoff (MWCO) device (e.g., Amicon Ultra) 

18. Reversed-phase C18-packed pipette tips (e.g., Omix 100 μL Tips or Millipore P10 

ZipTips  

19. Sprayer for MALDI imaging (e.g., HTX Technologies TM Sprayer) 

20. Crab saline (440 mM NaCl, 11 mM KCl, 26 mM MgCl2, 13 mM CaCl2, 11 mM 

TRIS, 5 mM maleic acid, adjusted to pH 7.45 with HCl or NaOH. Stored at 4°C) 

21. Tweezers  

22. Plastic cup (1 inch Height  x 1 inch Diameter) 

23. Razor blade 

24. Syringe pump 

25. Syringe 

26. Automated sample collector with temperature control 

27. Ethanol (EtOH) 

28. Sodium hypochlorite 

29. Dry box (e.g., desiccator with desiccant) or vacuum desiccator 

30. Manual tissue staining system (e.g., Tissue-Tek 12 Well Slide Staining Set) 

31. Kim wipe 

32. Leibovitz L-15 medium (1x) 
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33. Antibiotics (e.g., Corning Antibiotic Antimycotic Solution (100x)) 

34. Sucrose 

35. Vacuum Filter with 0.22 μm pore size (e.g., Corning Disposible Vacuum Filtration 

System, 0.22 μm PES) 

36. Vacuum system 

37. Tubes (Eppendorf: 0.6, 1.5 and 2 mL; Conical: 15 and 50 mL) 

38. Sterilization pouches (various sizes; e.g., 10” by 15”) 

39. Cell scraper  

40. Biosafety cabinet 

41. 1X Phosphate buffer saline (PBS) without Ca2+ and Mg 2+ 

42. Tissue culture flasks (e.g., 6-well, 12-well, 24-well, T25, and T75 flasks) 

43. Typsin-EDTA (0.25%) 

 

Instrumentation and Software 

For quantitation and profiling, a Hybrid Quadrupole-Orbitrap Mass Spectrometer (we use 

Thermo Q-Exactive) with a nano-electrospray ionization (ESI) source can be coupled to a UPLC 

system (we use Waters nanoAQUITY) for separation of peptides with MS and MS/MS analysis 

for identification and quantitation.  For imaging and complementary profiling, we use a hybrid 

MALDI- Ion Trap-Orbitrap Mass Spectrometer (Thermo MALDI-LTQ-Orbitrap XL).  Other 

mass spectrometers with a MALDI source and an ESI source may also be used.  The associated 

vendor software Xcalibur and ImageQuest can be used for data analysis and image processing.  

For MS/MS identification, de novo sequencing software can be used, such as PEAKS 1, 

MaxQuant 2, or PepNovo 3.  Additional image processing can be performed using freely 

available software, such as MSiReader 4, Image J, and SciLs. In my thesis, I mainly use Java for 

MALDI-MS data analysis, PEAKS for ESI-MS/MS data analysis, and MSiReader and SCiLs for 

MALDI-MS imaging data analysis.  

 

Methods 

Identification and Quantitation 

1.) Sample Collection and Extraction 

a. Tissues 

i. Collection 
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1. Collect the tissue of interest through dissection 5, 6. 

2. Place tissues in a 0.6 mL microfuge tube with 10-50 microliters 

of acidified MeOH.  

3. Store at -80° C until ready to use (see Note 1). 

ii. Extraction 

1. Add 100 microliters of acidified MeOH per tissue to a glass 

manual homogenizer (see Notes 2-5). 

2. Move the tissues to the homogenizer using tweezers. Transfer 

the storage solution as well. 

3. Homogenize the tissue until no large particles are visible. 

Transfer the liquid to a clean 1.5 mL microfuge tube.  

4. Add 100 microliters of acidified MeOH to the homogenizer, 

breaking up any residual particles. Transfer to same microfuge 

tube. Repeat once more. 

5. Sonicate mixture for 10 minutes. 

6. Centrifuge mixture for 20 minutes at >16,000 g.  

7. Transfer the supernatant to a new 1.5 mL tube.  

8. Rinse the pellet with 100 microliter of acidified MeOH and 

break it up with a Teflon pestle.  

9. Repeat steps 5-7. Discard the pellet.  

10. Dry down supernatant in a vacuum centrifuge on medium heat 

(see Note 6). 

b. Hemolymph 

i. Collection 

1. Place the crab on ice for 5-10 minutes.  Afterwards, place it in 

a metal dishpan on its back with its tail pointing towards you.  

2. Prepare a 25g needle by connecting it to a 1 mL plastic syringe. 

3. Place the needle into an exposed leg joint of the crab. 

4. Pull up on the syringe to create a vacuum. Hemolymph should 

come out immediately. If not, wiggle the needle at different 

angles until the liquid is withdrawn. 

5. Add an equal amount of acidified MeOH to the collected 

hemolymph in a 1.5 or 2 mL microfuge tube (see Note 7). A 

protein precipitate will be produced.  

6. Store at -80°C till ready to use (see Note 1). 

ii. Extraction 

1. Using the Teflon pestle, break up the precipitate in the 

microfuge tube to produce a homogenous solution.  

2. Sonicate tube for 10 minutes. 

3. Centrifuge mixture for 20 minutes at >16,000 g.  

4. Transfer the supernatant to a new 2 mL microfuge tube.  

5. Rinse the pellet with 500 microliters of acidified MeOH and 

break it up with a Teflon pestle.  
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6. Repeat steps 2-5. Discard the pellet.  

7. Dry down supernatant in vacuum centrifuge on medium heat 

(see Note 6 and 8). 

iii. Microfiltration 

1. Add 200 microliters of 0.1 M NaOH solution to the 3 kDa or 

10 kDa MWCO device (see Note 9). Centrifuge at >14,000 g 

for 5 minutes. 

2. Rinse MWCO device with 500 microliters of 50:50 

H2O:MeOH. Centrifuge for 10 minutes at >14,000 g.  

3. Dissolve sample in 500 microliters of 30:70 H2O:MeOH, 

vortex, and sonicate for 10 minutes.  

4. Add the sample to the MWCO device and run it through the 

membrane by centrifuging for 30 minutes at >14,000 g. Save 

the flow-through from this step by placing it in a 1.5 mL 

microfuge tube (see Note 10). 

5. Rinse the membrane with 100 microliters of 30:70 

H2O:MeOH. Collect the flow-through and add it to the tube 

from the previous step.  

6. Dry down the flow-through in vacuum centrifuge on medium 

heat.  

c. Microdialysis (see Notes 11 and 12) 

i. Collection 

1. Rinse probe with H2O and then crab saline using a 3 mL plastic 

syringe and a syringe pump set to 0.5 microliters per minute. 

2. Surgically implant the probe into the animal directly above its 

heart 7. 

3. Allow the animal to recover for 24 to 48 hours (see Note 13). 

4. Collect samples at desired time points.  Collection can be done 

manually with a 0.6 mL centrifuge tube on ice or using an 

automated sample collector set at 4°C (see Notes 14-16). 

5. Add enough FA to make the total concentration 0.1% (v/v).   

6. Store samples at -80°C if they are not being analyzed 

immediately.  However, samples should be used as soon as 

possible to avoid degradation (see Note 17). 

2.) Desalting 

a. Dissolve each sample in 0.1% FA(10 microliters for tissues, 200 microliters 

for hemolymph) by vortexing and sonicating for 10 minutes. (Microdialysis 

samples do not need to be redissolved.) If the pH is greater than 3, add small 

amounts of diluted FA (e.g., 10%) until the pH is below 3.  

b. Using the appropriately sized reversed-phase C18 pipette tip and respective 

volume (see Note 18) (10 microliter for tissues and microdialysate, 100 

microliter for hemolymph), flush the packing material with pure ACN at least 

3 times. 
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c. Flush the packing material with 0.1% FA 3 times. 

d. Bind the sample of interest to the packing material by flushing it with 

dissolved sample at least 15 times. 

e. Wash the packing material with 0.1% FA 3 times to wash away salts and other 

unbound contaminates. Add the first wash to its own tube or to the original 

sample vial as a precaution in the event that nothing binds to the packing 

material.  

f. Elute the sample into a 0.6 mL tube by flushing 10 microliters of 50:50 

ACN:H2O up and down through the packing material 10 times. 

g. Dry down the eluate in a vacuum centrifuge on medium heat.   

3.) Quantitative Labeling  

a. Dissolve each of the samples (e.g., of stressed and control) in 10 microliters of 

H2O by vortexing and then sonicating for 10 minutes. 

b. Add in 10 microliters of the isotopic formaldehyde to its designated channel 

(see Notes 19 and 20).   

c. Add in 10 microliters of borane pyridine to each microfuge tube.  

d. Place the tubes in a 37°C H2O bath for 15 minutes to allow complete labeling. 

e. Quench the reaction with 10 microliters of ammonium bicarbonate solution. 

f. Mix equal amounts of each channel into a 0.6 mL tube.  Do this for each set of 

channels. 

g. Dry down mixture in a vacuum centrifuge on medium heat.  

4.) Tissue Analysis and Data Acquisition 

a. MALDI-MS 

i. Matrix Application 

1. Dissolve samples in 5 microliters of 0.1% FA for each tissue 

used by vortexing and sonicating for 10 minutes (see Note 21). 

2. In a separate 0.6 mL tube, mix equal amounts of matrix (see 

Note 22) and sample (see Note 23) solutions, vortexing them 

to ensure complete mixing. 

3. Take 1 microliter out of the tube using a pipette and spot it on 

the MALDI stainless steel plate. Rub the tip of the pipette 

along the edges of the spot circle to make sure the whole circle 

is filled.  

4. Allow the matrix to crystalize fully before placing in the 

instrument.  

ii. Analysis on hybrid MALDI- Ion Trap-Orbitrap-MS 

1. If necessary, attach a backing plate to the MALDI stainless 

steel spot plate (MALDI-LTQ-Orbitrap XL requires this), and 

insert the plate set into the instrument by placing the plate in 

the correct position and pressing the appropriate button on the 

vendor’s tune page (e.g., the “Insert MALDI sample plate” 

button on the “MALDI source” window of the instrumental 

LTQ tune page). 
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2. Once the plate has inserted, confirm the spot in which you 

placed your sample and shoot the spot with an appropriate laser 

energy to obtain a signal intensity (approximately 1E7 for 

MALDI-LTQ-Orbitrap XL, see Note 24). 

3. Open Thermo Xcalibur Sequence Setup, and create a new 

sequence (or use alternative vendor’s software with regard to 

its specifications). 

4. Fill the sequence, including the title, path (for saving the data), 

instrumental method (see Note 25), and spot position (see Note 

26). 

5. Start automated or manual acquisition of every spot of the 

sequence (in Xcalibur: Select each line to be run and press the 

“Run Sequence” button). 

b. ESI-MS (see Notes 27-29) 

i. Sample Prep 

1. Dissolve samples (approximately 5 micrograms on average) in 

5 microliters of 0.1% FA per tissue used or per 0.25 mL 

hemolymph by vortexing and then sonicating for 10 minutes.  

2. Transfer the volume into a LC vial with a screw top septum 

(we use Waters vials), making sure to get all the volume to the 

bottom with no bubbles.  

ii. MS analysis (we use Q-Exactive, Thermo) 

1. Place the LC vial into the chilled sample compartment of the 

LC system (we use Waters NanoAquity). Remember the tray 

number and tray position in which the samples were placed.  

2. Make sure the column system has been equilibrated to the 

starting conditions of the gradient you will be using.  

3. On the instrument profile, set up the sequence as described 

above (see Note 25). 

4. Select each sample in the sequence (see Note 30) to be run (in 

Xcalibur: press the “Run Sequence” button). 

5.) Data Analysis  

a. MALDI-MS  

i. Average all the MS spectra collected by left-clicking and dragging 

across the chromatogram. 

ii. Copy the raw data into your vendor’s software using the exact masses 

(Xcalibur: by right-clicking on the spectrum, selecting “Export” and 

“Clipboard (exact mass)).” 

iii. Paste data in blank spreadsheet file (we use Excel, Microsoft).  

iv. Compare the masses found to the in-house database (unlabeled or 

labeled) (see Note 31 and 32).   

b. ESI-MS 
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i. Load the data into a de-novo sequencing software (we use PEAKS), 

creating a new project, and loading the raw data into the program (see 

Note 33). 

ii. Process the samples (using the “PEAKS search” button), indicating 

any enzyme used, any PTMs expected (see Note 34), and choosing the 

in-house database. De novo sequencing will be done with the same 

parameters (see Notes 35).  

iii. Once the search is complete, quantitative information can be mined 

(see Note 36), in PEAKS by using the “Quantification” icon.   

Localization by MS Imaging 

1.) Sample Preparation 

a. Basics 

i. Small or thin tissue (e.g., PO, STNS, STG as in Fig. 1) 

1. Collect the tissue of interest by means of dissection 6, 8, being mindful of 

tissue orientation (see Note 37). 

2. Hold onto tissue with tweezers and briefly submerge it in a microfuge tube 

of H2O to desalt (see Note 38). 

3. Place the clean tissue directly on a glass slide.  Use a marker to label the 

orientation of the tissue (i.e. which area is closest to the head, tail, etc.).  

Stretch the tissue out on the slide to ensure that it is lying flat and easily 

visible. 

4. Tissue should be analyzed immediately (see Note 39). 

ii. Large tissue (e.g. brain, TG) 

1. Prepare gelatin solution, vortex, and place it in a 37°C H2O bath until fully 

dissolved.  Keep gelatin warm while not in use. 

2. Pour enough gelatin into a plastic cup to cover the bottom of the cup.  

Allow the gelatin to solidify at room temperature. 

3. Collect the tissue and desalt as described above for small tissue. 

4. Place the tissue on top of the gelatin layer, making note of the tissue 

orientation.  Fill the cup with warm gelatin.  The tissue will float toward 

the top. Reorient the tissue if necessary to make sure it is centered in the 

cup.  

5. Immediately place the cup with tissue in dry ice to flash freeze it (see Note 

39). 

6. Store tissue at -80°C until use. 

7. Cross-section tissue using a cryostat. 

a. Remove tissue-embedded gelatin block from plastic cup and trim 

excess gelatin with a clean razor blade. 

b. Place small droplet of H2O on cryostat chuck and place tissue 

block on top. Surround the rest of the block with H2O, making sure 

to not get any below the chuck. 
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c. Keep the block/chuck in the cryostat to allow the H2O to freeze, 

attaching the tissue block on the chuck (approximately 15 

minutes). 

d. Attach the chuck to cryostat and align tissue block so that even 

slices can be made through tissue. 

e. Obtain several 12-16 micron sections from throughout the tissue.  

Thaw-mount each section to a glass slide by warming the glass 

slide slightly and placing it directly above section.  Section will 

adhere to slide (see Note 40). 

f. Store slides at -80° C until ready for analysis (see Note 41).  

b. Optional 

i. Washing 

1. If stored in -80° C, place slide in vacuum chamber or dry box until the 

sample slide is dry (~5-20 minutes). 

2. Use a manual tissue staining system to immerse slide for the desired 

amount of time into the solvent of interest (see Note 42).  

3. Place slide in vacuum chamber until the slide is completely dry (see Note 

43).  

4. If not being analyzed immediately, store slides at -80° C until ready for 

analysis.  

ii. On-Tissue Labeling (see Note 44) 

1. If stored in -80° C, place slide in vacuum chamber or dry box until the 

sample slide is dry (~5-20 minutes). 

2. Prepare labeling tag in the appropriate solvent and volume (see Note 45). 

3. Apply the tag to the section or slide of interest at the desired concentration 

or density (see Note 45). 

a. Change configuration of matrix sprayer (we use a TM-Sprayer, all 

subsequent experimental details refer to that) so that the syringe 

pump is directly in line with the sprayer (see Note 46).  

b. Turn on matrix sprayer and solvent syringe pump.  

c. Set nitrogen pressure to 10 PSI.  

d. Open program and set temperature to desired level (see Note 47).  

e. Set up desired method (see Note 48). 

f. Purge sprayer with solvent that tag reagent(s) are dissolved in for 

15 minutes (see Note 45).  

g. Put labeling reagent(s) into a fresh syringe, place that syringe in 

the syringe pump, and set the desired solvent flow rate.  

h. Wait for the labeling reagent(s) to flow through the tubing (see 

Note 49).  

i. Click “Start” on the Sprayer software.  

4. Immediately after application, incubate the sample for a desired amount of 

time (see Note 50).   

5. Shut down TM Sprayer. 
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a. Flush Sprayer with labeling reagent(s) solvents for 15 minutes (see 

Note 45). 

b. Flush Sprayer with storage solvent (we use 50:50 Meth:H2O) for 

15 minutes.  

c. Set the temperature of the sprayer to 30°C. When sprayer has 

lowered to this temperature, turn off the sprayer, syringe pump, 

pressurized nitrogen, and software.  

6. Change TM Sprayer configuration back to original with loop, changing the 

filter as needed (see Note 46 and 51). 

7. Quench reaction as appropriate (see Note 52).  

8. Analyze as soon as possible.  

2.) Image Acquisition (MALDI-MS) 

a. Matrix Application via Sprayer (see Note 53) 

i. Turn on matrix sprayer (we use a TM-Sprayer, all subsequent experimental details 

refer to that) and solvent syringe pump, setting desired solvent flow rate (see Note 

54). 

ii. Set nitrogen pressure to 10 psi. 

iii. Open program and set temperature to 80°C for DHB (see Notes 22 and 55). 

iv. Set up the desired method (see Note 56). 

v. Switch the injection loop to “Load” and load matrix using a syringe pump.  

Switch the injection loop to “Spray” and ensure that matrix is being sprayed. It 

may take several minutes for matrix to reach the spray nozzle. 

vi. Click “Start” on the Sprayer software (see Note 57 and 58). 

vii. When method has finished, flush the matrix loop with solvent three times and set 

the temperature of the sprayer to 30°C.  When the sprayer temperature has 

lowered to this temperature, turn off sprayer, syringe pump, pressurized nitrogen, 

and software. 

b. Analysis on MALDI-LTQ-Orbitrap 

i. Insert one or two slides into MALDI imaging plate. 

ii. Place plate face-down in scanner, and scan image of entire plate.  Ensure that the 

white crosses in the corners of the plate are clearly visible in the scanned image; 

otherwise, the image cannot be aligned to the plate in the instrument. 

iii. Attach the backing plate to the MALDI imaging plate and insert the plate set into 

the instrument. 

iv. Once the plate has been inserted, click on the “Tissue Imaging” tab of the MALDI 

Source page and check the box titled “Use tissue imaging feature.” 

v. Under “Position File,” check “Import Image” and upload the scanned image of 

the MALDI plate (see Note 59) 

vi. Enter the appropriate raster size (see Note 60) and ensure that the size 

“rectangular” is selected. (Rectangles are the preferred shape for methods.) 

vii. Select “View Plate,” and click on the square selection tool.  Select the area of the 

tissue. Close the “View Plate” window and save the position file (see Notes 61-

63). 
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viii. Click on the “Control” tab and shoot the laser at an area of matrix.  Adjust the 

laser energy as needed in order to obtain sufficient signal (with our instrument on 

the order of 1E7). 

ix. Open the software setup (Thermo Xcalibur Sequence Setup), and create a new 

sequence as previously described.  For the position, copy and paste the directory 

of the position file for each tissue into its respective row. 

x. Select each line to be run and press the “Run Sequence” button. 

c. Data Analysis 

i. ImageQuest 

1. Open raw data in ImageQuest. 

2. Click the “New data set” icon and type in the mass of interest and the 

tolerance window with the “Base Peak” plot type. Under plot type, select 

the desired normalization, if any (see Note 64). Click “OK.” 

3. To save or export individual images, select the image and click “Copy” in 

the Edit tab.  Paste the image in the desired location (see Note 65).  

ii. MSiReader (see Note 66) (12) 

1. Open the raw data in MSiReader using the appropriate open-access format 

(see Note 67). 

2. Enter an m/z value from ImageQuest that displays a clear distribution in the 

tissue. 

3. Enter the appropriate parameters for the m/z window, normalization (see 

Note 64), and color map. 

4. Use the image overlay feature to upload a scanned image of the tissue and 

align the image to the MS image of the tissue.  Set the transparency to 

around 50% to ensure both optical and MS images are clearly visible. 

5. Generate an image of each neuropeptide signal of interest from a database 

using “generate an image for each peak in a list” button. 

6. Manually examine images for detected neuropeptides and distinct spatial 

distributions (see Note 68). 

7. Search for novel neuropeptides and m/z values outside of the database by 

using the peak finding tool. 

iii. 3D image generation (Image J) 

1. Open grayscale images of consecutive tissue slices with the same m/z value 

(saved from ImageQuest). 

2. Align the images using the functions under “image.” 

3. Combine the images into a three-dimensional stack using the “images to 

stack” button. 

4. View the three-dimensional image by clicking “image,” “stacks,” and then 

“3D project.”  Viewing parameters can be adjusted in the 3D projection 

window. 

iv. SciLs (see Note 69) 

1. Convert image files into .imzML format (if using non-Bruker instrument, 

such as the Thermo MALDI-LTQ-Orbitrap XL) (see Note 67 and 69). 
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2. Click “New” to import data. Select the appropriate instrument type. Click 

“Next.” 

3. Add in data files by clicking the red plus sign and selecting files of interest. 

Select the appropriate “Pixel size (µm)” and “Spectrum representation” 

(see Note 60 and 70).  

4. Organize data sets by moving their images into a desired order. Click 

“Next.” 

5. In “Mass range settings,” unclick “Auto detect mass axis settings” and 

select best “axis interpolation mode” for your data in the “Advanced” 

section. (see Note 71). 

6. Change “Average data point accuracy” to “0.0005 Da.” Click “Next.” 

7. Confirm details in the “Import summary.” Click “Import.” 

8. Change “Interval Width” to ±5.000 ppm by going into the “File Properties” 

section in “File.” 

9. In “Visualization,” normalize your images appropriately (see Note 64).  

10. Select regions of interest in “Stack View” by clicking “Create new 

polygonal region.” (see Note 72) 

11. Determine peaks of interest (see Note 73).  

12. Run “Hypothesis Test” or “Find Discriminative m/z Values (ROC)” in the 

“Tools” section (see Note 74).  

13. Export results by creating a “SciLs Report Table” in “File”. 

a. Select appropriate peak list from drop down menu in “m/z report 

table” section. 

b. Add tasks run by clicking red plus sign and adding ROC or t-test 

results (see Note 75). 

c. Click “Copy table to clipboard” to paste in Excel for further 

processing.  

Other – Crustacean Cell Culture (see Note 76 and 77) 

1) Sterile Technique 

a. The UV light must be turned on 30 min prior to operating the biosafety cabinet to 

sterilize.  

b. Turn off the UV light, turn on the blower and white light, then open sash to 

appropriate height (marked by red arrows).  

c. Spray gloves, arms, and inside of biosafety cabinet with 70% EtOH and wipe with 

a Kim wipe. 

d. All items must be sprayed with 70% EtOH before items are placed inside the 

biosafety cabinet.  

2) Making Media (in Sterile Environment) 

a. Supplement L-15 media with L-glutamine (5.13 mL of 200 mM solution into 500 

mL of L-15) if not included already.  

b. Mix crab saline and L-15 at 1:1 ratio. 

c. Add in 6.161 grams of sucrose per 50 mL of media to adjust osmolarity to 1,000 

mOsm. 



298 
 

d. Vacuum filter (0.22 micron pore) mixture to sterilize mixture. 

e. Aliquot into 15 or 50 mL conical tubes (labeled) to be stored in fridge. Volume is 

dependent on tissue culturing needs and the addition of 1% antibiotic (see Note 

78 and 79).  

f. Prior to media use, add appropriate volume of the antibiotic solution into the 

media (see Notes 78-81). 

3) Seeding Cells (Primary Cells from Tissue) 

a. Prepare items required for sterile dissection: sterilized saline (0.22 micron pore 

vacuum filtered), autoclaved dissection tools (using autoclave bags), 70% EtOH, 

10% sodium hypochlorite. 

b. Place crab on ice for 15-30 minutes. Spray down dissection hood with 70% EtOH 

to clean area. 

c. Clean crab surface with (a) hypochlorite solution then (b) EtOH solution.  

d. Dissect out tissue of interest, taking care to use the sterilized tools and sterile 

saline in the micro-dissection dish(es).  

e. Transfer sample to Eppendorf tube with media. The amount used will depend on 

the tissue size (e.g., TG needs ~100 μL).  

f. Gently homogenize the tissue using a plastic or Teflon pestle.  

g. Pipette homogenate into flask. Flask type used depends on tissue (e.g., ½ TG 

grows well in T25 flask using this method).  

h. Feed cells as required (see Note 82). 

4) Feeding Cells (see Note 82) 

a. Remove old media by pipetting. 

b. Pipette media volumes into flasks to replace the media in the flask. Cap flask and 

return cells to incubator (i.e., room temperature biosafety cabinet). 

5) Trypsinizing Cells for Harvesting or Re-seeding 

a. Remove old media by pipetting. 

b. Wash cells with PBS 1X (without Ca or Mg 2+) (see wash volume; Note 76) to 

remove dead cells and then pipette away wash.  

c. Add trypsin (0.25%) to flask (see trypsin volume; Note 76). Incubate for 5 min. 

Use cell scraper to scrape away cells that are still adhered. Check under 

microscope and re-scrape as needed.  

d. Neutralize the trypsin with equal volume of media and collect media and cells in a 

conical tube. 

e. Centrifuge conical tube (typically 15 mL) at 1000 rpm for 5 min with 

acceleration, but no deceleration. 

f. Return conical tube to biosafety cabinet and pipette media off gently with 1 mL 

pipette (being very careful to avoid cell pellet at the bottom). Wash pellet with 

PBS three times if harvesting cells.  

g. Resuspend cell pellet in media (at appropriate concentrations) or just in enough 

media to re-seed depending on experimental desire.  

 



299 
 

Notes 

1. While storage at -80°C minimizes postmortem degradation, tissues should only be stored 

for up to six months before use. There are several ways to decrease postmortem 

degradation for both tissues and hemolymph, which would extend their storage life. For 

tissues, the use of a Denator heat stabilizer system or boiling of the tissues for heat 

stabilization has been shown to be effective 9. For hemolymph, the addition of protease 

inhibitor cocktail or EDTA can reduce protease activity. 

2. Several different extraction solvents have been tested for their ability to extract 

neuropeptides from tissues, including acidified organic solvents 10. A method termed 

“mixing on column” (MOC), where 4 different extraction solvents are incorporated 

sequentially, has been shown to be extremely effective for mammalian neuropeptides 11, 

but this technique’s usefulness is still being tested for crustacean peptidomics.  

3. While a manual homogenizer has been shown to be effective for the small crustacean 

tissues, an electronic sonicator may be needed to fully break down the tissue walls of 

large organs. These should be used with the tissues on ice or in a cold room to help with 

heat dissipation. 

4. When deciding how many tissues to pool, it is important to balance biological variance 

with the amount of tissues required for the study. In most stress-related studies, at least 3 

animals’ tissues are pooled for each biological replicate.  

5. Direct profiling is alternative strategy to extraction. The tissue of interest can be placed 

on the stainless steel spotting plate, with matrix being spotted directly onto the tissue area 

of interest. This method has become phased out with the development of new imaging 

techniques (see “Localization using Imaging” section in this book chapter). 
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6. Many crustacean peptides vary widely in their molecular masses. For example, 

crustacean neuropeptides can range from 0.5 to 9 kDa. With many orbitrap-based 

instruments, it is difficult to analyze the larger peptides without taking a bottom-up 

approach. This means some sort of digestion prior to analysis may be required to get a 

full picture of a crustacean peptidome. For crustacean peptides, the digestion is usually 

done on the initial extract. After reducing all disulfide bonds with dithiothreitol and 

alkylating with iodoacetamide, an enzyme (e.g. trypsin) is added at a 25-50:1 peptide: 

trypsin ratio. Peptide content can be determined using the bicinchoninic acid assay or a 

similar assay.  

7. Each crab has a limited amount of hemolymph stored in its body. For example, 

Callinectus sapidus has approximately 5 mL. After removal, hemolymph is restored over 

a period of time. Thus, the amount of hemolymph removed depends on the species of 

crab and whether it is to survive afterwards.  Replacing the volume of removed 

hemolymph with an equal volume of crab saline can increase the crab’s chance at 

survival.  

8. After drying down any hemolymph samples (initially to fully processed), they should be 

resuspended prior to storage in the -80°C freezer to ensure full dissolution. 

9. Depending on the size of the peptides of interest, two versions of MWCO filters are 

available: 3K or 10K Daltons. 10K is normally used to purify a wide mass range of 

crustacean peptides (see Note 5). After digestion, 3K MWCO filters can be used to 

simplify the sample and allow for a targeted analysis.  

10. Many times, the MWCO filters become clogged with proteins that (a) were not fully 

pelleted in the extraction step or (b) were not dissolved in the H2O:MeOH mixture that 
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was added to the extract. In order to lessen the chance of this happening, (a) centrifuge 

the extract at >16,000 g for 15-20 minutes before putting the supernatant through the 

filter, (b) separate the extract into two fractions with two MWCO filters, or (c) centrifuge 

the extract through the filter for a longer period of time (45+ minutes).  

11. There are several types of commercial probes that can be used for microdialysis.  

Alternatively, homemade probes can be implemented at a much lower cost.  Whether 

purchasing or making probes, there are several factors worth considering, including 

membrane material, the molecular weight cutoff (the expected MWCO is approximately 

a third of the reported MWCO), area of membrane, and use of polymer coatings 12. 

12. The microdialysis technique tends to have low recovery in vivo.  The recovery can be 

enhanced through the use of affinity agents 13. 

13. It is important to closely monitor the crab while it recovers from surgery, as the majority 

of post-surgery complications (i.e. crab dying, pulling out probe, clogging probe) 

typically occur within the first twenty-four hours. 

14. Collection windows are typically within the range of 30 minutes to 2 hours.  This is 

dependent on the necessary temporal resolution and recovery of sample.  Shorter 

collection durations provide higher resolutions, but yield lower sample volumes.  

Collection times of several minutes have been shown feasible, often using online 

microdialysis collection couple to ESI.  However, this method also comes with 

drawbacks 14. 

15. The optimum infusion rate for microdialysis is a tradeoff between relative recovery and 

absolute recovery.  Lower flow rates allow for more diffusion of sample through the 

membrane, but result in less sample volume, while higher flow rates enable the collection 
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of more sample overall but run the risk of disturbing the crab.  We have found the ideal 

flow rate to be 0.5 microliters per minute. 

16. When collecting samples, it is important to account for the dead volume between the tip 

of the probe and the end of the tubing (and collection needle, if one is being used).  The 

delay from sample diffusing into the probe to reaching the end of the tubing could be an 

hour or greater, depending on the length of tubing and infusion rate. 

17. Microdialysis samples have been shown to degrade rapidly, even within several hours.  

Therefore, samples should be analyzed as soon as possible after collection.  If longer 

storage time is necessary, there are several methods for improving the lifetime of the 

samples 14, 15. 

18. Many different varieties of separations can be done to increase peptide purity, including 

strong cation exchange (SCX) and C18 pipette tips (i.e., ZipTips). Success has also been 

found in increasing peptide coverage in fractionation using C18 pipette tips or an HPLC 

system 16. 

19. Formaldehyde labeling is commonly used to produce 2 or 3 different isotopic forms that 

differ in mass 17-19, although up to 5 different isotopic forms can be generated with 

different combinations of heavy and light formaldehyde and reducing agent. Other 

labeling methods exist, such as isotopic N,N-dimethyl leucine (iDiLeu), which boasts 5-

plex labeling capabilities, which allows for relative or absolute quantitation by an in-

solution calibration curve 20. Absolute quantitation of a single peptide can also be done 

by adding a deuterated-version of the peptide to the original extract of the sample.  

20. For crustacean tissues, formaldehyde labeling has been shown to be extremely effective 

due to its quick and complete labeling of peptides. While MS-based quantitation 
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strategies are simple, they have limitations, especially when analyzing more than 5 

samples or samples with high spectral complexity. On the other hand, MS/MS-based 

quantitation strategies, such as iTRAQ, TMT, or N,N-dimethyl leucine (DiLeu), allow for  

higher multiplexing (up to 12 sample comparisons at once have been demonstrated, but 

up to 18 may be possible) with lower MS spectral complexity 21, 22. Unfortunately, 

quantitative depth may suffer because, in order to become quantified, the peptide needs to 

be selected for MS/MS.  

21. Prior to spotting with matrix, an offline separation can be done, for example with 

capillary electrophoresis or high-pressure liquid chromatography (HPLC). Success has 

been seen for separating tryptic peptides with both high-pH and strong-cation-exchange 

chromatography 23, 24.  

22. Several matrices work well for crustacean peptide analysis, including DHB and CHCA. 

While DHB extracts peptides well, CHCA, known for being a “universal matrix,” tends 

to provide a more homogenous layer.  

23. Several spotting techniques exist, including the suggested premixing, alternatives are 

sandwiching, or individual mixing on plate prior to recrystallization. 

24. Depending on the instrument, lifetime of the laser, instrumental setup, and the matrix of 

choice, the laser energy used will need to be optimized for each sample.  

25. In order to acquire more confident identifications or perform de novo sequencing, tandem 

MS is necessary. For MALDI instruments, collision-induced dissociation and high-

energy collisional dissociation are the main commercially-available options. 

Unfortunately, MALDI ionization mainly produces singly charged ions, which lead to 

poor fragmentation. This means that most identifications for MALDI are done through 
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accurate mass matching. ESI provides much higher-quality fragmentation spectra, 

meaning that tandem MS can be used for high-confidence identification and discovery of 

novel peptides. As another fragmentation option, electron transfer dissociation, which is 

better for post-translational modification analysis, is now being more readily available. 

Even with high quality tandem MS spectra, de novo sequencing of peptides can be 

challenging. The use of chemical derivatization with a non-isotopic version of 

formaldehyde (see Note 19) has allowed for more complete coverage when de novo 

sequencing putative peptides 19. Other methods, such as thiol reduction and alkylation 

have also been used to achieve high-resolution sequencing of larger, disulfide-bonded 

crustacean peptides 25.  

26. Xcalibur software only recognizes plates as having 96 wells, so it will only allow you 

pick spots that are within that plate size, even if you are using a 384-well plate. 

27. Besides classic LC separation, several other complementary options exist. Capillary 

electrophoresis is compatible offline for both MALDI and ESI analysis for enhanced 

separation of crustacean neuropeptides 26, 27. Ion mobility has also been shown to be 

effective at separating D/L-epimeric crustacean peptides 28.  

28. The use of either a commercial or homemade column should be considered. Homemade 

packing lowers the cost of each column and allows for customization, which may 

improve peptide separation and thus coverage. However, low uniformity can cause 

inconsistency between columns in comparison to commercially available columns. 

Although, these columns can be much more expensive in comparison.  

29. For peptides, the reverse-phase C18 column setup uses a gradient of H2O with 0.1% FA 

and ACN with 0.1% FA to elute the sample. Depending on the complexity of the sample, 
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the time of gradient, highest percent ACN added, and instrumental parameters (e.g. 

dynamic exclusion) will need to be adjusted.  

30. When beginning any LC-MS experiment, a quality control sample should be run to 

determine if the instrument is working optimally. Also, blanks should be run between 

each new sample type to decrease sample overlap.  

31. For orbitrap instruments, the standard mass tolerance is ±5 ppm. 

32. This can be done manually or with a simple peak-picking program. In the Li Lab, Kellen 

DeLaney has written a Java-based program to do this. It allows you to adjust ppm error, 

database, and intensity threshold. She has created programs for unlabeled neuropeptides, 

duplex-labeled neuropeptides, and also statistical analysis of these labeled neuropeptides 

between multiple bioreplicates. To use this program, the MALDI spectra must be 

averaged and exported to a .csv file.  

33. Several software packages are capable of performing de novo sequencing, database 

searching, and peak peaking for quantitation besides PEAKS (e.g., Proteome Discoverer). 

34. Common post-translational modifications (PTMs) for crustacean neuropeptides include 

amidation and dehydration. If any labeling is done, it is important to include the tag or 

modification during the search (e.g. dimethylation). 

35. PEAKS software package works by first de novo sequencing all of the raw data, which 

will then be matched to the provided database of precursor masses and proposed 

sequences. It is important to note that, while other databases come from sequenced 

genomes, the crustacean neuropeptide database has been developed in-house, as there is 

no genomic database for crustaceans. When looking at peptides with no digestion, 

PEAKS shows the peptide searched as a “protein” in the program. The “peptides” section 



306 
 

is the individual, full or truncated peptides that match up to the crustacean peptides, 

which can include cleaved or degraded derivatives. Anything that doesn’t match is placed 

in a “de novo only” tab, which can provide you with possible novel peptide groups. For 

neuropeptides, these “de novo only” peptides are compared to current family sequences, 

from which certain sequence themes can be found to identify novel neuropeptides. 

Programs can that do this include “Pattern Lab for Proteomics” by using “PepExplorer” 

in the “Filter” tab. Confident identification can then be done by synthesizing standards to 

confirm MS/MS and LC retention patterns. 

36. Both MS and MS/MS-based quantitation can be done, depending on the labeling used in 

the quantitation step. Label-free quantitation is also possible. It should be noted that in 

PEAKS, the “dimethylation” modification only assumes the N-terminus and arginines. 

This should be modified if being used for quantitation, as dimethylation labels all primary 

amines, including the N-terminus, leucines (K), and arginines (R). Thus, all of these 

should be included in your dimethylation modification. 

37. It may be helpful to label dissection dishes with the orientation of the tissues to avoid 

uncertainties after the tissue is dissected. 

38. Delicate tissue such as the PO can be transferred to the H2O by either carefully folding 

the tissue into quarters or by holding the tissue at either end with separate sets of 

tweezers. 

39. To prevent degradation, a Denator heat stabilizer can be implemented immediately after 

desalting.  However, caution must be taken to avoid melting delicate tissue. 
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40. It is common for slices to fold, tear, or become distorted during the process of thaw 

mounting.  Once the slice is on the slide, thoroughly check it to ensure the integrity of the 

tissue. 

41. For best results, slides should be analyzed as soon as possible. During storage, slides can 

be wrapped in tin foil to protect them from damage. When removing the slides from the 

freezer, H2O will condense on the slides, which can cause diffusion, due to the major 

temperature change. Place them in a desiccator to minimize this effect.  

42. Our optimal method for crustacean neuropeptides has been 50:50 EtOH:H2O for 10 

seconds (see Chapter 5). 

43. This could range from 5 minutes to 15 minutes depending on the wash used. It is 

important to make sure the section is dry prior to matrix application to provide 

homogenous matrix coverage.  

44. On-tissue labeling has not been successful.  In fact, any case of success has not been 

reproduced. This method is to working as a reference and/or starting point for all future 

attempts at performing on-tissue labeling or derivatization.  

45. Both DiLeu and dimethyl labeling techniques have been studied for on-tissue labeling. 

For DiLeu, activation in ACN (instead of DMF) for 45 minutes has been found to be 

optimal. When working with spots of a neuropeptide standard mixture, 25:1 label:peptide 

ratio worked the best when the sample was reconstituted in 0.05 M TEAB or NaOH-

adjusted pH=8 H2O prior to the addition of the label. This worked out to ~30% aqueous 

mixture for labeling. Dimethyl labeling requires no activation prior, and the main solvent 

of choice has been H2O. For on-tissue imaging experiments, label:peptide ratio is 
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estimated by considering the density of peptides (0.00035 mg/mm2) and the label density 

based on the parameters of the TM-sprayer using the following equation: 

 

𝐿𝑎𝑏𝑒𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝑔

𝑚𝑚2
)

=  
(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑠𝑠𝑒𝑠)(𝐿𝑎𝑏𝑒𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(

𝑚𝑔
𝑚𝐿))(𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (

𝑚𝐿
min))

(𝑁𝑜𝑧𝑧𝑙𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑚𝑚
𝑚𝑖𝑛))(𝑇𝑟𝑎𝑐𝑘 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝑚𝑚))

 

 

For most DiLeu experiments, 10:1 label:peptide ratio was used to conserve label (see 

Chapter 7). For dimethyl labeling, 1 mL of both the formaldehyde and reductive reagent 

were mixed and applied.  

46. Originally, in order to change the configuration, the line connected to the syringe would 

need to be removed from the chromatography loop mechanism. The outlet of the 

chromatography loop mechanism (orange line) is then disconnected from the filter unit, 

which is located between the chromatography loop area and the sprayer area. The syringe 

line is then directly connected to the filter unit, thus bypassing the chromatography loop 

mechanism. This has changed, as the syringe pump (dedicated to spraying enzymes or 

labels) now has its own filter unit, while the matrix pump system has its own, dedicated 

bulk solvent pump. In general, though, care should be taken to make sure that there are 

no leaks, no screws are overtightened, no screws become stripped, etc. 

47. For labeling reagents, 30°C is the most common temperature used to make sure that a 

wetter application is used, although diffusion should be considered with a wet 

application.  
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48. Desired method will depend on the labeling system, label:peptide ratio, and desired 

wetness of application. 

49. At a flow rate of 0.200 mL/min, in the alternative configuration, it takes 2.5 minutes for 

the sample to get form the syringe to the sprayer. This will depend on the tubing length 

though, and should be determined for each individual TM Sprayer set up.  

50. Incubation can be done at room temperature, in a hydration chamber (up to 37°C), in a 

cell incubator (up to 37°C), etc. Alternative embedding materials that section well would 

need to be explored if going beyond that temperature, as gelatin melts at 37°C. A mixture 

of 2% agarose and 10% gelatin (w/v) has been shown to not melt at 37°C and also 

sections well. 

51. With DiLeu and dimethyl labeling, the filter in the filter unit is changed after every 

experiment to prevent clogging. 

52. This will depend on the labeling reagent and may not need to be done if other compounds 

beyond matrix are not being applied. 

53. There are several methods for applying matrix to a sample, including airbrush, automated 

sprayer, inkjet printer, sublimation, etc.  The method described here utilizes an automated 

sprayer (e.g., TM-Sprayer) which has been found to be the most reproducible 29.  

54. Our TM-Sprayer has recently been upgraded from using a syringe pump to a bulk solvent 

pump system. 

55. The sprayer temperature should be high enough to evaporate the matrix/solvent mixture. 

For the TM-Sprayer, turn up the temperature slowly until you hear a “puffing” noise. 

Reduce the temperature by 5°C for the final method.  
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56. Parameters to consider when choosing a method include the number of times the sprayer 

passes over and coats the slide, the drying time between coats, the direction the sprayer 

moves in to coat the slide (i.e., horizontal or vertical), and the system flow rate. Our 

preferred method includes 12 passes with a 30-second dry time between passes, and the 

orientation alternating between horizontal and vertical with each pass to provide an even 

coating at a flow rate of 0.1 mL/min. Methods should be optimized to the peptide group 

of interest and matrix to minimize diffusion while increasing peptide extraction. 

57. The matrix loop only has a finite volume it can hold, and so it may be necessary to reload 

it with matrix during the course of the method.  If this is necessary, wait until the sprayer 

is done with its current pass, switch the injection loop to “Load,” load matrix, and switch 

the injection loop back to “Spray” before it starts the next pass.  

58. After clicking “Start,” the system may say the temperature is unstable due to the 

sensitivity of the system. Since the temperature will never fully stabilize, click “Start 

Now” to start the method.  

59. The MALDI-Orbitrap is also capable of scanning in the whole plate or each individual 

slide at varying image qualities. Scanning the plate with an external system only takes a 

few minutes, while scanning one slide at “normal” resolution takes ~25 minutes.  For 

other instruments, images need to be scanned by an external scanner. 

60. Raster size determines the spatial resolution (i.e., pixel size) of the tissue being imaged.  

While small raster sizes provide better image resolution, they can drastically increase the 

analysis time of the instrument. The MALDI-Orbitrap allows for a raster size of 75 

microns without oversampling, but other MALDI instruments boast spatial resolution 

down to a few microns.  
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61. After selecting the final area of interest, saving this imaging in the “View Plate” window 

allows for easier image overlay during data processing. 

62. The software tends to shift the selected area unpredictably after closing the window.  

Therefore, it is recommended to close and reopen the “View Plate” window after a 

selection has been made to ensure that the area of interest is still within the selection box. 

63. It is good practice to include a small amount of area outside of the tissue when selecting 

the area to be analyzed in order for it to be used as a means to distinguish signal from 

random noise. 

64. Typically, normalization is performed in reference to the total ion current (TIC), in which 

each mass spectrum is divided by its TIC.  This ensures that all spectra have the same 

integrated area under their curves. Other normalization strategies are emerging 30, but 

TIC continues to be the most widely used. 

65. When comparing multiple images, it is often helpful to set them to the same intensity 

scale.  This can be done by entering the Min and Max Plot Values in the “Scale” tab. 

66. MSiReader is a freely-available, open-access software that can be downloaded from 

http://www.msireader.com/ 4. 

67. To convert to imzML in ImageQuest, click File, Export, imzML.  Either all peaks or 

centroids only can be exported. 

68. Identifications should be compared to peaks extracted from the full image using the Java 

search tool (see Note 32). Peak extraction can be done in ImageQuest by summing the 

image initially. Then, in the “View” tab, select “View Information”. In the “Spectrum 

List” tab, unclick “Top 10), which will then generate a through list of peaks that can be 

http://www.msireader.com/
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copied and pasted into Excel, saved as a .csv, and searched with a corresponding Java 

program. 

69. SciLs is a commercial statistical analysis tool for MS imaging analysis. Originally only 

for Bruker instruments, it is now able to work with other open source file formats (see 

Note 66).  

70. When working with high resolution data, it is best to export in centroid mode prior to 

uploading into SciLs in order to not crash the program. 

71. For the MALDI-LTQ-Orbitrap XL, uploading data in linear mode has been the best for 

accurate data interpretation. 

72. When selecting areas that are of the same conditions, you can color code them to aid in 

distinguishing groups later.   

73. For crustaceans, we can import our database of neuropeptides to aid in investigation. 

Lists can be imported by going to “File”, “Import”, and clicking “m/z intervals from CSV 

or clipboard.”  

74. For t-tests, no directionality is needed for selecting “Class 1” versus “Class 2.” For ROC 

curves, you can do both directions (i.e., A vs. B and B vs. A) to understand both 

upregulated and downregulated m/z values. 

75. When exporting ROC tests, export the “maximum AUC in interval.” 

76. A variety of flask types were used to culture cells over time, as shown in the table below, 

along with corresponding volumes of media (approximate), trypsin, and washes to use.  

The T75 flask was shown to be optimal for culturing 1 TG with the dissociation 

technique.  
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Flask 

Name 

Flask 

Volume 

Media 

Volume 

Trypsin 

Volume 

Wash 

Volume 

24-Well 1.9 cm2 1 mL 0.5 mL 0.5 mL 

12-Well 3.8 cm2 2 mL 1 mL 1 mL 

6-Well 9.5 cm2 5 mL 2mL 2.5 mL 

T25 75 cm2 5 mL 1.5 mL 2.5 mL 

T75* 75 cm2 10 mL 3 mL 5 mL 

T150 150 cm2 20 mL 6 mL 10 mL 

 

77. Since crustaceans are considered biosafety level one (BSL-1), the only PPE required is 

safety glasses and gloves. Lab coats are required if BSL-2 samples are being worked 

with.  

78. Antibiotic should be 1% of media solution and be added fresh to the media before using 

it. To reduce freeze-thaw cycles of the antibiotic solution, antibiotic can be pre-aliquoted.  

79. Antibiotic is only good for 3 days once thawed (normally stored at -20 °C). Dispose of 

media accordingly. 

80. Media should be used at room temperature for crustacean species. 

81. Media is stored at 4°C. Antibiotic is stored at -20°C.  

82. Media will become slightly orange when media needs to be replaced. Phenol red is added 

to the media as an indicator of nutrient consumption. This could be a few day up to a 

week depending on cell consumption. 
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Figures 

 

 
 

Figure 1. Workflow indicating the steps for sample collection, preparation, and data acquisition 

and analysis.  The workflow contains steps for analysis of tissues, crude hemolymph, and 

microdialysis samples and describes the processes for both imaging and quantitation.  For 

relative quantitation, duplex formaldehyde labeling is indicated, with CH2O indicating 

nonisotopic formaldehyde and C2H2O indicating deuterated formaldehyde used. 
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Appendix III 

 

An Excursion into  

Crustacean Cell Culture 

 

 

 

 

 

 

This work was done in collaboration with Jillian Johnson and Nhu Vu. JJ and ARB designed the 

experiments, while NV assisted in the laboratory work.  

 

Keywords: Cell Culture, Callinectes sapidus, Thoracic Ganglion, L-15 Media 
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Abstract 

 Invertebrate (e.g., crustacean) cell culture is a relatively unexplored area compared to 

mammalian cell culture. Furthermore, neuronal cell culture is known to be challenging regardless 

of the species since mature neurons do not undergo cell division. Using the blue crab, Callinectes 

sapidus, as a model crustacean, known neuronal tissues were cultured to determine the feasibility 

of crustacean cell culture with neuronal outgrowth being the primary goal. While no neurons 

appeared to grow, under optimized conditions, the thoracic ganglion proliferated cells that will 

be characterized by mass spectrometry and staining in the future.  

 

Introduction   

 Cell culture is a powerful technique that provides researchers endless opportunities for 

scientific exploration.1, 2 Already used in biomedical applications, the opportunity for in vitro 

cellular manipulation is powerful for more deep biological understanding of a cell and its 

function (i.e., when exposed to a drug), especially for basic science research.3 Furthermore, 

human tissues are considered precious due to limited availability, and with the ability to 

immortalize and continue to grow cells from different sources, we can study difficult diseases 

(e.g., cancer) without requiring as many primary samples/tissues. For humans and other higher 

order organisms, cell culture provides alternatives to in vivo animal experiments while also 

reducing biological variability for both method development and application.4  

 Currently, mammals are the most utilized source of cells, although invertebrates are 

considered a promising source for future studies. More than 95% of all species are invertebrates, 

meaning they are a currently under-tapped resource for basic scientific research.5, 6 In particular, 

marine invertebrates, which accounts for 30% of all species, are of interest due to their great 
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phenotypic differences from mammals, such as shrimp’s ability to regenerate without being 

prone to tumors.5, 7 Also, invertebrates are known for producing bioactive compounds of interest 

while also being an economic (e.g., food) interest.8 Culturing invertebrate cells has been seen in 

the literature but infrequently (~90 reports through 2004; 47 papers from 2002-2012).6, 8 No 

established cell line has been created, and it was only recently that long-term cultures have been 

achieved without having contamination.5, 6, 9 Unfortunately, the lack of reports is likely due to 

researcher’s inability to publish negative results. It should also be noted that the cell types chosen 

for studies are extremely variable, but the most common cell types appear to be hemolymph (i.e., 

blood) and embryonic cells. On the other hand, it appears that the most challenging cell types to 

culture are neurons and stem cells, although stem cells are of particular interest due to their 

potential for continuous replication.8, 10 

  Due to the lack of implemented strategies, the researchers have limited understanding of 

invertebrate (a) cellular requirements or (b) physiological needs in vitro. The two major limiting 

steps are the media and cell preparation methods.5, 6, 8, 9, 11 There is no specific media developed 

for crustacean invertebrate species, which is a clear bottleneck when comparing to insect cell 

culture. When Grace’s Insect Media was published and made available, insect cell culture 

applications grew exponentially. In the literature, a variety of different media with supplements 

have been explored, the most popular being Leibovitz’s L-15 with various different additives.7 

Beyond media considerations, due to the diversity of invertebrates that can be studied, 

publications on crustacean cell culture lack consistency on species, tissues, and methods used to 

study them.5, 6, 8, 9 This makes comparing different studies very difficult if not impossible.  

 This study explores developing a method for crustacean neuronal cell culture in order to 

extend the Lingjun Li lab’s abilities to study neuropeptides outside the in vivo animal model and 
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to study adult neurogenesis.12 By working with a previously unexplored model, the blue crab, 

Callinectes sapdius, we can apply previously published methods for similar decapod crustacean 

tissues to develop our own techniques.11, 13-19 Below, our current, optimized methodology and 

results are described. It is clear from our studies that more optimization is required for crustacean 

cell culture to be a feasible addition to our neuropeptidomic studies.  

 

Methods 

Materials and Chemicals 

Methanol (MeOH), glacial acetic acid (GAA), sucrose, ammonium hydroxide (NH4OH), 

and all crab saline components (see below) were purchased from Fisher Scientific (Pittsburgh, 

PA). 2, 5-dihydroxybenzoic acid (DHB) was obtained from Acros Organics (Morris, New 

Jersey), while formic acid (FA) was purchased through Fluka (Mexico City, Mexico). 

Liebovitz’s L-15 media and L-glutamine solution were acquired from Sigma (St. Louis, MO). 

0.25% trypsin-EDTA solution was obtained from Gibco, and Corning provided the phosphate 

buffer saline (PBS) and antibiotic-antimycotic (100X) solutions. Ethanol (EtOH) utilized in this 

study was from Pharmco-Aaper (Chicago, IL). All water (H2O) used in this study was doubly 

distilled on a Millipore filtration system (Burlington, MA) or HPLC grade, and C18 Ziptips were 

purchased from Millipore (Burlington, MA). All flasks were from TPP, while all sterile pipettes 

were Costar brand.  

Animals and Tissue Collection 

All female and male blue crabs, Callinectes sapidus, were purchased through either the 

Midway Asian Market (Madison, WI) or LA Crawfish Company (Natchitoches, LA). Crabs were 

allowed to recover from transport for several days in artificial seawater (35 parts per thousand, 
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12-14 ˚C). Prior to dissection, crabs were anesthetized on ice for 20 minutes. The hood in which 

dissections occurred was not sterile, but precautions were taken to sterilize the space. For 

examples, the hood and crustacean were sprayed down with 10% hypochlorite followed by 70% 

EtOH at the start of the dissection. All dissections were performed in chilled physiological saline 

(composition:  440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; 

pH 7.4 (adjusted with NaOH)). All dissection tools and containers were autoclaved prior to use. 

If a tissue was being collected for cell culture experiments, the microdissection occurred in 

sterile saline. The collected tissue was then transferred to media (optimal = 1:1 Leibovitz’s L-15 

and crab saline with 0.1% antibiotic-antimycotic solution, osmolarity (Osm) = 1,000 mOsm) and 

transported to a sterile biosafety cabinet for cell culture preparation. The L-15 media can be 

bought with L-glutamine supplemented or without L-glutamine to be supplemented (2 mM) 

manually. The initial osmolarity was determined by using an Advanced Instruments Model 325 

Single-Sample Osmometer on a sterile 1:1 mix of crustacean saline and L-15 media (640 

mOsm). The osmolality was then adjusted by addition of sucrose (30.805 g for 250 mL of 1:1 

mix of media) and sterilized again. All solutions were sterilized by vacuum filtration through a 

0.22 micron filter in the biosafety cabinet.  

Cell Culture 

Using a Teflon pestle, the tissue of interest was broken apart gently in 1.5 mL Eppendorf 

tube and pipetted into the appropriately sized culture flask (e.g., ½ thoracic ganglion in a T25 

flask) with supplemental media. Cells were fed as necessary according to the color change of the 

media. The cells were allowed to culture until 80% confluence was reached before either (a) 

splitting by 0.25% trypsin-EDTA addition for 5 minutes and then scrapping or (b) collection by 

the same method. In both cases, the cell pellet was collected by centrifugation at 1000 rpm for 5 



322 
 

 
 

minutes (with acceleration, no deceleration). If the cells were collected, the pellet is washed 3 

times with PBS prior to storage at -80°C to remove any media components from the cell pellet. It 

should be noted that the optimal conditions are stated here, but all methods considered will be 

discussed below.  

Sample Preparation  

 Neuropeptides and metabolites were extracted with acidified MeOH (90:9:1 

MeOH:H2O:GAA) using a probe sonicator (Fisherbrand Model 120 Sonic Dismembrator) at 4°C 

with the following parameters: 3 pulse sequences, 8 seconds “ON” at 50% amplitude, 15 seconds 

“OFF.” After sonication, the sample was centrifuged at 20,000 rcf (4 ˚C) for 20 minutes, and the 

supernatant was dried down in a Speedvac (Savant SCV100). Neuropeptides were purified using 

a C18 Ziptips according to the manufacturer’s protocol and dried down using a Speedvac in 

preparation for analysis.  Metabolites, found in the flow through of the ZipTip, were purified 

using a Waters OASIS PRiME MCX solid phase extraction columns and split into two fractions: 

MeOH and 5% NH4OH in MeOH. These samples were not desalted by Ziptips prior to analysis, 

but all future experiments will include a desalting step. To determine how many cells were 

needed for analysis compared to a traditional whole tissue preparation, the Pierce Quantitative 

Colorimetric Peptide Assay was used following the manufacturer’s protocol.  

Mass Spectrometry (MS) Data Collection 

A matrix assisted laser desorption/ionization (MALDI)-LTQ-Orbitrap XL was utilized 

for initial characterization of the cellular contents. Samples were spotted with 1:1 DHB (150 

mg/mL 50:50 MeOH:H2O with 0.1% FA) and analyzed at 60,000 resolving power in either m/z 

100-1000 (metabolites) or m/z 500-2000 (neuropeptide) mass range. Neuropeptides were 

identified using an in-house Java program for accurate mass matching to a custom crustacean 



323 
 

 
 

database. Metabolites were tentatively identified by accurate mass matching to Metlin online 

database.  

 

Results and Discussion 

 Crustacean cell culture is limited in the literature, especially for neurons. This could be 

due to several factors, including mature neurons not dividing, although there are stem cell-like 

neurons that exist in defined ganglia, and the lack of defined media.5, 6, 9, 11, 12 No studies have 

been performed with the blue crab to our knowledge or for neurons, so this study aims to further 

our knowledge on this topic.  

 Five different tissues (i.e., brain, sinus gland (SG), pericardial organ (PO), commissural 

ganglion (CoG), thoracic ganglion (TG)) were investigated for their ability to culture neurons. 

From these initial studies, no neurons were observed to grow from any tissue using the standard 

explant culture method. Thus, the best tissues were chosen based upon the qualitative 

observation of number of cells grown. The TG and CoG were selected for further studies.   

 Based upon the literature, several different media have been investigated for crustacean 

cell culture, and four were selected to test their efficacy for blue crab neuronal tissue. The media 

chosen are shown in Table 1 with future alternatives found in the literature in Table 2. Several 

others exist in the literature, such as using L-15 (2X).5-7, 9, 11, 19 For all media containing 

hemolymph, the hemolymph was sterilized using a 0.22 micron syringe push filter prior to 

addition to the media. Blood cells from the hemolymph has been the most frequently used in 

crustacean cell culture, but our filtering should have removed all cellular species to just provide 

the nutrients.8 It should be noted that osmolality was not adjusted until after these studies. Of the 
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four media types tested, the media 1 (1:1 mix of L-15 and crab saline) produced the largest 

number of viable cells, and all future studies were done using this media.  

In general, several other parameters were found to be optimal for crustacean cell culture. 

Initially, the explant technique was used to allow outgrowth of cells, but the use of a dissociation 

method produced better extraction of the tissue’s cells of the tissue for initial adherence. This 

could be due to breaking the complex sheath on many ganglia or other complex interactions that 

occur between cells. Furthermore, classic trypsinization using a 0.25% trypsin solution was not 

found to be adequate to release the cells from the flask for collection or splitting. Thus, a 

scrapping-based method was utilized instead.  

 A peptide assay was done to determine how many flasks of cells were required to be 

analogous to one TG tissue. Several flasks of cells were combined for the analysis, and it was 

determined that about 40 T-25 flasks of cells (<80% confluence) were required. From previous 

analyses, each TG fills a T-25 flask during the platting phase but does not divide very quickly 

(i.e., no doubling in 3 week lifetime). This is consistent with what is seen in the literature, where 

cells stop dividing 24-72 hours after isolation (i.e., cellular quiescence).10 We are also seeing 

inefficient adherence, as many cellular species are dying prior to adhering onto the flask. This 

observation suggests that we would need at least 10 crabs to culture enough cells to be analogous 

to a single TG.  

Visual inspection of all the cell species showed no indication of neuron growth, although 

some appeared to be morphologically similar (Figure 1). Figure 1a shows a zoomed out photo 

of the cellular species observed, with Figure 1b highlighting zoomed in photo of a “neuron-like” 

cell. It should be noted that no known neuropeptides or metabolites/neurotransmitters were 

identified from cellular extracts using MALDI-MS. Several other cell species were apparent and 
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will be characterize through liquid chromatography-electrospray ionization MS and stains 

(Figure 2). These species appeared similar to those classified as crustacean glial cells in the 

literature.19 

It is clear that the current methodology requires revisions, and other methods, such as 

growth substrates, different temperatures, pH, dissociation methods (i.e., enzymatic), a 

crustacean specific PBS, etc. should be explored.8, 9, 19 In fact, analyzing the proteins on the cell 

surface will be key to understand invertebrate cellular signaling, although, without a sequenced 

genome, this is even more challenging. Nonetheless, the main bottleneck of growth appears to be 

the growth medium, as a well-defined medium is not available for crustacean species.5, 6, 8, 9, 11 In 

the case of insects, the ability for researchers to utilize insect cell culture exploded when Grace’s 

Insect Media was developed, and this is currently the only media that is invertebrate specific.8 

Unfortunately, invertebrate species biomolecular needs are not well understood, and continued 

efforts need to be made to fully understand invertebrates and crustacean metabolic requirements. 

This is a challenge though due to the natural diversity of invertebrates, and the knowledge we 

have acquired from mammalian cell culture appears to be non-transferable. For example, even 

though we have an insect specific media, we are unable to use the same media for other 

invertebrates effectively.8 Other significant challenges exist due to invertebrate specific 

contamination and immortalization, but these challenges are outside the current scope of this 

study.5  

 

Concluding Remarks 

Invertebrate cell culture is a promising technique for (a) basic science research and (b) 

animal model alternative, but it is clear that more efforts are needed to address the unique 
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biomolecular requirements for groups of invertebrates compared to mammals. In general, 

emphasis should be placed on both characterizing the required growth factors need for 

proliferation while also considering the physiological demands to allow for prolonged cellular 

growth and cell division. Furthermore, once we are able to grow cells continually and efficiently, 

establishing genetically immortalized cell lines will be the next step for continued application of 

invertebrates in basic science research. 
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Figures 

 

Figure 1. Representative photos of the cellular species seen (a). Highlighted in (b), the area in 

the blue square resembles a neuron, however further confirmation of neuronal markers is needed 

for identification.  
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Figure 2. Representative images of non-neuronal cellular species. These resemble glial cells 

seen in the literature.19 These cells will be characterized by MS in the future.  
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Table 1. Four different media combinations explored for crustacean cell culture. Media mixture 

number “1” was determined to be the best.  

 Media Used 

1 L-15 + Crab Saline (1:1) 

2 L-15 + Crab Saline (1:1) + 10% Fetal Bovine Serum 

3 L-15 + Crab Saline (1:1) +  5-10% Hemolymph 

4 L-15 + Crab Saline (1:1) + Hemolymph (w/ 0.1 M Sodium Citrate (1:1 Mix with Hemolymph)) 
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Table 2. Four other possible media combinations to consider from the literature.  

 Alternatives 

1A L-15 + Crab Saline (1:1) + Corresponding Tissue Extract 

2A L-15 + Crab Saline (1:1) + EGF (10 mg/mL) + Glucose (1 g/L) 

3A Grace’s Insect Medium 

4A DMEM-F12 + 10% Fetal Bovine Serum 
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Appendix III 

 

MALDI Mass Spectrometric Imaging 

Analysis of the Rat Uterus 

 

 

 

This work was done in collaboration with Megan Spurgeon and Paul Lambert in the McArdle 

Laboratory for Cancer Research (University of Wisconsin-Madison).  

 

Keywords: Rat Uterus, Cervical Cancer, MALDI-MS imaging, Accurate Mass Matching, 

Optimal Cutting Temperature 
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Abstract 

 

 Understanding the complex interplay of molecules in cancer is of great interest but also 

provides a major analytical challenge due to heterogeneity of the tumor microenvironment. Mass 

spectrometry (MS) imaging allows researchers to map the spatial distribution of molecules of 

interest without prior knowledge of their structure. Unfortunately, many techniques and materials 

used in classic medical tissue preparation are incompatible with MS. In this study, control rat 

uterus sections embedded in optimal cutting temperature compound (OCT), which is 

traditionally not compatible with MS imaging, were used to investigate which molecular species 

could be imaged. Various lipids at different m/z values were visualized, which can be used to 

compare control and cancerous tissues in the future.  

 

Introduction 

 As worldwide major health concern, cancer has received a lot of attention due to the 

complex signaling mechanisms involved in the disease process.1-3 Currently, biological imaging 

techniques focus on either staining of a specific molecular characteristic or specific labeling of a 

molecule of interest on tissue sections to obtain localization information.4-6 With genetic 

profiling, potential signaling molecules of interest can be determined, but this can be difficult if 

not impossible to obtain a full, global picture of the changes occurring with the variety of post-

translational processing steps that occur in vivo.7-9 Overall, there is a limit to the community’s 

ability to discover new factors involved in carcinogenesis, and the development of new 

techniques is required.  

 Mass spectrometry (MS) has emerged as a powerful tool for global profiling due to its 

excellent sensitivity, high speed, and specificity while requiring no prior knowledge.10, 11 With 
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the development of MS imaging, the molecular localizations of all ionizable molecular species 

can be acquired without knowing their structure.12-15 The first and most common ionization 

technique used for MS imaging is matrix-assisted laser desorption/ionization (MALDI), which 

has been extensively used for metabolite, peptide, and protein imaging.16-18  

Unfortunately, many of the sample preparation strategies used in classical biology are not 

MS-compatible. For example, in general, an embedding material is used to support the sample 

prior to sectioning and analysis.12 These materials range from optimal cutting temperature 

compound (OCT) to gelatin, the earlier not being compatible for mass spectrometry analysis.19-21 

OCT, a polymer, is known to cause ion suppression and interfere with those molecules that do 

ionize, although biologist and pathologists still commonly utilize this material.22  

In this chapter, a rat uterus was used as a method development medium to assess our 

ability to use MALDI-MS imaging on OCT-embedded tissue sections. Without the use of 

specialized slides, this research was unable to analyze larger signaling molecules. Furthermore, 

removal of the OCT was not possible from the tissue section, focusing our imaging range to m/z 

<1000. Several images of metabolites and lipids were acquired with high mass and space 

resolution, all of which could be potential molecules of interest in the signaling of cancer. Future 

experiments could include direct comparisons between normal and ovarian cancer tissue 

samples. 

 

Methods 

Materials and Chemicals 

Methanol (MeOH) was purchased from Fisher Scientific (Pittsburgh, PA). 2, 5-

dihydroxybenzoic acid (DHB) was obtained from Acros Organics (Morris, New Jersey), while 
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formic acid (FA) was purchased through Fluka (Mexico City, Mexico). Ethanol (EtOH) utilized 

in this study was from Pharmco-Aaper (Chicago, IL). All water (H2O) used in this study was 

doubly distilled on a Millipore filtration system (Burlington, MA) or HPLC grade.   

Sample Preparation 

All control rat uterus samples were dissected, embedded in OCT, and sectioned at an 

unknown thickness (~6-20 microns) onto plain glass microscope slides prior to analysis by the 

Lambert Lab. Serial sections of all samples were stained to help identify and compare 

differentiation between the epithelial and stromal layers in the cervix. Washes were done with a 

previously published method using EtOH and H2O.21 

Matrix Application 

A TM sprayer (HTX Technologies. LLC) was utilized to apply DHB matrix (40 mg/mL 

in 50:50 MeOH:H2O with 0.1% FA) onto all tissue sections. For analysis of peptides and 

proteins, matrix was applied with the following parameters: 0.2 mL/min solvent flow rate, 12 

passes, 1250 mm/min velocity, 30 second dry time, 80°C temperature, and 10 PSI gas flow rate. 

For metabolite analysis, the methodology has been published elsewhere.23 Briefly, a flow rate of 

0.05 mL/min was used as the TM sprayer applied DHB at a velocity of 1250 mm/min at 80°C. 

Instrumental Considerations 

Three MALDI instruments were used to analyze the tissue sections: (1) Thermo MALDI-

LTQ-Orbitrap XL, (2) Bruker MALDI Ultraflextreme (Time of Flight (TOF)/TOF), and (3) 

Waters MALDI-Synapt G2 (TOF). The instruments were used to analyze 

metabolites/peptides/lipids (m/z 100-4000), peptides/small proteins (m/z 4000-7000), and 

proteins (m/z 4000-10,000), respectively. The spatial resolution acquired for all images was 75 

micrometers.  
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Data Processing 

Raw data was exported to the .imzML form using Thermo ImageQuest. MSiReader was 

utilized for all further image processing. The “Peak Finder” program allows for users to 

differentiate between signal in outside and inside the tissue. Our parameters required that the 

signal be in at least 50% of the tissue area and less than 10% of the reference (matrix/OCT) 

region. All identifications were done by accurate mass matching (AMM) to online databases 

(LIPIDMAPS and Metlin for lipids and metabolites, respectively) within a ±5 parts per million 

(ppm) mass error. 

 

Results and Discussion 

 In order to determine which molecule types could ionize efficiently, several instruments 

and mass analyzers were utilized in conjunction with a MALDI source. As uterus samples were 

embedded in OCT, a well-known ion suppressor and mass spectrometer contaminant, and were 

not sectioned on indium tin oxide (ITO) coated slides, both TOF-based instruments were unable 

to produce adequate signal above the baseline noise with acceptable peak shapes. While OCT 

can be focused only around the outside of the tissue and not within the tissue (Figure 1), OCT 

contamination on the sectioning blade can then cause OCT contamination in the sample (Figure 

2A). Thus, the MALDI-Orbitrap was selected at the sole instrumental platform for this analysis.  

Initial analysis in the peptide range (m/z 500-4000) showed a strong OCT signal outside 

the tissue (Figure 1), but inside the tissue appeared to be OCT-free. This was not the case in a 

later analysis (Figure 2a). Depending on the synthesis procedure, OCT can have a polymer 

signal that ranges from 1000 to 20,000 Daltons due to its polyethylene glycol structure.24 In our 

case, this signal spanned from m/z 1000-2000, which can limit identifications by ion suppression 
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or by interfering with true sample peaks.22 Washing with a previously described method was 

attempted in order to remove any OCT found on the sample.21 While the OCT signal was 

effectively removed, due to the conditions of the washes, many of the other analytes of interested 

have appeared to have washed off as well (Figure 2). This was expected, since this wash method 

was developed for protein fixation and utilizes high water content in its washes. Since the OCT 

seems to only contaminate m/z 1000 and above, no special processing (i.e., no washing) would 

be required to analyze the metabolites and small lipids (m/z 100-1000) in the uterus tissue 

section.  

Several peaks were visualized on unwashed tissue sections, as shown in Figure 3 and 4 

for the metabolite and peptide/lipids imaging runs respectively, many of which we’re able to 

discern the epithelial and stroma layers (Figure 5). From both analysis, several preliminary 

identifications were made, mainly to several lipid subclasses. The highlighted masses in the 

distribution analysis (Figure 3 and 4) and their possible matching identities are outlined in Table 

1. It should be noted that many of these were deemed unknown based on our database searches. 

These unique and interesting masses maybe related to uterine signaling, but without tandem MS 

(MS/MS) analysis, where fragments are collected from the parent ion in order to determine its 

original sequence, it will be hard to provide confident identifications. In particular, structural 

identification from MS/MS can be difficult for metabolites, but peptide identification could rely 

on de novo sequencing.  Methods have been developed, including dimethylating the peptide or 

metabolite, to increase ionization and fragmentation efficiency.25 Utilizing a spiral step method 

for better MS/MS spectra collection during imaging, is also another avenue to consider.26 While 

most of the masses appear to not be contaminated by OCT embedding media, m/z 313.032 on 

Figure 3 shows a signal outside the tissue section. Thus, due to the possible contamination and 
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ion suppression, quantitation between different m/z values or even different tissues will be 

difficult.  

 

Conclusions and Future Directions 

While several interesting distributions were found through this analysis, all 

identifications were made only on AMM. Without targeted confirmation (MS/MS or other 

biological assays), these can only be considered preliminary identifications. With future 

replicates, biological samples, and possibly newly developed methodology/instrumentation, 

these masses and possibly spatial distributions of other interesting molecules could lead to an 

improved understanding about the cervical carcinogenesis or other samples that have been 

embedded in OCT by MALDI-MS imaging.  
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Figures 

 

Figure 1. A comparison of the MS spectra from inside the tissue (a) and the outside of the tissue 

(b). The strong polymer signal outside the tissue is OCT, the embedding material.  
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Figure 2. A comparison of MS spectra from inside the tissue before (a) and after (b) washing the 

tissue. In this case, OCT has contaminated the sample section. Washing the tissue section 

removed the polymer signal, but the sample has been compromised (e.g., contaminated) 

otherwise.  
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Figure 3. Metabolomic imaging of a section of rat uterus, where the ovaries are attached to the 

horns (down) away from the vagina (up). Several m/z values are highlighted, including those 

localized in the epithilalal layer (m/z 160.133), stromal layer (m/z 222.029), within the cervix 

(m/z 313.032), or all over the entire uterus (m/z 310.996).  
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Figure 4. Imaging of a section of rat uterus, where the ovaries are attached the horns (up) away 

from the vagina (down). Several mass-to-charge values are highlighted, including those localized 

in the epithelial layer (m/z 856.589), stromal layer (m/z 754.539), within the cervix (m/z 

518.324), or all over the entire uterus (m/z 625.522). 
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Figure 5. A visualization of the stromal and the epithelial layers in the uterus. “Area 1” is the 

epithelial layer, while “Area 1s” is the stromal layer. Adapted with permission.27 
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Table 1. Preliminary Identifications for the highlighted MALDI-MS imaging distributions. The 

ones in red came back with no identifications.  
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Appendix V 

 

Girls Rule, Boys Drool:  

A Study of Gender Differences in Crustaceans 

 

 

 

Modified from: 

Clara Hu¥, Kylie Helfenbein¥, Amanda R. Buchberger, Kellen DeLaney, Yang Liu, Lingjun Li. 

“A Study of Gender Differences in Crustaceans.” In Preparation, 2018. ¥Co-first Authors 
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Abstract 

 Males and females are well-documented to be socially, physically, and chemically 

different from each other. These differences manifest in the nervous system, likely due to the 

natural diversity of biological signaling molecules and their targets. Neuropeptides are known to 

be key players in the nervous system, drawing from their roles in major physiological processes, 

including the stress response and feeding. By utilizing both the crustacean model organism and 

mass spectrometry, various differences were observed between male and female blue crabs in 

both nervous system tissue and hemolymph. However, it was discovered that, though specific 

neuropeptide isoforms vary greatly between male and female crabs, the general representation of 

each family remains largely consistent between the two sexes.  Furthermore, it was found that 

many neuropeptides have statistically significant differences in abundance in male and female 

crabs, most notably RFamides, which tend to appear in greater abundance in males compared to 

females. These findings suggest the possibility of sex-specific functions of various neuropeptide 

isoforms.  

 

Introduction  

Male and females have displayed key differences in terms of social behaviors, physical 

manifestations, and even deeper biological variability.1-5 Of particular interest is the nervous 

system, which affects an individual’s ability to respond to unfavorable situations and harmful 

stressors.6-10 For example, males and females have shown activation in distinct brain regions 

associated with behaviors and responses to environmental stimuli, with males exhibiting a more 

active, physical response and females a more emotional, verbal response.6 
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The reason for differences in nervous system activity between males and females is not 

yet well understood. This lack of knowledge is likely due to the large biological diversity in the 

nervous system, which includes molecules that range in size from small (e.g., neurotransmitters) 

to large (e.g., proteins). Neuropeptides, short-chain amino acid sequences with diverse structures, 

are released from neurons to act as both autocrine and paracrine messengers.11-13 They also 

function as long-range circulating hormones when secreted into the circulating fluid (e.g., blood 

and lymph).11-13 Due to their important and variable roles in the nervous system, studying these 

signaling peptides can reveal a more complete picture of male or female differences. In response 

to environmental changes, sexes have also shown varied detoxification abilities and behaviors, 

likely due to differences in mechanisms of neurological signaling molecules, such as 

neuropeptides, which have been previously implicated in the stress response.14-17 One specific 

neuro-protein, brain-derived neurotrophic factor (BDNF), has been found in higher levels in 

varying brain regions of female subjects (e.g., humans and mice) when compared to that of 

males. In contrast, these levels were not observed to be different in the blood or serum of 

humans.9 From studying different components of the nervous system, it is possible to explore the 

potentially differentiated role of BDNF in males and females in modulating sex-specific activity 

or expressing activation of sex-specific pathways.    

Difficulties in analyzing neuropeptides in mammalian systems stem from the complex 

biological matrix and less well-characterized networks. In order to characterize nervous system 

differences on a global scale, several model organisms, including invertebrates, have been 

utilized.14, 18-21 For globally profiling neuropeptidomic changes, crustaceans provide a simple, 

well-characterized, neuropeptide-rich network, which has been utilized to understand several 

physiological conditions.15-17, 22, 23 By using crustaceans, we can manipulate external variables to 
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better understand the role of multiple neuropeptides. In general, there are three major systems of 

interest for characterizing neuropeptides: the nervous system, the neuroendocrine system, and the 

circulatory system that transports neuropeptides between the two. Several prominent tissues 

make up the crustacean nervous system and neuroendocrine system. For example, the pericardial 

organs (PO) are located near the heart, and neuropeptides released tend to exhibit myotrophic 

effects directly on the heart tissue.24 The POs also release neuropeptides into the circulating fluid 

to travel long-range and exert modulatory effects on tissues in the nervous system (e.g., brain and 

commissural ganglia (CoG)). In crustaceans, the circulating fluid is comprised of hemolymph, 

which serves the purpose of both blood and lymph and transports neuropeptides between 

tissues.25 Hence, studying both hemolymph and tissues from various parts of the crab can 

improve the understanding of the secretion of neuropeptides from tissues and their modulatory 

and hormonal effect on various systems. There have been several previous studies profiling both 

tissue-based neuropeptides and circulating hormones in crustacean hemolymph, but there has not 

yet been a comparative study performed on gender differences in neuropeptides present in these 

model organisms.15-17, 26, 27 Therefore, combining the data from tissue and hemolymph can 

provide a deeper neuropeptidomic profiling in order to study the differences in the level of neural 

responses between male and female crustacean model organisms. 

 In order to characterize the differences between male and female crustaceans, this study 

utilizes a duplex reductive dimethylation strategy coupled to matrix-assisted laser/desorption 

ionization (MALDI) mass spectrometry (MS) to obtain a quantitative global profile of the 

differences in the blue crab, Callinectes sapidus. Interestingly, while males and females possess 

numerous neuropeptide isoforms that are unique to their sex, the represented families of each 

remain largely consistent. However, differences in isoforms belonging to families were also 
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observed, such as the numbers of RFamide and allatostatin A-type (AST-A) neuropeptide 

isoforms. Quantitatively, 80 neuropeptides detected across 5 neural tissues and the hemolymph 

were found to be statistically different between male and female crabs. Notably, neuropeptide 

isoforms belonging to the RFamide family tend to be present in greater abundance in males than 

females. The use of electrospray ionization (ESI) will be applied in the future to enhance our 

neuropeptidomic coverage.  

 

Methods 

Materials and Chemicals 

Methanol (MeOH), glacial acetic acid (GAA), formic acid (FA), sodium hydroxide 

(NaOH), and all crab saline components (see below) were from Fisher Scientific (Pittsburgh, 

PA). 10 kDa molecular weight cut-off tubes (MWCO) were purchased from Amicon Utracel 

(Elgin, IL). Formaldehyde (CH2O) and borane pyridine complex (~8M BH3) were obtained from 

Sigma-Aldrich (St. Louis, MO). 2H2-formaldehyde (C2H2O) was from Isotech (Miamisburg, 

OH). 2,5-dihydroxybenzoic acid (DHB) were purchased from MP Biomedicals (Solon, OH). All 

distilled water (H2O) was obtained from a Millipore filtration system (Bedford, MA). 

Hemolymph Collection and Tissue Dissection  

Male and female blue crabs (Callinectes sapidus) were obtained from LA Crawfish 

Company (Natchitoches, LA). All animals were housed in chilled artificial seawater tanks at 

12˚C for at least 24 hours prior to use. Each crab was removed from the tank and placed on ice 

for 10 minutes prior to hemolymph withdrawal. The crab was placed on a metal dissecting pan 

with ventral side up, and a 25-gauge needle attached to 1 mL syringe (Beckton Dickinson, 

Franklin Lakes, NJ) was inserted into one of the soft joints. 1 mL of hemolymph was removed. 
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The crab was then placed on ice for an additional 10 minutes prior to dissection. Five distinct 

tissue types were isolated during the dissection, including the brain, sinus glands (SG), paired 

PO, thoracic ganglion (TG) and paired CoG tissue samples, in chilled physiological saline 

(composition:  440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM MgCl2; 10 mM Trizma acid; 

pH 7.4 (adjusted with NaOH)) as previously described.28, 29 

Hemolymph Extraction and Clean Up 

Equal volume of acidified MeOH (90:9:1 MeOH:H2O:GAA) was added to the 

hemolymph sample and the mixture was vortexed vigorously. The sample then was sonicated for 

5 min to break down large particles followed by centrifugation for 5 min×16,100 g using an 

Eppendorf 5424R centrifuge (Hauppauge, NY). Supernatant was removed and placed into a new 

tube. The pellet was homogenized using a Teflon pestle in 0.5 mL acidified MeOH, and the 

previous steps were repeated two additional times (for a total of 3 extractions). The combined 

supernatant from each extraction was evaporated in a Savant SC 110 Speedvac (Thermo Electron 

Corporation, Waltham, MA, USA) at medium heat prior to being resuspended in 0.5 mL 30:70 

MeOH:H2O.  

A 10kDa MWCO device prepared by rinsing with 0.2 mL 0.1M NaOH (centrifuged for 4 

min×14,000 g) followed by 0.5 mL of 50:50 H2O:MeOH (centrifuged 8 min×14,000 g). The 

sample was then loaded into the device (centrifuged for 20 min×16,100 g) followed by rinsing 

with 0.1 mL of 30:70 MeOH:H2O (centrifuged 5min×16,100 g). All centrifugation steps were 

performed at 4˚C. The flow-through was collected from sample and following rinse step, and the 

combined sample was evaporated by a Speedvac on medium heat. The sample was then 

dissolved in 150 μL 0.1% FA, vortexed vigorously, and sonicated for 5 min. Samples were then 

desalted according to manufacturer's recommendations using the Agilent Bond Elute 100 μL C18 



353 
 

 
 

OMIX tips (Santa Clara, CA) and dried down in a Speedvac. If storage was required, the sample 

was resuspended in the solvent needed for the next step of clean up at -80˚C. 

Tissue Extraction and Clean Up 

Prior to sonication, acidified MeOH (100-150 μL) was added to tissue tube. 

Neuropeptides were extracted on ice using a Fisher Scientific Sonic Dismembrator (Model 120). 

Extraction was done in three sets of 8 second pulses (50% amplitude) separated by 15 second 

pauses. The homogenized extract was then centrifuged at 20,000 g for 15 minutes at 4˚C. The 

supernatant was then transferred to a new tube to be dried down using a Speedvac. Samples were 

then desalted according to manufacturer's recommendations using Millipore 10 μL C18 ZipTips 

(Billerica, MA) and dried down. If storage was required, the sample was stored dry at -80˚C. 

Isotopic Formaldehyde Labeling 

Male and female crab samples were distinguished using duplex isotopic reductive 

dimethylation as previously published.30 Briefly, each sample was treated with either 1% CH2O 

(light) solution or 1% C2H2O (heavy) solution with borane pyridine complex solution (0.03M 

BH3). Samples were then incubated at 37˚C for 15 minutes in a warm water bath followed by 

quenching with ammonium bicarbonate (100 mM). Male and female samples were mixed 1:1 by 

tissue (or hemolymph) type and dried down in a Speedvac. 

Data Collection and Processing 

Samples (dissolved in H2O with 0.1% FA) (n=7) were analyzed on the Thermo MALDI-

LTQ-Orbitrap XL after spotting with DHB (150 mg/mL; 50:50 MeOH:H2O and 0.1% FA) in 

triplicate at 60,000 mass resolution from m/z 500-2000 or 4000. Data from all comparative 

studies were analyzed using a custom program written in Java for accurate mass matching both 

light (+28.0313 Da) and heavy (+32.0564 Da) peaks to an in-house crustacean neuropeptide 
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database. Analysis parameters included an intensity threshold of 100 and mass error of +/-5 ppm. 

Neuropeptides that were identified in at least two technical replicates and one biological replicate 

were considered for all qualitative analyses. Quantitative ratios were calculated by dividing the 

“female” peak intensity by the “male” peak intensity. Only those that were found in at least 2 

technical replicates and 3 biological replicates were analyzed for statistical significance, which 

was done using a student’s t-test (p<0.05). 

 

Results and Discussion 

This study aimed to investigate differences between female and male crabs based on the 

presence and level of neuropeptides in tissues and circulating fluid (i.e., hemolymph). The data 

collected indicate the differences in the isoforms, families, and quantitative abundance of various 

neuropeptide families and individual neuropeptide isoforms.  

Differences in the Isoforms of Neuropeptides 

 In general, each neuropeptide family contains various neuropeptide isoforms. Though 

neuropeptides from the same family are often pleiotropic, different isoforms are commonly 

encoded by paralog genes.31-35 As a result, individual isoforms may have the same or different 

functions within the nervous and neuroendocrine system. Here, we compared the isoforms 

detected exclusively in male samples and female samples along with those present in both in 

hemolymph and five different tissue types (i.e., SG, brain, PO, CoG, and TG) (Figure 1). It was 

observed that female and male C. sapidus have several neuropeptide isoforms that are unique to 

each sex, especially in comparison to those in common between the two groups. In hemolymph, 

there was a greater overall number of neuropeptides identified in each biological replicate 

compared to tissue. However, there were fewer neuropeptides detected consistently across 
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multiple biological replicates, which manifests in the quantitation data discussed later. This is 

likely due to the circulating nature of neuropeptides in the hemolymph, which introduces a 

greater variability in neuropeptides present at a given time in a given animal, or interfering 

protein fragments causing misidentifications. It should be noted that the hemolymph results do 

reflect the same trend observed in the tissue, where the number of neuropeptides unique to each 

sex is greater than that shared between the two sexes. The large number of unique isoforms 

between two samples indicate that different neuropeptide isoforms may participate in providing 

signals in female and male nervous and neuroendocrine systems. These neuropeptides may also 

serve functions specific to modulating female and male physiological processes.  

Families of Neuropeptides Identified 

 The large number of unique isoforms indicate that there is substantial diversity of 

individual neuropeptides between females and males, which indicates the difference between 

sexes. However, the families each neuropeptide isoform belong to are largely conserved in both 

tissue and hemolymph. Figure 2 shows the distribution of families of detected isoforms in all 

tissue samples analyzed. Most of the families detected are identical between the two sexes, but 

there are several small differences to be noted. For example, the number of neuropeptides 

belonging to the AST-A family is greater than that of the RFamide family in females, while the 

opposite is reflected in male samples. Such trends were also observed in specific tissues, 

including the PO, SG, brain, and CoG (Figures S1, S2, S3, and S4, respectively). The TG 

(Figure S5) was the only tissue that did not follow this trend. Another trend is that the numbers 

of neuropeptides in the kinins, red pigment dispersing hormone (RPCH), and cryptocyanin 

families are different between female and male, which may be due to the distinct physiological 

differences in two sexes.  
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The POs are a prominent neurosecretory release site, so this tissue tends to contain more 

neuropeptides from a variety of families. Moreover, neuropeptides released from PO are 

transported directly to the pericardial sinus where hemolymph is collected.24 Therefore, it is 

interesting to highlight neuropeptides detected in the PO and to correlate these with those present 

in the circulating hemolymph. As shown in the pie charts in Figure S4, more isoforms of 

crustacean cardioactive peptide (CCAP) were present in female PO samples, while kinins and 

pigment dispersing hormone (PDH) are two families where more isoforms were detected in male 

POs. The differences indicate that more isoforms of CCAP family are needed in female POs to 

modulate neuroendocrine activities, while these kinins and PDH isoforms may be involved in 

more male-specific functions. The distribution of families detected in hemolymph (Figure 4) 

from females almost correspond exactly to those in males, except lower amount of kinins, higher 

amount of cryptocyanin, and the absence of SIFamide. The data indicates that a greater variety in 

the cryptocyanin family is secreted into the circulating fluid in females than males, and less 

diversity of neuropeptides and possible proteins are involved in regulating the male 

neuroendocrine system as circulating hormones. Overall, the families are similar in both tissue 

and hemolymph samples, which implies that, even though the specific neuropeptide isoforms are 

different, they may still serve similar functions in female and male C. sapidus. It should be noted  

Quantitative Differences of Neuropeptides 

 In addition to the diversity of function based on varying isoforms, the in vivo 

concentration of individual neuropeptides can also affect their modulatory function in the 

nervous system.36, 37 Therefore, relative quantitation was performed with reductive dimethylation 

to compare the abundance of neuropeptides between sexes.15-17, 22, 30 Those neuropeptides that 

exhibited statistically significant changes in abundance (p<0.05) are shown for each tissue 
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analyzed (Figures 4, S6, S7, S8, and S9), as well as hemolymph (Figure 6). The numerical 

results are also available in Table S1-S6. Overall, there were many neuropeptides that showed 

significant differences in abundance between male and female in tissue and hemolymph samples. 

It is interesting to note that, while six neuropeptide isoforms belonging to the AST-A family 

were detected at higher levels in the POs of female crabs, three AST-A isoforms (i.e., 

YSFGLamide, GHYNFGLamide and PRDYAFGLamide) are present in larger amounts in male 

crabs. Neuropeptides belonging to the RFamide family (e.g., NPSDFLRFamide, 

AQPSMRLRFamide and YGSDRNFLRFamide) tend to be in greater abundance in males, and 

the number of neuropeptide isoforms in the same family are also higher in male. This 

observation suggests that RFamides may be implicated in modulating male-specific functions. 

Overall, fewer quantifiable neuropeptides were detected in hemolymph samples, which is likely 

due to the much lower concentrations and greater variability of these circulating peptide 

hormones. The observed variability of neuropeptides in hemolymph is also possibly attributed to 

low in vivo concentrations and obscured signals due to the presence of interfering artifacts such 

as lipids and large protein fragments. As a result, fewer neuropeptides are detected consistently 

across enough biological replicates to enable quantification. Regardless, the quantified 

neuropeptide trends in the hemolymph are consistent with those observed in the PO. Even 

though the numbers of neuropeptide isoforms belonging to the RFamide family are similar 

between male and females, males tend to have a greater relative abundance of RFamide 

neuropeptides (e.g., NRNFLRFamide and LNQPNFLRFamide), which suggests that they may be 

involved in male-specific functions in addition to possible other functions. Though the trends in 

relative abundance of neuropeptide families are similar between PO and hemolymph, the specific 

neuropeptide isoforms are different. Such differences imply the neuropeptides detected in 
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hemolymph may originate from other neuroendocrine tissue. Also, not all neuropeptides present 

in the POs are routinely released into the hemolymph. The neuropeptides detected in the POs 

may not act as circulating hormones in the nervous system but instead may trigger the release of 

other neuropeptides. They also may only be released under specific stimuli (e.g., to perform 

biological processes or respond to environmental changes).15, 17, 22 One neuropeptide found in 

hemolymph (i.e., RFamide, GYSKNYLRFamide) has a different trend than the others in the 

same family, where it has a greater abundance in females than in males. This neuropeptide was 

also detected in the SGs, though no significant changes were observed (data not shown), which 

indicates that the SG may be secreting this specific neuropeptide into hemolymph. The increased 

expression of this neuropeptide isoform in females may indicate that it may participate in female-

specific functions. Another RFamide neuropeptide (i.e., LNQPNFLRFamide) was found to be 

significantly increased in female TGs but significantly decreased in female hemolymph. These 

results may mean that the neuropeptide tends to be secreted from the TG into hemolymph as 

circulating hormones in males and tends to function more locally in females. Overall, the 

differences in abundance of neuropeptides between males and females may reflect additional 

sex-specific functions of various isoforms. Furthermore, comparing the abundance differences in 

tissue and hemolymph reveals potential long-range and short-range effects.  

 

Conclusions and Future Directions 

Overall, this study sought to assess the differences in the neuropeptidome of male and 

female blue crabs in order to better understand the underlying function of these neuropeptides. It 

was discovered that, though specific neuropeptide isoforms vary greatly between male and 

female crabs, the general representation of each family remains largely consistent between the 
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two sexes.  Furthermore, it was found that many neuropeptides have statistically significant 

differences in abundance in male and female crabs, which indicates the possibility of sex-specific 

functions of various neuropeptide isoforms. These results may be useful for future studies into 

the functional roles of neuropeptides in decapod crustacean species, as well as higher-order 

organisms with neuropeptide homologues. To complement our analysis, identification of known 

reproductively-related or sex-specific peptide hormones will be mined from this data. Future 

studies may involve electrophysiology to investigate the specific functions of neuropeptide 

isoforms with statistically significant changes. Finally, ESI-MS will also be utilized to increase 

the neuropeptidomic coverage between male and female crustaceans. 
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Figures 

 

Figure 1. Bar graph showing the average number of neuropeptides identified in tissue and 

hemolymph samples exclusively found in female (F) and male (M) samples and those detected in 

both samples (B). The x-axis represents locations of neuropeptides (i.e., specific tissue or 

hemolymph) and the y-axis indicates the number of neuropeptides identified (n = 7). The error 

bars represent the standard error of the mean. SG: sinus glands; CoG: commissural ganglion; 

TG: thoracic ganglion; PO: pericardial organs; H: hemolymph.  
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Figure 2. Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in all 5 tissues (SG, brain, CoG, PO, or 

TG). If only one isoform of a family was identified, that family is grouped into the “Other 

Families” section. AST-A: Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone 

Precursor Related Peptide; AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating 

Hormone; PDH: Pigment Dispersing Hormone.  
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Figure 3 Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in hemolymph. If only one isoform of a 

family was identified, that family is grouped into the “Other Families” section. AST-A: 

Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; 

AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; CCAP: Crustacean 

Cardioactive Peptide. 
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Figure 4. All significantly different neuropeptides identified in at least three biological replicates 

and their quantitative differences in the POs between male and female blue crabs.  The x-axis 

shows the neuropeptides’ sequences, while the y-axis represents the log-base 10 of the ratio. The 

ratio is calculated by dividing the female intensity by that of the male. A log-base 10 ratio close 

to 0 indicates no change in neuropeptides for that hypoxia condition compared to the control. 

AST-A: Allatostatin A-type; CCAP: Crustacean Cardioactive Peptide; CPRP: Crustacean 

Hyperglycemic Hormone Precursor Related Peptide.  
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Figure 5. All significantly different neuropeptides identified in at least three biological replicates 

and their quantitative differences in the POs between male and female blue crabs.  The x-axis 

shows the neuropeptides’ sequences, while the y-axis represents the log-base 10 of the ratio. The 

ratio is calculated by dividing the female intensity by that of the male. A log-base 10 ratio close 

to 0 indicates no change in neuropeptides for that hypoxia condition compared to the control. 

AST-A: Allatostatin A-type. 
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Supplemental Material 

  

Figure S1. Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in the SG. If only one isoform of a 

family was identified, that family is grouped into the “Other Families” section. AST-A: 

Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; 

AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; PDH: Pigment 

Dispersing Hormone.  
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Figure S2. Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in the brain. If only one isoform of a 

family was identified, that family is grouped into the “Other Families” section. AST-A: 

Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; 

AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; CCAP: Crustacean 

Cardioactive Peptide; AST: Allatostatin; PDH: Pigment Dispersing Hormone.  
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Figure S3. Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in the CoG. If only one isoform of a 

family was identified, that family is grouped into the “Other Families” section. AST-A: 

Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; 

AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; CCAP: Crustacean 

Cardioactive Peptide; AST: Allatostatin; PDH: Pigment Dispersing Hormone.  
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Figure S4 Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in PO. If only one isoform of a family 

was identified, that family is grouped into the “Other Families” section. AST-A: Allatostatin A-

type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; AST-B: 

Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; CCAP: Crustacean 

Cardioactive Peptide; AST: Allatostatin; PDH: Pigment Dispersing Hormone.  
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Figure S5. Pie chart depicting the different neuropeptide families identified in female (left) and 

male (right) blue crabs in at least one biological replicate in the TG. If only one isoform of a 

family was identified, that family is grouped into the “Other Families” section. AST-A: 

Allatostatin A-type; CPRP: Crustacean Hyperglycemic Hormone Precursor Related Peptide; 

AST-B: Allatostatin B-type; RPCH: Red Pigment-Concentrating Hormone; CCAP: Crustacean 

Cardioactive Peptide; AST: Allatostatin; PDH: Pigment Dispersing Hormone.  
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Figure S6. All significantly different neuropeptides identified in at least three biological 

replicates and their quantitative differences in the SGs between male and female blue crabs.  The 

x-axis shows the neuropeptides’ sequences, while the y-axis represents the log-base 10. The ratio 

is calculated by dividing the female intensity by that of the male. A log-base 10 ratio close to 0 

indicates no change in neuropeptides for that hypoxia condition compared to the control. AST-A: 

Allatostatin A-type; CCAP: Crustacean Cardioactive Peptide; CPRP: Crustacean Hyperglycemic 

Hormone Precursor Related Peptide.  
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Figure S7. All significantly different neuropeptides identified in at least three biological 

replicates and their quantitative differences in the brain between male and female blue crabs.  

The x-axis shows the neuropeptides’ sequences, while the y-axis represents the log-base 10 of 

the ratio. The ratio is calculated by dividing the female intensity by that of the male. A log-base 

10 ratio close to 0 indicates no change in neuropeptides for that hypoxia condition compared to 

the control. AST-A: Allatostatin A-type; CCAP: Crustacean Cardioactive Peptide; CPRP: 

Crustacean Hyperglycemic Hormone Precursor Related Peptide.  
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Figure S8. All significantly different neuropeptides identified in at least three biological 

replicates and their quantitative differences in the CoGs between male and female blue crabs.  

The x-axis shows the neuropeptides’ sequences, while the y-axis represents the log-base 10 of 

the ratio. The ratio is calculated by dividing the female intensity by that of the male. A log-base 

10 ratio close to 0 indicates no change in neuropeptides for that hypoxia condition compared to 

the control. AST-A: Allatostatin A-type; CCAP: Crustacean Cardioactive Peptide; CPRP: 

Crustacean Hyperglycemic Hormone Precursor Related Peptide.  
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Figure S9. All significantly different neuropeptides identified in at least three biological 

replicates and their quantitative differences in the TG between male and female blue crabs.  The 

x-axis shows the neuropeptides’ sequences, while the y-axis represents the log-base 10 of the 

ratio. The ratio is calculated by dividing the female intensity by that of the male. A log-base 10 

ratio close to 0 indicates no change in neuropeptides for that hypoxia condition compared to the 

control. AST-A: Allatostatin A-type; CCAP: Crustacean Cardioactive Peptide; CPRP: 

Crustacean Hyperglycemic Hormone Precursor Related Peptide.  
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Table S1. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the SG. The ratio is calculated by dividing the female intensity by that of the 

male.   
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Table S2. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the brain. The ratio is calculated by dividing the female intensity by that of 

the male.   
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Table S3. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the CoG. The ratio is calculated by dividing the female intensity by that of 

the male.   
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Table S4. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the TG. The ratio is calculated by dividing the female intensity by that of 

the male.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



381 
 

 
 

Table S5. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the PO. The ratio is calculated by dividing the female intensity by that of the 

male.   
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Table S6. All neuropeptides that were found to be significantly different between male and 

female blue crabs in the hemolymph. The ratio is calculated by dividing the female intensity by 

that of the male.   
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Appendix VI 

Mass Spectrometry Imaging: A Review of Emerging 

Advancements and Future Insights 

 

 

Modified from: 

Amanda R. Buchberger, Kellen DeLaney, Jillian Johnson, Lingjun Li. “Mass Spectrometry 

Imaging: A Review in Emerging Advancements and Future Insights.” Invited Contribution. 

Analytical Chemistry. 2018, 90(1), 240-265. 

 

Key Words: Mass Spectrometry Imaging, Sample Preparation, Ionization, Multimodal, 
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Abstract 

Mass spectrometry (MS) imaging is a powerful tool that enables untargeted 

investigations into the spatial distribution of molecular species in a variety of samples. The 

combination of information gained from MS and visualization of spatial distributions in thin 

sample sections makes this a valuable chemical analysis tool for biological characterization. 

Overall, the aim of this review is to provide an informative resource for those in the MS imaging 

community who are interested in improving MS imaging data quality and analysis or using MS 

imaging for novel applications. Particularly, we discuss advances from the last 2 years in sample 

preparation, instrumentation, quantitation, statistics, and multimodal imaging that have allowed 

MS imaging to emerge as a powerful technique in various biomedical applications including 

clinical settings. Also, several novel biological applications are highlighted to demonstrate the 

potential for the future of the MS imaging field.  

 

Introduction 

Mass spectrometry imaging (MS imaging) is a powerful tool that enables untargeted 

investigations into the spatial distribution of molecular species in a variety of samples. It has the 

capability to image thousands of molecules, such as metabolites, lipids, peptides, proteins, and 

glycans, in a single experiment without labeling.1 The combination of information gained from 

mass spectrometry (MS) and visualization of spatial distributions in thin sample sections makes 

this a valuable chemical analysis tool for biological characterization. A summary workflow is 

depicted in Figure 1. After minimal but careful sample preparation, the general setup of an MS 

imaging experiment involves defining an (x, y) grid over the surface of the sample, with the grid 

area chosen by the user. The mass spectrometer then ionizes the molecules on the surface of the 
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sample and collects a mass spectrum at each pixel on the section with the resulting spatial 

resolution defined by the pixel size. After collecting the spectra, computational software can be 

used to select an individual mass-to-charge (m/z) value, and the intensity of the m/z is extracted 

from each pixel’s spectrum. These intensities are then combined into a heat map image depicting 

the relative distribution of that m/z value throughout the sample’s surface. In order to determine 

the identity of a specific m/z value, tandem MS (MS/MS) fragmentation can be performed on 

ions from each pixel, and the fragments can be used to piece together the structure of the 

unknown molecule. Otherwise, the molecule can be identified based on its intact mass by 

accurate mass matching to databases of known molecules within a certain mass error range.2, 3  

With the numerous technological advances in recent years, MS imaging is becoming a 

more established tool in clinical practice and the pharmaceutical industry.4-6 Advances include 

improvements in reproducible sample preparation to ensure reliable interpretation of data and 

instrumentation that allows for high acquisition speeds and lower spatial resolution, improving 

throughput and depth of instrumentation. The credibility of MS imaging experiments has further 

been enhanced by the development of methods for absolute quantitation of detected molecules. 

To help with large computational endeavors, statistical workflows and machine learning 

algorithms have been implemented to handle the large imaging data sets being produced with 

modern day instrumentation. MS imaging can also be combined with other complementary 

imaging modalities, such as microscopy, Raman spectroscopy, and MRI, to strengthen any 

biological conclusions. With both hardware and software improvements, 3-dimensional (3D) 

renderings and even single-cell resolution using MS imaging are emerging as future frontiers. 

With all the advances in this field, MS imaging is rapidly evolving and requires continuous 

development to match the current demand.  
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Overall, the aim of this review is to provide an informative resource for those in the MS 

imaging community who are interested in improving MS imaging data quality and analysis or 

using MS imaging for novel applications. Particularly, we discuss advances from the last 2 years 

in sample preparation, instrumentation, quantitation, statistics, and multimodal imaging that have 

allowed MS imaging to emerge as a powerful technique in various biomedical applications 

including clinical settings. Also, several novel biological applications are highlighted to 

demonstrate the potential for the future of the MS imaging field.  

 

Sample Preparation 

The Basics 

As with any methodology, one of the most crucial steps for analytical success is proper 

sample preparation. This is particularly true for MS, as even subtle differences in sample 

integrity or molecular density can have profound effects on the signal intensity, types of 

molecules being ionized and detected, or localizations. For example, one of the greatest 

challenges is ensuring that the spatial mapping of molecules in an MS imaging experiment is 

consistent with the distribution in in vivo conditions. This relies heavily on proper sample 

preparation strategies. Researchers have even developed a new statistical scoring system to 

ensure sample preparation quality.7 

After any necessary dissection or collection, biological tissue samples require a step to 

halt enzyme activity to reduce degradation and delocalization (e.g., diffusion across the tissue) of 

the molecules. This is typically done by flash-freezing the sample for MS imaging since many 

other preparations (e.g., formalin fixation (FF)) are not MS compatible for most molecular 

species due to being cross-linked (e.g., bound) in the sample, making them unavailable for 
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ionization. This is not the case though for some lipids, and FF can be used to preserve sample 

integrity for their analysis.8 New method developments have made many FF paraffin embedded 

(FFPE) samples more MS imaging accessible (see discussion below). Prior to sectioning, one 

unique preparation step is the decellularization (i.e., removal cells from the extracellular matrix 

scaffold) of the tissues, allowing for the improved signal of extracellular matrix.9 Next, these 

samples are thinly sectioned (6-20 μm thickness), thaw-mounted onto appropriate surface (e.g., 

microscope slides), and placed into a drying system (e.g., desiccator box). In many cases, tissues 

are fragile and do not section well without support, thus many researchers embed samples prior 

to sectioning. These embedding materials range from materials such as gelatin,8, 10 but, as 

always, MS-compatibility is a concern. Optimal cutting temperature compound (OCT), for 

example, is popular among histologists but tends to contaminate MS spectra and is thus not 

recommended. Because of samples flaking or washing off the slide, O’Rourke et al. recommend 

coating the slide in nitrocellulose as a “glue-like” substance to aid the sections in staying on the 

slides.11 Here, one major assumption made is that the samples need or even can be sectioned; 

however, these general steps are not suitable for all samples. For example, researchers have 

found ways to image analytes in imprinted plant leaves, plant roots, and even agar.12-14 Others 

have gone beyond single tissues to whole body imaging, which can have its own unique 

challenges.15 

Several different ionization techniques are compatible with MS imaging, and each 

requires a unique process to preserve the corresponding sample. Matrix-assisted laser 

desorption/ionization (MALDI) is the most popular ionization technique for MS imaging, 

especially due to its ability to image a wide range of molecular weights and molecular species 

(e.g., metabolites and proteins).16 Its requirement of a matrix for proper ionization and 
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production of only singly charged ions often limits its applicability to larger proteins. This has 

prompted the development of laserspray ionization and unique matrices (e.g., 2-

nitrophologlucinol (2-NPG)).17 Of course, no one matrix, application method, or analyte 

extraction process works for all molecules, so optimization is important and will be discussed 

later in this review. Other varieties of MALDI MS imaging exist, including scanning microprobe 

MALDI (SMALDI), infrared-matrix-assisted laser desorption ionization (IR-MALDESI), and 

surface-assisted laser desorption/ionization (SALDI), although they are not as widely 

implemented.15, 18-20 Other techniques worth noting include desorption electrospray ionization 

(DESI), secondary ion mass spectrometry (SIMS), and more recently easy ambient sonic spray 

ionization (EASI)21, which require minimal sample preparation in comparison to MALDI since 

they do not require the presence of a matrix.2, 21-25 Unfortunately, each of these is more limited in 

the molecules they ionize (peptides and metabolites, respectively). In the most general cases, 

both DESI and SIMS can be performed directly after sectioning, as they depend more on the 

instrument parameters for proper analyte extraction. Even with all the ionization methods 

available, researchers are still developing new methodology, such as laser electrospray 

ionization.26 Each ionization method has its own advantages and disadvantages, ranging from the 

molecules that can be analyzed to the spatial resolution achievable, the latter to be discussed 

further in this review. Finally, after proper preparation and ionization, the instrument itself (e.g., 

mass analyzer) is important to consider before determining a proper sample handling workflow. 

For example, the Bruker MALDI-time-of-flight (TOF)-TOF instrument requires ITO coated 

slides, while the Thermo MALDI-LTQ-Orbitrap XL can analyze samples on plain microscope 

slides.9, 27 In general, while selecting the appropriate sample preparation, ionization source, and 

mass analyzer are important to allow the molecular species of interest to be analyzed, care should 
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be taken in using instruments with MS/MS abilities or high mass accuracy to allow confident 

identification of the molecules in question.  

Improving the Basics 

Applying an Internal Standard 

To qualitatively evaluate different tissues or different analytes within a tissue, appropriate 

normalization and internal standards are expected if semiquantitative comparisons are to be 

made. These standards could be included as early in the workflow as dosing the animals/cells up 

to right before the ions enter the instrument.2, 28, 29 For MALDI, the standards are typically 

applied prior to matrix application using the same automatic sprayer systems described below.30-

32 Chumbley et. al. has done a comprehensive study to determine the proper inclusion of the 

standard (e.g., with matrix, under the tissue section, or sandwiching the section with matrix), and 

it was found that depositing the standards followed by matrix to be optimal for MS imaging 

mapping of spatial distribution of the drug rifampicin.33 This sample protocol can also be applied 

to sections used in DESI experiments (applying prior to analysis), or standards can be added 

directly to the DESI extraction solvent for inclusion in sample analysis.2 

Matrix Choice and Application (MALDI Only) 

For MALDI ionization, a matrix is required to allow proper ionization of the molecules 

of interest. As the matrix crystallizes, analytes are extracted from the tissue section and 

cocrystallized. If analytes are not in this crystal structure, it is unlikely that they will be ionized. 

Thus, the availability of the molecule, the matrix application, and the matrix itself can all have an 

effect on this process. For the case of some proteins, a fixation wash is necessary to make the 

molecules available for cocrystallization.9, 11 The Carnoy’s solution (i.e., 6:3:1 

ethanol:chloroform:glacial acetic acid) is a common wash used for protein MS imaging.11 Other 
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washes, such as ammonium citrate, have also been utilized to analyze low molecular weight 

species. Besides washing, prespraying with solvents can also aid in the extraction of peptides. 

The combination of ammonium citrate washes and prespraying with cyclohexane proved to be 

effective in extracting clozapine from rat brain sections.34 Vapor chambers have also been found 

to be effective, specifically trifluoroacetic acid vapors for SIMS imaging of lipids.23 It should be 

noted that all of the preparations described here may be applicable for other ionization 

methodology if appropriate, for example matrix-enhanced nanostructure initiator MS.35 

Several matrices have found popularity for their “universal analysis” including 2,5-

dihydroxybenzoic acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA), especially for 

metabolites and peptides in positive mode. A 1:1 mixture of these matrices is also commonly 

used.36 Another matrix, sinapinic acid, has been well vetted for proteins in positive mode. On the 

other hand, negative mode has been found useful for metabolites, for which 1, 5-

diaminonaphthalene (DAN) and 9-aminoacridine (9-AA) are among the most commonly used 

matrices.12 Interestingly, the use of water as a “matrix” in MALDESI has been explored 

recently.19 Furthermore, nanomaterials have been utilized as an alternative matrix, though 

oftentimes these situations are considered as a different ionization technique (e.g., SALDI).20 

Matrix has also been used to enhance SIMS signals.25 It is expected that alternative new matrices 

possessing similar properties to 2-NPG (i.e., multiply-charged ion production) are likely to be 

developed and applied to matrix-based or -enhanced MS imaging techniques.  

In general, most of the focus for sample preparation has been on the matrix application 

process. When applying matrix, the best method would provide appropriate analyte extraction, 

small crystal size, and homogenous application. Unfortunately, no universal method exists. 

Classically, researchers would spray matrix over the tissue sample using a painter’s airbrush. 
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While this can be reproducible between applications by the same individual, person-to-person 

variability is high, and there is little adjustability. For example, the “wetness” of the surface of 

the tissue during application defines the appropriate analyte extraction. An appropriate balance 

needs to be found, as a too “wet” application can cause molecular diffusion while a too “dry” 

method may not effectively extract the molecules. “Wet” vs. “dry” methods also have an effect 

on the crystal size, the wetter methods yielding larger crystal sizes. Substrate (i.e., where the 

sample is placed) versus its surrounding temperatures have also been thought to affect 

heterogeneity, but this has been only applied to MALDI spots.37 Automated sprayers have 

allowed reproducible application methods across individuals and laboratories, and as such, their 

popularity has grown in the past few years.38 Several application notes for different vendors 

exist, but researchers should take time to optimize their application methods to their specific 

systems. This will likely increase lab-to-lab reproducibility, but it is expected that similar 

methodologies will be utilized. To increase clarity, all developed methods and their parameters 

should be included in publications. Interestingly, alternative ionization methods (SIMS) have 

been used to characterize the analyte incorporation into spots, and, although difficult to 

implement, similar imaging-based studies would be interesting.25 Homogenous application has 

also been a major focus, and researchers have utilized alternative application methods to improve 

this facet in the past few years. One example is electrospray deposition, for which units tend to 

be home-built. This dry application method usually requires an additional “incorporation spray” 

after the matrix has been applied.39 Some electrospray devices have allowed for control of the 

crystal size, which can directly relate to the spatial resolution achievable.40 Other methods have 

also benefited from the inclusion of an electric field, decreasing crystal size and thereby 

increasing spatial resolution.41 Finally, the “driest” method used is sublimation, which is popular 
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for its low-cost, small crystal size, and high homogeneity. Commercial and partially-modified 

apparatuses are highly published.11, 20, 42 When individuals want to use several matrices on a 

tissue section or staining, they will tend to wash off the original and apply the new matrix, but 

this unsurprisingly produces signal loss and diffusion. As an alternative, using a commercial 

sprayer, Urbanek et al. have developed a multigrid MALDI (mMALDI) methodology, where 

different matrices are “printed” into predefined dots on a grid. By targeting these specific matrix 

dots during the imaging run, a researcher is able to gather multiple data sets (e.g., metabolites, 

peptides, and proteins) from a single tissue section without washing.43 Finally, with all of the 

variations in equipment and methodology, an emphasis should be placed on sharing automated 

matrix application methods and cross-lab communication to allow for reproducible results. The 

use of open-source software and easily fabricated instrumentation is an example of this, although 

the ease of commercial instrumentation will continually compete with this notion.44 

Specific Molecular Considerations 

On-Tissue Digestion 

Molecular imaging of proteins has been of major interest, but high mass resolution 

analysis of proteins has been out of reach due to the mass range limitations of current mass 

analyzers (e.g., Orbitraps), especially for MALDI. This has been alleviated for extract analysis 

by the inclusion of an initial protein digestion step (i.e., bottom- up proteomics), so in some cases 

trypsin on-tissue digestion protocols have been employed for MS imaging.9, 30, 45 However, as 

with every method developed, the steps should be optimized specifically for each tissue type.30, 46 

For example, Heijs et al. has shown the appearance of different myelin basic protein fragments 

over longer trypsin incubation times.30 With the recent surge of interest in mapping glycans in 

tissue sections, PNGase F, which cleaves N-glycans, has found application into in situ digestion 
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and sequential enzyme application allowing the imaging of both glycans and protein fragments 

in a single MS imaging run.47 Overall, while immunostaining/labeling approaches are very 

effective, they can be nonspecific due to possible cross-reactivity, and MALDI MS imaging 

provides an orthogonal yet highly specific cross-validation of the labeling-based strategies. The 

most challenging part of in situ digestion is appropriately identifying the protein fragments. In 

some cases, on-tissue MS/MS is difficult depending on the instrumentation, and a 

complementary liquid chromatography coupled with MS/MS experiment may need to be 

performed.9, 47 It is worth noting that other ionization techniques (nanoDESI) allow for intact 

protein imaging up to 15 kDa on Orbitrap systems.48 

Formalin-Fixed Paraffin Embedded (FFPE) Samples 

While there is preference in obtaining freshly excised samples for MS imaging analysis, 

sometimes that is not possible for hard-to-obtain biological samples, especially rare, human 

specimens. With the wide availability of FFPE tissues, which are not typically compatible with 

MS, researchers have been motivated to develop methods to release the analytes of interest to 

image these tissues.49 As stated previously, optimization for specific tissue types is important, 

and Oetjen et al has provided a comprehensive, guided study to do this for other researchers.46 

Unfortunately, not all molecular species can be extracted from these tissues, although Pietrowska 

et al reported that lipids can be analyzed by avoiding paraffin embedding after fixing the tissue 

with formalin.50 Originally, most studies targeted proteins and peptides in the FFPE tissue 

sections, mainly using the in situ digestion methods described above.46, 50 More recently, 

researchers have been able to extract metabolites and glycans.47, 51 With more standardized 

protocols, the extensive FFPE samples available will be utilized more readily for MS imaging 



394 
 

 
 

workflow, allowing for exciting possibilities to examine many clinical specimens and a flood of 

new information to help guide researchers in future endeavors. 

Chemical Derivatization/On-Tissue Labeling  

MS is often touted as a universal technique for all molecular species, but there are several 

classes of molecules that are difficult to ionize and thus analyzed directly by MS. Most targets 

thus far have been small molecules, such as metabolites, but the inclusion of derivatizing other 

molecules, such as peptides and glycans, is expected.52 The overall goal of derivatizing 

molecules is to change their physicochemical properties and to aid in ionization for MS analysis. 

For example, the Girard T (GirT) reagent has been applied successfully to several steroids, 

including testosterone and triamcinolone acetonide.31, 53 Other steroids (e.g., 

tetrahydrocannabinal) have also been targeted using 2-fluoro-1-methylpyridinium p-

tolunesolfonate as a derivatization agent.29 N-Glycans (Figure 2), fatty acids, and 

neurotransmitters have all been targets through other, unique on-tissue assays.28, 42, 52 Compared 

to the traditional spraying of reagent, which usually produces poor spatial resolutions (>100 μm), 

electrospray deposition has been successfully utilized to derivatize fatty acids while achieving a 

high spatial resolution (20 micron).42 

 

Developments in Instrumentation 

MS imaging often requires specially developed instrumentation in order to address 

challenges unique to image acquisition, such as spatial resolution or surface homogeneity. 

Numerous advancements have been made in recent years to improve the quality and 

reproducibility of generated images. The main distinction between imaging MS and liquid 

chromatography (LC)-MS experiment is the preservation of a spatial dimension. Thus, most 
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instrumentation developments have focused on the ionization source, with several exceptions 

related to ion accumulation. The two main ionization methods for MS imaging are laser-based 

and secondary ion-based, and most of the progress in recent years has focused on these sources. 

As such, they will be the focus of discussion of this section. 

Laser-Based Ionization 

Spatial Resolution 

Arguably the most sought-after improvements in MS imaging are related to spatial 

resolution, which is the area corresponding to each individual mass spectrum in an imaging 

acquisition. Improving the spatial resolution enables more discrete localization patterns to be 

observed throughout a tissue, but since improving spatial resolution decreases the area of tissue 

ionized, there is a trade-off between spatial resolution and sensitivity. The resolution can be 

changed by adjusting the optics of the ionization source or otherwise changing the instrument’s 

geometry to decrease the laser diameter. Sample preparation can also affect the spatial 

resolution, which is discussed above. Numerous groups have recently reported drastic 

instrumental improvements in spatial resolution. Spengler and co-workers reported a lateral 

spatial resolution of 1.4 μm on an atmospheric pressure MALDI source by adjusting its 

geometry, allowing for the visualization of subcellular distributions of lipids, metabolites, and 

peptides.54 The Lee group achieved a spatial resolution of 5 μm on a vacuum pressure MALDI 

instrument by using a simple modification to the optical instrument. The system was easily 

interchangeable between various laser spot sizes, allowing for greater flexibility in the trade-off 

between sensitivity and resolution based on each individual experiment’s needs.55 Numerous 

other notable advancements have also been made to improve spatial resolution recently.56-59 
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However, with the rapid developments being reported by researchers across the field, it 

was found that spatial resolution was being defined differently between groups, instruments, and 

samples. As this makes it difficult to form a standard of comparison between methods and 

instruments, developing a universal method for both defining, and measuring spatial resolution is 

crucial to proper data reporting and comparison of images acquired on different instruments with 

different sample preparation methods, or with different users. Typically, the limiting factor in 

spatial resolution is the laser, as the laser spot diameter determines the ablation area. Therefore, 

efforts have been devoted to characterizing the ablation pattern in imaging experiments, 

particularly with MALDI-MS imaging, the most widespread imaging technique. It was found 

that laser ablation patterns follow a Gaussian distribution, with incomplete ionization around the 

outside of the pixel. Furthermore, there is the ability to “shear” matrix crystals, scattering debris 

across the sample after laser ablation. This finding led to the assertion that MALDI-MS imaging 

resolution should be defined as (1) the homogeneity of the matrix crystals once they have been 

applied and cocrystallized with the analyte and (2) the effective ablation diameter of the laser.60 

The hope is that this new definition will allow for more uniform reporting of spatial resolution 

between research laboratories on different instruments and with different sample preparation 

methodologies. 

        Several research groups have developed methods for measuring the actual spatial 

resolution achievable by an instrument, which can differ from the reported pixel size of the 

instrument acquisition parameters due to previously mentioned factors such as crystal size and 

laser beam profile. A simple way to measure effective spatial resolution of an instrument based 

on user-defined instrument parameters is with a standardized imaging plate. Caprioli and co-

workers developed such a slide that incorporated a pattern of crystal violet using lithography in 
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order to measure the beam diameter in MALDI-MS imaging experiments by visually inspecting 

the ablation pattern.61 Another slide for measuring spatial resolution was developed using a 

slightly different technique, in which a sample solution can be dragged over the slide’s surface, 

allowing it to be automatically retained in hydrophilic grooves of the slide. The slide can then be 

imaged on the instrument in order to determine the lower threshold of the instrument’s spatial 

resolution.62 These strategies can provide a valuable method for testing the spatial resolution 

when adjusting instrumental parameters or performing quality assurance on images to ensure that 

proper resolution is being reported. 

Matrix-Free Laser-Based Ionization 

        Though highly beneficial in many regards, MALDI-MS imaging’s requirement for a 

matrix coating is often a major drawback in imaging experiments. Matrix application can be a 

limitation because it requires an additional step in sample preparation, it suffers from poor 

homogeneity that can affect spatial resolution, and it results in excessive noise peaks in certain 

mass ranges of the spectrum due to the interference of matrix ions. As a result, ionization sources 

are being developed to utilize laser ablation techniques without the requirement of matrix. For 

example, improvements in the sensitivity and coverage of laser ablation electrospray ionization 

(LAESI)-MS were made for metabolite analysis.63 Laser desorption postionization MS, though 

still in its early stages of development, has been demonstrated to have a promising potential as a 

complementary tool for in situ localization and quantitation. It has the benefit of not requiring 

matrix application or sample preparation, though currently its resolution and mass accuracy are 

500 μm and 300 ppm, respectively, which is not competitive with commercial instruments.64 

However, with further development, it may earn its place as a prominent ionization source. 

Another method for ionization without the application of matrix is nanophotonic laser desorption 
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ionization, which ionizes analytes from a highly uniform silicon nanopost array.65 This method 

has achieved 40 μm spatial resolution for over 80 molecular species, giving it the potential to be 

competitive with MALDI upon further exploration. 

Throughput 

        Another frequently cited challenge with MS imaging is the long analysis time typically 

required, which can range from several hours to several days, depending on the selected area and 

pixel size. These long analysis times limit the practicality of MS imaging for routine 

applications, particularly in clinical settings. As a result, developments have been made in order 

to increase throughput without sacrificing image quality. One notable example involved utilizing 

a solid state laser with a 5 kHz repetition rate to perform continuous laser raster sampling on a 

MALDI-TOF/TOF instrument. This method achieved an acquisition rate of up to 50 pixels per 

second, an 8 to 14-fold improvement over conventional lasers.66 Throughput becomes even more 

of a challenge when molecules in the same tissue ionize differently, thus requiring different 

polarities for acquisition. This is particularly the case with lipid analysis, as lipids are a diverse 

class with high structural variability. Methods have been developed for imaging in both positive 

and negative polarity while minimizing analysis time using high speed MALDI-MS imaging 

technology and precise laser control.67 The field is moving toward real-time imaging capabilities 

for immediate spatial analysis for guidance during surgeries. As an example, Fowble et al have 

applied a laser ablation imaging approach in ambient conditions in order to obtain spatial 

distribution of metabolites with a range of polarities in real time without the use of any matrix or 

sample pretreatment.68 Another method couples a picosecond IR laser to an electrospray 

ionization (ESI) source in order to provide ambient MS imaging without causing thermal damage 

to tissue. This allows molecules to remain in their native environment until ionization, allowing 



399 
 

 
 

better insight into the tissue’s condition.69 The iKnife has also demonstrated real-time 

capabilities, most recently with real-time analysis of the mucosal lipidome by Takats and co-

workers.70 There have been several other developments in technologies to use MS imaging with 

surgical procedures in order to guide surgical decision-making using MALDI and nanoDESI MS 

imaging.71-73 These developments demonstrate great potential in moving MS imaging technology 

from laboratories to clinical settings for improved patient treatment. 

 Another approach for improving throughput is microscope mode MS imaging.74 Here, 

ions from a relatively large sample area (typically 100–300 µm in diameter) are desorbed 

simultaneously. Then the ion optics of the instrument project the ionized substances from this 

area to a position-sensitive detection system such as Medipix or MicroChannelPlate detectors.75, 

76 These types of detectors allow for registration of a single m/z acquired from the whole scanned 

area at once, while magnifying the image and retaining spatial information. Because in the 

microscope mode a large area is simultaneously measured, a substantial reduction in analysis 

time is achieved.  

SIMS 

Resolution and Mass Accuracy 

        The other most common method of ionization is SIMS, which has seen notable 

improvements in instrumentation. In SIMS imaging, spatial resolution is often better than the 

other MS imaging counterparts, but at the expense of sensitivity. This is largely a consequence of 

the ion beam, either due to low ionization probability or beam focusing difficulties. An argon gas 

cluster ion beam is typically used for TOF-SIMS, but, despite its many benefits, it suffers from 

poor sensitivity and mass accuracy and requires the sacrifice of either spatial or mass resolution. 

Delayed extraction, a method widely used for MALDI-TOF in which an initial pulse is 
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implemented on the ions to correct for velocity distributions, is becoming more prominent in 

TOF-SIMS imaging and has been shown to be successful in maintaining both the high mass 

resolution and spatial resolution.77 By implementing external mass calibration, the mass accuracy 

can also be preserved.78 

Methods involving delayed extraction have been explored as a means to improve mass 

resolution, but these methods often make mass calibration difficult, resulting in poor mass 

accuracy. Other groups have explored alternative primary ion sources, such as a CO2 cluster ion 

beam, which possesses many similarities to argon but improved the imaging resolution by more 

than a factor of 2 due to increased stability of the beam.79 

Parallel Imaging MS/MS 

        With the inferior mass spectral resolution of TOF-SIMS compared to other ionization 

methods, the mass accuracy is usually not high enough to make confident identifications of the 

detected molecules by mass measurement alone. Therefore, it is usually necessary to acquire 

MS/MS spectra on ions of interest. However, collecting MS/MS spectra is difficult in imaging 

experiments because performing sequential MS/MS scans after a full-MS scan causes 

misalignment between spectra and spatial information. To address this, progress in parallel 

imaging MS/MS has been implemented, in which MS/MS spectra are collected simultaneously 

with MS spectra using two mass analyzers. This acquisition method differs from traditional 

MS/MS acquisitions, in which all ions other than the precursor ion are discarded. As a result, MS 

and MS/MS images are in perfect alignment with each other, allowing for more precise mapping 

of molecular distribution.80, 81 With fully optimized parallel imaging, identification confidence 

can be drastically improved without sacrificing the integrity of localization information. 

Ambient/Low-Vacuum TOF-SIMS 
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        As MS imaging is very commonly used for the analysis of biological tissue, it is highly 

desirable for analyses to be conducted in near-native environments, such as in the presence of 

water, in order to get an accurate understanding of the chemical environment. Low-vacuum and 

ambient MALDI imaging have already been well-explored, but progress has recently been made 

with SIMS, denoted as Wet-SIMS.82 Currently, the technique is able to acquire images at 80 Pa 

in imaging experiments.83 With further development, this technique could be used to ionize 

biomolecules in their native environment, allowing for analysis in biologically relevant 

experimental conditions. 

Separation 

        A significant limitation to MS imaging compared to LC-MS analysis is the lack of 

separation capabilities, as retaining spatial information typically requires ablating all ions present 

in a pixel of sample at the same time for a single scan. This often leads to problems such as ion 

suppression, but techniques that allow postionization separation are being developed to 

overcome this challenge. To separate analytes from noise or undesired compounds, a simple 

sample cleanup step was incorporated into MALDI-MS imaging by first introducing laser 

ablation with vacuum capture to collect the ions. The ions are then eluted by a C18 column (or 

other packing materials or beads) onto the MALDI target plate, effectively desalting the sample 

and removing background ions. The method demonstrated an improved signal from the sample 

and decreased background interference compared to direct MALDI-MS imaging, resulting in 

higher quality MS/MS data, cleaner spectra, and more confident identification.84 For separation 

of analytes, ion mobility has been a popular choice, as it can and has been seamlessly integrated 

into MALDI-MS imaging workflows, such as demonstrated by Trimpin and co-workers.85 

Enhancements to the sensitivity were recently made by the McLean group using a silver-
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sputtered matrix coating.86 Ion mobility has also been recently demonstrated to be highly 

effective for coupling with ambient ionization techniques, such as LAESI, LESA, and DESI.87-89 

The results showed an increase in detected molecules and the ability to select specific classes to 

image and offers the capability of using MSE fragmentation, in which all ions are fragmented, 

improving MS/MS coverage.90 An alternative, pseudoseparation method has also been 

employed, in which subsequent MS scans covered differing m/z windows in order to detect low-

intensity ions characteristic of specific ranges, providing the effect of gas-phase fractionation. By 

implementing a spiral plate motion during imaging, the integrity of spatial information was not 

lost with this method.27 

Depth Profiling 

        Another challenge specific to imaging is achieving uniform ionization over the surface of 

the sample section, something difficult to accomplish if the tissue is not perfectly flat. While 

extra care in sample preparation can help alleviate this to an extent in some sample types, often 

slight variations in the height of the tissue are unavoidable.91 To remedy this, modifications to 

instruments have been made that allow for height correction. For example, a novel LAESI source 

was recently developed that incorporated a confocal distance sensor that both moved the sample 

to a constant height and recorded the height information to generate a topography map.92 Figure 

3 shows a schematic of the instrumental setup, both the acquisition workflow and optics, as well 

as example data indicating the information recorded about both sample height and spatial 

distributions of specific m/z values. Another method combined shear force microscopy with a 

nano-DESI source to measure and adjust the voltage magnitude to enable a stable feedback 

signal over surfaces with complex topographies.93 If a uniform sampling can be ensured over the 

surface of a tissue, it not only preserves spatial integrity throughout the plane of the sample but 
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can also allow for three-dimensional (3D) imaging. With 3D imaging, it is imperative that the 

depth profile of the sample be preserved to ensure accurate record of the tissue profile. Several 

significant advances have been made in this respect in the area of elemental imaging, such as the 

development of a femtosecond laser ionization source for multielemental imaging with a 7 μm 

depth resolution.94 Submicrometer depth resolution, down to 20 nm, has been demonstrated 

using extreme ultraviolet laser light, allowing for 3D imaging of bacterial colonies.95 It is 

expected that these capabilities will continue to be developed and applied to 3D imaging of more 

complex systems. 

 

Quantitation  

Comparison to LC-ESI-MS/MS: The Past 

With the push for multimodal imaging (see below), it is clear that obtaining several 

pieces of information from a single tissue is imperative. While MS imaging is mainly qualitative, 

with the appropriate conditions, processing, and software, quantitative information can be 

extracted, although the degree of accuracy is under close scrutiny. Issues such as tissue 

heterogeneity, ion suppression, sample topography, etc. are all considered significant challenges 

in this field.96 Before the development of quantitative MS imaging, the analytes of interest were 

separately extracted from another tissue section and run on a LC-ESI-based instrument for 

quantitation. Once the absolute quantity of the analyte of calculated, these values can then be 

applied to the tissue of interest. This methodology is still in use widely, although it is more 

commonly utilized for confirmation or a starting point of a quantitative MS imaging study.42, 97 

This concept is similar to Western blot for other LC-MS quantitative results.33 Quantitative MS 

imaging is now necessary, as many application-based MS imaging publications focus on the 
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comparison between two or more sample types. With proper sample preparation, comparisons 

can be made with the appropriate considerations. 

Relative Quantitation 

Direct Comparison (with or without Normalization) 

As mentioned above, direct comparisons between different tissue sections is commonly 

done. While these “relative” comparison methods lean toward being “semiquantitative,” several 

techniques and data processing strategies have perpetuated their use. For example, matrix effects 

and other interfering molecules tend to cause more deviation in the quantitative accuracy, 

although some researchers have shown that the correlation between MALDI-MS imaging and 

LC-MS/MS can be quantitative for fatty acids and protein.42, 98 While these assessments of 

different molecules in a single tissue are interesting, ion suppression and ionization efficiencies 

between molecules should always be questioned. The addition of an internal standard can aid in 

the normalization of the signal.53 Normalization can also be done with the same molecules within 

different tissues, and this method still aids in more confident comparisons.53 The inclusion of a 

normalization procedure in pre- and post-processing is now an expectation. This strategy is 

applicable for several other molecular species, including neurotransmitters, nucleotides, lipids, 

and tryptic peptides.1, 28, 30 Almost all software available for MS imaging provides the ability to 

normalize. For example, the use of SciLS software tools allow for normalization to the total ion 

current (TIC) before further statistical analysis.36 Using this method, several metabolites were 

found to be different between the cortex, outer medulla, and inner medulla of the rat kidney 

between control and furosemide-treated.36 It should be noted that care should be taken when 

comparing different regions of a tissue, as their biological matrices can vary slightly.96 As 

expected, software is an important component in any imaging-based quantitative strategies, and 
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Renslow et al have further developed tools to nanoSIMS transition from qualitative to 

quantitative for element incorporation into biofilms.99 

On-Tissue Labeling – Using Reporter Ions 

For LC-MS-based quantitation, two types of techniques are employed. Label-free 

methods directly compare samples in different runs, which is analogous to the “direct 

comparison” MS imaging described in the previous section. While label-free quantitation is 

commonly used in LC-MS and MS imaging applications, instrument variability, instrument 

limitations, and other factors lead to inconsistent and inaccurate comparisons. In contrast, the 

incorporation of stable isotopes (i.e., 2H, 13C, 15N, 18O) has allowed for same spectrum relative 

quantitation, although its application to MS imaging is extremely limited. One example in the 

literature entitled stable-isotope-label based mass spectrometric imaging (SILMS imaging) 

utilizes light and heavy chromogens to differentiate between different cancer biomarkers of 

interest (Figure 4).100 After labeling with a primary and secondary antibody, the addition of the 

chromogen produces an azo dye that, when ionized by the laser, fragments into distinct, duplex 

reporter ions. The ratio of these reporter ions to another molecule can then be used to calculate 

their relative abundance, in this case the estrogen receptor compared to the progesterone 

receptor.100 While classically reporter ions can be seen in the MS/MS spectra via isobaric 

labeling, this same idea has not been implemented in MS imaging experiments, not only due to 

the poor fragmentation for singly charged ions but likely also due to the incompatibly of the 

methods for relative quantitation. In comparison, isotopic-based labeling methods can potentially 

be transitioned to on-tissue MS imaging applications, although the process of derivatizing 

molecules on-tissue has primarily been used for increasing ionization of different molecules.28, 42, 

52 
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Absolute Quantitation 

Internal Standard 

While relative comparisons are commonplace, absolute quantitation is relatively 

underdeveloped. While obtaining the true concentration of a molecule is much more difficult, it 

is also more desirable since it allows for true comparisons between different molecular species 

without concerns about varying ionization efficiencies. As with LC-MS-based measurements, a 

straightforward method is to incorporate a deuterated internal standard into the sample. As 

explained previously, internal standards are now being used extensively to normalize MS 

imaging data sets, and the inclusion of a very specific standard (e.g., deuterated version of an 

analyte of interest) facilitates absolute quantitation of that analyte. This has been done primarily 

for DESI samples, with the standards incorporated into the solvent stream.2 

Calibration Curve 

In general, the creation of a calibration curve is the most confident way to obtain the 

absolute quantity of an analyte. This has been done with LC-MS in separate and the same 

runs.101 Initially, one may think producing an external, separately spotted calibration curve 

would work for MALDI-MS imaging, but the lack of sample matrix and matrix heterogeneity 

leads to inaccurate concentrations. Thus, researchers have adopted an on-tissue spotting 

technique that takes both of these considerations into account. The standards of interest (isotopic 

or nonisotopic) are spotted/applied on a separate, “control” section.28, 32, 33 This section is usually 

a serial section of the one being analyzed, as having the same matrix is important for accurate 

quantitation.96  For example, many researchers chose liver tissue for initial optimization or 

studies, as it is considered extremely homogeneous.33, 96 Interestingly, in the case of elemental 

analysis, before spotting on the sample, the sections are washed to remove excess elements (e.g., 
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sodium).32 To increase homogeneity of the areas where the standards are placed, researchers 

have developed methods where the standards are spiked into tissue homogenates themselves. 

These samples are then placed into a mold, frozen, sectioned, and placed near the imaged 

section, for which quantitation accuracy is similar, although it was noted that the dried droplet 

spotting method referenced above is much faster and easier.96 All of these methods require 

sophisticated computational tools, and several software packages exist for processing region of 

interest quantitation.102, 103 msIQuant is an example software, which has been used to absolutely 

quantify drugs and neurotransmitters.103 

 

Data Analysis 

        MS imaging data is difficult to process for a number of reasons, including the large size 

of the data files and the high degree of dimensionality, as acquisitions retain spatial information 

as well as other information. This is becoming more of a problem with the increase in spatial 

resolution causing an exponential growth in data file sizes. As such, key software developments 

have been made to address these challenges and ensure that effective analyses are being done 

without the loss of valuable information in the process. Figure 5 presents an overview of a 

typical workflow including several key data processing steps, all of which will be discussed 

below.  

Visualization 

The most important information obtained from an imaging experiment is a visualization 

of the distribution of various molecules throughout the tissue. As each pixel of an imaging 

experiment contains an entire mass spectrum, special software is required to handle this specific 

need in the field. While there have been numerous advancements in this respect, the influx of 
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progress caused there to be a lack of uniformity, making different software tools incompatible 

with each other. This means that typically the software could not be applied to large data sets, 

expensive commercial software would be required, or the software would require the end user to 

have some degree of programming knowledge to fit the data to the software input. However, 

recent efforts have been made to design open-source visualization tools that are user-friendly and 

applicable to multiple instrument platforms102, particularly in the area of laser ablation-

inductively coupled plasma mass spectrometry (LA-ICPMS), which is not as routinely 

implemented as MALDI-MS imaging or TOF-SIMS.104-106 MSiReader is a key player in open 

source visualization, providing both a graphic user interface and MATLAB open source code for 

users.102 Additionally, even open source microscopy imaging software like ImageJ have plugins 

scripts capable of handling MS imaging data sets for visualization.107 These new tools show 

promise for making the processing of imaging data more widely accessible and customizable for 

the MS imaging community. 

        In addition to improving accessibility, new methods have also been explored for 

expanding the capabilities of visualization tools. For example, 3D MALDI imaging has been 

limited by inabilities to reconstruct 3D images, but Patterson and colleagues designed an open-

source method for 3D reconstruction using multivariate segmentation.108 Others have expanded 

the way data is visualized in a different direction. Instead of using imaging to track a single 

molecule, they developed a tool to view the localization of biological indices (e.g., energy charge 

index), mapping the relationship between several specified molecules.109 

        An important note with visualization of data in MS imaging is that it is critical to 

ensuring that the image shown is an accurate representation of the molecular distribution. It has 

been found that cropping images to eliminate background can cause the emergence of 
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distribution patterns not observed in the entire image. As a result, data can become skewed if the 

analyzed area is too small and does not contain sufficient background area for reference.110 With 

MS imaging making an increasing presence in biomedical applications as a diagnostic tool, 

appropriate representation of visual data is essential. 

Preprocessing 

Prior to data processing, several steps can be used to ensure accurate and efficient data 

analysis. These steps include normalization, baseline correction, spectra recalibration, 

smoothing, and data compression (unsupervised and supervised).111 Normalization is expected to 

be incorporated into data analysis, while other steps are frequently omitted. However, these 

additional steps may be necessary, depending upon chosen statistical analysis and the MS 

instrumentation used to collect the data, as well as other experimental parameters and conditions. 

The inclusion of preprocessing steps in the data analysis workflow can also depend upon the 

specific goals of an individual project. Overall, preprocessing can help to reduce experimental 

variance within the data set, extract relevant information from large data sets, and draw 

meaningful conclusions from subsequent statistical analysis. 

Normalization is used to remove systematic artifacts that can affect the mass spectra. 

Sample preparation, matrix application, ion suppression, and differential ionization efficiencies 

in complex samples can influence the intensity peaks of mass spectra. Some of these random 

effects in data acquisition can be minimized by proper normalization. Not applying 

normalization can lead to misleading artifacts and ultimately depict inaccurate ion distributions, 

statistical analyses, and conclusions about biological significance. There are a few different 

methods for normalization for MS imaging data sets based on the purpose of the analysis. 

Normalization to the TIC is the most commonly implemented method.112 Normalization to the 
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TIC ensures that all spectra have the same integrated area and is based on the assumption that 

there is a comparable number of signals in each spectrum.111, 113 However, in an imaging 

experiment, it cannot always be assumed that this condition is met since selection of the area is 

variable run-to-run. TIC normalization can improve the ability to compare expression levels 

across samples with similar sample types, however is not applicable when comparing very 

different tissue types.112 In addition to normalization to the TIC for similar sample types, the TIC 

normalized data can be further normalized to matrix related peaks for MALDI imaging 

experiments to correct for uneven matrix coating. This may be necessary depending on how the 

matrix is applied to the sample. For example, airbrush sprayed matrix applications cannot 

produce as homogeneous of crystals across the whole tissue as matrix applied with an automated 

sprayer or automated microspotter.114 For samples with different tissue types, such as whole 

body imaging, an externally applied internal standard similar to the compound of interest should 

ideally be applied before or during matrix application (see above). For this normalization 

method, each spectrum is normalized to the intensity of the reference molecule for analysis. 

Normalization to an internal standard reduces the impact of ion suppression that arises from 

tissue inhomogeneity and improves pixel-to-pixel variability. TIC normalization is not 

recommended for whole body imaging or for different sample compositions, where internal 

standard normalization is considered the gold-standard normalization methodology.115 Other 

options include normalization to an endogenous molecule that is expected to be consistently 

expressed throughout the whole tissue, such as a phospholipid headgroup. Additionally, some 

researchers have calculated tissue extinction coefficients or relative response factors to determine 

the relative amount of a compound in whole body imaging or different tissue types. This tissue 

extinction coefficient takes into account ion suppression related to the compound of interest and 
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the tissue of interest and is then compared to LC-MS/MS data.116 The tissue extinction 

coefficients were evaluated for the drugs proponolol and olanzapin on rat whole tissue sections, 

where kidney, lung, liver, brain, and stomach were chosen as tissues of interest. For both drugs, 

stomach has the highest extinction coefficient, while the stomach and brain experience the 

highest variation, likely because of tissue heterogeneity in these organs.116 The advantage of this 

method is that no expensive, labeled standards are needed of the compounds of interest, although 

accuracy of tissue extinction coefficients is still being investigated. 

Following normalization, additional preprocessing steps are often taken to ensure 

accurate interpretation of the data.  These include steps typically found in conventional MS 

workflows (e.g., baseline subtraction and spectral recalibration).111 Furthermore, to better 

visualize the data and increase the signal-to-noise ratio, smoothing algorithms are often applied, 

such as Savitsky Golay Smoothing or Boxcar Smoothing.49, 117, 118 Smoothing is especially 

important for imaging data to remove sudden fluctuations between pixels that do not necessarily 

represent the in vivo distributions. These preprocessing steps help to ensure that accurate 

interpretation of the MS imaging data. 

Data Compression 

Unsupervised Data Compression 

As MS imaging acquisitions tend to create large data files (up to several terabytes per 

sample), data processing becomes more difficult and requires more strenuous computational 

methods. To alleviate this problem and make the data files easier to handle and distribute, several 

compression strategies have been implemented to reduce the size of data while still retaining the 

important information. Binning mass spectra for each pixel of an imaged tissue and compression 

based on region of interest (ROI) are the most successful methods, with ROI compression 
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requiring the least amount of computational power.119 Autoencoders have also been useful for 

unsupervised nonlinear dimensionality reduction of imaging data by reducing each pixel one at a 

time to its core features.120 Once the size of data has been reduced, it can be more easily 

processed in subsequent steps of the processing pipeline. 

        Unsupervised clustering of the data is also used to compress data into features for 

statistical analysis. Unsupervised analysis can be divided into (1) manual, (2) component, or (3) 

segmentation analysis. (1) Manual analysis is carried out by selecting m/z values unique to the 

region of interest and generating an image for each m/z value. (2) Component analysis requires a 

statistical or machine learning algorithm to cluster the data. Principal component analysis (PCA) 

is used to reduce the dimensionality of the data set by converting possibly correlated variables 

into a set of linearly uncorrelated values, which are called principal components.121 PCA is an 

unsupervised statistical method to distinguish principal components that cause the greatest 

variance in the data. PCA plots the component that causes the greatest variation on the x-axis and 

the component that causes the second greatest amount of variation on the y axis to induce 

groupings of related pixels in the data sets.122 While used as a data compression method, PCA 

can also be combined with discriminant analysis for statistical analysis of imaging data sets (see 

statistics section below). PCA can also be used to remove signals which are poorly connected 

with variability between groups, removing noise. (3) The last method, spatial segmentation, bins 

together similar spectra into regions of interests and identifies colocalized m/z values. 

Hierarchical clustering, a type spatial segmentation, partitions the image into its constituent 

regions at hierarchical levels. This only requires knowledge of the similarity between groups of 

data points and does not take into account spatial position during analysis. Hierarchical 

clustering is frequently used to rearrange multiple variables to visualize possible groups in the 
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data.123 Another segmentation method is k-means clustering. k-Means clusters the number of 

partitions, n, into k number of clusters, where each cluster is based on the spatial distances 

between mass spectra. Following k-means clustering, each observation now belongs to the 

cluster with the nearest mean.124 Another method, bisecting k-means, is a combination of k-

means and hierarchical clustering, although it is computationally more complex. Bisecting k-

means is a hierarchical clustering method that uses k-means repeatedly on the parent cluster to 

determine the best possible split to obtain the next two daughter clusters.125 All of these methods 

can be used to compress the data into important features and are chosen based on the goal of the 

study. Some studies will even use more than one unsupervised data compression method. For 

example, Mourino-Alvarez et al. used both hierarchical clustering and PCA to differentiate 

proteins in calcified areas and collagen deposits in aortic value tissue. By applying a hierarchical 

clustering following PCA, they were able to observe several layers that surrounded the calcified 

deposits that differed in protein expression from other tissue regions.117 

Supervised Data Compression 

Supervised clustering is better suited when a specified set of classes is known and the 

ultimate goal is to classify new data set into one of those classes. Supervised data compression 

uses predefined classes or categories, while unsupervised data compression uses similarity 

between spectra to generate classes to reduce data size.126 Partial least-squares regression (PLS) 

is a supervised classification method, where classes of data are annotated with known labels.127 

Partial least-squares regression is similar to PCA, however instead of separating into components 

based on the maximum variance, it uses a linear regression or classification model to project 

predicted variables and observable variables to a new space, mathematically speaking. 

Classification refers to decisions among a typically small and discrete set of choices (tumor vs 
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normal tissue), while regression refers to an estimation of possibly continuous-valued output 

variables (diagnosis of the severity of disease). This type of supervised clustering requires a 

training data set for the classification of groups. Like PCA, PLS can also later be coupled to 

discriminant analysis for statistical analysis but is described in this section as a supervised data 

compression method. PLS was used to reduce data into different tumor areas that were histology 

annotated including stroma, smooth muscle, submucosa, fibrous tissue, tumor, healthy mucosa 

(tumor adjacent) and healthy mucosa (tumor remote) in colorectal cancer. In this case, PLS was 

used in combination with discriminant analysis to accurately separate changes in lipids between 

tumor adjacent and tumor-remote healthy mucosa, supporting the idea that cancer influences the 

local tissue environment.128 

Both supervised and unsupervised classification methods reduce data down to the most 

important m/z value distributions. Data compression projects the data to a lower dimension 

subspace, while maintaining the essence of the data for statistical analysis. With the large degree 

of dimensionality associated with MS imaging data, especially of biomedical samples, extracting 

important, relevant features becomes increasingly difficult. Machine learning algorithms for 

feature detection applied to LC-MS data can be limiting with imaging data, as they do not 

account for differences in spatial regions of the tissue of interest. A context aware feature 

mapping machine learning algorithm was recently developed that takes into account the spatial 

region of features when ranking.129 

Statistical Analysis 

Tests of Significance 

Statistical analysis of large imaging data sets is incredibly important for the 

implementation and utility of MS imaging. Interpreting detected differences between samples 
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involves statistical hypothesis testing to determine if there is a certain difference that exists 

between samples or between spatial regions within a sample. The choice of appropriate 

univariate analysis tests that one m/z, identifying to a compound of interest, will depend on the 

data set. If the data has a Gaussian distribution, a t-test can be used to determine the difference 

between two samples with ANOVA being used to determine if there is any difference in a group 

of samples.46, 130 For MS imaging data sets, t-tests can be performed to compare m/z relative 

intensities between two different regions and ANOVA between three or more regions of interest. 

For example, peptides and metabolites were evaluated in the cortex region of the brain 

comparing wild type mice and transgenic mice carrying a missense mutation causing cortical 

spreading disease, which causes migraines. A t-test was used to evaluate specific changes 

between the cortex of the wild type mice and the transgenic mice.131 Unfortunately, a Gaussian 

distribution of mean intensities cannot be assumed for clinical samples, but mean values may 

still be used if the central limit theorem is satisfied. If the data has a non-Gaussian distribution, 

nonparametric tests like the Mann-Whitney U-test can be used as a statistical test of the 

hypothesis. These tests are useful for finding peaks with an observable change between different 

regions or experimental conditions. 

Discriminant Analysis 

Data reduction methods such as PCA or PLS are preprocessing steps to discriminant 

analysis (DA). These analyses are commonly performed together and abbreviated as PCA-DA or 

PLS-DA, respectively. DA is a statistical tool to assess the adequacy of a classification system. 

For any kind of DA, the groups need to be assigned beforehand or in the case of PCA, 

preprocessed prior to discriminant analysis. DA is particularly useful in determining whether a 

set of variables is effective in predicting category membership. This is different from an 
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ANOVA or multiple ANOVA, which is used to predict one or multiple continuous dependent 

variables by one or more independent categorical variables. DA is used in MS imaging to see 

how well components separate regions of interest in the data set. For example, PCA-DA was 

applied to colon spheroids to successfully differentiate the outer, middle, and inner regions of the 

sample.132 Additionally, PLS-DA was applied in histology driven data mining of lipid 

differences between colorectal cancer liver metastasis biopsies, where normal vs tumor were 

preselected as regions of interest prior to analysis.133 

Biomarker Tests 

Even if statistical differences exist between two conditions for a single m/z, this does not 

necessarily mean that this m/z value can act as a biomarker to distinguish the two classes. For 

univariate biomarker analysis to confirm if a m/z can be used as a diagnostic test to distinguish 

two regions of interests, a receiver operator characteristic (ROC) curve analysis is performed. In 

ROC analysis, the true positive rate (sensitivity) is plotted in function of the false positive rate 

(specificity).134-136 The area under the curve (AUC) in these plots can distinguish whether the m/z 

marker can be used for diagnostics. This is a test of accuracy, where an AUC value between 0.90 

and 1 is excellent, 0.80-0.90 is good, 0.70-0.80 is fair, 0.60-0.70 is poor, and 0.50-0.60 is failed 

test. This test is used to discriminate the ability of a specific marker (m/z) to correctly classify 

groups of interest. MALDI imaging was used to reveal thymosin beta-4 as an independent 

biomarker in flash frozen colorectal cancer compared with normal tissue using ClinPro Tools 

software to perform ROC analysis with an AUC of ..80.137 

However, often in biomarker discovery, one biomarker is not able to correctly classify 

groups with a high enough AUC for clinical analysis. In this case, multiple biomarkers (multiple 

m/z values) are used for analysis. This is known as multivariate analysis. Here, machine learning 
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algorithms are used examine multiple biomarkers to search for correlated m/z values in the mass 

spectra that also correlate with the target outcome. This multivariate analysis provides a single 

ROC curve that is derived from multiple biomarkers. Additionally, an indicator of how much 

each m/z contributes to the score from the resulting algorithm is calculated for each m/z value.138, 

139 For regression-based methods such as PLS, the importance of an m/z value is a direct result of 

the model’s loading vector. Additionally, colocalization of two individual m/z in a tissue can be 

calculated in a correlation analysis to see how well m/z components of the multivariate analysis 

align based on spatial distributions.140  

One problem for MS imaging analysis is that salt adducts of the m/z values of interest are 

identified separately. Therefore, in biomarker analysis, it would be ideal to combine m/z values 

identifying to the same molecular compounds into a single peak for analysis. For instance, m/z 

values can shift based on the presence of a sodium ion, potassium ion, the loss of ammonia, the 

loss of water, oxidation of methionine, and other common modifications. This can complicate 

identification and statistical analysis as well as univariate and multivariate biomarker analysis. 

For MALDI, Alexandrov introduced a method called masses alignment which is used to group 

masses corresponding to a single peak and then represent them as one m/z value.141 This also 

reduces the size of the data set, making computation and biological understanding of the data 

more attainable. It also links m/z values that belong to the same biomolecule together for 

statistical analysis. 

Machine Learning Algorithms 

Machine learning is starting to play a larger role in developing algorithms to quantify 

relationships in MS imaging and then using these identified data to make predictions for new 

data sets. First, the data set is converted from a population of profiles into a “n by m” data 
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matrix, where “n” is individuals, and “m” is the biomolecules of interest.142 Following 

conversion, they can be analyzed using different algorithms that look for correlated structures in 

the measured data that also correlate with a target outcome. Neuronal networks, support vector 

machine algorithms, recursive maximum margin criterion, and genetic algorithms are used to 

build statistical models that use training data to predict the classification of new data sets. This is 

currently being implemented for automated decision making, modeling, computer aided 

diagnosis, and can be applied for tumor classification for pathology detection.143 Specifically, in 

one example, a PCA support vector machine was used for early detection of ovarian cancer with 

about 90% accuracy.144 

Complete Data Analysis Pipelines 

        Because processing imaging data requires numerous different treatments compared to 

conventional LC-MS data, software with complete data analysis pipelines are useful for 

streamlining the entire data analysis process. While there are numerous open source and freely 

available software packages for processing data, functionality tends to be restricted and there are 

typically no export options for the data. A widely used software package, MSiReader, has seen 

rapid developments toward incorporating various aspects of data analysis, including 

visualization, quantitation, and annotation in a streamlined, easy-to-use platform.102 A new MS 

imaging software package, SpectralAnalysis, strives to expand the reach of data processing by 

incorporating all processing steps from preprocessing to multivariate analysis, within a single 

package, allowing for the analysis of single experiments as well as large-scale experiments 

spanning multiple instruments and modalities.145 Improved data processing pipelines are also 

being developed in efforts to make full use of the spatial information unique to imaging 

experiments. One such pipeline, EXIMS, aims to reveal significant molecular distribution 
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patterns by treating the data set as a collection of intensity images for various m/z values. The 

process incorporates preprocessing, sliding window normalization, denoising and contrast 

enhancement, spatial distribution-based peak-picking, and clustering of intensity images.146 

massPix, a R statistical program, is able to perform multivariate analysis (PCA and clustering) 

and has integrated lipid feature annotation into the automated pipeline.147 Another software 

pipeline is SCiLS, which is available commercially from Bruker. SCiLS software can be used to 

analyze multiple imaging data sets, performing comparative analysis, colocalization analysis, 

spatial segmentation, and classification model calculations based on training data sets, and it 

contains numerous other highly useful features. Additionally, ImageQuest software from 

ThermoFisher Scientific is frequently used for visualization, normalization, and creation of two-

and three-dimensional maps of analyzed tissue, and similar features are offered by High 

Definition Imaging software by Waters. Following m/z mapping to a biological compound, 

platforms that can handle high-dimensional biology data sets, such as Clustergrammer, a Web-

based tool, help to visualize biology changes in heatmap formats that retain the high-

dimensionality of the biological data.148 These pipelines emphasize the importance of special 

treatment for imaging data compared to LC-MS data. 

Repositories 

        Finally, data storage and sharing of the final results allow for the community to move 

forward and build upon the ever-growing wealth of knowledge. In order to further drive this, 

imaging repositories are necessary for allowing researchers access to imaging data for 

comparison of results and for discovering new answers to biological questions. Previously, such 

repositories were difficult to implement due to the requirements of large space and 

computational power, but technological advancements have allowed for the emergence of at least 
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one such repository, with the promise of more becoming available in the near future.149 Another 

currently being developed is METASPACE for bioinformatics for spatial metabolomics, an 

online engine based on big-data technologies that automatically translates millions of ion images 

to molecular annotations.150 The estimated completion time for this project is June 2018. 

 

Multimodal Imaging Systems 

While MS imaging is useful for analyzing the spatial distributions of several molecular 

species, it lacks the molecular depth that other methods provide. The combination of MS 

imaging with other imaging modalities is sure to evolve into a comprehensive analysis tool to 

answer biological questions that could otherwise not be answered with a single imaging 

modality. Multimodal technologies are very commonly implemented in diagnostic imaging 

techniques,151 and the concept has been expanded into MS imaging analysis pipelines.151, 152 

Because MS imaging has high chemical specificity but lower spatial resolution compared with 

other imaging modalities, it is typically combined with modalities that complement these 

features. For example, MS imaging is combined with imaging modalities that have high spatial 

resolution or tissue structural information. This is can be done with a single section, from which 

the complementary data can be powerful and enable greater, more significant discoveries.153   

Multimodal imaging can be approached by either acquiring images at different times 

(asynchronous), where the images are fused in data processing step, or by simultaneously 

acquiring images (synchronous) and merging them during the data acquisition step.154 

Asynchronous post-processing can present some difficulties which arise from the positioning of 

the same samples between different imaging modality scans at different times, which could cause 

difficulties in coregistering images for analysis.155 Coregistration is especially difficult if data 
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acquisitions are not acquired at the same spatial resolutions, however advances in computational 

annotation help to improve image analysis.156 Often, voxels from the lower resolution modality 

are combined to form the voxel size of the higher spatial resolution.157 Image coregistration can 

be achieved by aligning known regions of interest, using calibration points to perform a rigid 

regression or by selecting a variety of points to perform moving least-squares registration 

between the images.158 Additionally, different imaging platforms have distinct sample 

preparation protocols, which can cause interference for different imaging modalities. For 

example, flash frozen tissue samples are ideal for MS imaging, although the embedding media 

that they are frequently stored in, which allow for optimal sectioning and staining, consist of the 

polymer polyethylene glycol which can cause interfering peaks in the mass spectra. Therefore, it 

is important that the sample preparation used for other imaging modalities also are compatible 

for MS imaging. Because of this, not all ideal multimodal systems can be easily combined 

without changing the sample preparation workflow, depending on the desired analysis. 

Synchronous imaging is advantageous because consistency is achieved in both time and space, 

however combining instrumentation to accommodate synchronous acquisitions can require 

advanced skill and can be very expensive, especially for MS instrumentation. Hybrid systems 

integrating MS imaging are currently being developed, although it should be noted that some 

method combinations are not possible due to sample incompatibility. One multimodal 

instrumentation example integrated a commercial optical microscope, laser microdissection 

instrument (capable of both bright-field and fluorescent imaging) with an electrospray ionization 

mass spectrometer capable of submicrometer MS imaging.56 In general, data analysis becomes 

even more difficult when integrating quantitative information from multiple existing functional 

modalities to create composites of three, four, or even five imaging modalities into a single data 
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analysis pipeline. Multiplexing image modalities presents a “big data” computational challenge, 

making MS imaging data compression especially important for multimodal system integration. 

To handle the versatility of multimodal systems, workflow based analysis platforms that 

integrate existing methods are gaining popularity to handle big data problems for imaging 

systems.159 These programs allow separate steps that can be rearranged for customizable 

workflows and do not require computer programming knowledge. KNIME and Galaxy are 

commonly used workflows for multimodal imaging analysis.160, 161 Bouslimani et al. created a 

method to merge microbial 16s rRNA amplicon sequences onto a 3D MS imaging map of the 

human skin. Computational tools used for this analysis are available as a workflow for KNIME, 

which can be modified and applied for future use for multimodal analysis.162 It is also clear 

though that advances in multimodal technology and instrumentation will allow for synchronous 

integration to be expanded for multiple imaging modalities, a few of which will be discussed 

below.  

It is safe to predict that this overview of multimodal imaging is only the beginning of 

imaging combinations that will be possible in the future. Multi-modal systems are rapidly 

expanding into multiple imaging modalities. Here, selected multimodal systems are highlighted, 

but other imaging techniques not described here, such as near-infrared microscopy, electron 

microscopy, coherent antistokes raman spectroscopy, Fourier-transform infrared spectroscopy, 

etc. are also being integrated with MS imaging for multimodal analysis.163-167 With the largest 

hurdle in multimodal imaging systems being coregistration and data analysis, there will likely be 

an increase in the development of integrated systems. Additionally, before mult-modal integrated 

systems will be used regularly, robust coregistration analysis algorithms need to be incorporated 

into software platforms to handle complex multimodal data compression and analysis. 
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Microscopy Multimodality 

MS imaging is often combined with microscopy to provide high-resolution 

morphological and structural information in complement to MS imaging’s ability to visualize 

and identify distributions of specific molecules. For example, Plas et al. describes a method for 

fusing microscopy with MS imaging data to enable prediction of a molecular distribution both at 

high chemical specificity and at high spatial resolution. This is done postdata acquisition using 

the microscopy data to sharpen and perform out-of-sample predictions.168 Here, we focus on 

using optical light microscopy, including bright-field, fluorescence microscopy, and phase-

contrast, to evaluate tissue structure and specific markers. Microscopy is the most common 

multimodal system currently paired with MS imaging and is very useful for identifying regions 

of interest for statistical probing or supervised classifications.  

Histology 

Although tissue sections used for MS imaging can be scanned by the computer during 

analysis to produce an optical overlay, important structural information on the cellular level is 

obtained from histological analysis of a sample using light microscopy. In general, light 

microscopy is used to enlarge details and portions of a tissue section. Samples are stained with a 

specific dye to highlight tissue structures of interest. Histological overlay is the most common 

multimodal imaging system combined with MS imaging currently applied in the literature.71, 169, 

170 In the discussion below, the focus will primarily be on mammalian tissue stains, although 

plants and other organisms can also be studied in this fashion. For example, one study used a 

nonspecific dye stain of gallotannins and ellagitannins in the root of Paeonia lactiflora to overlay 

the structural histology with MS imaging identification of specific galltonnins and monoterpene 

glucosides.171  
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 The most traditional histological stain is hematoxylin and eosin (H&E) stain, which 

distinguishes nucleic acids from proteins with blue and red colorings, respectively.172 This allows 

the user to visualize the differences between cells and the surrounding extracellular matrix.173 

Other commonly used stains include Masson's trichrome stain used for connective tissue, Alcian 

Blue for mucins, and periodic acid-Schiff reactions used for staining carbohydrate rich tissue 

regions.174 When stained, several key characteristics are analyzed, including, tissue morphology, 

cell structure, and staining distribution. In a clinical setting, trained pathologists use stained 

slides to identify different disease states of the tissues to stratify patient specimens and provide 

diagnostic indices. With the high magnification capabilities of modern microscopes, very fine 

resolution of spatial features can be achieved, which is complementary to MS imaging’s 

comparatively low spatial resolution. Combining histology with MS asynchronously can allow 

for the analysis of spatial molecular arrangements without the need for target-specific reagents, 

which allows, for example, the discovery of diagnostic and prognostic markers of different 

cancer types.175, 176 It should be noted that typically a sample should first be analyzed using MS 

imaging (with a nondestructive ionization method) and then stained, as stained slides increase 

spectral complexity and histological processes can cause degradation or sample loss if done prior 

to MS imaging analysis.177 MS compatible dyes do exist, such as cresyl violet and methylene 

blue, which can allow histology first, followed by MS imaging analysis; however, tissue 

degradation and diffusion of molecules are still elements of concern.178 For destructive ionization 

mechanisms, a serial section is typically used for histological analysis and is coregistered to its 

adjacent section. However, with serial sections, artifacts such as physical destruction from 

cutting and fixations and staining artifacts can cause complex distortion effects, also 

complicating image registration.179 Although a serial section may not contain the exact same 
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molecular structure as the section of interest, most structural features are well conserved section 

to section. Serial sections are commonly used for asynchronous multimodal imaging. 

One interesting example applies the H&E stain serial tissue section to direct analysis of 

specific tissue regions on the section prepared for MS imaging. Regions of interests, including 

nontumor, undifferentiated tumor, moderately differentiated tumor, and well differentiated 

tumor, were selected from the H&E stained sections and only those individual regions of interest 

of the tumor were analyzed. The differentiation of the cells in the tumor region help the 

pathologist determine cancer staging, where differentiated cells are most similar to the normal 

tissue.180 By imaging only the regions of interest, the user can save significantly on instrument 

time. This application is particularly useful for high-resolution MS imaging, where data 

acquisition times can be very long and increased data throughput is needed.   

Fluorescence Microscopy 

Another microscopy technique uses fluorophore conjugated antibodies to label a 

molecule of interest, known as immunohistochemistry (IHC). First, a molecule of interest is 

labeled with a primary antibody. Then, a secondary, fluorescent antibody is added that 

recognizes the primary antibody. The secondary antibody is conjugated with a fluorophore, 

which, when excited, will provide a measurable light emission. Because multiple secondary 

antibodies can bind a single primary antibody, the signal of the protein of interest can be 

amplified greatly to increase the sensitivity of the assay.181 Depending on the fluorophore of 

choice, special emission and excitation filters are needed to visualize the signal using a 

fluorescent microscope. While less common, the secondary antibody can also be coupled with a 

colorimetric assay. Using IHC, researchers can confirm spatial distributions seen in MS imaging 

experiments. For example, Heeren and co-workers looked at the hypoxia marker, Pimonidazole, 
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in a breast tumor model using MS imaging, for which the distribution was confirmed using a 

secondary antibody conjugated to a horseradish peroxidase colorimetric assay.182 Some cells and 

certain molecules possess intrinsic fluorescence. Examples of proteins or small molecules that 

naturally fluoresce include NADH, tryptophan, chlorophyll, or green florescence proteins. 

Becker et al. uses the natural fluorescence of stillbenes to discriminate the stillbene region from 

the rest of the grapevine leaves. This feature was then combined with MS imaging to study 

metabolite changes in stillbene regions of grapevine leaves after P. viticola 

infection.183  Alternatively, molecular biology and genetic engineering techniques can label 

proteins, nucleic acids, lipids, or small molecules with an extrinsic fluorophore. These techniques 

can be applied in systems ranging from cell culture to human systems. Chughtai et al. genetically 

engineered mice to express tandem dimer tomato red fluorescent protein under control of a 

hypoxia response element in hypoxic regions of the tumor. They then used MS imaging to 

compare lipids and proteins in hypoxic and normoxic regions of the tumor.184 While the 

examples described above are asynchronous examples of multimodal imaging modalities, many 

are working on the integration of optical microscopy directly with MS imaging. Some of the 

limitations of combining fluorescent imaging with MS imaging is that often fluorescence signal 

requires in vivo imaging because of degradation of naturally fluorescent material. For instance, 

NADPH, a source of autofluorescence, has a half-life on the order of minutes and is sensitive to 

degradation at high pH conditions. Therefore, fluorescence of NADPH is ideally processed using 

in vivo systems, while commonly-used MS imaging systems process samples ex vivo.185 

Logistical sample preparations can also create issues with coregistration because differences in 

orientation during acquisition can be difficult to correct for during data analysis. However, if the 
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fluorescent label is stable and can also be ionized in a mass range of interest for MS imaging, 

registration algorithms are not needed for multimodal analysis.184 

 Although there are many examples where fluorescence has been multiplexed with MS 

imaging, substantial opportunities for growth still exist in fluorescence and optical microscopy 

multi-imaging systems for MS imaging. For example, fluorescence technologies including 

fluorescence lifetime imaging microscopy (FLIM), which measures the amount of time a 

molecule fluoresces as its primary metabolic readout, or spectral lifetime imaging microscopy 

(SLIM), which is used to create optical molecular fingerprints based on spectra and lifetime of a 

fluorescent signal, have never been combined with MS imaging.186, 187 Additionally, combining 

MS imaging with multiphoton microscopy, which relies on multiple photons to optically section 

through a tissue section by acquiring clear images at multiple focal planes at different depths in a 

tissue, has not been used and could serve as a unique way to connect serial sections for 3D MS 

imaging.188 

 Allen Brain Atlas Integration: Virtual Multimodality  

Although not necessarily another imaging modality, MS imaging of the brain and 

histology images can be coregistered with the Allen Brain Atlas as a virtual multimodality. The 

Allen Brain Atlas is a publicly accessible collection of brain anatomy compiled high resolution 

histology images and genome based on brain regions.189-191 Brain atlases exist for a variety of 

species, including mouse, nonhuman primate, and human, and have also been expanded to 

accommodate different neurological diseases and developmental states. These virtual maps were 

constructed as a 3D biochemical architecture of the brain, where the anatomy of the brain is 

paired with genome analysis of each region which averaged between many organisms. For the 

MS imaging field, MATLAB has been used to conduct automatic alignment of a MS imaging 
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data set of a mouse or rat brain to the position in the 3D map atlas. Figure 6 demonstrates how 

the Allen Brain Atlas can be used to align m/z values of interest from MS imaging to a specific 

region of the brain; in this case, m/z 863 is localized in the striatum of the brain. This atlas can 

also be used for genomic insight for biological interpretation of the data, as the Allen Brain Atlas 

currently has projects mapping the genetic geography of the brain and cell type in each region 

and has compiled region-specific electrophysiology studies. The development of automatic 

alignment and annotation tools has increased the throughput for MS imaging data analysis. It has 

also enabled MS imaging distributions to be compared in the same coordinate space, although 

improvement upon these tools will be necessary to handle the increased file sizes.192, 193 This 

atlas is a unique example of virtual multimodality that is extremely useful for neuroscience 

researchers working in the MS imaging field. Additionally, although integrating MS imaging is 

not currently an advertised focus of the Allen Brain Atlas, the development of MS imaging 

integrated atlases could be useful for multiomics integration. 

Analytical Multimodalities Systems 

Multimodal Uses for MS imaging 

Different types of MS imaging ionization or biomolecule targets can be multiplexed to 

analyze compounds simultaneously. Because of the range of ionization mechanisms, MS 

imaging can actually be multiplexed with itself to provide a more comprehensive analysis of the 

sample by using different ionization mechanisms to analyze different groups of molecular 

compounds. An example of this is the combination of DESI and subsequent MALDI analysis to 

analyze lipid and protein distributions, respectively, on the same section.194 Another study 

combined MS imaging ionization techniques to complement the high spatial resolution of TOF-

SIMS with the high mass resolution, high mass accuracy, and MS/MS of an AP-MALDI source 
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coupled to an Orbitrap mass spectrometer to study the distribution of lipids in a colon cancer 

tissue section. First, TOF-SIMS analyzed the lipid distribution at 1 µm spatial resolution. Then, 

matrix was applied to the same tissue section and AP-MALDI was used to identify lipids at high 

mass accuracy and also to perform on-tissue MS/MS.195 Additionally, the same ionization 

mechanisms can be used for multimodal systems for analyzing different molecular species. For 

example, MALDI-MS imaging can be used to analyze both N-glycans and proteins using 

sequential analysis of the PNGaseF enzyme to release glycans followed by application of trypsin 

to analyze proteins from the same tissue section using FFPE tissues.47 This is considered 

multimodal imaging as two separate enzymatic and matrix applications are necessary for 

analysis.  

Raman Spectroscopy 

Raman spectroscopy signal is based on the vibrational structure of the molecules within 

each sample. Each biological sample consists of multiple molecules that form its complex 

structure and thus vibrational spectrum, which is known as the molecular fingerprint. Raman can 

be spatially resolved with microscopy for label-free chemical analysis, known as confocal 

Raman microscopy (CRM). CRM is a nondestructive technique that has high spatial resolution 

and allows for 3D analysis, where the samples can be optically sectioned taking different z-

stacks of the tissue. CRM, however, can be insensitive without special enhancement and is not 

capable of molecular identification.196, 197 MS imaging can thus be combined with CRM to assist 

with identification of specific components of a molecular fingerprint. Additionally, because 

Raman is a nondestructive technique, MS imaging can easily be performed post-Raman analysis. 

Correlated MS imaging and confocal Raman microscopy was used to study the structural and 

chemical diversity of three-dimensional cell cultures.157 The necrotic core of the spheroids 
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experienced greater Raman variability and correlated with the principal component causing the 

greatest variance in the data.157 Additionally, CRM was also correlated with C60-SIMS to show 

consistent distribution of quinolone disruptions between the new analytical techniques, with 

specific molecular identities determined through MS/MS.198  

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a medical imaging technique that uses strong 

magnetic fields and radio waves to generate detailed images of cross sections from tissues of the 

target sample.152 MRI enables researchers to obtain a 3D anatomical structure of a sample of 

interest with significant resolution and gives a precise sample shape. Additionally, MRI is 

noninvasive, although a contrast material is typically administered to enhance the signal-to-noise 

ratio for the tissue of interest. MRI complements MS imaging very well because it allows 

detailed structural information, while MS imaging provides chemical probing of the sample. In 

one example, MRI and MS imaging were used to study distributions of alkaloids in two 

structurally distinct regions in maturing areca nuts (seed of Areca catechu).199 Additionally, 

another study used MS imaging for the detection of the gadoteridol (MRI contrast agent) in 

human gliomas via DESI-MS imaging following MRI analysis. Detection of a compound by 

both modalities, as in the example above, is particularly useful for improvements in 

coregistration between imaging modalities.200 Overall, MRI, while underutilized with MS 

imaging in the literature, provides a powerful tool that could be more integrated with other 

systems, including with the Allen Brain Atlas described above. Scalable Brain Atlases based on 

MRI data are being developed for nonrigid spatial registration of MS imaging to MRI data.193 

Additionally, new computation pipelines are also being developed to better integrate MRI, 3D 

MS imaging data, and histology.201 
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Positron Emission Tomography (PET) 

Positron emission technology (PET) is commonly used clinically to visualize tumors and 

tumor metastases in 3D as a noninvasive imaging technique to provide metabolic assessment of a 

region, for example a cancerous tumor. By administering a radiolabeled metabolite, 

commonly 18F-fluorodeoxyglucose (FDG), PET monitors the body's uptake of FDG. Tumors 

tend to have altered, typically increased, metabolism compared to the regions surrounding it.202 

PET can be combined with MS imaging to understand tumor heterogeneity and to show 

additional metabolic alterations in regions of interest. Biomap software allows for 

multimodality imaging processing between PET scans and MS imaging data sets.  In one study, 

MALDI-MS imaging was actually used to assist in the development of a new PET radioligand 

by using MS imaging to image the PET molecule itself as well as the biological receptors for the 

PET molecule.203 

Atomic Force Microscopy  

Atomic force microscopy (AFM) is able to measure the topography with nanometer 

spatial resolution by raster scanning the tip of a scanning probe along the (x,y,z) position of a 

sample. Since tissue sections may not be completely flat, it can be beneficial to collect the 

surface topography of a tissue section using AFM for MS imaging. This can allow signal 

intensities to be correlated with surface topography, as uneven surfaces can affect uniform 

instrument ionization. Using AFM, the morphology of the section is translated into specific 

quantitative features, such as height, width, area, and volume. AFM and MS imaging can 

actually be obtained synchronously where the same probe is used without moving the sample 

from the system as demonstrated by Ovchinnikova et al. using proximal probe thermal 
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desorption/ionization MS.204 This eliminates the need for postacquisition coregistration, which 

can be particularly difficult for AFM and MS imaging multimodal systems.  

Multimodal imaging systems couple additional structural, biological, morphological, and 

chemical information with MS imaging analysis. Optimized sample preparation for 

multimodalities, advances in coregistration, and improvements in computational workflows are 

required to advance the use of MS imaging integrated multimodal imaging systems. 

 

Biological Applications 

It is clear that the increased molecular capabilities of MS imaging have caught the 

attention of the biological community. The expansion beyond peptides and proteins, MALDI MS 

imaging, and even fresh tissue sections has broadened the general use of MS imaging in 

unforeseen directions. In the following sections, several interesting studies will be highlighted, 

along with specialty applications in the field, all of which have incorporated the advancements 

described in this review. It should be noted that MS imaging has applicability beyond the 

biological systems (e.g., imaging of dyes on banknotes), so individuals should not feel limited in 

the systems where MS imaging can be applied.167, 205, 206 

Expansion of Molecular Species of Interest 

 Initially this technique was used to localize proteins and other peptides within a sample, 

with the first applications toward tissue samples.130 At first, MALDI was the core technique for 

imaging, and it is still by far the most popular method for analyzing peptide and protein rich 

samples.3, 9, 207 As an example, neuropeptides have been primarily imaged with MALDI, which 

has been applied to characterizing distribution changes in the pericardial organ of the green crab 

(red and green morph) after being exposed to salinity stress.3, 208 In particular, the development 
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of on-tissue digestion with trypsin has increased protein coverage by allowing not only higher 

molecular weight species to be analyzed but also by letting other more sensitive, higher 

resolution instrumental platforms become available for protein analysis.9, 47 Animal tissues are 

not the only sample types to have benefitted from this technique, as plant peptides have been 

imaged to compare those found in seedling and mature Medicago truncatula.209 Alternative 

ionization techniques beyond MALDI have been applied to better image proteins and peptides. 

For example, matrix-enhanced SIMS has produced high spatial resolution images of 

neuropeptides.210
 Furthermore, matrix-free, ambient ionization methods have also found 

popularity, as both DESI and nanoDESI have just recently been shown that they are capable of 

imaging global protein distributions.48, 88 While proteins and peptides maintain their popularity 

due to their obvious biological roles, it is apparent that many more recent MS imaging studies 

have focused on mapping the distributions of other molecular species.  

 The advent of on-tissue digestion with trypsin along with the use of PNGaseF for release 

of glycans has prompted the analysis of N-glycans with MALDI-MS imaging. As discussed 

previously, on-tissue digestion sequentially with PNGaseF and trypsin enabled MS imaging 

analyses of both released N-glycans and tryptic protein fragments on a single tissue.47 It should 

be noted though that native glycan imaging has been performed.211 N-Glycans have been 

analyzed in variety of samples, including kidney, bone, and cancerous tissues.38, 212-214 To 

highlight one example, different bone marrow samples that had either no bone lesions or with 

various stages of bone lesions were compared, and the glycan (NeuAc)2(Hex)2(HexNAc)2 + 

(Man)3(GlcNAc)2 was shown to be upregulated in the Stage 1 bone lesion affected marrow.214 

Notably, much of the recent literature has focused on FFPE tissue, which is expected with their 

increased availability compared to other clinically relevant tissue. In order to assess different N-
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glycans, derivatization methods are beginning to emerge, including for sialic acid-containing N-

glycans, for which images are shown in Figure 2.52 Beyond derivatization, tissue engineering-

based approaches can be used to develop specific probes against different glycan groups to 

improve ionization and thus detection of these important molecules, though this technique is still 

in the “proof-of-principle” stage.215 The methodology for N-glycan imaging is still 

underdeveloped, and the availability of more derivatization agents, expansion to other ionization 

sources, and improved sample preparation steps are expected to be developed.  

 Because of their diagnostic power, lipids are becoming more targeted compounds for MS 

imaging analysis.1, 216, 217 For example, folic acid distribution appears to increase in prostate 

tumor tissue  after intravenous administration.216 Lipids also have the potential to show tumor 

boundaries, specifically in breast cancer.217 Because of their diverse structure, several common 

ionization sources, including MALDI, DESI, SIMS, and IR-MALDESI, have found success in 

lipid imaging.1, 18-20, 22, 42, 97, 217-221 Notably, newly developed laser spray ionization (LSI), with its 

simple sample preparation, is becoming more commonly used for lipids as well.20, 222 As an 

example, division of normal and cancerous tissue was easily achieved for a few dozen lipid 

species, including diglyceride DG (18:1/20:0), which was indicated as a potential biomarker for 

renal cancer.222 While tissue sections have obvious popularity in the literature, lipids can be 

measured in a variety of sources, including fingerprints and plants.223, 224 Finally, because of their 

comprehensive distribution, whole body imaging of lipids has been done on the Anopheles 

stephensi mosquito.15 One caveat of lipid imaging is the difficulty of identification due to lipid 

diversity, and care should be taken in ensuring proper procedures to confirm their identity, 

especially if the information is intended to be utilized in the clinic.  



435 
 

 
 

 Surprisingly, elemental analysis has been done more frequently to distinguish biological 

samples. By looking at metal species, researchers have the unique advantages of low background 

noise along with good quantitative dynamic range, unlike most protein or peptide studies.225 

Unfortunately, only select ionization sources are capable of imaging metals, and each method is 

limited in which metals they can image.226 Currently, LA-ICPMS and SIMS have been the only 

methods available to analyze elemental metals.24, 32, 225, 227-231 With the use of nanoSIMS, 

mapping at a subcellular resolution (300 nm) has been achieved for copper, phosphorus, iron, 

and calcium, allowing the discrimination between the cell wall and different vacuoles in a C. 

reinhardtii cell. Notably, this technique can also be useful for drug visualization if metal-based 

drugs (e.g., cisplatin) are involved by directly analyzing their metal core and not the drug 

itself.232 With the recognition that all molecular species can have an effect on human health, 

metal imaging will likely become more popular in the upcoming years.  

 By far the most imaged molecular species in the current literature are small molecules. 

This may come with their broad diversity, as they include TCA cycle components, 

neurotransmitters, drugs, and even fungicides.1, 2, 28, 29, 218, 233, 234 Importantly, these diverse small 

molecule metabolites could be indicative of disease state.152, 218 Some of the more notable 

applications include imaging tetrahydrocannabinol (THC) in hair strands (Figure 7), 

determination of antimicrobial metabolites for biocontrol against F. oxysporum, and 

metabolomic distribution analysis of kidney metabolites after rats being treated with 

furosemide.29, 36, 235 Because of their structure, metabolites can have poor ionization efficiency, 

which has prompted the development of many derivatization schemes to increase access to 

metabolites in samples.28, 31, 53 Just like lipids, a wide variety of ionization techniques lends well 

to metabolites, including MALDI, DESI, and LAESI, although, based upon citations alone, 
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MALDI is by far the most popular.2, 12, 14, 20, 28, 29, 31, 36, 69, 137, 218, 233-237 This is actually surprising, 

as most matrices used for MALDI analysis are small organic compounds, meaning they can have 

their own interfering ions in the metabolite mass range at high concentrations, masking some 

possible signals of interest. Care should be taken in understanding which peaks come from the 

matrix, and alternatives, such as deuterated matrices should be sought out if necessary.238 

Expansion of Sample Sources 

It is clear that the expansion of molecular species that can be analyzed by MS imaging 

has also sparked its application to new and unusual sample sources. Biological samples (e.g., 

tissue) will likely continue to be utilized for method development and proof-of-principle 

experiments due to their natural sample complexity and variety.31, 33, 222, 229, 239 This trend is 

especially true for clinically inventoried samples, since strategies for analyzing FFPE tissue 

samples are in high demand.49, 51, 100, 213 For example, tissue microarrays, which are usually FFPE 

samples, provide unique opportunities for researchers to perform high-throughput screening of 

different diseases with little variation in preparation.51, 211 Beyond FFPE, one unique application 

of MS imaging on a mammalian tissue sample has been where cannabinoids, such as THC, and 

other drugs have been imaged with MS and MS/MS on single hair samples, which has promise 

for integration into toxicology-based screenings (Figure 7).29, 240 Fingerprints have also been 

targeted for MS imaging analysis.45, 241  

In addition to mammalian systems, other model organisms, such as crustaceans, 

grasshoppers, and ants, have also been imaged using MS imaging techniques.3, 91, 236 

Furthermore, the use of plants as an alternative research system is commonplace, so, naturally, 

researchers have also transitioned to imaging plant-based samples.234, 242 In the last 2 years, food 

products, such as onions, cucumbers, and citrus peel extracts, have been analyzed, but it is clear 
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that theoretically any item can be imaged with the appropriate equipment.18, 237, 243-245 For 

example, DESI-MS imaging was utilized to understand the thin-layer chromatography (TLC) 

separation of the citrus peel extracts directly on the TLC plates (Figure 8). Notably, methods 

have even been developed to image microbial systems, many of which can provide insight into 

antimicrobial agents or characterization of microbial interactions.235, 246, 247 

Unique Applications 

Clinical Incorporation  

With the streamlining of sample preparation, collection, and processing, integration of 

MS imaging into the clinic is becoming more accepted, which has been highlighted throughout 

this review. Briefly, MS imaging has shown applicability to determining metal accumulation, 

discriminating tumor regions, disease diagnosis, and even intraoperative usage5, 6.5, 6, 41, 49, 51, 212, 

213, 218, 226, 248 MS has already found its way into real-time surgeries with the invention of the 

iKnife, and it is only a matter of time before MS imaging is utilized in a similar fashion.70  

3D MS Imaging 

The construction of 3D MS-based images has expanded in the past decade with 

advancements in the throughput of MS instrumentation. 3D analysis incorporates volumetric 

molecular distribution into the equation. Currently, 3D imaging is commonly done through serial 

sectioning of a sample, where each section is analyzed in 2D and computational reconstruction 

of a 3D model based on the distance between section distances is performed.249-252 For example, 

Seeley et al. utilized a multimodality approach with MRI and MS imaging to rebuild 3D image 

of a mouse leg with a bone tumor.249 However, emerging techniques, such as 2.5D (i.e., single 

section localization within the tissue volume using other imaging modalities), surface, or 

ablation-based imaging, are also being proposed.253 Sectioning is not always necessary with 
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ablation-based methods, such as LA-ICPMS, as “layer-by-layer” of the sample can be 

analyzed.254 This idea of “depth profiling” can also be used for samples that cannot be sectioned 

(e.g., minerals, 3D cell cultures).94, 95, 254, 255 Limitations exist for 3D imaging though, including 

throughput, alignment between serial tissue sections, and the computational limits for data size, 

for which some 3D MS imaging are 200-300 gigabytes.253, 256 Data compression and/or 

clustering, supervised or unsupervised, is necessary for each 2D tissue section prior to alignment 

and reconstruction.132, 250, 253, 256 

It should be noted that even when sectioned, samples may not lay flat on the slide or they 

may have density differences along the tissue that could expand or contract during further sample 

processing. With the slight variations in tissue height, inaccurate quantitative information can be 

obtained, bringing the significance of any results into question. The advent of topography-

integrated MS imaging instrumentation allows for the system to correct based on tissue height.92, 

93 This new modality will surely be incorporated into future instrumentation in the years to come 

with the goal to obtain more quantitative measures and accurate 3D images from MS imaging 

data sets. 

Single Cell Analysis 

While superior in determining vast chemical information, MS imaging is seen as lacking 

in spatial resolution compared to other imaging techniques. Over the past few years, the 

achievable spatial resolution of MS imaging, especially for MALDI imaging, has improved 

greatly.54, 55 With the development of new instrumentation (see above), a lateral resolution of 5-

10 μm is readily achievable with commercial equipment, specifically MALDI, which is within 

the reaches of assessing individual mammalian cells.257 While this resolution is technologically 

impressive, biological heterogeneity is a major concern, and being able to distinguish variation at 
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the single cell level will only make MS imaging more powerful.258 For example, with the use of 

high-resolution ionization (LA-ICP) coupled to cytometry by time-of-flight (e.g., CyTOF, mass 

cytometry), the cellular subpopulation heterogeneity can be easily highlighted.259, 260 When 

reaching these very small pixel sizes, care should be taken that enough material is actually being 

ionized and thus detected at a significant level. While the development of higher spatial 

resolution instrumentation, matching optics, and mass analyzers must be implemented as well to 

move single cell MS imaging forward.  

Naturally high spatial resolution instrumentation, such as SIMS, has easily been able to 

image cells with laser beam focuses of 500 to 30 nm.255, 261-263 A facet of SIMS, multi-isotope 

mass spectrometry (MIMS), has been able to reach 50 nm spatial resolution to visualize human 

adipose tissue and its age-related plasticity loss.264 Unfortunately, SIMS is unable to ionize most 

peptides or proteins, although ME-SIMS and the combination of SILAC and TOF-SIMS has 

allowed for imaging of peptides, lipids, and newly synthesized proteins.210, 265 In general, though, 

developments for other ionization sources are a must for these major biomolecules. 

Comparatively, MALDI is far away from being able to reach comparable spatial resolution levels 

to SIMS, but in the past few years, researchers have gotten closer to routinely utilizing 5 to 10 

μm laser spot sizes (example shown in Figure 9).177, 207, 266 Other ionization techniques that can 

provide subcellular resolution include LA-ICPMS, single-probe MS, and laser 

desorption/ionization droplet delivery (LDI-DD).267-270 Notably, LDI-DD is able to reach 2.4 μm 

spatial resolution for an ink printed pattern and 3 μm for mouse brain, boasting the importance of 

developing new ionization techniques for bioanalysis.270  

 

Conclusions and Future Directions 
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 The field of MS imaging has expanded drastically in recent years as its utility has been 

recognized for a wide variety of applications. Because of its ability to analyze thousands of 

biomolecules without any form of labeling, MS imaging is being increasingly used as an 

analytical technique both as a complement and replacement to other imaging methods. However, 

with its rapid expansion, there is an urgent need for improvements in reproducibility at the 

sample preparation level and for extra care to be taken in ensuring correct interpretation of 

results. Recent literature has begun to address this, but we are still far from a uniform standard 

for reproducibility between users, laboratories, and biological samples. The literature also 

reflects a push toward improved spatial resolution, and this will likely continue to be an area of 

focus for the foreseeable future. With spatial resolution already approaching submicrometer 

levels and 3D MS imaging becoming more commonplace, the number of spectra acquired per 

experiment has increased exponentially, and will only get larger as spatial resolution continues to 

be improved. As a result, there is a growing need for more sophisticated data analysis tools that 

can handle the large amounts of data being produced, both in extracting meaningful information 

and storing data for community access. The incorporation of open-source software has done a 

remarkable job addressing this challenge, but future efforts need to be made in ensuring ease-of-

use for the end user. Ideally, software will be designed in ways that make it possible for various 

tools from different sources to be incorporated into a single data analysis pipeline, allowing the 

researcher to customize software for individual imaging experiments. By improving upon sample 

preparation protocols, instrumental throughput and resolution capabilities, and streamlined data 

analysis and quantitation, it is anticipated that MS imaging will become routinely utilized in 

clinical settings. 
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 Figures 

 

Figure 1. Visual workflow for the MS imaging analysis. A crustacean’s brain is used as an 

example tissue for this workflow. (A) Sample preparation. After collection from the animal, the 

sample is embedded in a supporting medium for sectioning onto slides. Other sample processing, 

such as applications of enzymes, matrix, or derivatization agents, may be done depending on the 

molecular species of interest or the instrument being used. (B) Sample analysis. After acquiring a 

spectrum at each (x, y) grid point on the tissue, sophisticated software tools are used to process 

and visualize the data. A laser is used to ionize molecules in the figure above, although several 

nonlaser based methods are also used. (C) Data processing. After preprocessing the data (e.g., 

baseline correction), the distribution of selected molecules can be visualized. From there, 

identification of the m/z values, statistical analysis between different images, or image 

coregistration with other image modalities can occur. 
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Figure 2. MS imaging comparison of digestion and derivatization of N-glycans in FFPE colon 

carcinoma sections. Different section preparations are shown in each row, while each column is a 

different N-glycan. Native N-glycans (e.g., digested) are shown in the first row. The second row 

shows the digested, derivatized samples. This in situ derivatization specifically targeted sialic 

acids by dimethylation and subsequent amidation. Finally, the last row shows a negative control 

sample where derivatization was performed but no digestion was done. Without a digestion step, 

N-glycans should not be available for analysis. On the basis of the results, it is clear that the 

derivatized, digested N-glycan (middle row) method produces the best extraction and ionization 

of N-glycans with sialic acids. Green circle: mannose; yellow circle: galactose, blue square: N-

acetylglucosamine, yellow square: N-acetylgalactosamine, white square:  N-acetylhexosamine, 

red triangle: fucose, purple diamond: N-acetylneuraminic acids, T: total ion current 

normalization. Adapted with permission.52  
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Figure 3. Overall setup and demonstration of capabilities of a LAESI source for samples with 

uneven surfaces. (a) Workflow representation of experimental setup related to the LAESI source, 

including sample insertion, measurement of height profile, and LAESI experiment for MS 

acquisition. (b) Schematic of the telescope optics implemented to focus the laser. (c) Optical 

image of R. sativus leaf after LAESI experiment, showing the laser ablation pattern. Note the 

even distance between ablation spots throughout sample despite uneven surface. (d) 

Topographical height profile of leaf surface along the ablation pattern, showing the change in 

height across the sample. The red line indicates identical positions on the sample surface. (e) MS 

imaging intensity maps of m/z values 418.051, 434.024, and 447.054, showing differences in 

spatial resolution.  These m/z distributions were acquired in the same experiment as the 

topographical profile. Adapted with permission.92  

A) Experimental setup 

B) Optical setup 

C) 

D) 

 E) 
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Figure 4. Schematic of the general working principle of SILMS imaging. After incubating the 

section with a primary antibody for the biomarker of interest, in this case PgR and ER, a 

secondary antibody is applied that is conjugated with alkaline phosphatase (AP). AP cleaves 

naphthol from naphthol phosphate. The naphthol mixes with the heavy or light chromagen to 

form an azo dye precipitate on the tissue. The incubation of the two antibodies can be done on 

the same tissue with proper washing. In the instrument, the azo dye absorbs energy from the 

laser, creating fragments including characteristic reporter ions. The heavy and light reporter ions 

are separated by 5 Da in the MS spectrum. Adapted with permission.100 
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Figure 5. Workflow for data processing and data analysis for MS imaging data. After data 

acquisition, MS imaging data are subjected to preprocessing including normalization, baseline 

compression, smoothing, and spectral recalibration. Next, data are compressed to reduce 

computational load for statistical analysis. This includes supervised data compression, where the 

groups are defined. If two groups are used, it is known as classification, or if more than two 

groups are used, linear regression is used for analysis. Data can also be compressed without 

preclassifying the data through unsupervised data compression. Here, we describe three main 

methods: principal component analysis, segmentation, and manual peak picking. Unsupervised 

data compression includes k-means, hierarchical clustering, and bisecting k-means. Following 
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compression of multiple variables, discriminant analysis is used to evaluate how well the chosen 

classification system separates groups of data. Manual peak picking helps pull out a few m/z 

peaks of interest. Univariate analysis can be done using either a t-test or ANOVA (Gaussian 

distribution) or Mann-Whitney U test (non-Gaussian distribution) to test for significance 

between groups of data. If the user is interested in biomarker discovery, a specific m/z or group 

of m/z values can be used to conduct a biomarker analysis, where an AUC value closer to 1 

indicates a perfect predictive biomarker. Following biomarker analysis, machine learning 

algorithms can then be used to predict the classification of new data sets into the existing data 

classifications. 
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Figure 6.  MS imaging acquired on a mouse brain is registered to corresponding histology and 

then to the Allen Brain Atlas (ABA) to understand where m/z values colocalize with anatomical 

brain regions. Shown here are three coronal sections from three different mouse brains (M1, M2, 

and M3) and their respective MS imaging images. (a, b, and c) Distribution of m/z 863 before 

preprocessing and registration. (d, e, and f) Samples after preprocessing and registration to 

histology. (g, h, and i) Distribution of m/z 863 after registration to histology, where histology 

image is removed. (j, k, and l) Registered images and registered MS imaging images are 

superimposed to display the visual distribution of ion m/z 863. (m, n, and o) Registered images 

with the MS imaging distribution are then registered again with the ABA. On the basis of the 

alignment, it appears that m/z 863 is expressed mainly in the striatum of the brain for these brain 

sections. Adapted with permission.192 
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Figure 7. MALDI-MS imaging MS/MS was utilized to confidently identify THC drugs in single 

hair samples. (A) Parent ion images (m/z 406.2). (B) Characteristic fragment ion (m/z 110.0). 

The distributions match each other for all hair samples, indicating they belong to the same ion. 

Adapted with permission.29 
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Figure 8. Extracted ion images from a positive ion mode DESI-MS imaged high-performance 

TLC plate, showing the separation of a variety of metabolic compounds. A: m/z 138; B: m/z 152; 

C: m/z 166; D: m/z 168; E: m/z 261; F: m/z 303; G: m/z 373; H: m/z 403; I: m/z 433; J: m/z 463; 

K: m/z 579; L: m/z 581; M: m/z 609; N: m/z 611; O: m/z 625; P: m/z 667; Q: m/z 725; R: m/z 741; 

S: m/z 755. Adapted with permission.237 
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Figure 9. Demonstration of 5μm, subcellular resolution MALDI-MS images for several lipid 

species (rows) overlaid on their optical image across four different genotypes of maize leaves 

(columns) at the midpoint and distal regions. The scale bar for the images is 50 μm for all 

images, and it is noted that the Mo17 and Mo17 x B73 have slightly larger scale bars. Adapted 

with permission.224 
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Abstract 

 Neuropeptides are one of the most diverse classes of signaling molecules and have 

attracted great interest over the years owing to their roles in regulation of a wide range of 

physiological processes. However, there are unique challenges associated with neuropeptide 

studies stemming from the highly variable molecular sizes of the peptides, low in vivo 

concentrations, high degree of structural diversity, and large number of isoforms. As a result, 

much effort has been focused on developing new techniques for studying neuropeptides, as well 

as novel applications directed towards learning more about these endogenous peptides. The areas 

of importance for neuropeptide studies include structure, localization within tissues, interaction 

with their receptors, including ion channels, and physiological function. Here we discuss these 

aspects and the associated techniques, focusing on technologies that have demonstrated potential 

in advancing the field in recent years. Most identification and structural information has been 

gained by mass spectrometry, either alone or with confirmations from other techniques, such as 

nuclear magnetic resonance spectroscopy and other spectroscopic tools. While mass 

spectrometry and bioinformatic tools have proven to be the most powerful for large-scale 

analyses, they still rely heavily on complementary methods for confirmation. Localization within 

tissues, for example, can be probed by mass spectrometry imaging, immunohistochemistry, and 

radioimmunoassays. Functional information has been gained primarily from behavioral studies 

coupled with tissue-specific assays, electrophysiology, mass spectrometry, and optogenetic tools. 

Concerning the receptors for neuropeptides, the discovery of ion channels that are directly gated 

by neuropeptides opens up the possibility of developing a new generation of tools for 

neuroscience, which could be used to monitor neuropeptide release or to specifically change the 
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membrane potential of neurons. It is expected that future neuropeptide research will involve the 

integration of complementary bioanalytical technologies and functional assays. 

 

Introduction 

Neuropeptides are a class of endogenous peptides that act as long-lasting 

neurotransmitters in the nervous system and other target organs. By signaling via synapses or 

volume transmission via diffusion, as well as via long-range signaling as circulating hormones, 

neuropeptides and their receptors play an important role in several key processes. When a neuron 

releases neuropeptides, the binding of the neuropeptide to its receptor on a receiving cell causes 

conformational changes within the receptor that, depending on the type of receptor, either open 

ion channels or activate coupled G proteins that can cause a series of downstream effects within 

the cell .1 As neuropeptides are a highly diverse class of signaling molecules in the brain and 

other peripheral organs, their structures, functions, and localization are of great interest and 

relevance.2 The extent of their implied roles in normal biological processes has been a point of 

focus in studies over the years.3, 4 Abnormalities in their expression can contribute to various 

neurological diseases by altering the function of specific neurons, and so understanding the 

mechanisms of neuropeptide signaling can help researchers to better understand these diseases 

and develop more focused and effective treatments.5 Furthermore, neuropeptides have been 

implicated in the regulation of normal biological functions, such as feeding regulation and the 

adaptation to external factors, such as temperature fluctuation and internal stress factors, 

including depression, anxiety, and post-traumatic stress disorder.6-10 As a result, understanding 

the specific role individual neuropeptides play in response to interactions with the environment 

and in the execution of biological functions can provide a greater understanding of the 
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underlying mechanisms at the cellular and systemic level. Investigations of the relationship 

between neuropeptides and their receptors are useful for the development of drug molecules for 

treating diseases or for otherwise manipulating interactions between peptidergic neurons, such as 

the treatment of specific symptoms (e.g., chemotherapy-induced emesis).11 

 While neuropeptides are interesting biomolecules that have important roles in regulating 

a wide range of physiological processes, they have numerous characteristics that make them 

challenging to study. Because neuropeptides can be used as modulators for signaling locally 

between neurons as well as functioning as hormones that can travel a long distance to target 

sites, the in vivo concentrations can vary dramatically. Furthermore, low concentrations of 

neuropeptides can have profound effects – these signaling molecules are typically present at low 

endogenous concentrations, up to 1000-fold or lower than classical neurotransmitters and other 

metabolites.12 This challenge is exacerbated by the lack of a digesting enzyme for a typical 

neuropeptide analysis workflow as these molecules are products of proteolytic processing and 

post-translational modifications (PTMs) that occur inside cells or during transportation. As such, 

there is only one opportunity for detecting each peptide, unlike in ‘bottom-up’ proteomic studies, 

where a single unique tryptic fragment is sufficient to detect a protein.13 This necessitates the 

development of highly sensitive detection methods in order to avoid large sample requirements. 

Additionally, sample processing methods need to be fast because, as with other signaling 

molecules, neuropeptides are prone to rapid degradation to prevent concentration increases with 

sequential release. Thus, it is often difficult to identify peptides as endogenous and not simply 

the product of a degraded larger protein, further complicating analysis.14 Additionally, there is a 

large amount of variability between different neuropeptides, either owing to possession of 

different sequences but with the same mass or because of them having numerous PTMs.15 Even 
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when the structure has been identified, there are still complications. Neuropeptides can have the 

same structure but different functions or have different functions depending on the cell-type and 

nearby receptors.16 Furthermore, as many isoforms exist for various neuropeptide families, 

localization of specific neuropeptides can be challenging owing to difficulties assigning mass 

spectral peaks to specific peptides.17 

 Despite these difficulties, much progress has been made over the years to characterize 

neuropeptides, including gaining information about their structure, function, and localization 

within cells and the whole neuroendocrine system. Here we focus on reviewing recent 

advancements made in developing techniques and applications to study neuropeptides and their 

receptors, while pausing to offer insights into the direction in which the field is moving. The 

areas described include structural elucidation of neuropeptides, methods for their localization, 

and their functional assessment, as depicted in Figure 1 and summarized in Table 1, all of which 

are required to understand neuropeptide biology comprehensively. We also present a case study 

on the characterization of peptide-gated ion channels and how they might be modified into new 

tools for neuroscience. While space constraints mean that we do not intend to provide a 

comprehensive account of all recent publications, we nevertheless provide notable highlights of 

some key developments made within the past few years. 

 

Elucidation of Neuropeptide Structures 

Perhaps the most important information gained about neuropeptides relates to their 

structures (e.g., amino acid sequence, PTMs, folding pattern, binding sites, etc.), as these provide 

insights into their function and biological mechanisms. However, gaining this information can be 

challenging and cumbersome. While it has been almost a century since the first neuropeptide, 
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substance P, was discovered and nearly 50 years since the sequence of that peptide was 

determined, technology has since developed impressively, and there are now records of almost 

6000 neuropeptide sequences across all species.18-20 

 Early work in structural elucidation relied on Edman degradation, a technique developed 

by Pehr Edman, in which peptides are reacted with phenyl isothiocyanate at the N-terminus and 

analyzed one amino acid at a time as each residue is removed.21 Successful sequencing using 

Edman degradation relies on the peptide being present in high concentrations (>1 picomolar) and 

at high purity. While Edman degradation is a classic method that allowed for the sequencing of 

many neuropeptides early on, it is less widely used, as other, more high-throughput, methods 

have emerged in recent years. The technique is still used in some applications, although mostly 

coupled with mass spectrometry (MS). For example, it has been successfully used to sequence a 

novel neuropeptide, Y-HS, in leeches, to discover a novel arrangement of cysteine residues in a 

neuropeptide from a worm-hunting snail, and to determine the sequence of human and mouse 

urocortin 2, a member of the corticotropin-releasing factor neuropeptide family.22-24 Although 

Edman degradation has proven to be a useful addition to other techniques in these applications, 

the method has largely been replaced with higher-throughput and more-sensitive methods such 

as MS in the past decade. 

 Currently, MS serves as the method of choice for sequencing and determining the PTMs 

of neuropeptides.12, 15, 25, 26 MS has proven to be useful for detecting small amounts of peptides in 

complex biological samples, making it a high-throughput and versatile technique ideal for the 

study of endogenous neuropeptides. This advancement has enabled the emergence of 

‘neuropeptidomics’, studying the entire neuropeptide complement as a whole either by 

comparing spectra to a database of known neuropeptides or de novo sequencing to discover new 
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neuropeptides.27 Figure 2 shows how MS spectra can be used to assign sequences by matching 

fragment ion masses to amino acids based on cleavage patterns and comparing the de novo 

sequences to those predicted based on genomic data. 

Numerous studies have been performed using a variety of specific MS techniques. These 

techniques and their results have been comprehensively reviewed elsewhere, but noteworthy 

strides have been made recently, such as developments in analyzing neuropeptides rich in 

disulfide bonds, which in the past has been a particularly laborious task.12, 28 A new method has 

recently been developed for identifying disulfide bonds by alkylating peptides and then 

performing targeted fragmentation on disulfide-bonded peptides.29 Another method has 

integrated MS and nuclear magnetic resonance (NMR) techniques for rapid identification and 

characterization of disulfide bonds using only 4 ng of a peptide sample. The method involved 

studying the mass differences between folded and unfolded neuropeptides. As disulfide bond 

formation results in a mass difference of about ~2 Da due to the loss of two hydrogen atoms, and 

these disulfide bonds are not present in unfolded peptides, the mass differences can be used to 

assess the number of disulfide bonds present in a folded peptide. The presence of disulfide bonds 

can then be confirmed with NMR.30 Another challenge with neuropeptidomics is that 

neuropeptides degrade substantially over time. A new, high-throughput framework for 

neuropeptide identification has recently been developed for fast, high-throughput analysis, 

minimizing neuropeptide degradation. With this method, researchers were able to successfully 

identify thousands of neuropeptides and post-translational modifications (Secher et al., 2016). 

Additionally, neuropeptide sequence coverage has been shown to improve when coupling several 

techniques of fragmentation (e.g., high-energy collisional dissociation and electron-transfer 
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dissociation), especially when utilizing dual fragmentation with electron-transfer high-energy 

collisional dissociation (EThcD).31-35  

Advances have also been made in the characterization of novel neuropeptides from model 

organisms, expanding our knowledge of existing neuropeptides. By combining matrix-assisted 

laser desorption/ionization (MALDI) and electrospray ionization (ESI) MS to characterize the 

carpenter ant neuropeptidome, 39 neuropeptides were identified.36 The beetle neuropeptidome 

has also been expanded within the past year, with novel neuropeptides from the adipokinetic 

hormone family sequenced with ESI-MS and tandem MS. These were confirmed by co-eluting 

each naturally existing neuropeptide with its synthetic neuropeptide by means of liquid 

chromatography (LC).37, 38 One other noteworthy group of organisms seeing significant growth 

in knowledge of its neuropeptidome has been members of the subphylum crustacea. 

Multidimensional MS techniques have been successfully implemented in both defining 

neuropeptidomes, such as that of the spiny lobster, and discovering numerous novel 

neuropeptides.39-41 As a complementary separation technique, ion mobility spectrometry (IMS) is 

currently experiencing rapid growth, and its use in conjunction with MS has allowed for a more 

comprehensive study of peptide structure.42 Recently, ion mobility spectrometry (IMS) has been 

used for conformational studies investigating the role of the penultimate proline residue and D-

amino acid containing peptide epimers, and it is expected that more structural knowledge will 

come from IMS in future studies.43-45 

The capabilities of MS for discovery and characterization of neuropeptides have been 

greatly assisted by the development of computational methods for predicting neuropeptides from 

precursor proteins and gene sequences. The area of in silico prediction has seen substantial 

growth in the past few years, with neuropeptidomes being predicted for a wide variety of 
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organisms and novel neuropeptides being targeted for more focused analyses.46 Coupling these 

informatics approaches to other methods of analysis, particularly MS, has allowed for an 

expanded coverage of neuropeptidomes, which is important for species without a fully 

sequenced genome, especially when one transcript can produce several neuropeptides.46, 47 For 

example, the crab Cancer borealis peptidome was doubled by mining its neural transcriptome.48 

As a complementary technique, researchers have also made use of in silico prediction methods to 

characterize neuropeptide receptors, which gives insight into both structural and functional 

properties by assessing similarities to previously characterized receptors.49 Computational efforts 

have further been directed toward compiling databases of known neuropeptides to provide 

comprehensive coverage and compare neuropeptides detected in different species. The most 

recent of these, NeuroPep, contains almost 6000 entries.20 Resampling approaches are being 

developed to improve database matching, allowing for better identifications in terms of both 

quality and quantity.50  

By combining information about structure gained from MS with other powerful 

analytical tools, researchers have been able to gain better insight into the overall structural 

composition of neuropeptides. Various types of NMR techniques have been implemented for 

studying neuropeptides, which are particularly valuable for characterizing folding patterns. 

Figure 3 shows an example of how several complementary NMR experiments can be combined 

to assess the structural conformation of a neuropeptide, as was done to determine the 

conformational patterns of the hormone pheromonotropin that controls larval sex pheromone 

production.51 Several recent advances have been made in understanding the secondary structure 

of neuropeptides. As an example, a precursor protein existing in marine snail venom was 

investigated by using solution NMR structural determination and was found to have a disulfide-
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directed β-hairpin fold, which initiates folding in other disulfide-containing areas of the 

peptide.52 Some neuropeptides have been found to lack secondary structure, as in the case of an 

RFamide neuropeptide discovered in cone snail venom.53 As structural characteristics are 

important for the interaction between neuropeptides and their receptors, many recent advances 

have used NMR to characterize these relationships, such as determining which conformations are 

important for biological activity, as has been investigated for various analogs of an allatostatin 

neuropeptide, as well as determining which part of the receptor neuropeptides were bound to, as 

has been accomplished with solid-state NMR for neuropeptide Y and its receptor.54, 55 The 

relationship with receptor sites has been extended to assess the structure of agonists and 

antagonists bound to neuropeptide receptors and study their respective conformations, for 

example of dynorphin bound to the human κ-opioid receptor.56 These characterizations of 

neuropeptide and neuropeptide–receptor conformations should enable future advances in 

developing drugs to mimic or block neuropeptide binding.  

Other spectroscopic methods have also been useful in the characterization of 

neuropeptides. Infrared (IR) spectroscopy has successfully been used to provide a quantitative 

estimate of secondary-structural elements. When analyzed by IR spectroscopy, peptides 

demonstrate characteristic peaks for different folding patterns, including α-helices, β-sheets, and 

turns, as has been characterized in human neuropeptide peptide YY.57 Circular dichroism (CD) 

spectra have also shown utility in the rapid determination of secondary structure, and have 

provided evidence for the existence of α-helices in tachykinin-related peptides and β-sheets in 

melanocyte-stimulating hormone (MSH) peptides that increase with increasing charge state.58 X-

ray crystallography benefits from providing sub-angstrom resolution of key structural sites. The 

binding structures of neuropeptides with their receptors have been well characterized with X-ray 
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crystallography, including studies of the receptor for neuropeptide S and human OX2 receptor.59, 

60 Information from crystallography can provide useful details about neuropeptide structure that 

might lead to insights about function. 

 

Methods for Neuropeptide Localization 

 Neuropeptide localization in species and/or tissue(s) enables mapping in neuronal 

subtypes relative to structural components of the cell, tissue, or whole organism, which can then 

be used to inform the function of a target neuropeptide and to direct functional biology 

experiments.61 Overall, the rapid increase in ‘omics’-derived neuropeptide sequence data has 

revolutionized our approach to the localization of neuropeptides and their signaling pathway 

components and facilitated our ability to construct species- and neuropeptide-specific 

‘connectomes’.62, 63 The application of localization techniques across species, tissue-, and cell-

types is fundamental to understanding the complexity of neuropeptidergic signaling and has 

trans-disciplinary importance; indeed these techniques have been applied to cell cultures (2D, 

3D, or single cells) and entire organisms (whole and sections).64-69 Neuropeptide localization in 

thick tissues, such as whole organisms or invertebrate brain tissue, can be achieved by using 3D 

mapping and ion density reconstruction of individual tissue sections to produce 3D 

representations of neuropeptide distributions.70 The advances in the tools and techniques 

described here have facilitated exploration of neurocircuitry landscapes such that knowledge 

about neuropeptide localization and expression is accumulating rapidly.  

 Visualization or detection of neuropeptides at the cellular, tissue, whole organism, or bio-

fluid levels has been enabled by the application of radioimmunoassays (RIAs), 

immunohistochemistry (IHC), immunocytochemistry (ICC), and immunoelectron microscopy to 
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the extent that these techniques have provided most of our former and current knowledge on the 

localization of neuropeptides.71 Compared with traditional histology-based approaches, these 

techniques enable enhanced specificity and sensitivity through the use of antibodies – for 

example for the detection of the specific psychostimulant neuropeptide CART (cocaine- and 

amphetamine-regulated transcript peptide).72 Antibodies can theoretically also be raised against 

virtually any peptide, however, many invertebrate neuropeptide genes encode more than one 

biologically active peptide that show high structural similarity to each other, leading to antibody 

cross-reactivity.73-75 Generation of N-terminally directed antisera, which can readily distinguish 

between peptides with highly similar C-terminal motifs, can help overcome cross reactivity 

issues.76 Another limiting factor is the number of peptides (and peptide signaling pathway 

components) that can be co-localized at the same time through traditional IHC and ICC 

approaches, which is in contrast to what is seen with MS-based peptidomics tools (see below) 

that enable the complete neuropeptide profile of the animal, tissue, organ or even a single cell to 

be deduced at any given time readily enabling the identification of multiple co-localization 

events.  

In situ hybridization (ISH) methods facilitate target-specific expression mapping of 

neuropeptide-encoding genes at the whole animal, tissue and single-cell level by determining the 

RNA localization. This involves hybridization of a single-stranded RNA oligoprobe and the 

complementary native mRNA sequence in the tissue or cell. The field of ISH and fluorescence 

ISH (FISH) has advanced significantly to enable the high-sensitivity detection of multi-target 

RNAs simultaneously in multiple species coupled with automated data collection and analysis 

systems.77 There are several different approaches for detection of hybridized probes, including 

non-radioactive and radioisotope strategies. Regardless of the approach, careful consideration 
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should be given to transcript abundance, where the detection of low-level or single-copy 

transcripts [e.g., of G-protien-coupled receptors (GPCRs)] can benefit from the use of target, 

signal or probe amplification techniques.78 Whilst one caveat of ISH is that the information it 

provides on RNA localization gives no definite indication of translated peptide distribution, it 

can relate valuable spatio-temporal information to gene activity when used in conjunction with 

ICC and IHC.79  

Reporter gene constructs encode proteins that function as site specific gene expression 

markers when fused to the regulatory regions (promoters) of a gene of interest. They offer an 

alternative detection method to ISH that is useful for transcript detection in living cells and 

organisms. The method requires the promoter region of the neuropeptide gene and coding region 

of the reporter gene to be fused and inserted into the organism of choice for use as a reporter of 

gene expression. It is important that the reporter gene [which often encodes green fluorescent 

protein (GFP)] is non-native, assayed easily (e.g., by visual detection), and does not affect the 

normal physiology of the organism under study. The use of promoter::reporter gene constructs as 

localization tools is popular in model organisms such as the fruit fly Drosophila melanogaster 

and the nematode Caenorhabditis elegans, where transgenesis is readily achievable.80-82 A 

cautionary note should be given to the reliance on transcriptional reporters however, as they do 

not always provide complete and reliable gene expression data in comparison to translational 

reporters that include important intron and 3’ untranslated region (UTR) regulatory elements.83 

 Techniques for localization of the complete neuropeptidome of an organism have seen 

progress with the use of MS since its recent development as a molecular imaging tool.84-86 

Because no prior knowledge of the molecules is needed for analysis, theoretically hundreds or 

thousands of molecules can be imaged in one sample run. Among the various ionization sources 
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available, MALDI has been the most prominent in imaging peptides and neuropeptides, although 

success of detecting or identifying the neuropeptides is dictated by sample preparation and the 

detector coupled to the MALDI source.87, 88 Time-of-flight based instruments have a niche in 

analyzing larger neuropeptides with a fast speed, but the low resolution and sensitivity have 

motivated the development of alternative ionization techniques for larger neuropeptides, 

including matrix-assisted ionization in vacuum and laserspray ionization, which can be 

accomplished with commercial MALDI sources.89-91 For example, Chen et al. was able to ionize 

an 18.7 kDa protein on a commercial MALDI-LTQ-Orbitrap XL, which is usually limited to 

molecules smaller than 4 kDa. It should be noted that some of the matrices required are more 

compatible with long imaging runs than others. Moving forward, refinements have recently been 

made recently in the optimization of sample preparation methods for MS imaging. For example, 

when sectioning tissue, only certain embedding materials with MS.92, 93 Optimal cutting 

temperature embedding material is commonly used for the classical histology staining, but due to 

its polymer structure, it tends to suppress and mask the analyte signal, especially in the mass 

range of most neuropeptides. Another major problem is that, prior to any histology analysis, 

samples tend to be passed through the fixation process to help maintain tissue structure and 

deactivate any degradation processes, which limits neuropeptide MS analysis.94, 95 Tissue 

fixation requires many washes, which may remove neuropeptides, and possibly a crosslinking 

step, which will make neuropeptides unavailable for extraction by the matrix and thus ionization. 

To complicate the situation further, the choice and application of the matrix is extremely 

important for the proper extraction of neuropeptides, and extensive effort has been devoted to 

developing better, more effective methods.96, 97 For example, by utilizing electrospray deposition 

of the matrix α-cyano-4-hydroxycinnamic acid, researchers have imaged the FMRFamide 
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neuropeptide family from a snail at a 5 μm spatial resolution, allowing confirmation of the 

localization found via IHC analysis.98 For more details, readers may consult recent reviews for 

MS imaging and its application to neuropeptides.28, 84, 99, 100 

In general, the reliance of mass matching for compound identification in MS imaging 

poses limitations in identification confidence. Owing to the low abundance of neuropeptides, 

performing tandem MS during imaging is often challenging. Therefore, accurate mass matching 

is the easiest way to identify a putative neuropeptide. The incorporation of high-quality tandem 

MS in a hybrid linear ion-trap–orbitrap instrument has provided improved in situ neuropeptide 

identification.101-103 The development of a spiral step method (Figure 4), instead of the standard 

raster step, has allowed for further enhancement of chemical information by improving the depth 

of profiling and producing higher-quality images on Orbitrap-based instruments.104 Another 

technique, IMS, has the potential to be used before detection and to remove interfering molecules 

and thus increase the image quality.105 Overall, the unparalleled chemical information and 

multiplexing capacity offered by MS imaging technology provides an attractive tool for high-

throughput mapping the localization of neuropeptides, although the inherent limitations of laser 

beam size and matrix crystal size of the MSI technique prevent it from having the same spatial 

resolution offered by IHC/ICC approaches. Further technology development is needed to 

improve these aspects and sensitivity to allow MS imaging to become a central tool for 

neuropeptide localization in the nervous system. 

Recent advances in bioimaging and microscopy tools in parallel with upgrades in 

computer processing and digital storage capabilities have significantly enhanced the ability to 

capture and describe the neuroanatomy of invertebrates. Traditionally, light microscopy has been 

used in invertebrate neuroscience research to map the coarse architecture of the nervous system, 
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with electron microscopy being employed for fine ultrastructural analysis.106 More recently, 

confocal and multiphoton microscopy have facilitated the generation of high-resolution 2D and 

3D images of both thicker whole-mount and live specimens.107 Laser microdissection tools 

provide an alternative to labor-intensive antibody-based experiments by enabling the post-

capture profiling of neuropeptides (e.g., via RNAseq) in specific neurons or in tissues embedded 

in heterogeneous samples.108 Advances in image-analysis software programs make the 

comparative quantitation of neuropeptides in the nervous system more streamlined, and facilitate 

the integration of optical imaging technologies into the functional genomics ‘toolbox’.109, 110 

Additionally, integrating multimodal imaging studies through MALDI-MS imaging and 

microscopy-based imaging could provide enhanced spatial and chemical information for 

neuropeptide localization. 

Web-based databanks for curating neuropeptide data in invertebrates are a much-needed 

resource that will greatly facilitate invertebrate neuropeptide research and enable inter and cross-

phyla comparative analyses, in addition to providing a ‘go to’ repository for researchers. These 

types of resources are currently available for a number of invertebrate phyla and provide a range 

of data-types in user-friendly formats; the database NeuroPep collates pan-phylum data and 

enables comparisons of neuropeptide structure, expression, and function.20, 111 Furthermore, the 

availability of species-specific anatomical maps of the nervous system is essential for the precise 

and comparable morphological description of peptidergic neurons in invertebrates. These data 

are currently available for only a few invertebrate species, including key model organisms (for 

example, C. elegans: Wormatlas; Drosophila melanogaster: Neurokernal, Virtual Fly Brain; 

zebrafish: Z-brain; and Macrostomum lignano) – however, they are all at different stages of 

completion and vary in terms of their resolution, presentation, and data source.112-118 These data 
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are extremely valuable to our understanding of invertebrate nervous system structure and 

function and will inform functional biology. Efforts to generate similar maps for other species of 

interest are under way, but significant attention and support should be directed to the curation 

and maintenance of these resources, as there are many online databases that are no longer active 

owing to the termination of funding.119 

 

Assessing the Function of Neuropeptides 

 While the identification of neuropeptides is important, understanding their role in the 

nervous system is key to finding further applications. Understanding function is extremely 

difficult, as neuropeptides can have completely different functions within different tissues. 

Furthermore, even slightly different neuropeptide isoforms from the same family can have 

drastically different effects. Interestingly, even with the development of new, technologically 

advanced alternatives, older, well-vetted methods are still present in the literature either as a 

method of analysis or to confirm the observed results.120, 121 Function can be explored at many 

levels, ranging from the macro (e.g., behavioral) to the molecular scale (e.g., signaling 

pathways). Localization can also aid elucidation of neuropeptide function, as the tissue(s) a 

peptide is localized in may provide key clues about its role in the organism.122 A variety of 

functional biology tools and techniques can be employed to determine the function of a 

neuropeptide, including those applied in either in vivo or in vitro settings. Two major approaches 

for functional analysis will be discussed below: altering the neuropeptide content and measuring 

neuropeptide levels.  

Altering Neuropeptide Content 
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 The most commonly performed and observed in vivo studies involve assessing behavioral 

and/or physical changes arising from the introduction of a neuropeptide into an organism or by 

using reverse genetics (RNA interference) to down-regulate a specific neuropeptide (e.g., using 

siRNAs).123, 124 These approaches can provide a range of information from a general 

understanding of the physiological function of a neuropeptide to judging whether neuropeptides 

are therapeutically active.125, 126 Neuropeptides, their antagonists, and siRNAs can be delivered to 

an organism in several different ways, including by injection, incubation in media, and even 

microdialysis.6, 127-130 siRNA, RNA molecules that interfere with an expression of a gene, may 

require more sophisticated methods of delivery (e.g., transfection) or can also be injected for the 

induction of gene-silencing and thus knockdown of the neuropeptide.131, 132 Beyond introducing a 

neuropeptide or a neuropeptide antagonist, neuropeptide production can be altered at the genetic 

level in organisms, such as mice, through the production of knockout or transgenic animals, or 

through genome editing approaches  (e.g., CRISPR/Cas systems).133-135 CRISPR/Cas has gained 

a lot of popularity for its speed, ease of use and efficiency compared to other methods used to 

knockout genes or create transgenic animals.136 It should be noted that this technology is new 

and can be expensive to implement on a large scale. Furthermore, its application is not possible 

in non-model organisms.   In all the cases described above, careful planning is required to 

determine the most appropriate and applicable technique to alter neuropeptide levels in an 

organism. 

After alteration of the neuropeptide content, several behavioral observations or tests can 

be performed to assess change. Examples of behavior tests for animals (e.g., Wistar rats) are 

open-field-based or maze-based tests, and these tests are applicable to numerous species, 

including invertebrates such as planarians and C. elegans.137-140 While these tests are easily 



490 
 

 
 

performed and are normally the starting-point for functional studies, behavioral studies are based 

on observations, meaning that data misinterpretation or choice of test to monitor changes can 

produce misleading data.141 Thus, care should be taken on choosing the most appropriate tests, 

methods, or animal models to assess behavioral changes attributable to application of 

neuropeptides.  

As neurons transmit signals through electrical currents, another facet of function to 

consider is electrophysiology. By selective or global activation, researchers are able to 

understand synaptic mechanisms by which neurons communicate and modulate their electrical 

activities (Figure 5).142 These readings can be performed in a few ways depending on the goal of 

the study, including intracellular versus extracellular electrophysiological recording, whole-cell 

versus whole-network, or in vitro versus in vivo.142-149 In terms of neurological studies, in vitro 

whole-cell recordings are the most common, although in vivo live-animal recordings, which are 

inherently more difficult, are becoming more refined.150 Crustacean model systems have been 

used heavily for electrophysiological studies.151-153 For example, the effects of neuromodulators 

on the same neuronal circuit was explored for the Jonah crab gastric mill motor pattern, which 

was interestingly explained by using a mathematical model.154 In general, to better understand 

neuronal modulation at the single-neuron and network level, crustaceans provide an excellent 

model to derive detailed knowledge about synaptic mechanism and neuronal connection owing 

to their possession of a much simplified system compared with the mammalian system.155 

Interestingly, the coupling of electrophysiological probes for simultaneous monitoring of other 

chemicals has been incorporated recently. This could include selective applications (e.g., oxygen, 

glucose, etc.) or could be more global, such as microdialysis, which would allow for direct 

dosing of neuropeptides.147, 156 Notably, some researchers believe that electrophysiology, while 
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never replaceable, might be overshadowed or combined with other optical imaging techniques 

that allow localization of the neurological signals.150 One can postulate that combining the 

temporal resolution of classical electrophysiology and spatial resolution of optical imaging could 

lead to significant discoveries in neuroscience. 

Measuring Neuropeptide Levels 

 Physiological changes related to neuropeptide actions are most commonly studied in vivo 

by performing quantitative analyses on the whole organism. It should be noted that this can be 

the first step in many cases to understanding the function of a peptide, as it might not be known 

that a neuropeptide is involved in a process until it is administered or a condition is applied (e.g., 

a change in environment).126 After the organism has been exposed to the neuropeptide or 

changed condition, it can be sacrificed and the tissues of interest collected for quantitative 

comparison.157 Alternatively, the tissue can be removed from the animal and incubated before 

analysis.158 Classically, this has been performed for individual proteins using western blotting, 

which is still widely reported in the current literature.121, 123 Owing to the typically small size of 

neuropeptides, western blotting is normally used to assess other, related protein changes or 

expression of neuropeptide receptors.123, 159 Other complementary examples of a targeted 

technique are enzyme-linked immunosorbent assay (ELISA) and use of radioactively labeled 

ligand and a γ-counter.120, 127, 160 While these methods are excellent if one has a target of interest, 

a non-biased global view of the dynamic changes of all the neuropeptides is often needed to 

understand fully the role of neuropeptides and their possible function at the system level. 

With the advancement of technology, MS is becoming a useful addition to functional 

studies as it is able to reveal changes in neuropeptide levels that might correlate with function. 

This technique is especially attractive for analysis of organisms without a sequenced genome, as 
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no prior knowledge of the molecule, such as the metabolite, protein, or peptide, is needed. To 

highlight some key areas of success, crustacean neuropeptide research has benefited from MS, 

allowing researchers to quantify several neuropeptide changes arising from stress caused by 

changes in salinity or temperature.8, 161 Microdialysis of neuropeptides has also been coupled to 

MS, and several reviews highlight considerations for coupling these two techniques.85, 100 

Multiplexed quantitation beyond duplex has been implemented in proteomics.162-164 In this 

technique, by using different combinations of stable isotopes (i.e., 13C, 15N, 2H, and 18O), 

samples are differentially labeled prior to being mixed and analyzed together in the MS. It is 

expected that multiplexing will be applied more commonly in neuropeptide analysis of multiple 

samples.165, 166 Although the use of MS is attractive, the depth at which it can profile depends 

upon many instrument characteristics, such as analysis time, resolution, and mass range. Using 

an analyte target list can increase neuropeptidomic coverage, although sensitivity and interfering 

species can introduce difficulties. Owing to the natural complexity of biological samples, the 

coupling of separations to MS has not only improved detection but also enabled accurate 

quantitation. This coupling includes capillary electrophoresis (CE), LC, or IMS before MS 

detection.28, 105, 167 By reductive dimethylation of comparative samples before CE separation, it 

has been shown that neuropeptides can be separated and quantified accurately, allowing for 

more-in-depth profiling.168, 169 Furthermore, new instrument methods, such as analysis at the 

MS3 level, have helped facilitate accurate quantitation.170 It should be noted that, from these 

data, individual peptides can be selected for further analysis and validation by the above, 

targeted, methods. Finally, MS data are inherently more complicated, and the use and 

development of appropriate software to predict, identify or quantify is challenging, but 

necessary, for neuropeptidomics to continue progressing.3, 171, 172  
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 Upon understanding the peptide changes, gene analysis can be conducted to help provide 

information on the global impact on the plasticity of the system. Although the specific 

neuropeptide, its propeptide, and its pre-propeptide cannot be differentiated from each other at 

the mRNA level, global gene analysis is most easily achieved by measuring the mRNA changes 

using a quantitative real-tine PCR (qPCR).158, 173 This approach differs from Western blotting 

and ELISAs, the latter of which measures the translated peptide but does not require antibodies. 

By using qPCR, it has been shown that dosing of amphetamine not only affects rat food intake 

but also affects hypothalamic mRNA levels of neuropeptide Y.141 While more mRNA usually 

means enhanced gene expression, protein levels do not always correlate with the mRNA data, 

and the use of an orthogonal method (see above) should be performed to verify any conclusions. 

This is true for all of the methods above as all of them have complementary advantages and 

disadvantages. 

 

The Use of Modified Peptide-Gated Channels as a Tool to Study Neuroscience 

The effect of a neuropeptide ultimately is determined by its receptor.  While GPCRs 

mediate slow and more modulatory neurotransmission by changing the membrane potential, ion 

channel receptors by contrast mediate fast and transient neurotransmission, rapidly depolarizing 

or hyperpolarizing the postsynaptic membrane. It has been common knowledge for decades that 

neuropeptides mainly bind to and activate mainly GPCRs, rather than ion channel receptors. 

There are now a few exceptions to this rule: ion channels directly activated by neuropeptides 

have been cloned and functionally characterized from different snails (molluscs) and the 

freshwater polyp Hydra (Cnidaria), unambiguously demonstrating the existence of ion channel 

receptors for neuropeptides in different animal phyla (Figure 6). Moreover, genomic data have 
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revealed the presence of related channels in other phyla and electrophysiological data suggest the 

existence of a peptide-gated Cl–-channel in the nematode Ascaris suum.174-176 Thus, we speculate 

that the distribution of peptide-gated channels is at present vastly underestimated and that they 

might mediate some of the physiological functions of neuropeptides in several animals; maybe 

even in humans, although this is at present thought to be unlikely. Here, we will briefly describe 

the discovery of the known peptide-gated channels, introduce their properties and then focus on 

how they might be developed into tools for neuroscience. 

 The first observations of a peptide-gated ion channel were made by Cottrell and co-

workers, who showed that the cerebral C2 neuron of the snail Helix aspersa is rapidly excited by 

the neuropeptide FMRFamide.177, 178 Peptides related to FMRFamide, RFamide neuropeptides, 

are found in many animals. The excitation was fast and also observed in outside-out patches 

containing 5´-O-(2-thiophosphate), which blocks G-protein-coupled responses, in the patch 

pipette.178 These results strongly suggested that FMRFamide directly activated ion channels in 

these neurons. The currents were Na+-selective and sensitive to the diuretic amiloride.178 These 

biophysical and pharmacological properties are reminiscent of the epithelial Na+ channel (ENaC) 

from vertebrates, and, in 1995, by means of homology to ENaC, the FMRFamide-gated Na+ 

channel (FaNaC) was cloned from H. aspersa  – the first peptide-gated channel.179 A single 

FaNaC subunit is sufficient to produce functional channels with properties similar to the native 

channel in C2 neurons: they are Na+ selective and sensitive to amiloride (EC50 = 0.6 µM; Table 

2).179 Although it was reported that FaNaC is a tetramer, there is now compelling evidence from 

crystallization of closely related acid-sensing ion channels (ASICs), as well as from single-

molecule imaging, that channels of the degenerin (DEG)/ENaC gene family have a trimeric 

stoichiometry (Figure 6a).180-183 In addition, species orthologs of FaNaC have been cloned from 
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three other molluscs, including Aplysia, but so far no additional subunits have been cloned.184-186 

Thus, although it cannot be ruled out formally that the native channel contains other subunits, it 

is likely that FaNaC functions as a homotrimer. Table 2 provides an overview of the properties 

of known peptide-gated channels.  

 In 2007, by means of homology to ENaC and FaNaC, four related subunits were cloned 

from the freshwater polyp Hydra, which belongs to the ancient phylum Cnidaria.187 It was found 

that two of them, when co-expressed in a heterologous expression system, formed an ion channel 

that was directly activated by two neuropeptides, which had been previously isolated from the 

Hydra nervous system using a RIA.187, 188 Like FaNaC, the channel also conducts Na+ and 

therefore was named the Hydra Na+ channel (HyNaC). These two neuropeptides, Hydra-

RFamides I and II, share a C-terminal RFamide group with FMRFamide, the ligand of FaNaC. 

HyNaC is not the species ortholog of FaNaC, however, as it is more closely related to 

mammalian ASICs than to FaNaC or ENaC, it is likely that peptide-gated channels are ancient 

and evolved before the cnidarian–bilaterian split.187 Three years after the identification of these 

neuropeptides, another HyNaC subunit was cloned that assembles with the two previously 

cloned subunits, suggesting that the native channel is a heterotrimer containing three different 

subunits.189 In contrast to FaNaC, HyNaC is an unselective cation channel with a high Ca2+ 

permeability (Table 2).189 Soon after, all 12 DEG/ENaCs of Hydra were cloned, and it was 

shown that Hydra likely contains at least six different functional HyNaCs.190 All are 

heterotrimers consisting of three different subunits activated by Hydra-RFamides I and II, and all 

are unselective cation channels (Table 1).190 It is not clear why Hydra evolved such a variety of 

peptide-gated channels with similar properties, but differential targeting and differential ligand-

affinity are two possibilities.  
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ISH revealed that two of the six HyNaCs are most likely expressed in epitheliomuscular 

cells at the oral side of the tentacle base, two at the aboral side and two in the foot region.190 

Application of amiloride or diminazene, two inhibitors of HyNaCs (Table 1), delayed the feeding 

reaction of living Hydra, which is characterized by a bending of the tentacles.189, 190 Collectively, 

these results suggest that the Hydra RFamide peptides are released at neuromuscular junctions 

and that HyNaCs contribute to fast neuromuscular transmission.191  

Usually, ligand-gated ion channels desensitize in the continued presence of the ligand. 

This feature, together with rapid re-uptake or hydrolysis of small-molecule transmitters, makes 

transmission with ligand-gated channels transient. HyNaCs, by contrast, could also mediate 

longer-lasting depolarization of the postsynaptic membrane – they do not desensitize (Figure 

6b), and there is no known rapid re-uptake mechanism for their ligand.192 In combination with 

their high Ca2+ permeability, these features could endow HyNaC-expressing cells with an 

efficient entry path for extracellular Ca2+, which could be important for muscle contraction.191  

DEG/ENaCs with high levels of sequence similarity to either FaNaC or HyNaCs are 

present in several genomes, for example in that of Nematostella vectensis, a cnidarian that 

belongs to the subphylum anthozoa that is not closely related to Hydrozoans, and in that of the 

placozoan Trichoplax adhaerens.191 As T. adhaerens does not contain a nervous system, the 

presence of putative peptide-gated channels in this organism suggests that the channel-peptide 

ligand system predated the emergence of nervous systems and might have a role for example in 

paracrine signalling. Molecular cloning and functional analysis of these channels will improve 

our understanding of the physiological function of peptide-gated channels.  

 In addition to their importance in understanding neurotransmission in different 

organisms, peptide-gated ion channels might also be modified into interesting tools for 
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neuroscience. For example, FaNaC has been used as a reporter of neuropeptide-release and that 

achieves high temporal resolution.193 FMRFa has been used to tag a neuropeptide prohormone, 

and FaNaC has acted as a reporter to monitor release of FMRFa and thereby also of the tagged 

neuropeptide.193 

In another example, it has been shown that heterologous expression of FaNaC in 

mammalian hippocampal neurons provides a means to depolarize the neurons and induce bursts 

of action potentials upon focal application of FMRFa.194 FaNaC has a somato-dendritic 

localization and is absent from axons.194 As FMRFa is not present in the mammalian nervous 

system, and endogenous RFamides apparently do not activate FaNaC, it is in principle possible 

to activate specific subsets of neurons selectively in intact nervous tissue.194 Transgenic 

expression of FaNaC under the control of specific promoters would enable driving of its 

expression only in specific subsets of neurons in living animals. Moreover, the possibility to 

‘cage’ FMRFa chemically with a photolabile protecting group allows its release within 

milliseconds upon exposure to both single- and two-photon light sources to rapidly excite cells 

expressing FaNaC.195 As HyNaCs are obligate heteromers, their heterologous expression in 

neurons is more difficult, but would allow expression of a foreign ion channel with high Ca2+ 

permeability. The cloning of further peptide-gated channels, such as the Cl– channel from A. 

suum, will further increase the toolbox of peptide-gated channels. 

A better understanding of the molecular binding site of peptide ligands on their ion 

channel receptors could also allow the future design of small molecules that gate the channels 

independently of peptides. This might allow peptide-gated channels to be employed, much like 

some GPCRs, as ‘designer’ receptors exclusively activated by designer drugs (DREADDs).196  
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The identification of the peptide-binding site might also allow the covalent attachment of 

FMRFa (or other peptides) close to its binding site via a photoisomerizable molecule (a 

‘photoswitch’) such that light would move the peptide in and out of its binding site to open and 

close the channel (Figure 6c).197, 198 Azobenzenes have been successfully used as such 

photoswitches, as they undergo fast trans-to-cis isomerization, much like retinal, upon 

illumination with near-UV light.197 They can be coupled via maleimides to single cysteine 

residues engineered into the primary sequence of a channel. High-resolution structures are not 

only useful for the identification of the peptide-binding site but also a pre-requisite for the 

identification of suitable attachment sites of peptide ligands close to the binding site. As chicken 

ASIC1, a close homolog of HyNaCs, has been crystallized, appropriate homology models of the 

HyNaC structure, and perhaps also of the FaNaC structure, are feasible could feasibly be 

constructed.181 Such photo-sensitive channels would allow experimenters to control the 

membrane potential of a neuron by light instead of a peptide ligand. Examples that such a 

synthetic optogenetics approach (Berlin & Isacoff, 2017) is feasible have been provided, among 

others, for ionotropic glutamate and GABAA receptors.197, 199, 200 Clearly, peptide-gated ion 

channels have great potential to serve as useful tools for neuroscience. 

 

Concluding Remarks 

It is clear that neuropeptide research has benefited tremendously from the substantial 

advancements of technology for neuropeptide structural elucidation, localization mapping, and 

functional understanding, although any single technique itself still does not provide us with all 

the answers we seek. A particularly promising technique is MS imaging with tandem MS but 

sensitivity issues might be limiting when single-cell resolution is needed. In general, the 
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development the MS-based neuropeptidomics technique has proven to be the most influential 

technique for analyzing neuropeptides in a high-throughput and global manner, but other, often 

classical, methods provide validation and confirmation of all results generated by MS. Owing to 

its non-bias and global analysis, MS will likely be a central tool for all future neuropeptide 

studies, especially with the continued development of new methodology and technology. 

Furthermore, another area that has proven to be extremely influential has been computational 

prediction and processing. Without sophisticated bioinformatics tools, not only would the 

identification of novel neuropeptides be slow, but MS datasets, which are naturally large and 

complex, would be extremely difficult to process and interpret. At the moment, the pace of 

investigating the neuropeptidome will continue to be set by the development of both of these 

areas, although new techniques that are complementary or capable of providing structure, 

function, and localization information are welcome additions to the study of neuropeptides. In 

addition, peptide-gated ion channels might be modified into promising new tools for 

neuroscience. Finally, the integration of multiple bioanalytical techniques and molecular 

neuropharmacological tools will drive the field of neuropeptide research towards new frontiers. 
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 Figures 

 

Figure 1. A general depiction of the importance of structure, function, and localization to 

provide key information about a neuropeptide. Several methods for each area of the Venn 

diagram are highlighted. For structure tools, mass spectrometry, computational prediction, and 

nuclear magnetic resonance (NMR) are shown. MALDI-MSI and immunohistochemistry (IHC) 

are the examples depicted for tools to provide localization. For understanding functionality, 

quantitation, behavioral studies, and electrophysiology are core techniques. 
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Figure 2. Depiction of de novo sequencing of peptides by using MS. (a) High-resolution tandem 

mass spectrum with sequence-specific fragment ions annotated. (b) Sequence assignment based 

on fragmentations, in which mass differences between adjacent fragment ion peaks are matched 

to amino acids. (c) Enlarged, high-resolution spectrum showing mass accuracy and isotopic 

distribution (necessary for measurements of differences between molecules with the same 

nominal mass). (d) Display of the sequence coverage. Each tick mark indicates the cleavage of 

the peptide yielding a fragment that has been detected in the MS spectrum. The more fragments 
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that are detected, the greater the sequence coverage is. (e) Representation of the different types 

of ions produced in tandem MS depending on fragmentation method used and bond cleavage 

sites. The cleavage sites are indicative of typical fragmentation patterns characteristic of the two 

common types of fragmentation methods. The b and y ions are produced during HCD and CID 

fragmentation, and c and z ions are produced during ETD fragmentation. (f) Tandem mass 

spectrum of another peptide (from Jonah crab Cancer borealis tachykinin-related peptide) with 

fragments indicated. (g) Comparison between peptides detected with MS (different colored lines 

indicate different detected peptides) and those predicted based on the precursor cDNA sequence 

of the spiny lobster Panulirus interruptus (highlighted in red). Adapted with permission.39 CID, 

collision-induced dissociation; ETD, electron transfer dissociation; HCD, higher-energy 

collisional dissociation.  
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Figure 3. Nuclear magnetic resonance (NMR) spectra of the a peptide standard of the 

neuropeptide pheromonotropin, originally discovered in an extract from the head of P. separuta 

(armyworm) larvae. (a) One-dimensional [1H] NMR spectra collected at different temperatures, 

showing differences in chemical shift of NH protons in the peptide. The dependence of chemical 

shift on temperature is indicative of the degree of hydrogen bonding. Values below 3.00 ppb 
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(chemical shift) per unit Kelvin indicate the presence of strong hydrogen bonds.  As can be seen, 

the values for this peptide fall above that threshold, revealing that the protons are freely exposed 

to the solvent in this conformation. (b) Two-dimensional NMR spectra [total correlated 

spectroscopy (TOCSY)] in blue, and rotating-frame Overhauser spectroscopy (ROESY) in red], 

showing a sequential assignment walk.  The TOCSY spectrum provided information on NH-αH 

cross peaks, while the ROESY spectrum’s cross peaks represent NHi-αH(i-1) Adapted with 

permission.51  
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Figure 4. In order to achieve better profiling depth during MS imaging of neuropeptides, a spiral 

step method has been developed. Instead of the classical raster step (a), a spiral square (b) is set 

up. In the example spiral, the square is broken into 9 individual steps. The first square is an MS 

scan (dark blue), while the two following squares (light blue) are tandem MS scans. This repeats 

three times until all 9 steps in the spiral are completed. Each square is a raster step of 50 μm, 

with the whole spiral being 150 μm. This system can be customized to balance MS and tandem 

MS scans. For example, step one could be an MS scan, while squares 2-9 could be tandem MS 

scans if the user desires. Furthermore, this method can be targeted or used with data dependent 

acquisition (DDA). For DDA experiments, the highest intensity peaks are chosen for tandem MS 

analysis. Since neuropeptides tend to be in low abundance compared to lipids and have a wide 

mass range, we can segregate the spiral step method into multiple mass ranges (e.g., three) to 

improve sampling of neuropeptides (c).104  
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Figure 5. A graphical representation of whole-cell patch clamp electrophysiology readings. In 

this image, subfornical organ neurons from rat brains are being exposed to 10 nM nesfatin-1, an 

anorexigenic neuropeptide, at the time frame indicated by the line under the graph. When 

exposed, neurons can either become slightly depolarized, which is associated with an increase in 

firing frequency (a) or slightly hyperpolarized, which is associated with a decrease in firing 

frequency (b). Adapted with permission.142 
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Figure 6. Properties of peptide-gated HyNaCs. (A) Left, cartoon illustrating the three-

dimensional structure of a channel. The ligand binding site is unknown and is drawn here at the 

interface of two subunits for illustration. Right, HyNaCs can be either open or closed. The 

equilibrium between these two conformations is shifted by binding of a RFamide peptide (blue) 

to the extracellular domain. (B) HyNaCs can be repeatedly activated by their ligand, Hydra-

RFamide I (RF I), and do not desensitize. The inward current is carried by Na+ and Ca2+ (orange 

circles). Used with permission.192 (C) Cartoon illustrating how a peptide covalently linked to the 

channel could be moved into and out of its binding site by application of light via a 

photoisomerizable linker (a “light-switch”, red). 
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Table 1. A summary of notable techniques commonly used to provide information about the 

three major areas of neuropeptide research: structure, localization, and function.  Each technique 

described has the potential to provide deep insight into neuropeptide biology, and often provide 

complementary information to other techniques.  Several key references are indicated for each 

that demonstrate current trends in the field. 
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Table 2. Properties of peptide-gated ion channels.  
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Abstract 

Due to their pivotal role in all biological processes, quantitative proteomics is vital for 

biomarker discovery for studying different disease conditions and other universal, biological 

research questions. In this book chapter, we review label-free quantitation, metabolic labeling, 

and chemical stable isotope labeling strategies for quantitative proteomics and discuss strategies 

for selecting the appropriate labeling approach for the intended proteomic analysis. Additionally, 

we provide a detailed methods section for an economical and efficient dimethylated alanine 

(DiAla) and dimethylated valine (DiVal) isobaric labeling strategy developed in our lab. 

 

Introduction 

Due to their pivotal role in all biological processes, quantitative proteomics is vital for 

biomarker discovery for studying different disease conditions and other universal, biological 

research questions.1 To study the proteome of an organism, advanced technology, such as mass 

spectrometry (MS), has been utilized heavily.2-11 MS has the unique advantage that thousands of 

proteins can be analyzed simultaneously, which is useful for both profiling and targeted molecule 

analysis. In particular, protein-based biomarker discovery is an exciting focus for proteomics, as 

clinical specimens, such as urine, tissues, and blood can be utilized for the discovery of 

molecular signatures that enable diagnosis, prognosis, or therapeutic prediction. There are two 

main methods for analyzing proteins: top-down and bottom-up proteomics. In top down 

proteomics, intact proteins or large protein fragments are ionized, although protein folding and 

other technical difficulties has limited its regular use for quantitation.12 In comparison, bottom-

up proteomics uses peptides from enzymatic digestion of proteins for analysis, which will be the 

focus in this review. Bottom-up proteomics typically has higher sensitivity, and peptides can be 
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easily separated using liquid chromatography (LC) to decrease sample complexity, allowing 

larger proteome coverage. LC separation can be performed either offline or online, and its 

common to even couple several dimensions of separations to analyze low abundance proteins.3, 13 

After injection into the instrument, quantitation can occur at the MS1 level. For identification, a 

mass-to-charge ratio (m/z) value (i.e., a theoretical peptide) can be selected for tandem MS (i.e., 

MS/MS), although quantitation can also occur after fragmentation. Quantitative proteomics 

typically relies on MS to quantitate peptides, while MS/MS is typically required for 

identification of peptides. The MS/MS data is searched against peptide databases, which 

computationally maps the peptides back to its original protein counterpart. Because protein 

expression is dynamic, quantitative proteomics encompasses more than sampling and identifying 

proteins in a sample and can also be used for understanding global protein kinetics and molecular 

mechanisms of biological processes. 

While biomarker studies rely heavily on quantitative proteomics, these experiments could 

be very time consuming and instrument intensive depending on the number of samples. This also 

greatly depends on the quantitation strategy being chosen (e.g., absolute vs. relative 

quantitation). In this book chapter, we review label-free quantitation, metabolic labeling, and 

chemical stable isotope labeling strategies for quantitative proteomics and discuss strategies for 

selecting the appropriate labeling approach for the intended proteomic analysis. Additionally, we 

provide a detailed methods section for an economical and efficient dimethylated alanine (DiAla) 

and dimethylated valine (DiVal) isobaric labeling strategy developed in our lab.  

 

Relative and Absolute Label-free Quantitation Strategies 
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In general, label-free quantitation determines the relative amount of proteins in two or more 

biological samples, where each biological sample is analyzed independently in a separate mass 

spectrometry run. Beyond sample extraction and clean up, the sample can be directly analyzed 

with minimal sample loss, allowing for high proteome coverage. Samples are then compared to 

each other following their individual mass spectrometry analysis. Due to the run-to-run variation 

where slight differences can be misinterpreted, label-free quantitation is ideal for measuring 

large fold protein changes.14 

 Two different techniques are regularly used for relative comparison: extracted ion 

chromatogram (XIC) comparison or spectral counting. By looking at the LC chromatogram and 

extracting the “area under the curve,” for which should directly correlate to concentration, XIC 

comparison allows for more accurate quantitation than directly comparing spectral intensities.14, 

15 This has been utilized recently to study both glycoproteins and endogenous peptides from the 

cerebrospinal fluid (CSF) of Alzheimer’s disease patients to assess for biomarkers.16 It should be 

noted that variations between runs can be so large that intensity-based quantitation without 

standards is generally not considered as reliable quantitation. For accurate quantitation, sensitive 

computer algorithms are required for peak alignment and sample comparison.17-20 To compare, 

spectral counting physically counts the number of MS/MS spectra that are generated for a 

peptide and uses that as a quantitative measure.14, 21 The thought is that the proteins/peptides in a 

sample that are higher in abundance will be selected for tandem MS more frequently. Between 

the two methods, spectral counting has been shown to offer a higher dynamic range for 

quantitation and better reproducibility. Spectral counting also does not require special 

computational algorithms beyond simple normalization. Mandel-Kolbach et al. has shown its 

feasibility by studying the urine proteins of former urinary stone patients.22 Absolute 
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quantitation, or the determination of the actual concentration of a protein in a sample, can be in 

done in label-free analysis, but is less accepted and thus not done as often. Some methods 

include absolute protein expression (APEX) and exponentially modified protein abundance index 

(emPAI).14, 23 If the goal is to quantify a target protein in a small number of samples, the use of 

an internal standard is a viable option as well, although stable isotopes likely incorporated (see 

below).  

The advantage to label-free proteomics analysis is that the number of biological conditions 

that can be analyzed is not limited by the availability of isotopic or isobaric tags for an 

experiment, making it possible to analyze any number of samples. This is particularly attractive 

when there are many conditions, disease states, or biological systems that need to be analyzed 

and/or compared for an experiment. Overall, label-free quantitation has the significant 

disadvantage of requiring the most instrumental time compared to all other techniques discussed 

here.  Highly sophisticated software is often required, which can make label-free analysis 

expensive for commercial bioinformatics tools. Additionally, variations from different mass 

spectrometry runs can cause fluctuations and errors in the data, making it harder to distinguish 

instrumental noise from biological significance unless large changes are shown.14 Thus, more 

biological replicates are needed to minimize technical variability between samples. These 

disadvantages have really inspired other researchers to develop techniques for further 

multiplexing by utilizing stable isotopes, which will be discussed in the next sections. For more 

details on label-free quantitation, several reviews exist in the literature.14, 19, 24  

 

Stable Isotope-Based Quantitative Proteomics 

Relative Quantitation 
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In order to increase multiplexing, researchers have adopted the use of stable isotopes 

(e.g., 18O, 13C, 15N, and 2H) into all facets of the sample preparation workflow. This means that 

stable isotopes can be incorporated before sample collection (e.g., metabolic labeling), after 

extraction (e.g., isobaric and isotopic labeling), or right before injection into the mass 

spectrometer (e.g., AQUA). 

Metabolic labeling requires an in vivo biological system for peptide labeling, where 

isotopes are incorporated into their energy sources for protein synthesis. This type of labeling 

was first reported by Oda et al. by incorporating heavy nitrogen into yeast’s only nitrogen source 

ammonium persulfate in the yeast cell culture medium to generate labeled proteins.25 The 

approach was expanded by Mann’s group into mammalian cell culture system, with the invention 

of stable isotope labeled by amino acids (SILAC).26 Instead of heavy nitrogen, 13C lysine and 

arginine were incorporated into the culture media and incorporated into the cellular proteins. 

This guarantees that when the sample is enzymatically digested by trypsin after protein 

extraction that every protein fragment will have a heavy isotope incorporated. Thus, heavy and 

light labeled samples from two different biological conditions can be paired (e.g., mixed) for 

analysis in the same run and distinguished by a mass difference of Daltons (Da) at the MS1 level. 

Since some cells are able to convert arginine into proline, accounting for the possibility of heavy 

prolines is recommended.27 Typically, it takes about 5+ passages to obtain >90% incorporation 

in cells lines, which can take a significant amount of culturing time without 100% efficiency 

achieved.26 Luckily, because labeling occurs at the protein synthesis stage, there is very little 

room for sample processing errors and therefore little quantitation bias. This metabolic method, 

unlike label-free quantitation, is very sensitive to small changes in protein levels or post-

translational modifications between biological conditions, and it shows popularity in the 
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literature.8, 9, 28 This technique has been applied to higher organisms, such as mice and plants, 

although the incorporation of the heavy isotopes varies greatly depending of which tissue of 

interest.5, 6, 29 By utilizing a SILAC labeled mouse, researchers were able to study kindling-3 and 

its role in red blood cell function.5 Researchers have been creative to devise new ways to utilize 

SILAC, such as a super-SILAC where a standard is SILAC labeled and mixed with several 

different biological systems.30  

Compared to others, multiplexing for SILAC-based techniques has been limited to duplex 

or triplex due to the bioavailability of amino acids for incorporating isotope.31 Researchers 

developed a new methodology based on the idea of mass defect, or that the neutron-binding 

energies of stable isotopes are different from each other.32, 33 Thus, only when examined with 

high resolution, a small mass difference (mDa) can be discerned when comparing two different 

molecular isotopes (e.g., heavy nitrogen vs. deuterium). By switching different isotopes, smaller 

(mDa) spacings can be achieved, allowing for higher multiplexing without an increase in spectral 

complexity. Termed “neutron-encoding” (NeuCode) by Coon and coworkers, NeuCode SILAC 

has expanded multiplexing for metabolic labeling up to 18-plex.34, 35 The literature has shown its 

use for only 4- or 3-plex analysis.36, 37 Evidently, NeuCode-based systems require the most 

advanced technology for their use, which means that the market of researchers that can use 

NeuCode SILAC could be limited.  

Compared to metabolic labeling, isotopic chemical labeling is commonly used for 

samples that cannot be metabolically labeled, including biological fluids and tissues samples.2, 10, 

11, 38, 39 Instead of labeling prior to the start of protein collection, the extracted, digested proteins 

are chemically or enzymatically labeled with a combination of isotopes, commonly with the 

addition of a presynthesized tag.32, 40-42 Just like in the metabolic labeling, the samples are then 
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mixed analyzed in a single mass spectrometry run, although relative comparisons can be done at 

the MS1 or MS/MS level, both of which will be discussed.  

One chemical isotopic labeling strategy (i.e., mass difference) relies on mass differences 

at the MS1 level, just like metabolic labeling. 18O enzymatic labeling is one of the simplest 

methods available and still used regularly.7, 39, 43 Incubation with 18O water causes an exchange 

of any oxygen on the C-terminus with heavy isotopes. Biological systems, such as proteins in 

neurons, can be analyzed as doublets in the MS1 spectra.39 While back exchange can occur, rapid 

analysis can help. Another commonly used isotopic labeling technique uses formaldehyde 

coupled with a reducing agent (e.g., sodium cyanoborohydride or borane pyridine complex) to 

label amines with isotopically enriched methyl groups.44, 45 Primary amines, which all digested 

peptides have at the N-terminus, are all easily labeled with two methyl groups. For the duplex or 

triplex version, a mass difference of 4 Da is seen between labeled samples, whereas the 4- and 5-

plex have spacings of 2 Da in the spectrum if two methyl groups are added.46, 47 This type of 

labeling has been useful in our lab for crustacean peptidomic studies, but it is also very popular 

in other groups.45, 48-51 In general, this method is easy to use, fast, requires little to no clean up, 

and is relatively cheap compared with other labeling techniques.  

 In terms of chemical labeling, the synthesis and/or purchasing of tags is also common for 

further multiplexing as it allows the addition of more isotopes into analysis. At the MS1 level, 

isotopic-coded affinity tag (ICAT) is a commercially available tag.41 Its major limitation is that it 

requires a free thiol from a cysteine for reaction, limiting its use to cysteine rich systems, such as 

aging human or mouse eyes, or targeted protein analysis.41, 52 Isotope-coded protein labeling 

(ICPL), on the other hand, targets lysine residues (i.e., primary amines), although this technique 

was developed for triplex intact protein analysis.53 Another commercial option is “mass 
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differential tags for relative and absolute quantitation” (mTRAQ) provides options up to triplex 

comparison with either 4 or 8 Da spacings between labels by targeting amine-containing 

peptides.54 mTRAQ can also be used for absolute quantitation using an internal standard, which 

will be discussed further below.42  

MS1 level quantitation techniques have also been developed to reduce the sample 

complexity and multiplexing by utilizing mass defect.55 By linking several amino acids together 

so that several isotopes can be incorporated, Coon and coworkers developed a NeuCode 

chemical tag as a proof-of-principle system, although the large tag size and structure makes it 

impractical for large-scale protein analysis.56 To compare and expand on this work, our lab has 

developed a new amine-reactive tag entitled dimethyl pyrimidinyl ornithine (DiPyrO).57 Going 

up to 8-plex analysis, this tag boasts the mass differences between tags that can be analyzed by 

lower end mass spectrometers, unlike most of the NeuCode-based labeling systems.34, 35, 56 This 

would require the proteome samples being digested by LysC, which means primary amines will 

be at both N- and C-terminus, allowing for double labeling to occur. This idea could be applied 

to all amine-reactive tags, although DiPyrO’s unique mass differences make it particularly 

useful. Mass defect N, N-dimethyl leucine (mdDiLeu) has also provided a low cost, duplex 

method for accurate quantitation at the MS1 level.58 It has even been applied to studying the 

proteomic and metabolomics in pancreatic cancer cells.58 In many cases, these mass defect-based 

tags also increase proteome coverage compared to its counterparts. This is due to the fact that at 

lower resolution, these multiplets look like one peak, and they will be sampled as such for 

MS/MS. With higher mass differences, different peaks that may correspond to the same peptide 

can both be sampled.59 Then, lower abundance peaks may be missed due to the instrument’s duty 

cycle.  
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To avoid double sampling, protein quantitation can also be done at the MS/MS level. 

Also known as isobaric labeling, labeled peptides from different samples will co-elute and ionize 

together, appearing to having the same mass in the MS1 spectra. Then, when the mass of interest 

is selected for fragmentation, characteristic reporter ions are generated, usually in the low mass 

range, which can be compared for relative abundance with their intensity and then mapped back 

to the corresponding biological sample. With a simpler MS1 spectra, better proteomic coverage 

can be achieved, although a peptide is not able to be quantified unless selected for fragmentation. 

These tags can suffer from reporter ion ratio distortion caused by co-isolation of inferring, 

isobaric ions, although the use of MS3 or Multinotch MS3 can alleviate this.60, 61 All of the tags 

developed have similar structures that include a reporter group, a balance group, and a reactive 

group 40, 41. Reactive group dictates what functional group of a molecule is targeted, although 

amines are the most common with the use of triazine and N-hydroxysuccinamide esters.32, 40 The 

reporter group is produced during MS/MS and enables relative quantitation. Finally, the balance 

group is the group that allows for the differentially labeled samples to be the same mass at the 

MS1 level. Isotopes are incorporated on both the reporter and balance group, although careful 

considerations should be made when determining their positions.  

Several commercial tags exist with various amounts of multiplexing. “Isobaric tags for 

relative and absolute quantitation” (iTRAQ) and tandem mass tags (TMT) are the most 

prominent in the literature.2, 10, 32, 62, 63 iTRAQ varies from 4- to 8-plex depending on the 

experimental needs of the researcher.63 Unfortunately, these tags can only target the amines in 

the peptide. TMT, on the other hand, has variations that can label amines, cysteines, and 

carbonyl groups, although only the amine-specific tags can multiplex beyond 6-plex.32, 62 Amine-
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reactive TMT packages vary from 2- to 11-plex. Unfortunately, both iTRAQ and TMT can be 

quite expensive, running from hundreds to a few thousand dollars per experiment.   

In order to fill a void in the research community, our lab has been heavily involved in 

developing new isobaric tags for MS analysis that are more cost effective (i.e., <$10 per 

experiment).40, 64-66 Back in 2010, we published our first set of tags entitled N, N-dimethyl 

leucine (DiLeu), which was originally developed as a 4-plex system.40 Recently, this has been 

used to quantitatively study the proteome of men affected by lower urinary tract symptoms 

(LUTS).11 By dimethylating the amino acid leucine, we were able to incorporate isotopes easily, 

cheaply, and quickly into the starting reagents. Thus, unlike most tags, these can be synthesized 

easily in a researcher’s lab with high purity. Over the years, we have expanded DiLeu’s 

multiplexing to 8- and 12-plex, by using either an extended balance group or mass defect 

technology, respectively.64, 67 A detailed book chapter exist for the synthesis and use of the 12-

plex version of DiLeu.68 While MS1 is shown to be more accurate, mdDiLeu, as discussed 

above, can also be used for MS/MS-based quantitation if lower resolution is required (Figure 

1).58 In fact, the duplex tag set is actually two of the tags from the 12-plex set, so the protocol 

references above can also be utilized for mdDiLeu.58, 64 This is due to the small (20.5 mDa) 

spacings between DiLeu 115a and 118d, which is not visible until the development and 

implementation of higher resolution instrumentation such as the Orbitrap. It should be noted that 

the modest size of DiLeu is a benefit, as it does not produce interfering fragmentation species 

that can impede peptide and/or protein identification. Our lab has also chosen to delve into other 

amino acids beyond leucine, such as alanine and valine.65 Even DiPyrO, which is discussed 

above, is a modified and dimethylated form of arginine.57 N, N-dimethyl alanine (DiAla) and N, 

N-dimethyl valine (DiVal) have both been synthesized, although only DiAla was shown to be 
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effective of 100% labeling of tryptic peptides.65 The methodology behind synthesis and labeling 

of both tags are described in a later section. In combination, the 4-plex of both DiLeu and DiAla 

were used to study the proteomics of the TGF-beta/Smad3 signaling pathway, as these tags 

provide complementary proteomic coverage.65 It should be noted that the same extended balance 

group and mass defect strategy used for DiLeu can be applied to DiAla to increase multiplexing, 

although DiLeu produces better MS/MS spectra for protein identification over DiAla.65   

When it comes to incorporating stable isotopes, increasing spectral complexity is a 

concern, especially when the difference between the conditions is only a few Da. Obviously, 

mass defect has been utilized to alleviate this, but the need for advanced technology limits its 

widespread use.55 Furthermore, isotopic interference also can be a concern even with mass 

defect, although several researchers have developed methods to correct for this isotopic post-data 

collection 64. Furthermore, the isotope or tag addition can cause elution differences. For example, 

the “deuterium effect” is well documented in the literature.69, 70 Advanced computational 

algorithms should be utilized whenever possible to provide accurate quantitation.71-73 Finally, 

when comparing all these different types of tags, each focuses on different functional groups 

within a protein sequence (e.g., free amines and cysteine). While this can reduce the sample 

complexity, it will also limit the protein sequence coverage and quantitative capacity. Thus, 

when choosing the appropriate quantitation strategy, the structure of the targets should be 

considered carefully. 

Absolute Quantitation 

Relative quantitation is very important first step for determining biomarkers in diseases. 

Especially by using LC-MS, hundreds of proteins can be screened for a possible target protein. 

After validation with a more targeted assay, such as Western blot, absolute quantitation of the 
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possible biomarker is the next step.65 Classically, the two accepted methods for absolute 

quantitation that apply to mass spectrometry are the use of an internal standard or building a 

calibration curve.  

One of the more popular techniques for absolute quantitation is the use of a heavy peptide 

standard, where the heavy peptide is spiked into a protein digest. The mixture can then be 

analyzed at the MS1 level by XIC comparison or by constructing a calibration curve by selected 

reaction monitoring (SRM) or multiple reaction monitoring (MRM), also known as the absolute 

quantitation (AQUA) strategy.74, 75 Bozzacco et al. has utilized this strategy for studying peptides 

present on MHC II molecules in the mouse spleen.76 It should be noted that SRM only selects for 

one ion, while MRM selects for two (i.e., both the peptide signal and the spiked heavy standard) 

and compares selected ions in the MS/MS spectra to absolutely quantify the ion of interest. It 

should be noted that MRM experiments are typically performed with triple quadrupole 

instruments due to their selectivity and sensitivity.77 In general, AQUA grade peptides can be 

costly, and it is suggested that researchers work with low quality, crude peptide during the 

method developmental phase. The idea of using a standard peptide can also be applied without 

the need for expensive heavy isotope-encoded peptides. By utilizing any of the variety of tags 

above (e.g., mTRAQ and mdDiLeu), one channel is labeled with the standard of interest, and the 

sample of interest is labeled with another channel.78, 79 Simply, a duplex labeling strategy is 

appropriate if only one sample needs to be quantitated. Expanding this thought, since several of 

these labeling systems have multiple channels, several samples can be absolutely quantitated in a 

single run. While popular, this technique can be inaccurate since only one point is used as a 

reference for quantitation.  
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In comparison, calibration curves tend to be a more accurate method for absolute 

quantitation due to the use of multiple points. The same strategy can be used above in this case, 

although the standard peptide (heavy or normal) is utilized as more of a normalization factor than 

a quantitative marker. In this case, using the duplex labeling strategy outlined in the above 

paragraph as an example, a ratio is calculated for each standard concentration infused into the 

mass spectrometer (heavy/light). Then, after building the calibration curve, instead of labeling 

the concentration of interest using the light channel, the sample of interest is labeled. After 

infusion of this new mixture, the ratio is then fit to the calibration curve previously generated. 

Instead of labeling, a heavy version of the peptide can also be used.80 This is very common, but 

the generation of the calibration curve from different runs is  less than ideal and leads to 

inaccuracy. Care should also be taken when creating the calibration curve, as the standards 

should be placed in a matrix similar to that of the sample of interest. Our lab has developed a 

new strategy entitled isotopic N, N-dimethyl leucine (iDiLeu), which is a MS1-based quantitative 

tag derivative from our amine-reactive DiLeu family.66 As a 5-plex labeling strategy, one 

channel will be labeled with the sample of interest. Then, the four other channels are labeled with 

varying concentrations of the standard of interest. Once the sample and these labeled standards 

are mixed, an XIC-based calibration curve will then be generated in a single MS run.66 A 

detailed protocol for its synthesis and use is described elsewhere.81 This same strategy has also 

been performed at the MS/MS level using TMT to study proteins in human CSF post-mortem.82 

While the main purpose of these tags is absolute quantitation, iDiLeu can also be used for 

relative comparison, without the concern of co-isolation and co-fragmentation like DiLeu 

enabled isobaric quantitation. iDiLeu can also be easily and cheaply synthesized in lab, and a 

detailed protocol for their synthesis is available elsewhere.  
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Conclusions and Future Directions 

Quantitative proteomics is a field that is booming with new technology due to the need for 

knowledge about chemical perturbation on a global scale. Label-free will always be an option, 

but the majority of advancements have been on the incorporation of stable isotopes. While 

commercial options exist for all the labeling strategies above, our lab has created low cost 

options that can make these techniques more available and accessible to researchers, and a 

decision tree for choosing an appropriate dimethylated amino acid system is shown in Figure 2. 

While this review has focused on their use for quantitative proteomics, all the tag systems 

described can be applied to other biologically-relevant molecular species. For example, amine-

containing metabolites are an easy target for any of the amine-reactive tags described and 

theoretically improve their separation, as shown with DiLeu and mdDiLeu.58, 83 Post-translational 

modifications can also be a focus, such as phospho- or glyco-proteins.16, 84 Furthermore, the 

continued use of these tags also can span into different separations beyond LC, such as CE and 

ion mobility.83, 85 Continued developments in technology will only inspire new tag development 

and increase multiplexing, possibly making label-free obsolete.  

 

Methodology  

Materials  

a. Alanines: L-alanine (Cambridge Isotope Laboratories Inc. (Tewksbury, MA)) and L-

alanine-1-13C, 15N (Cambridge Isotope Laboratories Inc.) 

b. Valines: L-valine (Cambridge Isotope Laboratories Inc.) and L-valine-1-13C, 15N 

(Cambridge Isotope Laboratories Inc.) 

c. Isotopic waters: 97% H2
18O (Cambridge Isotope Laboratories Inc.) and D2O (ISOTEC, 

Miamisburg, OH) 

d. Hydrogen Chloride (HCl) gas (Sigma Aldrich, St. Louis, MO)  

e. MP-Carbonate (Biotage, Charlotte, NC) 

f. Isotopic formaldehydes: 37% CH2O (Sigma Aldrich) and 20% C2H2O (ISOTEC)  
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g. Isotopic sodium cyanoborohydrides: NaBH3CN (Sigma-Aldrich) and NaBD3CN (Sigma-

Aldrich) 

h. Büchi RE 111 Rotovapor (Flawil, Switzerland) 

i. Ninhydrin (Sigma-Aldrich) 

j. Flash Chromatography Column (Ace Glass, Vineland, NJ) 

k. Silica gel, 40-63 μm particle size (Silicycle (Quebec City, Quebec, Canada)) 

l. ACS grade dicholormethane (DCM, Fisher Scientific) 

m. ACS grade methanol (MeOH, Fisher Scientific) 

n. Anhydrous dimethylformamide (DMF, Sigma Aldrich) 

o. 4-(4-6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium tetrafluoroborate 

(DMTMM, Sigma-Aldrich)  

p. 1 M triethylammonium bicarbonate buffer (TEAB, Sigma-Aldrich) 

q. N-Methylmorpholine (NMM, TCI America (Tokyo, Japan)) 

r. 50% aq. Solution hydroxylamine (Alfa Aesar (Ward Hill, MA)) 

s. Savant SC 110 SpeedVac (Thermo Scientific) 

t. Strong cation exchange (SCX) spintips and buffers (Protea Biosciences (Morgantown, 

WV)) 

u. C18 OMIX tips (Agilent Technologies (Santa Clara, California))  

v. Optima grade formic acid (FA, Fisher Scientific) 

w. Optima grade water (Fisher Scientific) 

x. Optima grade acetonitrile (ACN, Fisher Scientific) 

y. e.g. NanoAcquity UPLC system (Waters) (see Note 27) 

z. Q-Exactive Orbitrap (Thermo Scientific) (see Note 28) 

aa. Proteome Discoverer 1.4 (Thermo Scientific) (see Note 29)  

 

Methods  

1.) Tag Synthesis (See Note 1) 

a. 18O Exchange 

i. Dissolve alanine or valine isotopic variant into HCl (g) acidified H2
18O 

over heat (see Note 2-4) 

ii. Stir at 65°C overnight (see Note 5). 

iii. Evaporate HCl using Rotavapor and MeOH washes (see Note 6). 

iv. Scavenger remaining acid using MP-carbonate beads by shaking for 3+ 

hours (see Note 7 and 8).  

v. Dry down reaction using Rotovapor. 

b. Dimethylation 

Depending on the end goal, the appropriate isotopic version of the amino acids and other starting 

reagents are outlined in Figure 3.  

i. Suspend alanine or valine isotopic variant in H2O or D2O with a 2.5x 

molar excess of NaBH3CN or NaBD3CN (see Note 9). 

ii. Stir the reaction vial in a hood on an ice water bath. 

iii. Add 2.5x molar excess CH2O or C2H2O to the vial and allow to stir till the 

reaction is complete (see Note 10 and 11). 

iv. Dry down reaction using Rotovapor. 

v. Purify label using a flash column (DCM/Meth) (see Notes 12, 13, and 14).  

2.) Multiplexed Labeling (see Notes 15, 16, and 17) 
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a. Tag Activation 

i. Dissolve each 1 mg tag aliquot in anhydrous DMF with a 0.7x molar ratio 

of DMTMM and NMM (see Note 18). 

ii. Vortex solution at room temperature for 60 minutes (see Note 19). 

iii. Spin down excess, unactivated label (see Note 20).  

b.  Labeling  

i. Resuspend peptide sample of interest in 0.5 M TEAB. 

ii. Add 10x (w/w) excess of activated label supernatant to the sample (see 

Note 21). 

iii. Add DMF till the organic: aqueous ratio is ~70%.  

iv. Vortex the mixture at room temperature for 2 hours (see Note 22). 

v. Quench the reaction to a final concentration of 0.25% (v/v) 

hydroxylamine.  

vi. Combine peptide channels of interest 1:1 ratios of all channels.  

vii. Dry down samples for further processing in Speedvac. 

c. Sample Clean Up 

i. Remove tag reagent byproducts by performing clean up using the SCX 

spin tips, following the manufacturer’s outlined protocol (see Note 23). 

ii. Dry down sample in Speedvac. 

iii. Desalt labeled peptides with C18 OMIX tips (see Note 24).  

iv. Dry down sample in Speedvac.  

3.) Instrumental and Data Analysis 

Each set of tags (4-plex DiLeu, 12-plex DiLeu, 4-plex DiAla, 5-plex iDiLeu, and 2-plex 

mdDiLeu) has unique instrument parameters required. Major instrument considerations will be 

included below, but other considerations (e.g., LC gradients) should be made for the specific 

sample and/or consulted from the publications.  

a. Dissolved mixed samples in Optima grade 0.1% FA (v/v) (Solvent A).  

b. Perform a reversed-phase separation using a home-packed column (15-16 cm) in 

line with a commercial liquid chromatography system connected to a mass 

spectrometer (see Note 25).   

c. Identify and quantify proteins using appropriate software (see Note 26).  

 

Notes 

1. This chapter will focus on the synthesis of DiVal and DiAla, as detailed chapters already 

exist for 12-plex (which includes mdDiLeu and the original 4-plex) and isotopic DiLeu 68, 

81. In general, similar synthesis techniques are utilized; the major difference is the starting 

reagents required.  

2. In this case, the optimal ratio of acidified 18O water to amino acid (μL/mg) is ~5:1.   
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3. Since the system is under heat, the use of a vented vial (e.g., with a pre-cut septum) is 

recommended. 

4. The amino acid will not fully dissolve in the water until the appropriate heat level is 

reached. A heat gun can be used to gently help this process.   

5. Depending on the amino acid, the time required varies from 4 hours to 24 hours to 

complete 18O exchange on all available oxygen. The exchange of only one oxygen is 

necessary if doing quantitation at the MS/MS level, as the second oxygen fragments off 

and does not affect the reporter ion. But, if you are doing MS1-based quantitation, longer 

18O exchange times are recommended.  

6. A “sharp” smell will come from the sample if acid is present. Washes are recommended 

to be done till this smell disappears.  

7. The optimal ratio of MP-carbonate beads to acidified 18O water (mg/μL) is ~2:1.  

8. After proper deacidification, an obvious precipitate should have formed in the mixture. 

This is the basic form of the amino acid. If a precipitate has not formed, the mixture can 

be shaken longer or more beads can be added to the system to improve odds of 

precipitation.  

9. The addition of formaldehyde causes the production of heat in the system. The use of 

vented vial (e.g., pre-cut septum) is recommended.  

10. During the demethylation process, a precipitate may form.  

11. Depending on the amino acid and purity of the reagents, this reaction may take between 

30 minutes to 3 hours. It can be checked with a ninhydrin stain to determine if the 

reaction is complete. If the reaction is complete, the spot should appear white (i.e., no 

free amines present). 
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12. The following conditions were used for fractionate the DiVal and DiAla tags (in mL) 

with a ~2.5 cm diameter flash column: 

 

DCM MeOH 

150 0 

360 40 

160 40 

140 60 

120 80 

 

Fractions should be collected on the 140/60 (DCM/MeOH) elution 65.  

 

13. A KMnO4 stain should be used to determine which fractions of the flash column contain 

the most sample. All chosen fractions can then be dried down and aliquoted for future use 

(see Note 14).  

14. For convenience, each inactivated tag is placed into tubes in one mg aliquots.  

15. Depending on the needs of your experiments, a variety of tag options exist. Figure 2 

shows a decision tree for choosing the best tags to answer your biological question from 

those that have been developed with dimethylated amino acids from our group, and all 

tag structures are shown in Figure 4. All the labels highlighted follow a similar activation 

protocol.  

16. DiVal was found to not label completely and was discarded as a future labeling strategy 

for peptidomic applications 65.  
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17. While this chapter focuses on its applications to proteomics (e.g., tryptic peptides), these 

tags are capable of labeling any molecule with a primary amine, including endogenous 

peptides 66 or amine-containing metabolites 83.  

18. The tags are not fully activated in order to consume all added DMTMM, which can cause 

unwanted side reactions. 

19. Optimal activation time varies depending on the tag system and molecule of interest. 

20. It is best to use the activated label immediately, as over time it will break down due to 

water production.  

21. Depending on the molecule of interest and labeling times, the optimal ratio of label-to-peptide 

can range from 5x to 25x.  

22. Optimal labeling time varies depending on the tag system and molecule of interest. 

23. The manufacturer provides two protocols. Simple samples can use the supplied “elution” 

solution, but more complex samples have the option of being fractionated with the spintips. 

Furthermore, if they spintips do not provide adequate separation or binding capacity, a HPLC 

system can be utilized instead for proper SCX clean up.  

24. If the binding capacity of the OMIX tips is not enough, a Water SepPak system can be used as an 

alternative desalting method.  

25. Due to the resolution requirements of each tag system, the appropriate mass spectrometer 

should be chosen with care. For example, the 4-plex reagents (i.e., DiLeu, DiVal, and 

DiAla) can be visualized at a 15K resolution at the MS/MS level, but the 12-plex DiLeu 

requires 60K 64, 65. Another example can be seen with iDiLeu and mdDiLeu, which need 

140K and 240K, respectively, at the MS1 level 58, 66. In general, most of these tag systems 

require an Orbitrap system.  
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26. While most can be easily identified and quantified with commercial software, mdDiLeu 

requires a software package designed for high resolution mass spectrometry, such as 

MaxQuant.  
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Figures  

 

 

Figure 1. Comparison of MS1 and MS/MS based quantitation with duplex mdDiLeu. Reprinted with 

permission from 58.  
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Figure 2. Decision tree for picking the appropriate tag system for a researcher’s biological 

question. iDiLeu can also be used for relative quantitation at the MS1 level, especially if MS/MS 

sampling depth is a concern. If more than 12 samples need to be compared, label-free 

quantitation should be considered.  
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Figure 3. Synthesis strategies for the 4-plex DiAla and DiVal tags.  
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Figure 4. Tag isotopic structures for all chemical tags discussed, including DiLeu, DiVal and 

DiAla. Tags specific to the original 4-plex DiLeu and mdDiLeu are noted.  

 

 

  

  


