
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analyst

www.rsc.org/analyst

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

Mass Spectrometric Measurement of Neuropeptide Secretion in the 1 

Crab, Cancer borealis, by In Vivo Microdialysis 2 

Zhidan Liang,a Claire M. Schmerberga, # and Lingjun Liabc,* 
3 

a 
School of Pharmacy, University of Wisconsin-Madison, 777 Highland Avenue, Madison, WI 53705, USA.  4 

b 
Department of Chemistry, University of Wisconsin-Madison, 1101 University Avenue, Madison, WI 53706, USA 5 

c 
Neuroscience Training Program, University of Wisconsin-Madison, 1111 Highland Ave. 6 

Madison, WI 53705, USA. 7 

#
Current address: Translational Neuroscience, Psychiatry Department, Duke University Medical Center, 303 8 

Research Drive, Durham, NC 27710, USA 9 

*
Author for correspondence. Email: lingjun.li@wisc.edu; Fax: +1(608) 262-5345; Tel: +1(608) 265-8491 10 

 11 

Graphic Abstract 12 

 13 

Keywords: neuropeptide, secretion, mass spectrometry, microdialysis, crustacean, hemolymph, 14 

in vivo sampling 15 

  16 

Page 1 of 31 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

Abstract  17 

Neuropeptides (NPs), a unique and highly important class of signaling molecules across the 18 

animal kingdom, have been extensively characterized in the neuronal tissues of various 19 

crustaceans. Because many NPs are released into circulating fluid (hemolymph) and travel to 20 

distant sites in order to exhibit physiological effects, it is important to measure the secretion of 21 

these NPs from living animals. In this study, we report on extensive characterization of NPs 22 

released in the crab Cancer borealis by utilizing in vivo microdialysis to sample NPs from the 23 

hemolymph. We determined the necessary duration for collection of microdialysis samples, 24 

enabling more comprehensive identification of NP content while maintaining the temporal 25 

resolution of sampling. Analysis of in vivo microdialysates using a hybrid quadrupole-OrbitrapTM 26 

Q-Exactive mass spectrometer revealed that more than 50 neuropeptides from 9 peptide 27 

families—including the allatostatin, RFamide, orcokinin, tachykinin-related peptide and 28 

RYamide families–were released into the circulatory system. The presence of these peptides both 29 

in neuronal tissues as well as in hemolymph indicates their putative hormonal roles, a finding 30 

that merits further investigation. Preliminary quantitative measurement of these identified NPs 31 

suggested several potential candidates that maybe associated with the circadian rhythm in 32 

Cancer borealis.   33 

 34 

Introduction  35 

Neuropeptides (NPs) are one of the most diverse classes of signaling molecules, and they are 36 

present in a wide variety of organisms. They are known to have regulatory roles in many 37 

physiological processes, including food intake, reproduction, pain and stress 1. To exert their 38 

hormonal effects on different organs, NPs are often secreted into circulating fluids to travel to 39 
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different parts of the body 2, 3. Characterization of these released NPs is essential towards 40 

understanding their actions.  41 

Both tissue-based and fluid-based methods are commonly used in NP analysis. In tissue-42 

based methods, the animal is sacrificed to permit dissection of the tissue of interest for analysis. 43 

However, there are several limitations to tissue-based techniques 8, including an inability to 44 

obtain repeated samples from a single animal throughout the time course of a dynamic 45 

experiment. In addition, sampling NPs from tissue lacks the ability to distinguish inactive NPs 46 

from active forms of NPs, due to the nature of tissue homogenization and NP synthesis.  47 

Due to the need to study secreted NPs, fluid-based methods have been developed as an 48 

alternative to tissue-based methods. These methods include sampling NPs from stimulated 49 

neuronal releasate 10, 11, blood or hemolymph 12. Direct analysis of signaling neuromodulators 50 

without sacrificing the animal via fluid-based methods also allows the study of biologically 51 

active molecules under different physiological conditions in a single animal. Because baseline 52 

values for NP content can vary greatly between animals, especially in wild-caught (as opposed to 53 

laboratory-raised) animals such as crabs, being able to compare NP concentrations in a single 54 

animal across an experimental manipulation will allow us to identify fold-changes in NP content 55 

that may otherwise be difficult to observe. Thus, hemolymph NP profiling from appropriate 56 

fluid-based samples would offer great insight into NP release in response to different stimuli or 57 

under different states in the same animal.  58 

NPs can be sampled directly from hemolymph, obtained from the animal with the use of 59 

a needle and a syringe 12. However, the presence of extracellular peptidases and a wide variety of 60 

molecules in addition to NPs, such as lipids, albumins, clotting factors and enzymes would make 61 

for an extremely complex sample. As a result, special treatment and several cleanup steps are 62 
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often required for effective detection of NPs. Moreover, the stress caused by using a needle and a 63 

syringe may induce the release of stress-related NPs. 64 

As an alternative, in vivo microdialysis allows for collection of extracellularly released 65 

molecules and enables real-time monitoring of substance release. Microdialysis shows great 66 

utility in the field of neuroscience, as it offers the ability to monitor dynamic changes of 67 

neurochemical content during different internal states of a single animal in a time-resolved 68 

fashion with minimal disturbance to the animal 13. As a result, this technique could provide 69 

unique insight into our understanding of the effects of neuromodulator release on different 70 

behavior. The tip of the microdialysis probe consists of a semi-permeable dialysis membrane, 71 

which has a defined molecular weight cutoff (MWCO). The microdialysis probe is implanted 72 

into the tissue of interest and dialysate is collected at the outlet while perfusion fluid is pushed 73 

through the inlet, normally at a low flow rate 14. Diffusion can occur between the perfusion fluid 74 

and the extracellular space as the perfusion fluid passes through the probe tip, and molecules 75 

such as NPs will diffuse into the perfusion fluid, driven down their concentration gradient. 76 

Microdialysis has been widely used to monitor a wide range of molecules including electrolytes 77 

15, amines and amino acids 16, 17, NPs 18, 19 and proteins 17, 20.  78 

As a complement to different methods of sampling secreted NPs, highly sensitive and 79 

effective detection methods to analyze peptide hormones present in circulating hemolymph are 80 

currently unavailable but highly important. Liquid chromatography (LC) –MS is well-suited to 81 

this purpose. Over the last two decades, biological MS has shown powerful capabilities in the 82 

discovery of NPs in crustacean neuronal tissues 4, 6, 7, 10, 12. However, compared with tissue-based 83 

NP studies, fluid-based sampling methods coupled with MS for detection of NP release in 84 

crustaceans are still poorly developed. Chen et al. 12 explored different NP extraction protocols 85 
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from Cancer borealis hemolymph and subsequently detected 10 secreted NPs from five families, 86 

including RFamides, allatostatins, orcokinins, tachykinin-related peptides (TRPs), and crustacean 87 

cardioactive peptide (CCAP). Compared with the large number of NPs detected in tissues, the 88 

reduced number of NPs detected in the hemolymph suggested a need to develop methods with 89 

improved sample preparation and higher sensitivity. 90 

By providing a cleaner sample due to collection through a dialysis membrane, 91 

microdialysis should provide a less complex sample and thus improve upon NP detection rates 92 

from hemolymph. So far, only a handful of reports have used in vivo microdialysis to investigate 93 

the NPs present in circulating fluid in the crustacean, although this sampling technique is more 94 

commonly used in NP analysis in the mammalian nervous system 21, 22. Behrens et al. 18 reported 95 

the identification of NPs from 10 families in microdialysates collected from the pericardial space 96 

(a hemolymph-filled cavity) of Cancer borealis using LC-ESI-QTOF and MALDI-TOF/TOF 97 

mass spectrometry. Moreover, a recent study by Schmerberg and Li19 reported improved relative 98 

recovery of NPs by utilizing affinity agents, antibody-coated magnetic nanoparticles, and 99 

suggested an increased potential for improved detection of NPs released into hemolymph with 100 

this method. 101 

To provide a more complete picture of neurosecretion and information complementary to 102 

tissue-based NP analyses of the crustacean system, herein we employ an advanced high-103 

resolution, accurate-mass (HRAM) MS platform to study NP secretion in hemolymph using 104 

fluid-based sampling methods. Comparison for NP identification is made between crude 105 

hemolymph NP extraction and an in vivo microdialysis sampling strategy in the Jonah crab, 106 

Cancer borealis. Appropriate sample preparation steps are performed for both types of samples, 107 

which are then analyzed by a hybrid quadrupole-OrbitrapTM Q-Exactive MS instrument. This 108 
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new platform has greatly increased the confidence of NP identification by offering high 109 

resolution and high mass accuracy measurement and employing two complementary MS/MS 110 

spectral interpreting strategies (Mascot and PEAKS). Two in vivo sampling methods were also 111 

compared to aid in identification of secreted NPs.  Microdialysate collection time was evaluated 112 

to achieve the best NPs coverage. 113 

 114 

Materials and methods 115 

Chemicals. Formic acid (FA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All 116 

other chemicals were purchased from Fisher Scientific (Pittsburgh, PA, USA). ACS reagent-117 

grade solvents and Mill-Q water were used for sample preparation. Optima grade solvents were 118 

used for sample analysis on the MS instrument.  119 

Animals. Jonah crabs, Cancer borealis, were purchased from Ocean Resources, Inc. (Sedgwick, 120 

ME, USA) and The Fresh Lobster Company (Gloucester, MA, USA). Crabs were maintained in 121 

an artificial seawater tank at 10-13 ºC with a 12 h/12 h light/dark cycle. The crabs were allowed 122 

to adjust to the tanks for at least one week after shipment before performing hemolymph 123 

extraction or microdialysis. Details of animal housing procedures were described elsewhere 19. 124 

Animals were housed, treated and sacrificed following the animal care protocol in accordance 125 

with the University of Wisconsin-Madison’s animal care guidelines.  126 

Hemolymph Extraction. Details of the procedure were previously described by Chen et al. 12. 127 

Briefly, crabs were removed from the tank and cold-anesthetized on ice for 5 min. Hemolymph 128 

was withdrawn by inserting a 25 gauge needle attached to a 1 mL or 3 mL BD plastic syringe 129 

through the junction of the thorax and abdomen into the pericardial chamber. An aliquot of 750 130 

microliters of freshly obtained hemolymph was spiked with an equal amount of acidified MeOH 131 
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(90% MeOH, 9% glacial acetic acid, 1% water) immediately and mixed well to extract peptides 132 

and precipitate large proteins. Samples were subsequently purified by a 10 kDa molecular weight 133 

cutoff (MWCO) step and C18 spin column desalting step (Argos, Elgin, IL, USA). Eluates from 134 

the C18 spin columns were dried down and resuspended in 10 µL of 0.1% FA in water before MS 135 

injection.  136 

Microdialysis Supplies. CMA/20 Elite probes with 4 mm membranes of polyarylether sulfone 137 

(PAES) were purchased from CMA Microdialysis (Harvard Apparatus, Holliston, MA, USA). A 138 

KD Harvard 22 (Harvard Apparatus, Holliston, MA, USA), and a Pump 11 Elite Nanomite 139 

Syringe Pump (Harvard Apparatus, Holliston, MA, USA) were used to drive perfusate through 140 

MD probes and tubing. Additional FEP (CMA) and PEEK (Upchurch-Scientific, Index Health 141 

and Science, Oak Harbor, WA, USA) tubing was used to lengthen the tubing of the microdialysis 142 

probe as needed. This was connected by flanged connectors from CMA and BASi (West 143 

Lafayette, IN, USA). Probes were rinsed with crab saline prior to implantation.  144 

In Vivo Microdialysis Experiments. The procedure for in vivo microdialysis surgery on Jonah 145 

crabs was adapted from previous publications 18, 19. After the probe was surgically implanted in 146 

the crab, the animal was allowed to recover for at least 24 hr before dialysate was collected for 147 

MS analysis. Physiological crab saline (440 mM NaCl; 11 mM KCl; 13 mM CaCl2; 26 mM 148 

MgCl2; 10 mM HEPES acid; pH 7.4, adjusted with NaOH) was used as perfusion solution. The 149 

flow rate was set at 0.5 µL / min by a programmable syringe pump. For circadian NP analysis, 150 

dialysate samples were collected every 2 hr with a refrigerated fraction collector (BASi 151 

Honeycomb, Bioanalytical Systems, Inc. Indianapolis, IN, USA). Upon collection, 3 µL of FA 152 

was added to each sample, which was then stored at -20 oC immediately to improve NP stability 153 

23. The dialysates were concentrated ~6-fold in a SpeedVac (Thermo Fisher Scientific, Waltham, 154 
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MA, USA). The concentrated dialysate was desalted using C18 ZipTips (EMD Millipore, 155 

Billerica, MA, USA), and eluted in 10 µL 0.1% FA in 50% acetonitrile (v/v). Similarly, for 156 

analysis of the optimal temporal resolution of in vivo microdialysis, samples were collected 157 

every 2, 4, 6, and 8 h with the same setup. They were immediately acidified to a final acid 158 

concentration of 5% and stored at -20 oC. They were later concentrated 6-, 12-, 18, and 24-fold, 159 

respectively. The concentrated dialysate was desalted using C18 ZipTips and eluted in 0.1% FA 160 

in 50% acetonitrile (v/v). C18 Ziptip desalting was performed for an aliquot of concentrated 161 

dialysate that was correlated to every 2 h microdialysis fraction. The desalted dialysates were 162 

then all concentrated to a final volume of 10 µL prior to UPLC MS/MS analysis.  163 

Instrumentation. The nanoLC-MS/MS experiment was performed using a Waters nanoAcquity 164 

UPLC system (Waters Corp, Milford, MA, USA) coupled to a quadrupole-OrbitrapTM Q-165 

Exactive mass spectrometer (Thermo Scientific, Bremen, Germany). Chromatographic 166 

separations were performed on a home-packed C18 reversed phase capillary column (360 µm OD, 167 

75 µm ID × 15 cm length, 1.7 µm particle size, 150 Å pore size, (BEH C18 material obtained 168 

from Waters UPLC column, part no. 186004661) ). The mobile phases used were: 0.1% FA in 169 

water (A) and 0.1% FA in acetonitrile (B). An aliquot of 3.5 µL of desalted 170 

hemolymph/microdialysis sample dissolved in 0.1% FA in water was injected and loaded onto 171 

the column without trapping. A 108 min gradient was employed with 0-0.5 min, 0-10% B; 0.5-172 

70 min, 10-35% B; 70-80 min, 35-75% B; 80-82 min, 75-95% B; 82-92 min, 95% B; 92-93 min, 173 

95-0% B; 93-108 min, 100% A. Data was collected under positive electrospray ionization data 174 

dependent acquisition (DDA) mode with the top 10 most abundant precursor ions selected for 175 

HCD fragmentation. The MS scan range was from m/z 300 to 2000 at 70,000 resolution, and the 176 
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MS/MS scan was at 17,500 resolution from m/z 120 to 6000 with an isolation width of 2 Da, 177 

collision energy 30.  178 

Data Processing. MS raw data files were processed and analyzed by PEAKS Studio7 179 

(Bioinformatics Solutions Inc., Waterloo, ON, CAN) and Mascot (Matrix Science Inc., Boston, 180 

MA, USA). C-terminal amidation, pyroglutamation, and methionine oxidation were specified as 181 

variable post-translational modifications (PTMs). Precursor ion mass tolerance was 20 ppm, and 182 

fragment ion mass tolerance was 0.01 Da. De novo sequencing and database search were 183 

conducted with no enzyme cleavage specified. The database used was constructed in-house with 184 

known crustacean neuropeptides and is available upon request. Peptide spectrum matches (PSMs) 185 

with a -10logP value cutoff of 15 in PEAKS and 10 in Mascot were considered for further 186 

manual validation.  187 

 188 

Results and Discussion 189 

Hemolymph Extraction. In total, 22 NPs were identified from a direct hemolymph preparation 190 

(Table 1) analyzed with ultrahigh performance liquid chromatography (UPLC)-tandem mass 191 

spectrometry (MS/MS). It is worth noticing that only 7 out of the 22 NPs also have decent 192 

matches with Mascot database searching, which may indicate that PEAKS is more suitable for 193 

identification of smaller NPs. As a result of improved instrumentation, more NPs were identified 194 

compared to a previous study using a similar sample preparation procedure with a modest 195 

resolution MALDI TOF/TOF instrument 12. Out of these identified NPs, only CCAP and 196 

I/LNFTHKFa were detected in both studies. Besides the use of different instruments and 197 

different ionization methods in these two studies, the highly dynamic circulatory system in 198 
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crustaceans could also be responsible for the poor reproducibility of NPs found in hemolymph 199 

samples. 200 

The presence of a wide variety of molecules in addition to NPs, such as lipids, peptidases, 201 

and clotting factors, makes the analysis of NPs from hemolymph very difficult. Although more 202 

NPs were identified in this study than were previously found in hemolymph, compared with 203 

tissue-based studies, the number is still relatively small. There are also many peaks in the MS 204 

spectra of hemolymph samples that could not be assigned to any known NPs or high probability 205 

de novo matches, which may lead to discovery of novel peptides or other hemolymph 206 

components in the future. The complex composition of crude hemolymph extract may suppress 207 

the signal of NPs on the MS instrument.  208 

Table 1. Neuropeptides identified in Cancer borealis hemolymph extract 209 

Neuropeptide Family Neuropeptide Seqeunce M+H 

Mascot

Score 

PEAKS

Score 

AST 

(Allatostatin) 

SYWKQCAFNAVSCFa (C-type AST) 1650.7192  30.08 

DPYAFGLGKRPDMYAFGLa (A-type 

AST) 
2017.0000 26.30 31.93 

CCAP 

(Crustacean cardioactive 

Peptide) 

PFCNAFTGCa 956.3753 22.13 45.12 

CPRP 

(CHH precursor-related 

peptide) 

RASQGLGKMEa 1075.5677 22.00 65.68 

TPLGDLSGSVGHPV 1335.6903  21.30 
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FLP 

(FMRFamide-like peptide) 

I/LNFTHKFa 
 

905.4992 
 30.64 

NRNFLRFa 965.5428 31.77 59.99 

DRNFLRFa 966.5268  78.28 

SPRNFLRFa 1035.5847  65.59 

SDRNFLRFa 1053.5588 26.88 91.08 

TNRNFLRFa 1066.5905 27.85 92.93 

ENRNFLRFa 1094.5854  17.10 

LNPSNFLRFa 1106.6105  69.08 

EMPSLRLRFa 1147.6405  23.79 

Orcokinin VYGPRDIANLY 1280.6634  24.69 

PDH 

(Pigment dispersing 

hormone) 

NSILGIPR 869.5203  54.52 

NSI/LLGAPRVa 925.5578  77.68 

NSILGAPRV 926.5418  33.41 

NSILGIPKVM(O)N 1201.6609  26.68 

RPCH 

(Red pigment concentrating 

hormone) 

pQLNFSPGWa 930.4468  46.14 

Others 

AVLLPKKTEKK 1254.8144 33.65 60.92 

EEPEAPa 670.3042  55.35 

Legend: “a” at the end of a peptide indicates C-terminal amidation. “(O)” indicates an oxidized 210 

methionine. “pQ” or “pE” indicates pyroglutamic acid. 211 
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In Vivo Microdialysis (MD). Performing MD surgery on crabs has proven to be challenging 212 

mainly due to the crab shell. Since it was first introduced in 2008 18, a rather sophisticated 213 

procedure has been developed in our group. Beyond technical challenges related to probe 214 

implantation, however, the low concentration of circulating hormones has continued to make the 215 

detection of NP content in dialysate difficult. Compared with the number of NPs identified from 216 

neuronal tissues, much less is known about the circulating peptides. In previous work employing 217 

MD and earlier iterations of MS-based techniques, over 30 NPs were determined to be present in 218 

the circulating hemolymph of Cancer borealis with samples collected over more than 10 hours. 219 

However, most of these NPs were identified based on accurate mass matching, with only 3 that 220 

have been confirmed by tandem MS due to their low abundances.  221 

One of the most powerful advantages of MD sampling is that the collection is concurrent 222 

with different internal states or activity in the animal. As a result, it allows correlation of 223 

neurochemical content with physiology or behavior to provide important function-related 224 

information. Temporal resolution, which is defined by the shortest time period over which a 225 

fluctuation can be observed, is an important parameter associated with microdialysis. In order to 226 

optimize temporal resolution and increase NP identification numbers, we first evaluated the 227 

collection time required to provide a more comprehensive identification of secreted NPs in 228 

Cancer borealis.   229 

Microdialysates collected for 2, 4, 6, and 8 h at a flow rate of 0.5 µL/min would produce 230 

samples with volumes of 60, 120, 180, and 240 µL respectively, followed by desalting using C18 231 

Ziptips and resuspension in 10 µL of 0.1% FA in water. An aliquot (3.5 µL) of each resulting 232 

sample was injected onto UPLC-MS/MS. Data was then processed as described above. The 233 

number of NPs identified from these dialysates increased as the collection duration increased, as 234 
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expected (Figure 1), since increasing collection time increased the concentration of the final 235 

sample submitted for analysis. Twenty-two previously known crustacean NPs were identified 236 

from a 2 h collection; similarly 36 were observed in a 4 h sample, 39 in a 6 h collection, and only 237 

3 RFamide peptides in an 8 h collection. The NPs identified from these samples overlapped quite 238 

well, and yielded overall 52 peptides from 9 NP families as shown in Table 2. This represents 239 

the most comprehensive characterization of the secreted crustacean neuropeptidome.  240 

 241 

Figure 1. Number of neuropeptides identified from 60, 120, 180, and 240 µL dialysates from Cancer 242 

borealis hemolymph. 243 

Two MS/MS interpretation platforms, Mascot and PEAKS, were used. It was proven to 244 

be difficult to choose a score cutoff for NPs, as the algorithms for these programs are designed 245 

for larger molecules, such as proteins. Therefore, most scores do not accurately represent the 246 

quality of a peptide-spectrum match (PSM). The results were further manually examined for 247 

accurate matches of b- and y-ions. The overlap of NP identifications between Mascot and 248 

PEAKS was moderate, with 22 out of the 52 listed peptides being identified using both 249 

algorithms. The peptides identified from this study represent the largest number of circulating 250 
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peptides characterized via mass spectrometry using in vivo microdialysis sampling from any 251 

crustacean.  252 

Table 2. Neuropeptides identified in Cancer borealis hemolymph via in vivo microdialysis 253 

Family Sequence M+H 
Mascot 

Score 

PEAKS 

Score 

AST 

(Allatostatin) 

MFAPLAWPKGGARWa 1586.8413 28.63  

M(O)FAPLAWPKGGARWa 1602.8362  42.7 

M(O)FAPLAWPKGGARW 1603.8202 23.34 34.25 

LMFAPLAWPKGGARWa 1699.9253 19.27  

LM(O)FAPLAWPKGGARW 1716.9043 25.93  

CPRP 

(CHH precursor-related 

peptide) 

LSGSLGHPVE 995.5156 39.56 52.95 

DLSGSLGHPVE 1110.5426  21.55 

TPLGDLSGSLGHPVE 1478.7485  42.90 

RGALEPNTPLGDLSGSLGHPVE 2216.1306 14.97 48.27 

FLPs  

(FMRFamide-like peptide) 

pQRNFLRFa 962.5319   21.47 

NRNFLRFa 965.5428 14.99  

DRNFLRFa 966.5268 23.69 49.13 

NPSDFLRFa 994.5105 24.00 42.21 

GNRNFLRFa 1022.5643 17.07  

LETNFLRFa 1038.5731  33.81 

SDRNFLRFa 1053.5588 29.60 68.30 

LDRNFLRFa 1079.6109 25.92 46.37 

DGGRNFLRFa 1080.5697  41.13 

QNRNFLRFa 1093.6014  24.87 

ENRNFLRFa 1094.5854 23.05 28.94 

GSDRNFLRFa 1110.5803 28.79 46.41 
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TGNRNFLRFa 1123.6119  50.59 

LGDRNFLRFa 1136.6323  35.31 

DGNRNFLRFa 1137.5912  32.06 

GYSKNYLRFa 1146.6054 23.45 25.44 

ALDRNFLRFa 1150.6480 19.26  

SENRNFLRFa 1181.6174 19.49 33.25 

DENRNFLRFa 1209.6123  48.08 

LTGNRNFLRFa 1236.6960 24.05  

LDGPLAPFLRFa 1244.7150 9.80  

YGSDRNFLRFa 1273.6436 26.14  

Orcokinin 

NFDEIDRSGFG 1256.5542 35.07 18.22 

DFDEIDRSGFG 1257.5382 25.86 27.4 

NFDEIDRSGFGF 1403.6226 32.22  

SSEDMPSSLGFGFN 1474.6155 10.17  

NFDEIDRSGFGFA 1474.6597 20.16 46.77 

DFDEIDRSGFGFA 1475.6437 18.00 21.50 

DFDEIDRSGFGFV 1503.6750  22.31 

Orcomyotropin 

FPAFTTGFGHS 1168.5422 26.69 34.47 

FDAFTTGFGHS 1186.5164 51.3 50.03 

PDH 

(Pigment dispersing hormone) 
NSELINSILGLPKVM(O)NEAa 1957.0423 15.25 37.74 

RPCH 

(Red pigment concentrating 

hormone) 

pQLNFSPGWa 930.4468 21.68  

RYamide SGFYANRYa 976.4635 33.77 52.83 

Page 15 of 31 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

SGFYADRYa 977.4476  37.64 

pQGFYSQRYa 1030.4741 22.37 36.60 

LSGFYANRYa 1089.5476 14.24  

LEWYSQRYa 1143.5582 23.53  

TRP 

(Tachykinin-related peptide) 

TPSGFLGMRa 964.5033 35.2 36.74 

APSGFLGMRa 934.4927 38.64 42.92 

APSGFLGM(O)RGa 1007.5091  34.29 

 254 

Legend: “a” at the end of a peptide indicates C-terminal amidation. “(O)” indicates an oxidized 255 

methionine. “pQ” or “pE” indicates pyroglutamic acid.  256 

However, when the collection time was increased to 8 h or longer, the number of 257 

identifiable NPs decreased dramatically, with fewer than 10 NPs identified. With the same 258 

sample handling process, one possible explanation would be the tolerance of MS instruments to 259 

compounds like salt and other interfering compounds, including small organics, present in the 260 

hemolymph (Figure S1). As the collection time increases, the total amount of dialysate collected 261 

also increases. Desalting was performed for an aliquot of concentrated dialysate which 262 

corresponded to 2 h microdialysis fraction; thus, dialysate with longer collection duration yielded 263 

larger volume of desalting elution solution. All desalted dialysate samples for 2 h, 4 h, 6 h and 8 264 

h were then further concentrated and resuspended into the same volume prior to UPLC MS/MS 265 

analysis. Increasing the volume of the sample prior to concentration and analysis has the clear 266 

advantage of increasing NP concentration, and thus improving detection sensitivity, but it also 267 

leads to increased concentrations of other components, including salts. Concentrating the sample 268 

from an 8 h or longer collection time may have led to accumulation of various compounds 269 

including salts that could interfere with NP detection on the MS instrument. Similarly,  the 270 
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concentration of NPs and other components may reach a good balance by MS detection in the 6 271 

h sample. With the addition of more salts and other components of hemolymph in more 272 

concentrated samples, the NP signal is likely to be suppressed or masked by other interfering 273 

signals. Based on our study, 180 µL of microdialysate obtained at 0.5 µL/min seems to be a good 274 

volume to obtain for the purpose of identification of secreted NPs in the crustacean.  275 

The low endogenous concentration of NPs, usually present in vivo at the nM-pM range 23, 276 

accounts for some of the challenges associated with detection of these compounds. In 277 

microdialysis, the concentration collected is even lower as it is governed by passive diffusion. 278 

NPs have a lower relative recovery rate (20%-40%)19 in comparison to small molecules due to 279 

their larger sizes, which increase the hindrance of passing through the dialysis membrane. Flow 280 

rate is closely related to recovery rate, and the temporal resolution of microdialysis collection is 281 

directly affected by the sensitivity of detection technique.  282 

Allatostatin  283 

As demonstrated by a number of studies 4, 7, 24, 25, ASTs are widely distributed across many 284 

neuronal tissues in various crustacean species. In Cancer borealis, ASTs were identified from 285 

the pericardial organ (PO) 26, brain 24, and the stomatogastric ganglion (STG) 27. A-type ASTs 286 

share C-terminal motif –YXFGLa, and B-type ASTs have a WX6Wa motif on the C-terminus. 287 

Three ASTs sequenced from microdialysate in our study had sequence similarity to 288 

LMFAPLAWPKGGARWa (m/z 1699.93) isolated from crab PO, with all of three sequenced 289 

from microdialysates possessing an oxidized methionine. This particular modification may be 290 

critical for functional reasons, or may be an artifact of sample processing. Interestingly, only B-291 

type ASTs were observed in microdialysate, whereas no B-type ASTs were found in hemolymph 292 

extracts. This may result from quick degradation of B-type ASTs due to the presence of related 293 
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peptidases in crude hemolymph. ASTs are known to inhibit the pyloric motor pattern and 294 

stomatogastric neurotransmission 28, 29, and the presence of these potentially novel ASTs in the 295 

hemolymph further supports the functional roles of these circulating peptides.  296 

The FMRFamide –like peptides 297 

Since the discovery of FMRFamide 30 from the clam, Macorocallista nimbosa 30, a large group 298 

of FMRFamide-like peptides (FLPs) have been found in both vertebrates and invertebrates. A C-299 

terminal RFamide motif is shared by crustacean FLPs, which can be further categorized into 300 

several subfamilies 25. These subfamilies include myosuppressins, characterized by a C-terminal 301 

HVFLRFamide; the neuropeptide Fs, which share sequence homology with the vertebrate 302 

neuropeptide Y and have the C-terminal motif RXRFamide; and sulfakinins, known as 303 

invertebrate homologs of vertebrate gastrin and cholecystokinin (CCK). In addition to these 304 

subfamilies, a large number of FLPs identified from decapod crustaceans possess the C-terminal 305 

motif –FLRFamide 31.  306 

In our study, 23 FLPs all sharing a C-terminal -FLRFamide were identified in 307 

hemolymph microdialysate. Similar with hemolymph extraction, more members of the FLP 308 

family were identified than members of any other family. Moreover, FLPs identified from 309 

hemolymph extraction and microdialysis overlap with each other quite well. The occurrence of a 310 

wide array of FLPs in circulating hemolymph may indicate that these NPs play diverse 311 

functional roles and might be involved in many different neuroendocrine processes. 312 

Mass spectral investigation of neuronal tissues, especially mass spectrometric imaging 313 

techniques, has provided important evidence about the wide distribution of –FLRFamides in the 314 

nervous systems of crustaceans 24, 32, 33. Physiological assessment of the identified –FLRFamides 315 

has revealed a broad array of possible neuromodulatory roles including cardioexcitation, 316 
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modulation of muscle contraction and regulation of feeding behavior34, 35. Ten of the secreted 317 

FLRFamides identified in this work have been previously found in the POs 24.The fact that these 318 

NPs are present in both hemolymph and POs may suggest that they were released from the POs 319 

into the circulatory system to have hormonal effects on the crustacean heart or more distant 320 

organs. Studies have shown that SDRNFLRFamide (m/z 1053.5588) and TNRNFLRFamide (m/z 321 

1066.5905) (Figure 2) exhibited excitatory effects on different muscles in the stomach and heart 322 

34, 35. The co-release of these neuropeptides may suggest that they belong to related pathways to 323 

coordinate various muscle contractions involved in behavior or a physiological process. The 324 

identification of FLPs in hemolymph microdialysate that were previously identified in the crab’s 325 

main neurosecretory organ, the PO, provides more specific information on which NPs may be  326 

important neuromodulators.  327 
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 328 

Orcokinins and orcomyotropin 329 

Figure 2. MS/MS spectra of (a) TNRNFLRFamide in hemolymph extract and (b) SDRNFLRFamide in 
microdialysate by HCD fragmentation. The presence of b- and y-ions is indicated by lines above (y-
ions) or below (b-ions) the corresponding amino acid residues in the peptide sequence. 
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NFDEIDRSGFGFN was the first identified orcokinin and was first found in the crayfish, 330 

Orconectes limosus 36. The orcokinins occur widely across different crustacean species. Seven 331 

neuropeptides from the orcokinin family and two from the orcomyotropin family were found to 332 

be secreted into hemolymph in our study. These findings are in good correlation with previous 333 

MS and immunohistochemical studies conducted on the neuronal tissues of Cancer borealis 
24. 334 

Hoa-Orcokinin, SSEDMPSSLGFGFN (m/z 1474.51) and VYGPRDIANLY (m/z 1280.44) were 335 

previously sequenced in the brain, the stomatogastric nervous system (STNS), and the sinus 336 

gland (SG) of the lobster Homarus americanus 
37 by investigating orcokinin precursors. 337 

However, these two neuropeptides were confirmed to be present in Cancer borealis for the first 338 

time in this study.  339 

Crustacean hyperglycemic hormone precursor-related peptides  340 

The crustacean hyperglycemic hormone precursor-related peptides (CPRPs) found in 341 

hemolymph in this study are apparently truncated, which seems to be common in CPRP 342 

sequences 7. The detection of 5 truncated CPRPs derived from the same full-length CPRP in the 343 

circulating fluid suggest that they may be co-released with crustacean hyperglycemic hormone 344 

(CHH), likely secreted from another important neurosecretory organ, the SG, in Cancer borealis 345 

24. The CHH is a well-known regulator of hemolymph glucose levels in crustaceans; however, 346 

the functions of CPRPs are unknown. The detection of these truncated forms of CPRP, which is 347 

encoded by the CHH prohormone, in hemolymph microdialysate provides potential functional 348 

clues about these novel forms of CPRPs in energy homeostasis and feeding regulation. Further 349 

investigation will be needed to determine the precise roles of these secreted NPs.  350 

The CHH superfamily, well known for its multifunctional roles in the X-organ and SG 351 

system 38, however, was not detected in our study. CHHs are relatively large compared to other 352 
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NPs, ranging from 70 to 80 amino acids in length. When sampling with microdialysis, as 353 

molecular weight increases, so does the hindrance for analyte diffusion into the microdialysis 354 

probe39, 40. As a result, it is very likely that the level of CHHs collected via microdialysis with the 355 

particular probe employed is too low to be efficiently detected with MS.  356 

RYamide 357 

Almost all the known RYamides have been characterized by MS-based strategies. The first 358 

RYamide was observed in the releasate of the POs of Cancer borealis in 2003 10, and since then 359 

there have been numerous reports documenting the identification of an array of RYamides from 360 

various decapod crustacean species 7, 32, 41, 42. However, much less is known about the bioactivity 361 

of RYamides in crustaceans. The presence of RYamides in neuroendocrine organs in conjunction 362 

with this evidence of their existence in the circulatory system (representative ones shown in 363 

Figure 3) provides additional insight for investigation of their potential bioactivities.  364 
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 365 

Figure 3. MS/MS spectra of identified RYamide from microdialysate under HCD fragmentation. (a) 

SGFYANRYamide and (b) EWYSQRYamide. The presence of b- and y-ions is indicated by lines above (y-

ions) or below (b-ions) the corresponding amino acid residues in the peptide sequence. 
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Tachykinin-related peptides (TRP) 366 

TRPs in crustaceans have sequence similarity to vertebrate tachykinins, and possess the C-367 

terminal motif –FXGXRamide. The secreted neuropeptides identified here appear to be related to 368 

the mature APSGFLGMRamide (CabTRP-I) and TPSGFLGMRamide (CabTRP-II shown in 369 

Figure 4). These two peptides have been well described previously including the oxidized 370 

version 24. As the invertebrate homologs of mammalian substance P, TRPs have been reported to 371 

be involved in various physiological processes 43. Studies in Jonah crabs 44 have shown that TRP 372 

containing neurons in the STG form networks that could generate rhythms to modulate chewing 373 

and filtering behaviors. Co-transmission of TRP with proctolin and GABA could stimulate a 374 

distinct pyloric motor pattern in the STG 44.  375 

 376 

 377 

Figure 4. MS/MS spectrum of CabTRP-II from microdialysate under HCD fragmentation. Peaks are annotated with 378 

their corresponding b- and y-ions. The presence of b- and y-ions is indicated by lines above (y-ions) or below (b-379 

ions) the corresponding amino acid residues in the peptide sequence. 380 
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New insights into well-characterized neuropeptides  381 

In addition to the NPs described above, crustacean cardioactive peptide (CCAP) and peptides 382 

from the pigment dispersing hormone (PDH) and red pigment concentrating hormone (RPCH) 383 

families were also detected in circulating hemolymph.  384 

The peptide PFCNAFTGCamide is commonly referred as CCAP. Its presence in the 385 

decapod crustacean nervous system has been revealed by a number of MS studies 7, 24, 41. Its 386 

presence in circulating hemolymph has also been confirmed 12. Its canonical function is to 387 

stimulate cardiac activity 45, although it is also active in the STNS 46. Peptide related to the full 388 

length NSELINSILGLPKVMNEAamide was also identified. PDH regulates the light sensitivity 389 

of the retina by migrating eye pigments 43, 47. Red pigment concentrating hormone (RPCH), with 390 

a function antagonistic to that of PDH, was also identified here. Like PDH, RPCH is well known 391 

to be produced inside the eyestalk, in the SG, of decapod crustaceans 24, 48. The co-existence of 392 

PDH and RPCH in the hemolymph suggests that they may have coordinated functions in other 393 

parts of the body in addition to light-related regulatory actions in the eyestalk. Indeed, the role of 394 

these NPs in coordination of circadian responses throughout the body has been postulated. This 395 

work provides an alternative approach for neuropeptide studies by sampling secreted 396 

neuropeptides in vivo. Investigation of secreted neuropeptides, in conjunction with neuronal 397 

tissue studies, offers a list of targets for further function-related studies.  398 

Investigation of Circadian NP Changes from In Vivo Microdialysis in the Crab 399 

As a proof-of-principle experiment, we then examined these possible neuromodulatory 400 

candidates for circadian rhythm-associated changes that may occur with daily light period 401 

changes. Using a method described elsewhere 49, we monitored dynamic changes of several 402 

identified NPs in microdialysate, throughout 12 h: 12 h light/dark cycle. Due to the preliminary 403 
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nature of these studies, statistical analysis was not possible with the current number of animals 404 

available.  405 

Figure 5 shows a few representative NPs with dynamic changes in response to light/dark 406 

cycle alternation. As the light went on, dramatic changes were observed for secreted PDH, 407 

CCAP and RPCH (Figure 5). CCAP and PDH both exhibited decreases in their relative 408 

hemolymph levels.  While CCAP exhibited a slower decrease (Figure 5b), occurring over a 409 

period of ~6 hrs, PDH decreased more rapidly (Figure 5c). RPCH, however, was observed to 410 

exhibit a unique oscillating pattern (Figure 5d) during the light period. Throughout the daily 411 

light/dark transition, not only do the eyes need to be adapted to light changes--which could 412 

correlate with the changes of PDH and RPCH, but the whole body also needs to have a 413 

coordinated response. In other words, the circadian rhythm must integrate information about 414 

light levels, obtained primarily from the eyes, with whole body changes. For instance, the crab 415 

tends to be less active when the light is on, and thus may need a lower level of cardiac activity. 416 

The observed decrease in hemolymph CCAP thus may prepare the body to adapt to such 417 

environmental changes by decreasing cardiac excitability. The observed changes in these 418 

secreted peptides provide strong evidence that locally released peptides travel to different organs 419 

via the hemolymph to have hormonal effects. These findings lay the groundwork for further 420 

investigation of the potential circadian effects of these NPs at the organism level.  421 

 422 

 423 

 424 

 425 

 426 
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 449 

 450 

Figure 5. Preliminary comparison of CCAP, PDH, 

and RPCH in 12 h: 12 h light/dark cycle. Yellow 

box indicates lights on, starting at time zero and 

continuing for 12 h. Relative quantity changes 

were normalized against that of a peptide standard. 

(a) MS/MS spectrum of CCAP under HCD 

fragmentation. The presence of b- and y-ions is  

indicated by lines above (y-ions) or below (b-ions) the corresponding amino acid residues in the peptide 

sequence; (b) CCAP decreased slowly as the light went on; (c) changes for two PDH isoforms, both of 

which decreased during the light period. The one with a methionine showed a very sharp decrease right after 

light went on; (d) RPCH exhibited an oscillating change pattern. 
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Conclusions  451 

It is important to study NP secretion to increase our understanding of neuromodulation in a well-452 

defined nervous system. In this work, we were able to identify over 50 circulating NPs from 453 

several main neuropeptide families, including ASTs, FLPs, orcokinins, TRPs, PDH, CPRPs, 454 

RYamides, and CCAP. These results agree with studies determining the neuropeptidomes of 455 

various neuronal tissues. The fact that these NPs are present in both neuronal tissues and the 456 

circulatory system suggests that they have roles as neuromodulators and hormones. In vivo 457 

microdialysis provides the advantage of sampling while the animal is alert and allows for the 458 

correlation of neurochemical content dynamics with different behaviors or other changes. From 459 

the identified secreted NPs, we found several that could be potentially responsible for the 460 

adaptation to light and dark changes.  461 
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Schematic representation of overall workflow for sampling secreted neuropeptides from the hemolymph by 
using a needle attached to a syringe or in vivo microdialysis.  
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