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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 not been tested for neuropeptide analysis via 

MALDI-MS imaging. Using crustacean as a neurological model organism, we developed a new, 

simple washing procedure and applied this method to characterize neuropeptide changes due to 

hypoxia stress. By using a 10 second 50:50 EtOH:H2O wash, neuropeptide coverage was 

improved by 1.15-fold, while normalized signal intensities were increased by 5.28-

fold.Specifically, hypoxia and hypercapnia stress conditions were investigated due to their 

environmental relevance to marine invertebrates. Many neuropeptides, including RFamides, 

pyrokinin, and cardioactive peptides, showed distinct up- and down-regulation for specific 

neuropeptide isoforms. 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.
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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 matrix application step after proper sectioning of the biological tissue. While this 

has been successful in the past, innovative techniques are being incorporated 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

Compared to proteins, very little effort has been put towards developing washing protocols 

for other molecular species, including 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 used a 70% ethanol (EtOH) 

(10 seconds) followed by two 90% EtOH washes (10 seconds each) for rat neuropeptide 

analysis, although this sequential ethanol wash procedure had been primarily used for 
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protein MS imaging analysis and unlikely was optimized for MS imaging of neuropeptides.
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 

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 enhance the detection of crustacean 

neuropeptides in brain tissue. Upon selection of a 10 second 50:50 EtOH:H2O wash, the new 

sample preparation method has been applied to characterize and quantify the localization 

changes of crustacean neuropeptides in the brain from four different stress 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) for 2 hours. This study highlights (a) the first washing 

system that is optimized for neuropeptides and (b) a novel study of the neuropeptide 

localization and abundance changes due to hypoxia and hypercapnia stress in the crustacean 

model system.

Methods

Materials

All water (H2O) used in this study was doubly distilled on a Millipore filtration system 

(Burlington, MA) or Fisher HPLC grade. Difco™ 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 salinity (i.e., salt 

concentration), 17–18 °C, 8–10 parts per million (ppm) O2 (80–100% O2 saturation), and 

pH = 8.3 for several (>5) days prior to being exposed to stressful conditions. For hypoxia 
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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 All dissections were 

performed in chilled (~ 10 °C) 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

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 needed. Prior to use, 

samples were dried in a vacuum chamber for 10–20 minutes. Samples were then submerged 

into varying ratios of EtOH:H2O (i.e., 100:0, 85:15, 70:30, 50:50, 30:70, 15:85, and 0:100 

(volume (v):v)) for either 10 or 30 seconds using a slide staining system (Tissue-Tek). The 

optimal wash for crustacean neuropeptides was found to be 50:50 EtOH:H2O for 10 seconds 

and applied to all samples post-optimization.

After drying under vacuum again (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.

For pericardial organ (PO) imaging, freshly dissected pairs of POs were either submerged in 

water for 2 seconds (i.e., control) or 50:50 EtOH:H2O for 10 seconds (i.e., experimental) 

prior to being positioned in the slide. All slides were dried under vacuum and sprayed with 

matrix following the protocol above. Due to the thinness of the PO, no sectioning was 

required.

To determine if salts was being removed due to washing, the osmolarity (i.e., salt content) of 

the wash solution before and after the brain tissue section was submerged in it 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 analyzed 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 (at m/z 
400) 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 
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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 Images are overlaid in ImageJ using a linear least square regression for technical 

replicates of this analysis, using at least 5 points as coordinates for each registration. For 

intensity analysis, Pearson’s Correlation Coefficient (r) is used to measure the correlation 

between intensities of two images for each pixel. This analysis uses a scale from −1 to 1, 

where 1 is perfect correlation, 0 is no correlation, and −1 is anti-correlation. To evaluate 

spatial distribution conservation, we also use a Manders’ split coefficient analysis. The 

Manders’ coefficient is a value between 0 to 1, which provides information on the 

colocalization of two images, in that it measures how well the distributions of the images 

match based on the spatial distribution of the analyte. Each of the images was scaled using 

the same scale bar, and the color scale used in the analysis was greyscale. For 

comprehensive statistical analysis, we also perform a Costes analysis, which will tell us if 

the Pearson Correlation Coefficient and the Manders’ Coefficients are better than pure 

chance or not. This is done by shuffling the pixels in one of the images, and then 

reperforming the Manders’ analysis and Pearson Correlation analysis. A p-value of 1.0 

means that none of the randomized images had better correlation.

To determine statistically significant changes between control, hypoxia, and hypercapnia 

samples, samples were identified by MMA (±5 ppm) and analyzed by a student’s t-test using 

SCiLs software (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 (v:v). All washes were investigated for either 10 seconds or 30 

seconds. A basic workflow is shown in Figure 1.

As the amount of H2O increased, 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, and each time duration 

was 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.

Buchberger et al. Page 5

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2020 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 

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 correlated36. 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 shorter, 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 were 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 (i.e., 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, and an 

example of both is shown in Figures S1 and S2, respectively. While we lost some 

neuropeptides in the washing process, it was clear that there was an overall positive effect 

with enhanced detection of majority of neuropeptides due to the wash step. Compared to the 

brain, neuropeptide identifications (or the neuropeptides’ normalized intensities) in the PO 

tissue did not improve using the optimized wash system (i.e., 50:50 EtOH:H2O for 10 

seconds) (n=4). This observation is likely due to the thinness of the tissue and its unique 

preparation and different molecular composition, as it does not require any sectioning and 

the tissue is less lipid-rich compared to the brain tissue.

Hydrophobicity analysis was also performed to find trends in which neuropeptides were 

removed while others increased in signal.Based upon the number of residues that are 

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 are 

more hydrophobic show a signal decrease after the 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 

the fact that amino acids with hydrophobic side chains have a bigger effect on smaller 
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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 

considering how water-based washes tend to remove hydrophilic species, including salt. 

Thus, our results may be due to other, unknown molecular characteristics of the 

neuropeptides.

Several different avenues were investigated to determine factors that contributed to enhanced 

detection of neuropeptides after washing. 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. Preliminary measurements of the osmolality of the pre- and post-wash solution (e.g., 1 

and 4 mOsm before and after washing, respectively (n=1)) do indicate some salts are being 

removed. Although, the measured values were near zero and could be considered 

experimental variation when considering the rated standard deviation of osmolality 

measurements in this range (i.e., 0–400 mOsm/kg H2O is ±2 mOsm/kg H2O). When 

analyzing the post-tissue wash solution, it did contain a few 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. One trend to note was 

that many RFamides and other arginine containing neuropeptides were preferentially 

enriched. Arginine contains a guanidinium group, which has a high pKa, meaning it tends to 

maintain a positive change. This feature and other properties of arginine along with high 

proton affinity of arginine in the gas phase would help to explain enhanced detection of 

these neuropeptides after the washing procedure (i.e., 50:50 EtOH:H2O for 10 seconds) 

employed in this study.

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 
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(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 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 ganglia (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 to 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 hypoxia stress (e.g., in rats), demonstrating that crustacean 

neuropeptides function 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, most tachykinin-related neuropeptides did not exhibit statistically 

significant changes except 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 stress) 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.
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Conclusions

Crustacean neuropeptides are important signaling molecules due to their role in the stress 

response. Using MALDI-MS imaging, a new wash-based sample preparation protocol 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 analysis of tissue and 

hemolymph samples 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 applied to future imaging studies including 

mapping their localization in other crustacean tissues (e.g., pericardial organ) as well as 

other biological systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 washing protocols with number of neuropeptides identified 

(blue bars) and the normalized signal intensity (purple dots) (n=3 technical replicates). 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, outlined in white. 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 (0 to (b) 1.82×10−3, (c) 2.40×10−3, (d) 3.00×10−3, (e) 2.07×10−3, (f) 1.15×10−3, (g) 

2.38×10−3, (h) 1.96×10−3, (i) 2.55×10−3, (j) 1.27×10−3, (k) 2.05×10−3, (l) 1.18×10−3, (m) 

3.34×10−3). The white line represents 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 crab brain under each washed condition, 

outlined in white. The elongated tubes point towards the commissural ganglion of the 

crustacean nervous system. (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/or moderate hypoxia vs. hypercapnia, 

with a table of these results provided in Table S2. All control-hypoxia-hypercapnia 

comparisons are generated at the same TIC normalized signal intensity level (0 to (b) 

2.22×10−4, (c) 5.31×10−4, (d) 5.65×10−4, (e) 6.03×10−4, (f) 6.73×10−4, (g) 8.29×10−4). The 
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white line represented a 1 mm scale bar. All biological replicates of each condition for the 

m/z values shown are available in Figures S3–8.
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