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Abstract

The crab Cancer borealis nervous system is an important model for understanding neural circuit
dynamics and its modulation, but the identity of neuromodulatory substances and their influence
on circuit dynamics in this system remains incomplete, particularly with respect to behavioral
state-dependent modulation. Therefore, we used a multifaceted mass spectrometry (MS) method to
identify neuropeptides that differentiate the unfed and fed states. Duplex stable isotope labeling
revealed that the abundance of 80 of 278 identified neuropeptides was distinct in ganglia and/or
neurohemal tissue from fed vs. unfed animals. MS imaging revealed that an additional 7 and 11
neuropeptides exhibited altered spatial distributions in the brain and the neuroendocrine pericardial
organs (POs), respectively, during these two feeding states. Furthermore, de novo sequencing
yielded 69 newly identified putative neuropeptides that may influence feeding state-related
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neuromodulation. Two of these latter neuropeptides were determined to be upregulated in PO
tissue from fed crabs and one of these two peptides influenced heartbeat in ex vivo preparations.
Overall, the results presented here identify a cohort of neuropeptides that are poised to influence
feeding-related behaviors, providing valuable opportunities for future functional studies.
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Introduction:

Feeding, like all behaviors, involves a complex coordination of numerous component
movements (e.g. chewing and swallowing), with each component often being driven by a
separate neural circuit. Obtaining a comprehensive understanding of how neural circuits
generate behaviors is a long-standing goal of neuroscience research that continues to be
pursued in many model systems using in vivo and ex vivo approaches.!~® One current
challenge is to understand how the well-characterized neural circuits that have been studied
at the cellular level in isolated nervous systems operate in vivo during actual behavior. This
challenge is being met using cutting-edge tools, such as molecular genetics and
optogenetics, to manipulate neural circuits in vivo. An alternative approach is to take
advantage of the unparalleled access to neural circuits afforded by studying them ex vivo
and introducing events that normally only occur in vivo.

Studying neural circuit operation in the isolated nervous system, however, excludes the
presence of the neuroendocrine system, which is a pivotal source for circulating hormones
that modify neural circuit activity.!% 1! Identifying the full complement of these hormones
in a behavioral state-dependent manner would enable a detailed examination of their
collective impact on circuit activity in the isolated system. One model system that displays
the complementary values of having well-defined neural circuits and providing the
opportunity to identify the full complement of circulating hormones in behavioral states
related to these circuits is the stomatogastric nervous system (STNS) of the crab Cancer
borealis.'?
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The STNS has been studied for over 50 years in several decapod crustacean species as a
model for understanding how neuronal circuits generate thythmic motor patterns that
underlie rhythmic movements (e.g. chewing).?> 1214 This numerically small yet elegant
extension of the central nervous system (CNS) has enabled investigators to gain extensive
knowledge about neural circuit dynamics, including how individual neurons contribute to
circuit output.”- 12-14

The STNS is composed of four linked ganglia, including the stomatogastric ganglion (STG),
oesophageal ganglion (OG), and paired commissural ganglia (CoG).1% 14 15 In addition to
the neuronal interactions between these ganglia, the STNS is influenced by other key neural
tissues, such as the brain (i.e. supraoesophageal ganglion), and by circulating peptide and
small molecule hormones released from the neuroendocrine system, prominently including
the sinus glands (SGs) in the eye stalks, and the paired pericardial organs (POs), which
release hormones into the cardiac sinus.

In the crab Cancer borealis, the STG contains only 26 neurons, but overlapping sets of these
neurons are sufficient to comprise the gastric mill (chewing) and pyloric (pumping/filtering
of chewed food) motor circuits. Due to their small number, their large soma size (30-120
um), the presence of most neuron types as single copies, and the ability of both circuits to
continue operating in the isolated STNS, the associated connectomes and how they operate
under particular conditions are well-defined.!* The ability of applied- and neurally-released
modulators to influence these circuits has also received considerable attention,!% 16: 17 but
the complete repertoire of modulators in this system and how they act collectively in a
behavioral state-dependent manner to influence the STG circuits remains to be determined.

Neuropeptides comprise the most diverse class of neurotransmitters, and the full array of
mechanisms by which they affect the STG circuits remains elusive. The primary structure of
these neuropeptides can vary widely, with many of them being present as numerous
isoforms. These isoforms can differ by as little as a single amino acid, yet in most cases it
remains to be determined whether they have conserved or distinct functions.!8: 19 This
uncertainty of function among isoforms is illustrated by three neuropeptides with conserved
sequence homology (AST-C I, II, III), which have distinct effects and spatial distributions
within the cardiac neuromuscular system of the lobster Homarus americanus.?° Furthermore,
the same neuropeptide can have different functions in different neurons or at different
concentrations, such as PevPK2, which affects the contraction frequency, duration, and fall
time of the lobster heart in a concentration-dependent manner.?! In addition to the high
degree of complexity of neuropeptide function, these molecules are challenging to study due
to their low abundance in vivo and propensity for being rapidly degraded.222* For example,
application of peptidase inhibitors alters the response of the STG circuits to neurally-
released peptides.2527

To obtain a more complete understanding of what neuropeptides influence the STNS, large-
scale, untargeted profiling has been successfully employed using mass spectrometry (MS).
MS is a highly suitable tool for identifying the key neuropeptides responsible for behavioral
outputs because it is fast, sensitive, and can theoretically detect all analytes above its limit of
detection (i.e., several attomoles) in a sample, and can do so in a single analysis without
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prior knowledge about the specific analytes. As a result, MS has been used to profile the

neuropeptides present in key tissues29 3!

and to identify those involved in numerous
biological processes such as adaptation to temperature-,32 salinity-,33 and pH stress.3* The
role of neuropeptides in feeding behavior has also been explored previously, both in various

tissues and in hemolymph.33-37

In this study, a multifaceted MS method using advanced techniques was employed to gain
deeper insight into the neuropeptides likely to be involved in feeding behavior in the crab
Cancer borealis.'? Quantitative analysis, using duplex formaldehyde chemical labeling, was
performed to compare the relative abundance of neuropeptides in five key neural tissues, the
STG, CoGs, brain, SGs, and POs, when crabs were in both unfed and fed states.
Additionally, MS imaging was used to spatially localize neuropeptides within the brain and
POs, with the goal of understanding how neuropeptide organization changed within these
tissues after feeding. Finally, de novo sequencing was utilized to identify novel putative
neuropeptides whose abundance and/or localization were changed during the feeding
process, thereby suggesting that they act as modulators of feeding-related circuits in C.
borealis.

The results of this study revealed a cohort of neuropeptides that exhibited changes in
abundance and/or localization in various tissues and thus may alter the outputs of feeding-
related circuits within the STNS. Two of these novel neuropeptides were identified and their
sequences confirmed with custom-synthesized standards. One of these two peptides
consistently influenced the cardiac neuromuscular system, which is known to be influenced

by the feeding process.38: 39

Results and Discussion

Feeding regulation is an important biological process that is controlled by multiple neural
circuits.*0 To identify the individual neuropeptides likely to influence this process, we
analyzed neuropeptide abundance levels in unfed and recently fed (i.e. 30 minutes post-
feeding, see Methods) crabs in several neuronal (brain, STG, CoGs) and neuroendocrine
(PO, SG) tissues. These tissues were chosen for their key roles in neuropeptide secretion or
transmission during feeding.!2 The time point of 30 minutes was chosen because it is early
in the feeding process and is likely to reveal changes triggered by the initiation of food
intake. In parallel, we spatially mapped neuropeptide localization within the brain and POs
in the unfed and recently fed conditions, using MALDI-MSI (matrix-assisted laser
desorption/ionization-mass spectrometry imaging). While the results presented here
highlight neuropeptides that may be implicated in feeding using a multifaceted method,
there may be additional peptides involved that were not detected with these methods.
Furthermore, it should be noted that a lack of change in abundance, particularly in a
ganglion, does not preclude a role in feeding.

Changes in Tissue Abundance

Neuropeptide samples acquired from the five aforementioned tissues in fed and unfed crabs
were differentially labeled using isotopic reductive methylation. For complementary
coverage, two different methods, MALDI-MS and LC-ESI-MS/MS (liquid chromatography-
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electrospray ionization-tandem mass spectrometry), were used to study the tissues. For each
approach, 8 biological replicates were collected from all tissues. Across all 5 tissues, 278
neuropeptides from 35 peptide families were detected, as listed in Supporting Information II.
In some cases, it is possible that an identified peptide in fact represents a degradation
product of a parent peptide (e.g. APSGFLGM and APSGFLGMRamide). If so, it
nevertheless remains possible that such a degradation product retains biological activity2.
As presented below, neuropeptide abundance post-feeding either increased, decreased, or did
not change relative to that in unfed animals. Increased abundance indicates that these
peptides accumulated in the studied tissue(s) after feeding, perhaps because their release was
suppressed due to inhibition of the peptide-containing neuron(s) and/or in preparation for
subsequent release. Measured increases could also be due to increased production of the
neuropeptide, though this change may not yield measurable results in the short time tested.
In contrast, decreased abundance suggests that these peptides exhibited increased release
during/after feeding, presumably due to increased excitatory drive to the peptide-releasing
neurons. Decreases in abundance could also result from enzyme-triggered degradation
within the tissue. Those that did not show changes may not have a role in feeding processes
at this early time point, but may still affect the feeding process at later time points or may do
so without exhibiting an appreciable abundance change within the tissue.

The stomatogastric nervous system.—Despite the small size of the STG, 44
neuropeptides were identified in both unfed and fed tissue (see Supporting Information II).
Six of these forty-four peptides were up-regulated by feeding, and none were found to be
down-regulated. The up-regulated peptides included two pyrokinins (PKs), a tachykinin-
related peptide (TRP), a N-terminally extended RFamide, an A-type allatostatin (AST-A),
and a diuretic hormone 44 precursor-related peptide (DH 44-PRP) (Fig. 1a and Table 1).
Previous studies have shown that PKs, TRP, RFamide and AST peptides all modulate the
gastric mill and/or pyloric rhythms in the STG.#14¢ The two PK peptides that exhibited an
increased abundance, TNFAFAPRPamide and ANFAFAPRPamide, are novel identifications
for C. borealis. However, ANFAFAPRPamide was originally predicted using 1n silico
mining of the C. borealis transcriptome,*” while TNFAFAPRPamide was recently identified
in C. irroratus.*® While other, previously identified PK peptides were not detected in the
STG in this study, they were identified in other tissues. This suggests that these peptides
were not present in quantifiable amounts in the STG throughout the early stages of the
feeding process.

The ~400 neurons in each CoG include ~20 projection neurons that innervate the STG.*° In
this tissue, 58 neuropeptides belonging to 20 different families were detected. Of these
neuropeptides, 8 were up-regulated and one was down-regulated in fed tissue (Fig. 1b and
Table 1). Among these were three members of the orcokinin family, which activate hindgut
contractions in several species and modulate the STNS output.3%-33 Interestingly, one of
these peptides (FGGDELDKQYGFN) exhibited a large increase in abundance in fed tissues,
while another one (SSFDELDRSGFGFA) exhibited a 2-fold decrease in abundance. These
differences suggest that, despite their sequence similarity, these peptides have different
feeding-related functions. Two TRPs, APSFGQamide and APSGFLGMRamide (aka
CabTRP Ia),>* also showed increased abundance in fed CoG tissue samples. TRPs play at
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least two roles in feeding-related behaviors in C. borealis. Specifically, these peptides are
present in the anterior commissural organ (ACO), a neuroendocrine structure embedded
within the CoG neuropil. The ACO originates from the CoG-projecting post-oesophageal
commissure (POC) neurons,>>: 3% whose activation triggers a particular version of the gastric
mill rhythm both in vitro and in vivo.>>->7 CabTRP Ia is also present in MCNI1, an identified
CoG projection neuron that innervates the STG and modulates the gastric mill and pyloric
rhythms.>* 8. 59 MCNI1 is the sole source of CabTRP Ia in the C. borealis STG.%0

The brain.—The OG and CoGs are directly connected with the brain, and one pair of
projection neurons (IVN) in the brain innervates both the CoGs and the STG.6!: 62
Therefore, the brain potentially plays a pivotal role in modulating feeding behavior. In this
study, 138 neuropeptides were detected in fed and unfed brain tissue, with 24 exhibiting
changes in abundance in fed tissue (Fig. 1¢ and Table 1). Only one of these peptides,
orcokinin EIDRSGFGFA, exhibited a decreased abundance post-feeding, with the other 23
peptides displaying increased abundance. Among this latter cohort were 4 A-type and 4 B-
type ASTs. Bath application of A-type ASTs inhibits various activities, including the pyloric
rhythm.*3- 63. 64 Although the effects of neurally-released AST-A are not known, it is present
in the gastro-pyloric receptor (GPR) neurons, a set of muscle stretch-sensitive sensory
neurons that influence the STG circuits both directly and via actions on CoG projection
neurons.® B-type ASTs, while less well-documented, also elicit decreases in pyloric rhythm
activity when bath-applied.®® As suggested above, the accumulation of these neuropeptides
in the tissue may indicate their preparation for release to terminate feeding behavior or the
inhibition of their release to allow feeding to take place. Eight members of the RFamide
family also showed increased abundance in the brain after feeding. Members of this family
are broadly distributed throughout the crustacean CNS and neuroendocrine system, and
some of their functions are known. For example, bath-applying different family members
modulates the gastric mill and pyloric rhythms.*®- 67- 68 Two orcokinin peptides
(DFDEIDRSGFGFV, NFDEIDRSGF), and one TRP (APSGFLGM) also increased in
abundance in fed tissue. As described above, these families have been implicated in STNS
activity and their observed feeding-related changes in the brain indicate there may be
additional feeding-related functions of these specific isoforms.

Neuroendocrine system.—In addition to acting on the STG through direct neural
projections, neuropeptides gain access to the STG after being released as circulating
hormones from neuroendocrine tissue such as the paired POs and the paired SGs.
Neuropeptides released from these tissues are transported via the hemolymph, which is
pumped from the pericardial sinus. The STG is located within the dorsal ophthalmic artery,

which exits directly from the heart, and so it continuously receives hormonal influences.
12, 69

The PO is a paired neurohemal site located in the lateral interior walls of the pericardial
cavity. It contains the terminals of thoracic ganglion neurons that release neuropeptides
directly into the pericardial sinus. After their release, they are transported via the
hemolymph throughout the animal. Many (137) neuropeptides were detected in both fed and
unfed POs; 21 of them differed in abundance in fed and unfed tissue (Fig. 2a and Table 2).
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Five of these twenty-two peptides exhibited reduced levels after feeding, including two B-
type ASTs (AGWSSLKAWamide, NNNWTKFQGSWamide), an arthropod
CHH/MIH/GIH/VIH hormone (RVINDDCPNLIGNR), a RFamide (DGGRNFLRFamide),
and a RYamide (QGFYSQRYamide). The effect of RYamide and CHH/MIH/GIH/VIH
peptides on the STG circuits is unknown. However, their decreased abundance after feeding
suggests that they have a feeding-related function in the STG and/or elsewhere. While some
B-type AST- and RFamide family members showed decreased abundance in fed tissue, other
isoforms from these families exhibited increased abundance in fed tissue, indicating again
the likely diversity of function even between neuropeptide isoforms within the same family.

The SGs, located in the crab eyestalks, are another major source of circulating hormones. In
this tissue, 171 neuropeptides were detected, of which 25 displayed distinct abundance
between the unfed and fed states (Fig. 2b and Table 3). Unlike the other tissues, where most
abundance changes were increases when examined 30 minutes post-feeding, 16 of the
aforementioned 25 SG peptides (64%) decreased in abundance. These peptides belong to the
AST-A, orcokinin, YRamide precursor-related peptide, pyrokinin (PK), sulfakinin (SK), and
WXXXnRamide families. While these neuropeptides were also identified in other tissues,
only one of them exhibited an abundance change in another tissue. Specifically, the
orcokinin peptide family member EIDRSGFGFA (11172 1097.503) was lower in abundance
after feeding in brain as well as in SG tissue. SG peptides that exhibited an increased
abundance belonged to the A-type and B-type ASTs, orcokinin, YRamide precursor-related
peptide, and SIFamide families. While the various isoforms of SIFamide have been widely
characterized,’%~73 functional studies have only recently been conducted in crab species.
73,74 This decreased abundance suggests that these SG peptides were released into the
hemolymph to act long-range on neuronal circuits and possibly non-neural tissues within the
animal. As above, the reason for the increased abundance of other SG peptides remains
speculative. It may indicate inhibition of neuronal release leading to an accumulation in
preparation for later release to modulate subsequent feeding-related behavior, or perhaps to
enable initiation of later aspects of the feeding process. Overall, these changes appeared to
generally be tissue-specific.

Changes in tissue localization

In addition to measuring changes in peptide abundance between the fed and unfed states, we
visualized neuropeptide distribution within brain tissue and POs in a feeding state-dependent
manner, to provide additional clues regarding the function of these peptides. Specifically, we
implemented MALDI-MS imaging to spatially localize neuropeptides in these two regions.
Twenty-nine neuropeptides were reproducibly detected in brain sections across biological
replicates, and 59 neuropeptides were consistently detected in PO biological replicates. Of
these, a subset in each tissue exhibited visualized localization differences between unfed and
fed animals. All images were normalized to the total ion current (TIC). As the abundance of
peptides throughout each tissue cannot be absolutely quantified, the results here are provided
as complementary data to the quantitative data obtained from isotopically labeled tissue
extracts in the previous section.
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In the brain tissue sections, 7 neuropeptides exhibited spatial distributions that may be
differential between animals in unfed and fed groups (Fig. 4). These distributions were
conserved across 3 fed and 3 unfed biological replicates (Fig. S1). The optical images of two
representative brain sections are shown in Figure 4a. The localization of two of the detected
neuropeptides, the tachykinin APSGFLGMRamide (Fig. 4b) and the YRamide HL/IGSL/
I'YRamide (Fig. 4d), was limited primarily towards the outer regions of the brain in unfed
crabs. These peptides were also observed in fed crabs with a more broadly distributed signal.
Another peptide, KPKTEKK (Fig. 4c), showed a different pattern, where the peptide in the
unfed section was localized toward the perimeter of the brain whereas peptide in the fed
tissue showed a more centralized distribution pattern. The 4 other neuropeptides, all
members of the RFamide superfamily including GRPNFLRFamide, YGAHVFLRFamide,
GNSFLRFamide, and RARPRFamide, showed a broader distribution pattern throughout the
brain in tissue sections in fed compared to unfed crabs. While some of these neuropeptides
appear to also show differences in abundance in the quantitative analysis of tissue extracts
(previous section), there were no statistically significant quantitative differences in
abundance between the fed and unfed states for any of these peptides based on the tissue
extract analysis. These changes in localization patterns suggest several possible functions,
such as a relatively rapid release or accumulation of these peptides during or after feeding,
perhaps to influence neuronal systems that regulate some aspect of the feeding process, such
as the STNS-generated rhythms. The observed shift in localization could also represent two
separate changes in abundance in different neurons, with one decreasing and the other
increasing. While these differences may indicate a feeding-related function, the exact role(s)
cannot be determined until downstream physiological analyses are performed.

Eleven detected neuropeptides showed localization patterns in fed and unfed POs that may
be distinct between the two groups. Figure 5 shows representative MALDI-MSI results for
these peptides; the results for both pairs of all 3 biological replicates are shown in Figure S2.
The optical images of 2 representative POs are shown in Figure 5a. Three AST A-type
neuropeptides, GHYNFGLamide, PKTYSFGLamide, and PRAYSFGLamide (Fig. 5b—d),
localized to the side of the PO in unfed tissue, but showed an increased abundance at the
posterior and anterior junctions in the fed tissue. Neuropeptides from the RFamide family
(Fig. Se—h) exhibited a similar trend in that the abundance appeared to decrease on the sides
of the tissue and increase at the posterior and especially the anterior junction. These
differences suggest a possible role for AST-A and RFamides that is region-specific within
the POs, though the presence of region-specific release sites or a region-specific function for
neuropeptides in the PO is not currently known. Four additional neuropeptides in the PO
revealed by MALDI-MSI did not show any localization patterns that were conserved within
their families but exhibited distinct patterns in the fed and unfed animals, such as a change in
localization from the anterior to the posterior side, as occurred for the tachykinin
SGFLGMRamide (Fig. 5i1), KPKTEKK (Fig. 5j), and the RYamide FVGGSRYamide (Fig.
5k). Proctolin (RYLPT), a neuropeptide well characterized in the STNS and cardiac
neuromuscular system, also displayed increased abundance at the posterior and anterior
junctions in fed- compared to unfed animals, with less abundance in the central part of the
PO (data not shown). This observation suggests that proctolin plays a modulatory role as a
circulating hormone related to the feeding process in addition to being released from
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projection neurons directly into the crab STG neuropil to modulate the pyloric rhythm.”5-7°

These peptides exhibiting changes in localization were not found to have significant
abundance changes in the extract analysis, indicating that the changes shown are based on
relative changes in distribution only. Overall, these observed changes in localization of
specific neuropeptides in the brain and PO complement the quantitative data from the
previous section assessing total peptide content to provide more detail as to which
neuropeptides may contribute to the behavioral outputs involved in the feeding process.

Putative novel neuropeptides identified with de novo sequencing

In addition to observing changes in abundance and localization of known neuropeptides in
various tissues, we searched the data for putative neuropeptides not currently present in the
database. To this end, with the use of PEAKS de novo sequencing, peptide sequences of
MS/MS spectra were obtained. These sequences were mined for peptides that either
possessed the sequence motifs characteristic of common crustacean neuropeptide families or
exhibited a large degree of sequence similarity to those already present in the database. After
filtering through neuropeptide sequences, each MS/MS spectrum was manually examined to
ensure that it had a score >75% average local confidence (ALC), representing an average of
the confidence of each amino acid within the sequence, and cleavage between every amino
acid to ensure proper sequence assignment. We discovered 69 peptides that adhered to these
specifications, with motifs similar to those belonging to the A-type AST, orcomyotropin,
RFamide, and RYamide peptide families. An “other” category was also included for
neuropeptides not matching a sequence motif, but having high sequence similarity to
existing neuropeptides in the database. The sequences are listed in Table S1 (see Supporting
Information), along with their molecular weight, tissue(s) in which they were detected, and
ALC. The MS/MS spectra for the de novo sequences are shown in Figures S3—71.

Figure 6a shows the number of putative novel neuropeptides identified in each tissue. The
largest numbers of neuropeptides were identified in the SGs, POs, and brain, with 32, 29,
and 26 neuropeptides identified in each tissue, respectively. These tissues play key
neuromodulatory functions, either by releasing circulating hormones or through direct neural
projections onto other tissues. A small number of putative novel neuropeptides were also
detected in the CoG. Notably, the tissues with the smallest number of neurons, the STG and
OG, also contained putative neuropeptides not present in the database. Two RFamides,
SPANFLRFamide and EHNFLRFamide, were identified in the STG. In the OG, one peptide,
DLPKVDVSLK, was identified that has a sequence similar to several common
neuropeptides already present in the database. None of these neuropeptides appear to have
been previously identified in a crustacean species. However, one neuropeptide identified in
the SGs, neuropeptide PF1 (SDPNFLRFamide), was previously identified in several other
invertebrate species, including two species of roundworm, Ascaridia gallf and Ascaris
suunPl, a land snail, Helix aspersagz, and three species of nematode, Caenorhabiditis
briggsae®, Caenorhabditis elegans®®, and Panagrellus redivivus®. Previous studies of this
neuropeptide revealed a role in inhibiting muscle contractions in A. galli and A. suum, but it
is not known if the peptide possesses the same function in C. borealis®0» 86-88,
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It was unclear whether any of these newly identified neuropeptides are biologically active,
but two that we studied (YKLFNPLRESN and FDRQNFLRFamide) exhibited increased
abundance in the POs of fed compared to unfed animals (p<0.05; Fig. 6b). The MS/MS
spectra of these two peptides are shown in Figures 6¢ and 6d. As can be observed, both
spectra appear to be good quality with complete backbone fragmentation and sufficient ion
intensity. MS/MS spectra of all other neuropeptides are shown in Figures S3—71 (see
Supporting Information). No other novel neuropeptides exhibited statistically significant
changes in abundance between fed and unfed animals.

Two novel neuropeptides influence the cardiac neuromuscular system

To determine whether the two aforementioned, putative novel neuropeptides that are up-
regulated in the PO of fed crabs are biologically active, we custom synthesized standards of
each peptide for use in functional studies. Figures 6¢ and 6d show a mirror plot of the
MS/MS spectrum obtained for each peptide in PO extract compared to the MS/MS spectrum
of the respective standard, confirming the identity of each peptide. The peptides were each
perfused through the cardiac sinus within the intact crab heart at a concentration of 1076 M.
In all preparations, perfusion of FDRQNFLRFamide elicited a reversible increase in both
amplitude and frequency of heart contractions (p<0.05, n=10, Paired Student’s t-Test) (Fig.
7a,b). YKLFNPLRESN elicited a reversible decrease in contraction frequency in five of six
heart preparations (Fig. 7c,d). In the sixth preparation, this peptide instead elicited a
decreased contraction frequency. While this difference could indicate inter-animal variability
in response to this peptide, the observed trend was that perfusing this peptide decreases
contraction frequency, though it did not reach statistical significance (p>0.05, n=6). Unlike
the change in contraction frequency, applying YKLFNPLRESN did not change the
contraction amplitude in any preparations (p>0.05, n=6). These changes in heartbeat are
summarized in Figure 7e, with the individual values shown in Figure S72 (See Supporting
Information), and they indicate that at least one of these novel neuropeptides can modulate
heartbeat, thus demonstrating their biological activity. However, as the concentrations of
peptides tested in this study are relatively high, a threshold concentration would need to be
determined to assess whether these effects are likely to be behaviorally relevant. Moreover,
although many peptides do modulate both the STNS and the heart in crustaceans, additional
experiments are needed to determine whether these peptides modulate the feeding circuitry.

Conclusions

This study examined neuropeptide abundances and distributions in key neural and
neuroendocrine tissues of C. borealis in a feeding state-dependent manner. By employing a
multifaceted mass spectrometric approach using complementary ionization- and acquisition
methods, we detected 278 neuropeptides, based on our in-house crustacean neuropeptide
database, which was compiled from various sources.* 8%- 90 Through the use of duplex
formaldehyde labeling, we determined that a subset of these peptides exhibited either
increased or decreased abundance in the analyzed tissues of fed compared to unfed animals,
suggesting functional roles in the feeding and digestion process (though other peptides
known to be present may also have functional effects that are not captured in this study). The
results show that neuropeptides in the ganglia mostly exhibited increases in abundance,
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while neuropeptides in the neurohemal tissues exhibited deceases as well as increases.
Additionally, using MALDI-MSI, we found changes in the spatial distribution of some
peptides during these two feeding states. By combining the information gained from these
two methodologies, we have obtained a list of neuropeptides that are positioned to influence
one or more aspects of feeding behavior. Follow-up functional studies (e.g.
electrophysiological recordings) should shed light on the feeding-related role of each
peptide. We also identified 69 new C. borealis neuropeptides as part of this study. While the
biological activity of these neuropeptides is unknown, at least two of them were up-regulated
in the POs of fed crabs compared to unfed crabs and one of them consistently modulated
cardiac activity when applied to the isolated crab heart. Overall, this study provides deeper
insight into the complexity of neuropeptide modulation in the STNS as well as providing a
target cohort of feeding-related peptides that can be further investigated with subsequent
electrophysiological experiments. The success of these experimental approaches in the
crustacean nervous system offers promise for their successful use in studying neuropeptides
in the larger and more complex vertebrate nervous system, thereby providing groundwork
for comparable studies of more complex circuits driving rhythmic movements.

Chemicals and Materials

Formaldehyde (FH5), deuterated formaldehyde (FD,), and ACS-grade formic acid (FA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gelatin was purchased from
Becton Dickinson (Franklin Lakes, NJ, USA). All other chemicals and solvents were
purchased from Fisher Scientific (Pittsburgh, PA, USA). Amicon Ultra 10 kDa 0.5 mL
molecular weight cutoff (MWCO) devices and 10 pL. C18 Ziptips were purchased from
Merck Millipore (Billerica, MA USA), and 100 uL. C18 Ziptips were purchased from
Agilent Technologies (Santa Clara, CA, USA). Acidified methanol was prepared using
90/9/1 water/methanol/acetic acid. ACS-grade solvents and Milli-Q water (Merck Millipore,
Billerica, MA, USA) were used for sample preparation, and Optima-grade solvents were
used for MS analysis. Peptide standards were custom synthesized by GenScript Corporation
(Piscataway, NJ, USA).

Animals and Feeding Experiments

C. borealis were purchased from the Fresh Lobster Company, LLC (Gloucester, MA USA).
Animals were adjusted to their environment for two weeks prior to experiments. Animals
were housed in artificial seawater tanks (12° — 13° C) with an alternating 12-hour light/dark
cycle. All animals were kept in an unfed state for 2 weeks prior to feeding experiments.

For tissue experiments, 3 control (unfed) animals and 3 experimental (fed) animals were
used per biological replicate. Experimental animals were fed an excess of tilapia for 30
minutes and control animals were left in an unfed state. Animals were then cold-
anesthetized on packed ice for 30 minutes, and dissected in chilled physiological saline (440
mM NaCl, 11 mM KCl, 26 mM MgCl,, 13 mM CaCl,, 11 mM Trizma base, 5 mM maleic
acid, adjusted to pH 7.45 with NaOH) as described elsewhere.”! The SGs, POs, brain,
commissural ganglia, and STG were collected separately and placed in chilled acidified
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methanol, with 5 biological replicates total. For imaging of the brain and POs, the
experiment was conducted as described above except that the tissue was quickly dipped in
water to desalt after dissection. The brain was embedded in gelatin and flash-frozen in dry
ice. The POs were placed directly on a glass microscope slide and placed in a desiccator
box. The tissue was then stored at —80°C. A total of 3 control and 3 experimental biological
replicates (using distinct animals) were performed for MS imaging of each tissue.

Extraction and Desalting

Tissues were extracted in chilled acidified methanol. For each tissue type, samples from the
three experimental animals were pooled, as were those from the control animals. The sets of
tissue were manually homogenized with 150 pL acidified methanol (50 pL per tissue),
sonicated using a bath sonicator, and then centrifuged for 10 minutes at 16.1 rcf. The
supernatant was transferred to a new tube, and 50 pL of acidified methanol was added to the
pellet. The pellet was then homogenized, sonicated, and centrifuged as previously. The
resulting supernatant was again kept, and the process was repeated a second time. The
combined supernatant from the three extractions was evaporated in a SpeedVac on medium
heat and stored at —80° C.

Tissue samples were desalted with 10 uL C18 ziptips using the manufacturer’s instructions,
except that a three-step elution was used, consisting of 25/75 acetonitrile/water with 0.1%
FA, followed by 50/50 acetonitrile/water with 0.1% FA, and finally 75/25 acetonitrile/water
with 0.1% FA. The three elutions were then combined and evaporated in the SpeedVac on
medium heat.

In-Solution Formaldehyde Labeling

Control and experimental samples were differentially labeled using 2-plex isotopic
formaldehyde. Samples were suspended in 10 pL of water, after which 10 pL of 1%
formaldehyde solution (FH, or FD,) was added to each, followed by 10 uL borane pyridine.
The samples were then incubated in a 37° C water bath for 15 minutes, after which 10 pL of
100 mM ammonium bicarbonate was added to quench the labeling reaction. Light and
heavy-labeled samples were then combined and evaporated in the SpeedVac on medium
heat. The labels used for control and experimental samples were alternated for different
biological replicates to account for possible labeling bias.

Samples were reconstituted in 15 pL of 0.1% formic acid (FA) in water. A 2.5 pL-aliquot
was removed from each sample and combined with 2.5 pL of 150 mg/mL 2,5-dihydroxy
benzoic acid (DHB) matrix. The mixture was then spotted on a stainless steel MALDI plate,
1 pL per spot, for MALDI-MS analysis. The remaining 12.5 pL of sample was desalted
using 10 uL. C18 zip tips with the three-step gradient described above and evaporated in the
SpeedVac on medium heat. The sample was then dissolved in 15 pL of 0.1% FA in water for
LC-ESI-MS/MS analysis.

Brain Sectioning and Matrix Application for Imaging

Brain tissues that were embedded in gelatin were sectioned on a cryostat at —23° C. Sections
of 12 um thickness were thaw-mounted on a glass microscope slide. An automated matrix
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deposition sprayer (TM sprayer, HTX Technologies LLC, Chapel Hill, NC, USA) was used
to apply 12 layers of 40 mg/mL DHB matrix to brain tissue sections and POs, with 30 sec
drying time between each coating.

Mass Spectrometry and MALDI Imaging

MALDI-MS analysis was performed using a Thermo Scientific MALDI-LTQ-Orbitrap XL
mass spectrometer (Thermo Scientific, Bremen, Germany) equipped with a 337.1 nm, 60 Hz
nitrogen laser for analysis of spots of tissue and hemolymph extract. Spots and tissue
sections were analyzed in positive-ion mode with an m/zrange of 500 to 2000 and 20 kJ
laser energy. Crystal positioning system (CPS) plate motion was used to acquire a total of 50
scans (2 microscans/scan) for each spot of extract (tissue and hemolymph). Three spots were
analyzed from each sample, generating 3 technical replicates per sample. For brain tissue
imaging, optical images were acquired with an HP scanner and imported into the LTQ tune
page. A raster plate motion was used to obtain spectra over the tissue section area with a step
size of 75 pum.

For acquisition of MS/MS spectra, a Thermo Scientific Q Exactive instrument (Thermo
Scientific, Bremen, Germany) coupled to a nano-ESI source was used with a Waters
nanoAcquity LC system (Waters Corp, Milford, MA, USA). A 15 cm self-packed C18
column (75 um internal diameter, 1.7 um particle size) was used for LC separation. Mobile
phases consisted of water with 0.1% FA (solution A) and acetonitrile with 0.1% FA (solution
B), and the flow rate was set to either 0.300 or 0.350 puL/min (to ensure a pressure of
approximately 7000 psi at 100% solution A). An injection volume of 2 puL of each sample
was loaded onto the column and separated over a 108 minute gradient as follows: 0—0.5 min
0—4% B; 0.5-70 min 4-35% B; 70-80 min 35-75% B; 80-81 min 75% B; 81-82 min 75—
95% B; 82-92 min 95% B; followed by column re-equilibration at 92-93 min 95-0% B; 93—
108 min 0% B. MS acquisition took place in positive ESI mode with a top 10 data dependent
acquisition (DDA), in which the top 10 most abundant precursor ions were selected for HCD
fragmentation with an isolation window of 2 m/zand a collision energy of 30 e¢V. The MS
scan range was 300 — 1800 m/zat 35,000 resolution, and the MS/MS scan range was
adjusted depending on the parent mass, with a fixed first mass of 120 m/zat 17,500
resolution.

Whole Heart Functional Assessment of Neuropeptides on Cardiac Neuromuscular System

The function of two newly identified neuropeptides was tested on the isolated whole heart of
C. borealis, as described in previous literature2?: 21- 92, Briefly, crabs were anesthetized on
ice for 30 minutes, after which the heart and carapace above the heart were removed and
placed in a dissecting dish filled with chilled artificial saline. The heart remained attached to
the carapace such that the amount of stretch placed on the heart was identical to 2 vivo
conditions. Artificial saline at 12° C was perfused both through the heart via the posterior
artery and over the heart to maintain temperature, at a flow rate of 2.5 mL/min using a
Peltier temperature control system (CL100 bipolar temperature controller and SC-20
solution heater/cooler; Warner Instruments, Hamden, CT, USA). The anterior arteries were
tied with size 60 suture silk to a Grass FT03 force-displacement transducer (AstroNova,
Inc., West Warwick, RI, USA) at a 45° angle and 1 g baseline force for heart contraction
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measurements. Heart preparations were left to stabilize for at least 1 hr, and then peptide
standards at 1x107% M in saline were perfused into the heart. The force displacement
transducer was connected to an ETH-250 Bridge amplifier (CB Sciences, Dover, NH, USA).
Data were acquired on a computer using a Micro 1401 data acquisition unit with Spike2
version 9 software (Cambridge Electronic Design Limited, Cambridge, UK).

Data Analysis

For analysis of MALDI-MS data, neuropeptides were identified by accurate-mass matching
to an in-house crustacean neuropeptide database, with a 5 ppm mass tolerance. The database
included neuropeptides previously identified in our lab, those predicted by the C. borealis
transcriptome*’, and crustacean neuropeptides reported in NeuroPep”. For LC-ESI-MS/MS
data analysis, raw data acquired from the Q Exactive instrument was processed using
PEAKS de novo software (Bioinformatics Solutions Inc., Waterloo, ON, CAN)93. PEAKS
parameters were set as follows: no enzyme cleavage specified, instrument orbi-orbi, HCD
fragmentation, and precursor correction. For de novo sequencing and database searching,
modifications were set to light and heavy dimethylation, amidation, pyroglutamate, and
oxidation. All other parameters were set to the default. For quantitative analysis,
neuropeptides were included only if both the light and heavy-labeled peaks were detected.
Ratios were calculated by dividing the experimental intensity by the control intensity. For
putative neuropeptide identifications, results from PEAKS were filtered using PepExplorer”*
for sequence similarity to our crustacean neuropeptide database, and peptides were selected
that had an average local confidence (ALC) score of 75% or greater. MS/MS spectra were
manually inspected for fragment ions indicative of cleavage at every amino acid to ensure
the appropriate sequence was assigned. Each peptide sequence was searched in the
NeuroPep database to determine if it had been previously identified in other species?.
MALDI-MS images of brain and pericardial organ tissue were generated and exported as
imzml files using Thermo Scientific ImageQuest software. Data were then loaded into
MSiReader to generate images of neuropeptides in the crustacean neuropeptide database
with a 5 ppm mass error®>. All images were normalized to the TIC and 5™ order linear
smoothing was applied.

Statistical Information

For quantitative analysis, ratios (fed / unfed) were averaged across 8 biological replicates for
MALDI-MS and 5 biological replicates for ESI-LC-MS/MS, each using the average of 3
technical replicates as its value, and the standard error of the mean (SEM) was calculated.
Averaging was done in the same manner for peptides detected with both ionization sources.
Statistical analysis was done using a Student’s Unpaired Two-Tailed t-Test, with p<<0.05
indicating statistical significance. For analysis of whole-heart preparations, a Student’s
Paired Two-Tailed t-Test was used to compare the average heart contraction amplitude and
frequency between baseline and peptide conditions. For the peptide FDRQNFLRFamide, 10
biological replicates were used. For YKLFNPLRESN, 6 biological replicates were used for
determining significance.
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Figure 1.
Neuropeptides exhibiting changes in abundance after feeding, in the stomatogastric

ganglion, commissural ganglion and brain of C. borealis. Bar graphs show neuropeptides
displaying significantly increased or decreased abundance in 30 minutes post-feeding tissues
compared to unfed tissue. The y-axis represents the ratio of fed- to unfed abundance.
Significance based on p < 0.05, Unpaired, Two-Tailed Student’s t-Test, n=5. Error bars
represent SEM. Neuropeptide families are indicated, allatostatin (AST), crustacean
hyperglycemic hormone precursor related peptide (CPRP), precursor related peptide (PRP),
diuretic hormone (DH).
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Figure 2.

Feeding state-related changes in neuropeptide abundance in the POs and SGs, two regions of
the C. borealis neuroendocrine system. Bar graphs show neuropeptides that were
significantly increased or decreased in fed- compared to unfed tissue. The y-axis represents
the ratio of fed- to unfed abundance. Significance based on p < 0.05, Unpaired Two-Tailed
Student’s t-Test, n=5. Error bars represent SEM. Neuropeptide families are indicated,
allatostatin (AST), crustacean hyperglycemic hormone precursor related peptide (CPRP),
precursor related peptide (PRP), diuretic hormone (DH), pigment dispersing hormone
(PDH). Full sequences: ¥ RSAQGLGKMERLLASYRGALEPNTPLGDLSGSLGHPVE,
**RSAQGLGKMEHLLASYRGALEPNTPLGDLSGSLGHPVE,

ACS Chem Neurosci. Author manuscript; available in PMC 2021 February 25.



1duosnuely Joyiny 1duuosnuey Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

DeLaney et al.

***SVDRQLSEQKTRDAPVAPTATIHSPAKTQESHRS,
*#4xYFASLLKSRAFGDDSKLIPHNAAGDSEPHLQ
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Figure 3.

Optical and MALDI-MS images of fed and unfed brain sections for all 3 biological
replicates of each condition for one representative peptide, KPKTEKK (m/z 858.540),

showing the biological reproducibility between sections originating from distinct animals,

including (a) optical images of 3 unfed brain sections, (b) MALDI-MS images of unfed

brain sections, (c¢) optical images of fed brain sections, and (d) MALDI-MS images of fed

brain sections. Brain sections are oriented such that the anterior is on the right and posterior

is on the left.
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Figure 4.
Representative MALDI-MS images of unfed and fed brain sections, including (a) the optical

images of the brain section and (b-h) heatmap images of intensity distribution of specific
neuropeptides (NPs) within each tissue. All images are normalized to the total ion current
(TIC) and oriented such that the anterior side is top right and posterior side is bottom left.
The images show differences in neuropeptide distribution between unfed and fed brain tissue
for most neuropeptides. White dotted lines indicate approximate outline of tissue. Images
from all replicates are shown in Fig S1.
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Figure 5.

Representative MALDI-MS images of unfed and fed pericardial organs, including (a) optical
images of the PO and (b-1) heatmap images of intensity distribution of specific
neuropeptides within each tissue. PO images were selected from 1 of 3 replicates for each
m/z. All images are normalized to the total ion current (TIC) and oriented such that the
anterior side is on top and posterior side is on the bottom. The images show differences
between unfed and fed tissue for various neuropeptides, such as distinct differences in
presence within the tissue or relative abundance in various areas of the tissue. White dotted
lines indicate approximate outline of tissue. Images from all replicates are shown in Fig S1.
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Figure 6.
Summary of results of putative novel neuropeptide sequences identified, including (a) the

number of novel neuropeptides identified in each tissue and (b) the relative ratio of two of
these neuropeptides in fed and unfed POs that were significantly different (p < 0.05, n=5).
Error bars represent standard error of the mean. No other novel sequences showed changes
that were statistically significant. (c, d) MS/MS spectra mirror plots of the two novel
neuropeptides identified with de novo sequencing, including (c) RFamide peptide
FDRQNFLRFamide and (d) Cryptocyanin-like peptide YKLFNPLRESN. The top spectrum
shows the experimentally-obtained spectrum of each from tissue extract and the bottom
mirrored spectrum shows the spectrum obtained from a commercially-synthesized standard.
Most key fragment ions are present in both spectra. The difference in intensity of some of
the ions is likely due to ion suppression from interfering artifacts in the sample.
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FMRFamide-like peptide
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Results from functional assessment of synthesized peptides on ex vivo whole heart

preparations, including examples of the change in amplitude and frequency during perfusion

of each peptide (a-d) and the average change in amplitude and frequency for each peptide

(e), relative to controls, across all biological replicates (*p < 0.05, Student’s Paired Two-
Tailed t-Test, n = 10 for FDRQNFLRFamide, n = 6 for YKLFNPLRESN). Individual values
for control and experimental conditions are shown in Fig S72. The average control

amplitude was 0.17 g and the average control frequency was 0.20 Hz across all replicates (n
= 15). In the boxplots in (e), the center line indicates the median value, the top and bottom of
the box represent the 75% quartile and 25% quartile, respectively, and the upper and lower
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whiskers indicate the largest and smallest values, respectively, not exceeding 1.5 times the
inter-quartile range.
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Neuropeptides exhibiting changes in abundance after feeding in the brain, commissural ganglion (CoG) and
stomatogastric ganglion (STG) of C. borealis, including each neuropeptide’s family, sequence, and ratio (fed/
unfed) and p-value for each tissue. Significance is based on p < 0.05, Unpaired, Two-Tailed Student’s t-Test,
n=5. Neuropeptide families are indicated, allatostatin (AST), crustacean hyperglycemic hormone precursor

Table 1.

related peptide (CPRP), precursor related peptide (PRP), diuretic hormone (DH).

Brain CoG STG
Family Sequence Ratio  p-value Ratio p-value Ratio  p-value

AST A-type GPYEFGLamide 1.78  0.0064

AST A-type DPYAFGLamide 1.78  0.0064

AST A-type EPYAFGLamide 1.46  0.0467 1.46 0.024

AST A-type ANQYAFGLamide 1.51 0.001
AST A-type PRNYAFGLamide 2.13  0.0188

AST B-type QWSSMRGAWamide 274 0.0205

AST B-type AGWSSMRGAWamide 2.74  0.0205

AST B-type NNNWSKFQGSWamide 6.34  0.0086

MIH hormone =~ RINNDCQNFIGNR 2.53  0.0001

CPRP RGFEGETGHPN 1.31  0.0012

Cryptocyanin ~ YKIFEPLRESNL 2.58 0.0242

DH44 PRP LSLEGVRGAHGPP 1.28 0.025
DH44 PRP DVASQLVGVDQGVALQNARN 479  0.0070

Orcokinin NFDEIDRSSFGFV 322 0.037

Orcokinin SSFDELDRSGFGFA 0.49 0.021

Orcokinin FGGDELDKQYGFNamide 1.47 0.028

Orcokinin EIDRSGFGFA 0.79  0.0070

Orcokinin NFDEIDRSGFamide 1.28  0.0183

Orcokinin DFDEIDRSGFGFV 18.58  0.0308

Pyrokinin ANFAFAPRPamide 3.09 0.049
Pyrokinin TNFAFAPRPamide 2.69 0.010 1.41 1.05E-04
Pyrokinin DCFAFSPRLamide 1.72  0.0201

RFamide NNRSFLRFamide 1.85  0.0007

RFamide NRNYLRFamide 2.77  3.25E-06

RFamide TDLDHVFLRFamide 1.76 ~ 0.0015

RFamide NRNFLRFamide 5.65 4.59E-04

RFamide GNRNFLRFamide 1.31  0.0215

RFamide SDRNYLRFamide 1.45 2.52E-04
RFamide TGNRNFLRFamide 1030 0.0385

RFamide LGDRNFLRFamide 1.51  0.0072

RFamide AYNRSFLRFamide 523  0.0153

RFamide LTNRNFLRFamide 12.94  0.0005

RFamide GYGDRNFLRFamide 1.89  0.0002

Tachykinin APSFGQamide 1.76 0.010
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Brain CoG STG
Family Sequence Ratio  p-value Ratio p-value Ratio  p-value
Tachykinin APSGFLGM 329  0.0210
Tachykinin APSGFLGMRamide 2.53 0.012
Tachykinin APEGFLGMRamide 1.27 0.002
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Table 2.

Neuropeptides exhibiting changes in abundance after feeding in the pericardial organ (PO) of C. borealis,
including each neuropeptide’s family, sequence, and ratio (fed/unfed) and p-value for each tissue. Significance
is based on p < 0.05, Unpaired, Two-Tailed Student’s t-Test, n=5. Neuropeptide families are indicated,
allatostatin (AST), crustacean hyperglycemic hormone precursor related peptide (CPRP), precursor related
peptide (PRP).

Family Sequence Ratio  p-value

AST A-type YSFGLamide 2.19 0.012
AST A-type GGAYSFGLamide 2.60 0.049
AST B-Type AGWSSLKGAWamide 0.97 3.53E-04
AST B-type STDWSSLRSAWamide 6.44  1.84E-04
AST B-type NNNWSKFQGSWamide 8.49  9.52E-05
AST B-type NPDWAHFRGSWamide 0.77 0.006
AST B-type LNNNWSKFQGSWamide 11.41 0.002
AST B-type KPQGSWamide 2.51 0.029
AST C-type PRP VPDAPKEVSKGHEGGRLQ 42.76 0.022
MIH hormone RVINDDCPNLIGNR 0.32 0.013
CPRP FLSQDHSVN 20.44  9.37E-07
CPRP RSAQGLGKMEHLLASYRGALEPNTPLGDLSGSLGHPVE 4.31 0.031
CPRP RSAQGLGKMERLLASYRGALEPNTPLGDLSGSLGHPVE 5.45 0.013
RFamide AASENRNFLRFamide 1.56 0.001
RFamide RKDRNFLRFamide 5.97 0.045
RFamide NRNFLRFamide 297 0.013
RFamide DGGRNFLRFamide 0.59 0.003
RFamide LTGNRNFLRFamide 12.38 0.007
RFamide PRP SVDRQLSEQKTRDAPVAPTATTHSPAKTQESHRS 4.52 0.011
RYamide QGFYSQRYamide 0.65 0.032
YRamide HIGSLYRamide 3.78 0.010
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Table 3.

Neuropeptides exhibiting changes in abundance after feeding in sinus gland (SG) of C. borealis, including
each neuropeptide’s family, sequence, and ratio (fed/unfed) and p-value for each tissue. Significance is based
on p <0.05, Unpaired, Two-Tailed Student’s t-Test, n=5. Neuropeptide families are indicated, allatostatin
(AST), precursor related peptide (PRP).

Family Sequence Ratio p-value
AST A-type PRP AWKEASNRLI 1.78 0.001
AST A-type GGPYEFGLamide 0.76 0.015
AST A-type LPMYNFGLamide 0.56 0.022
AST B-type DNNWSKFQGSWamide 4.78 0.015
Ocrokinin QYDELDRSGFGFA 2.19 2.01E-05
Orcokinin NFDEIDRSGFGF 0.79 0.007
Orcokinin NFDEIDRAGFGFA 0.65 0.039
Orcokinin NFDEIDRSGFGFA 4.82 0.037
Orcokinin NFDEIDRTGFGFH 0.53 0.013
Orcokinin EIDRSGFGFA 0.75 0.016
Orcokinin DFDEIDRSGFGFA 429 4.55E-04
Pyrokinin SNFAFAPRPamide 0.60 0.007
Pyrokinin ATFAFAPRPamide 0.49 0.001
RFamide GYSKNYLRFamide 1.04 0.003
RFamide SDEDDASDMMMMDPASYNRYV 0.88 0.001
SIFamide GYRKPPFNGSIFamide 0.91 0.001
SIFamide VYRKPPFNGSIFamide 3.43 0.022
Sulfakinin DSCSDDYGHMRFamide 0.70 0.024
WXXXnRamide = GDEDAVFWAARamide 0.38 0.002
Yramide PRP YFASLLKSRAFGDDSKLIPHNAAGDSEPHLQ 5.46 0.011
YRamide PRP HFGSLLKSPSYRAISIPamide 8.44 0.009
YRamide PRP DEDNLYYDLNED 0.74 0.043
YRamide PRP DEDNMYQNLLED 6.26 0.041
YRamide PRP DEDNLY(SO3)HELSED 40.97 0.005
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