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ARTICLE INFO ABSTRACT
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Peptides are known to contribute to central pattern generator (CPG) flexibility throughout the animal kingdom.
However, the role played by receptor diversity/complement in determining this functional flexibility is not clear.
The stomatogastric ganglion (STG) of the crab, Cancer borealis, contains CPGs that are models for investigating

Transccripmmics peptidergic control of rhythmic behavior. Although many Cancer peptides have been identified, their peptide
RT-PCR ) receptors are largely unknown. Thus, the extent to which receptor diversity/complement contributes to mod-
Electrophysiology

ulatory flexibility in this system remains unresolved. Here, a Cancer mixed nervous system transcriptome was
used to determine the peptide receptor complement for the crab nervous system as a whole. Receptors for 27
peptide families, including multiple receptors for some groups, were identified. To increase confidence in the
predicted sequences, receptors for allatostatin-A, allatostatin-B, and allatostatin-C were cloned, sequenced, and
expressed in an insect cell line; as expected, all three receptors trafficked to the cell membrane. RT-PCR was used
to determine whether each receptor was expressed in the Cancer STG. Transcripts for 36 of the 46 identified
receptors were amplified; these included at least one for each peptide family except RYamide. Finally, two
peptides untested on the crab STG were assessed for their influence on its motor outputs. Myosuppressin, for
which STG receptors were identified, exhibited clear modulatory effects on the motor patterns of the ganglion,
while a native RYamide, for which no STG receptors were found, elicited no consistent modulatory effects. These
data support receptor diversity/complement as a major contributor to the functional flexibility of CPGs.

1. Introduction generating networks (e.g., Selverston and Moulins, 1987; Harris-

Warrick et al., 1992). Within the STNS is the stomatogastric ganglion

Neural circuits that control rhythmic movement patterns are gen-
erally hard-wired, but are nonetheless capable of producing a wide
array of outputs, enabling them to respond appropriately to changing
internal and external environmental conditions (e.g, Nusbaum and
Blitz, 2012; Taghert and Nitabach, 2012; Dickinson et al., 2016;
Nusbaum et al., 2017). Underlying this functional flexibility is a daz-
zling array of neuromodulators; these include both locally released and
hormonally delivered compounds, among which peptides are the lar-
gest and most diverse single class (e.g., Christie et al., 2010; Christie,
2011).

The decapod crustacean stomatogastric nervous system (STNS;
Fig. 1), which controls the rhythmic movements of the foregut, has long
been used as a model for studying the modulation of simple pattern

(STG), which contains the ~25 neurons that comprise two pattern
generating networks: the gastric mill network, which controls the
rhythmic chewing movements of the three gastric mill teeth, and the
pyloric network, which generates a triphasic output that underlies the
rhythmic movements of the pyloric filter (Selverston and Moulins,
1987; Harris-Warrick et al., 1992). Both the gastric mill and pyloric
rhythms are highly modulated by a variety of chemical compounds,
including peptides (Selverston and Moulins, 1987; Harris-Warrick et al.,
1992).

Previous work on the nervous system of the Jonah crab, Cancer
borealis, suggests the presence of ~200 neuropeptides, which includes
members of 27 different peptide families (e.g, Christie and Pascual,
2016; Christie et al., 1997; Fu et al., 2005a; Huybrechts et al., 2003; Li
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Fig. 1. Schematic diagram of the stomatogastric nervous system (STNS).
Scissors indicate the region in which the stomatogastric nerve (stn) was blocked
and cut to eliminate input from the anterior ganglia. CoG, commissural gang-
lion; ion, inferior oesophageal nerve; lvn, lateral ventricular nerve; mvn, medial
ventricular nerve; OG, oesophageal ganglion; pdn, pyloric dilator nerve; son,
superior oesophageal nerve; STG, stomatogastric ganglion; stn, stomatogastric
nerve; vlvn, ventral lateral ventricular nerve.

et al., 2002, 2003; Stemmler et al., 2007a, b). While members of many
of these peptide families have been shown to modulate the gastric mill
and/or pyloric networks (e.g., Marder et al., 1986; Weimann et al.,
1993, 1997; Christie et al., 1997; Swensen and Marder, 2000, 2001; Li
et al., 2002; Cruz-Bermudez et al., 2006; Saideman et al., 2006, 2007;
Fu et al., 2007; Ma et al., 2009a; Szabo et al., 2011; Blitz et al., 2019),
the functions of members of other groups remain unknown. Some
peptide families consist of a single isoform, e.g, proctolin, whereas
others are comprised of a large number of family members, e.g., the A-
type allatostatins (AST-As), for which ~30 different isoforms have been
identified in C. borealis (e.g., Christie and Pascual, 2016). This raises at
least three questions. First, do different isoforms from a common pep-
tide family exert the same or different effects on a given CPG? Several
studies have begun to address this question in the STNS and other
pattern generating networks in decapods (e.g., Dickinson et al., 2007,
2015a, b, ¢, 2018; Saideman et al., 2007; Stemmler et al., 2007b;
Christie et al., 2008; Ma et al., 2009a; Szabo et al., 2011). Second, are
there more receptors for peptides in families that appear to have larger
numbers of isoforms, and does the presence of larger numbers of re-
ceptors correlate with more variable modulatory responses? The second
question remains largely unanswered because the receptors for the vast
majority of the peptides identified in C. borealis have not yet been
identified (Garcia et al., 2015). In fact, few studies have focused on the
large-scale identification/characterization of peptide receptors in any
crustacean species (e.g., Buckley et al., 2016; Christie and Yu, 2019;
Christie et al., 2013, 2015, 2018a, 2018b). Finally, does the presence or
absence of receptors for a peptide family in a CPG provide an accurate
means for predicting whether or not a peptide from that family is
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bioactive on the neural circuits of the pattern generating system in
question, e.g., those present in the C. borealis STG?

Here, a transcriptome generated from multiple regions of the C.
borealis nervous system, including the STG (BioProject No.
PRJNA310325; Northcutt et al., 2016), was used to identify 46 distinct
putative receptors for members of 27 peptide families. These data al-
lowed us to compare the number of Cancer peptide precursor genes/
peptide isoforms to the number of putative receptor genes within each
peptide family. Three receptors were fully cloned, sequenced and ex-
pressed in insect cell lines to confirm cell surface trafficking. To de-
termine whether each identified receptor is likely present in the C.
borealis STG, and hence might contribute to the modulation of the
gastric mill and/or pyloric networks, RNA from the ganglion was iso-
lated and used in RT-PCR to determine the presence/absence of re-
ceptor transcript expression. Finally, two peptides that had not pre-
viously been tested for bioactivity in C. borealis were selected for
physiological testing. We predicted that a peptide for which receptors
were present in the STG would modulate the gastric mill and/or pyloric
motor patterns, whereas another peptide, which lacks molecular evi-
dence for cognate receptor expression in the ganglion, would not exert
consistent modulatory effects on either rhythm.

2. Materials and methods
2.1. Animals

Crabs, C. borealis, were purchased from local (Brunswick/
Harpswell, Maine, USA) seafood retailers, and housed in recirculating
natural seawater aquaria at 10-12°C; crabs were fed approximately
weekly with chopped squid and/or shrimp.

2.2. In silico identification of putative peptide receptors

2.2.1. Database searches

Searches to identify transcripts encoding putative C. borealis peptide
receptors for 30 peptide families were conducted using methods mod-
ified from a well-established protocol (e.g., Christie et al., 2013, 2015,
2016, 2018a, 2018b; Christie and Yu, 2019). Specifically, the database
of the online program tblastn (National Center for Biotechnology In-
formation, Bethesda, MD; http://blast. ncbi.nlm.nih.gov/Blast.cgi) was
set to Transcriptome Shotgun Assembly (TSA) and restricted to data
from a C. borealis mixed neural tissue transcriptome (BioProject No.
PRJNA310325; Northcutt et al., 2016). For the majority of searches,
peptide receptors from the fruit fly, Drosophila melanogaster, were used
as the query proteins (e.g., Adams et al., 2000). The complete list of
peptide receptor families searched for in this study, as well as the
specific query proteins used in the BLAST searches, is provided in
Table 1.

2.2.2. Identification and vetting of candidate peptide receptors

Candidate C. borealis peptide receptors were predicted and vetted
using a workflow developed for identifying a variety of crustacean
proteins, including peptide receptors (e.g., Christie et al., 2013, 2015,
2016, 2018a, 2018b; Christie and Yu, 2019). First, nucleotide se-
quences identified as described above were translated using the
Translate tool of ExPASy (http://web.expasy.org/translate/) and as-
sessed for completeness. Receptors reported as full-length contain in-
frame codons encoding a start methionine and downstream stop, while
those described as partial lack a start methionine (referred to as car-
boxyl [C]-terminal partial proteins), a stop codon (referred to as amino
[N]-terminal partial proteins), or both of these features (referred to as
internal fragment proteins). Next, to confirm that each C. borealis re-
ceptor is most similar to the D. melanogaster protein used to identify the
transcript encoding it, the C. borealis sequence was used as the query in
a BLAST search of the annotated D. melanogaster protein dataset present
in FlyBase (version FB2017_04; Gramates et al., 2017). For searches


http://blast
http://ncbi.nlm.nih.gov/Blast.cgi
http://web.expasy.org/translate/

P.S. Dickinson, et al. Comparative Biochemistry and Physiology - Part D 30 (2019) 262-282

Table 1
Cancer borealis (Canbo) peptide receptor-encoding transcripts and their deduced proteins.
Peptide family Transcript/receptor protein identifications
Transcript Deduced protein
Accession no. Length” Name Length” Type
Adipokinetic hormone-corazonin-like peptide (ACP) GEFB01018628 1827 Canbo-ACPR 470 N
Allatostatin A (AST-A) GEFB01012018 1522 Canbo-AST-AR 454 F
Allatostatin B (AST-B) GEFB01014490 3636 Canbo-AST-BR 398 F
Allatostatin C (AST-C) GEFB01019215 3779 Canbo-AST-CR 426 F
Allatotropin None found - - - -
Bursicon (Burs) GEFB01007449 3802 Canbo-BursR 1178 N
CCHamide (CCHa) GEFB01030009 2660 Canbo-CCHaR-I 409 F
GEFB01036413 1541 Canbo-CCHaR-II 400 F
GEFB01015997 2011 Canbo-CCHaR-III 415 F
GEFB01038814 1333 Canbo-CCHaR-IV 235 C
GEFB01039418 634 Canbo-CCHaR-V 133 N
Corazonin (CRZ) GEFB01026704 790 Canbo-CRZR-I 243 N
GEFB01031741 833 Canbo-CRZR-II 277 I
Crustacean cardioactive peptide (CCAP) GEFB01008615 2904 Canbo-CCAPR 390 N
Crustacean hyperglycemic hormone (CHH) None found - - - -
Diuretic hormone 31 (DH31) GEFB01018473 2168 Canbo-DH31R 416 F
Diuretic hormone 44 (DH44) GEFB01015824 1661 Canbo-DH44R 391 C
Ecdysis-triggering hormone (ETH) GEFB01025040 2548 Canbo-ETHR-I 654 F
GEFB01022057 2089 Canbo-ETHR-II 472 F
GEFB01031733 1171 Canbo-ETHR-III 317 C
FMRFamide-like peptide (FLP) GEFB01000837 3602 Canbo-FLPR-I 463 F
GEFB01020234 3110 Canbo-FLPR-II 428 F
Glycoprotein hormone (GPH) GEFB01005208 5862 Canbo-GPHR 1605 F
Inotocin GEFB01030964 1528 Canbo-inotocinR 363 N
Insulin-like peptide (ILP) None found - - - -
Leucokinin (LK) GEFB01016835 894 Canbo-LKR 298 1
Myosuppressin (MS) GEFB01024737 2151 Canbo-MSR-I 338 F
GEFB01027877 2615 Canbo-MSR-1I 408 F
Neuropeptide F (NPF) GEFB01022366 1605 Canbo-NPFR-I 432 F
GEFB01025235 1808 Canbo-NPFR-II 468 F
GEFB01030636 2699 Canbo-NPFR-III 471 F
GEFB01028428 1694 Canbo-NPFR-IV 345 N
Pigment dispersing hormone (PDH) GEFB01009443 1248 Canbo-PDHR-I 317 F
GEFB01031257 686 Canbo-PDHR-II 228 I
GEFB01037166 827 Canbo-PDHR-III 212 N
Proctolin (Proc) GEFB01004771 4715 Canbo-ProcR 668 F
Pyrokinin (PK) GEFB01015867 748 Canbo-PKR-I 190 C
GEFB01028557 1878 Canbo-PKR-II 499 F
Red pigment concentrating hormone (RPCH) GEFB01027769 1493 Canbo-RPCHR 278 N
RYamide (RYa) GEFB01016897 1635 Canbo-RYaR-1 461 C
GEFB01016602 2233 Canbo-RYaR-II 447 C
Short neuropeptide F (sNPF) GEFB01013521 7328 Canbo-sNPFR 456 F
SIFamide (SIFa) GEFB01030224 1956 Canbo-SIFaR-1 530 F
GEFB01028504 1463 Canbo-SIFaR-II 487 1
Sulfakinin (SK) GEFB01033477 2935 Canbo-SKR 706 F
Tachykinin-related peptide (TRP) GEFB01026365 2066 Canbo-TRPR-I 677 C
GEFB01038657 1460 Canbo-TRPR-II 318 N
GEFB01007474 3313 Canbo-TRPR-III 383 F
Trissin GEFB01026709 2386 Canbo-trissinR 539 F

Protein type abbreviations: F, full-length protein; N, amino-terminal partial protein; I, internal fragment protein; C, carboxyl-terminal partial protein.

Query sequences: ACP, Tribolium castaneum ACP receptor (ABX52400; Hansen et al., 2010); AST-A, Drosophila melanogaster allatostatin A receptor 1, isoform B
(AAF45884; Adams et al., 2000) and D. melanogaster allatostatin A receptor 2, isoform A (AAF56809; Adams et al., 2000); AST-B, D. melanogaster sex peptide
receptor, isoform A (AAF46037; Adams et al., 2000); AST-C, D. melanogaster allatostatin C receptor 1 (AAF49259; Adams et al., 2000) and D. melanogaster alla-
tostatin C receptor 2, isoform B (AAN11677; Adams et al., 2000); allatotropin, Manduca sexta allatotropin receptor (ADX66344; Horodyski et al., 2011); Burs, D.
melanogaster rickets (AAF53367; Adams et al., 2000); CCHa, D. melanogaster CCHamide-1 receptor (AAF57819; Adams et al., 2000) and D. melanogaster CCHamide-2
receptor, isoform A (AAF57285; Adams et al., 2000); CZR, D. melanogaster corazonin receptor, isoform A (AAF49928; Adams et al., 2000); CCAP, D. melanogaster
crustacean cardioactive peptide receptor (AAF56536; Adams et al., 2000); CHH, Bombyx mori neuropeptide receptor A2 (BAG68400; Yamanaka et al., 2008), B. mori
neuropeptide receptor A24 (BAG68423; Yamanaka et al., 2008) and B. mori neuropeptide receptor A34 (BAG68433; Yamanaka et al., 2008); DH31, D. melanogaster
diuretic hormone 31 receptor, isoform A (AAN16138; Adams et al., 2000); DH44, D. melanogaster diuretic hormone 44 receptor 1 (AAF58250; Adams et al., 2000)
and D. melanogaster diuretic hormone 44 receptor 2, isoform A (AAF58501; Adams et al., 2000); ETH, D. melanogaster ETHR, isoform A (AAF55872; Adams et al.,
2000); FLP, D. melanogaster FMRFamide receptor, isoform A (AF47700; Adams et al., 2000); GPH, D. melanogaster leucine-rich repeat-containing G protein-coupled
receptor 1, isoform A (AAF55460; Adams et al., 2000); inotocin, T. castaneum arginine vasopressin receptor (ABN79656; Aikins et al., 2008); ILP, D. melanogaster
insulin-like receptor, isoform A (AAF55903; Adams et al., 2000); LK, D. melanogaster leucokinin receptor (AAF50775; Adams et al., 2000); MS, D. melanogaster
myosuppressin receptor 1, isoform A (AAF47635; Adams et al., 2000) and D. melanogaster myosuppressin receptor 2, isoform A (AAF47633; Adams et al., 2000);
NPF, D. melanogaster neuropeptide F receptor, isoform A (AAF51909; Adams et al., 2000); PDH, D. melanogaster pigment-dispersing factor receptor, isoform A
(AAF45788; Adams et al., 2000); Proc, D. melanogaster proctolin receptor, isoform A (AAF45980; Adams et al., 2000); PK, D. melanogaster capability receptor,
isoform B (AAS65092; Adams et al., 2000), D. melanogaster pyrokinin 1 receptor, isoform D (AAX52950; Adams et al., 2000), D. melanogaster pyrokinin 2 receptor 1
(AAF54930; Adams et al., 2000) and D. melanogaster pyrokinin 2 receptor 2, isoform A (AAF54929; Adams et al., 2000); RPCH, D. melanogaster adipokinetic
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hormone receptor, isoform A (AAF52426; Adams et al., 2000); RYa, D. melanogaster RYamide receptor, isoform A (AAF56655; Adams et al., 2000); sNPF, D.
melanogaster short neuropeptide F receptor, isoform A (AAF4907 4; Adams et al., 2000); SIFa, D. melanogaster SIFamide receptor, isoform A (AAN13859; Adams et al.,
2000); SK, D. melanogaster cholecystokinin-like receptor at 17D3 (AAF48879; Adams et al., 2000) and D. melanogaster cholecystokinin-like receptor at 17D1
(ABWO09450; Adams et al., 2000); TRP, D. melanogaster tachykinin-like receptor at 86C, isoform A (AAF54544; Adams et al., 2000) and D. melanogaster tachykinin-
like receptor at 99D, isoform A (AAF56979; Adams et al., 2000); trissin, D. melanogaster trissin receptor, isoform B (AAF52294; Adams et al., 2000).

2 Length in nucleotides.
b Length in amino acids.

using non-Drosophila proteins as the initial queries, a search of the
query species' non-redundant protein dataset was used for the re-
ciprocal BLAST rather than the FlyBase D. melanogaster dataset. The top
five arthropod protein hits for each C. borealis sequence were de-
termined by conducting a BLAST search of the non-redundant ar-
thropod proteins curated in NCBI (taxid:6656). Finally, protein struc-
tural motifs were predicted for each of the C. borealis receptors using
the online program Pfam (version 29.0; http://pfam.xfam.org/; Finn
et al., 2016). FlyBase and NCBI non-redundant arthropod protein re-
ciprocal BLAST searches were conducted on or before January 1, 2018.
Protein alignments were done using the online program MAFFT version
7 (http://mafft.cbre.jp/alignment/software/; Katoh and Standley,
2013). To determine amino acid conservation between selected pro-
teins, the sequences in question were aligned using MAFFT, and amino
acid identity/similarity subsequently determined using the alignment
output. Specifically, percent identity was calculated as the number of
identical amino acids divided by the total number of residues in the
longest sequence (x100), while amino acid similarity was calculated as
the number of identical and similar amino acids divided by the total
number of residues in the longest sequence (x100).

2.2.3. Assessment of phylogenetic relationships among deduced receptor
proteins

The phylogenetic relationships among the putative C. borealis pep-
tide receptors (sequences shown in Supplemental Fig. 1) were inferred
from a multiple sequence alignment constructed using default MUSCLE
(Edgar, 2004) settings in Geneious v10.1.3. Evolutionary analyses were
conducted in MEGA X (Kumar et al., 2018) using the Neighbor-Joining
method (Saitou and Nei, 1987). The optimal tree with the sum of
branch length = 16.87124773 is shown. The rate variation among sites
was modeled with a gamma distribution (shape parameter = 1) across
47 protein sequences. The evolutionary distances were computed using
the p-distance method (Nei and Kumar, 2000) and are in the units of the
number of amino acid differences per site. All ambiguous positions
were removed for each sequence pair, with a total of 1855 positions in
the final dataset.

A more refined examination of the phylogenetic relationships be-
tween the putative C. borealis AST-A, allatostatin B (AST-B), and alla-
tostatin C (AST-C) receptors with sequences from diverse arthropods
annotated as receptors for these peptide families was also conducted;
accession numbers of the sequences used are provided in Supplemental
Table 1. As before, a multiple sequence alignment was constructed
using default MUSCLE settings, but with phylogeny estimated using the
Maximum Likelihood method based on the Le and Gascuel model (Le
and Gascuel, 2008) implemented in MEGA6 (Tamura et al., 2013). The
tree with the highest log likelihood (—13,400.7631) is shown. Initial
trees for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using a
Jones-Taylor-Thornton model (Jones et al., 1992). A discrete gamma
distribution was used to model evolutionary rate differences among
sites (5 categories [+ G, parameter = 0.8513]). The analysis involved
51 protein sequences. All positions with < 95% site coverage were
eliminated such that fewer than 5% alignment gaps, missing data, and
ambiguous bases were allowed at any position. There were a total of
295 positions in the final dataset.

2.3. In silico searches for transcripts encoding new peptide precursor
proteins

Searches of the C. borealis transcriptome for transcripts encoding
precursor proteins for several peptide families not searched for pre-
viously (Christie and Pascual, 2016), but for which receptor-encoding
transcripts were found here, were done using methods described in
detail in Christie and Pascual (2016); known lobster, Homarus amer-
icanus, precursor proteins (Christie et al., 2017) were used as the query
sequences for these tblastn searches. The structures of mature peptides
contained within the deduced pre/preprohormones were predicted
using a workflow described in detail in Christie and Pascual (2016). In
brief, each of the deduced precursor proteins was assessed for the
presence of a signal peptide using the online program SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/; Petersen et al., 2011). Pro-
hormone cleavage sites were identified based on the information pre-
sented in Veenstra (2000) and/or by homology to known arthropod
pre/preprohormone processing schemes. When present, the sulfation
state of tyrosine residues was predicted using the online program Sul-
finator (http://www.expasy.org/tools/sulfinator/; Monigatti et al.,
2002), while disulfide bonding between cysteine residues was predicted
by homology to known peptide isoforms and/or by using the online
program DiANNA (http://clavius.bc.edu/~clotelab/DiANNA/; Ferre
and Clote, 2005). Other post-translational modifications were predicted
by homology to known arthropod peptide isoforms. All precursor pro-
tein alignments were done using MAFFT version 7.

2.4. Confirmational cloning and expression of selected receptors in insect
cell lines

2.4.1. Full-length cloning

To extract RNA from the STG, crabs were cold-anaesthetized by
packing in ice for 30-60 min, after which the foregut was removed and
pinned out in a Sylgard 170 (Dow Corning, Midland, MI, USA)-coated
dish filled with cold (~4 °C) physiological saline (composition in mM/L:
NaCl, 440.0; KCl, 11.0; CaCl,, 13.0; MgCl,, 26.0; Trizma base, 12.0;
maleic acid, 1.22; adjusted to pH7.4-7.5 with NaOH). The STG was
manually dissected from the foregut and was placed directly into a
sterile 2.0 mL tube containing 3.0 mm triple-pure (molecular biology
grade) zirconium beads (Item No. D1032-30; Benchmark Scientific Inc.,
Edison, NJ, USA), 200 pL of Buffer RA1, and 2 uL TCEP (Nucleospin XS
Total RNA isolation kit; Takara Bio Co., Mountain View, CA, USA).
Tubes were kept on ice while five STGs were dissected out and added to
each tube.

Tissue samples were homogenized using a Model D1030 BeadBug
Microtube Bead Homogenizer (Benchmark Scientific Inc.) at 2700 rpm
for a total of 3min, performed in 15-s intervals, each of which was
followed by 15s of cooling, during which the samples were placed on
ice. Once homogenized, RNA was isolated using the column-based
Takara nucleospin XS RNA isolation kit, following the protocol re-
commended by the manufacturer (Takara Bio Co). The final elution
volume was 10 pL; the same 10 UL of RNAse-free water was run through
the final column an additional time. RNA quality and quantity were
initially assessed with an Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, CA, USA). All RNA was stored at — 80 °C until used for cDNA
production.

First-strand cDNAs for each of three biological replicates were
synthesized from ~35ng of total RNA using random pentadecamers
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(IDT, San Diego, CA, USA) and a SuperScript III First-Strand Synthesis
System (Life Technologies Corp., Carlsbad, CA, USA). Complete open
reading frames (ORFs) corresponding to putative C. borealis AST-A,
AST-B, and AST-C receptors (Canbo-AST-AR, Canbo-AST-BR, and
Canbo-AST-CR) were amplified from the respective cDNA sets using
SapphireAmp Fast PCR Master Mix (Takara Bio Co.) in a 20 puL reaction
volume with 0.4 uL ¢cDNA and oligonucleotide primers (Supplemental
Table 2) designed to the respective transcriptomic sequences using
Primer3 v2.3.7 (Rozen and Skaletsky, 2000) implemented in Geneious
v10.1.3 (Biomatters Ltd., Auckland, New Zealand; Kearse et al., 2012).
Thermocycler conditions consisted of: 95°C for 2min, followed by
40 cycles of 95 °C for 20 s, 56 °C for 20 s, and 72 °C for 60 s, with a final
extension at 72°C for 5min. Aliquots from each reaction were elec-
trophoresed on 1.5% agarose gels stained with SYBR Safe (Life Tech-
nologies Corp.). Amplimers of the expected sizes were cloned into
pCR2.1TOPO TA (Life Technologies Corp.), and the resulting plasmids
were sequenced at the Arizona State University DNA Core laboratory
(Tempe, AZ, USA).

2.4.2. Receptor expression in insect cell lines and assessments of cellular
localization

To observe the cellular localization of the putative C. borealis AST-A,
AST-B, and AST-C receptors, insect expression vectors encoding fluor-
escent chimeras of the three receptors were constructed. The respective
chimeric sequences, with the enhanced green fluorescent protein
(EGFP) coding sequence fused in-frame to the C-terminal residues of the
respective allatostatin receptors, were generated via overlap extension
PCR (Wurch et al., 1998). The initial PCR products were generated from
sequence-validated plasmid DNA templates with KOD Hot Start DNA
polymerase (Toyobo/Novagen, EMD Biosciences, San Diego, CA, USA)
using gene-specific and chimeric primers (Supplemental Table 2).
Thermocycler conditions consisted of 95°C for 2min followed by
21 cycles at 95 °C for 20's, 58 °C for 20, and 70 °C for 60 s with a final
extension at 70 °C for 5 min. Amplimers of the expected sizes were gel
excised and purified using an EZNA Gel Extraction kit (Omega Bio-Tek
Inc., Norcross, GA, USA). The respective 5’ and 3’ fragments were
joined using KOD Hot Start DNA polymerase with gene specific primers
(Supplemental Table 2). Thermocycler conditions consisted of 95 °C for
2 min followed by 25 cycles at 95 °C for 205, 56 °C for 20s, and 70 °C
for 90 s with a final extension at 70 °C for 5min. The resulting PCR
products were gel excised, treated with ExTaq DNA polymerase
(Clontech) to add 3’A overhangs, and cloned into the pIB/V5-His TOPO
TA insect expression vector (Life Technologies). Plasmids were se-
quenced as before at the Arizona State University DNA Core laboratory.

The cellular localization of heterologously-expressed fluorescent C.
borealis AST-A, AST-B and AST-C receptor chimeras was examined in
cultured Spodoptera frugiperda Sf9 cells (Allele Biotechnology, San
Diego, CA, USA), a cell line derived from pupal ovarian tissue of the fall
armyworm (Vaughn et al., 1977). Briefly, Sf9 cells maintained as ad-
herent cultures in Graces supplemented insect culture media (Gibco/
Life Technologies) with additional supplementation of 10% fetal bovine
serum (Gibco/Life Technologies) were seeded into 35-mm #1.5 glass
bottom dishes (Matsunami Glass USA Inc., Bellingham, WA, USA) and
allowed to settle for 20 min. Cells were then transfected with 2pug
plasmid DNA for 5 h using Cellfectin II (Life Technologies). The trans-
fection medium was removed, the cells were washed twice with 1 mL
serum-free media, and were then maintained in normal insect media at
28 °C. After 48 h, the transfected cells were washed twice with 1 mL
IPL-41 insect media (Life Technologies) before being imaged in 2 mL
IPL-41 on a Fluoview FV10i-LIV laser scanning confocal microscope
(Olympus, Center Valley, PA, USA) using a 60 X phase contrast water-
immersion objective (NA 1.2). Images were subsequently processed
(tone and contrast) in Adobe Photoshop CS6 v13.0 (Adobe Inc., San
Jose, CA, USA).
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2.5. RT-PCR assessment of peptide receptor expression in the stomatogastric
ganglion

Fragments (~500 base pairs [bp]) of 46 putative C. borealis re-
ceptor-encoding transcripts and two transcripts encoding housekeeping
genes, i.e., actin (Accession No. GEFB01000224) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; Accession No. GEFB01000609),
were amplified from the biologically replicated (n = 3) STG cDNAs
using SapphireAmp Fast PCR Master Mix (Takara Bio Co.) in a 20 puL
reaction volume with 0.3pL cDNA and oligonucleotide primers
(Supplemental Table 2). PCR conditions consisted of: 95 °C for 2 min,
then 35 cycles of 95 °C for 20, 56 °C for 20's, and 72 °C for 20's, with a
final extension at 72°C for 5min. The resulting PCR products were
visualized on 1.5% agarose gels stained with SYBR Safe (Life
Technologies) and cloned into pCR2.1TOPO TA (Life Technologies).
Multiple clones for each transcript were sequenced at the Arizona State
University DNA Core laboratory and compared to the expected tran-
scriptomic sequence. Gel images were generated using an Alphalmager
gel documentation system (ProteinSimple, San Jose, CA, USA) and
processed in Adobe Photoshop.

2.6. Physiological recordings

To determine whether the peptide myosuppressin (pQDLDHVEF-
LRFamide) and a native C. borealis RYamide isoform (pQGFYS-
QRYamide), both custom synthesized by GenScript Corporation
(Piscataway, NJ, USA), function as modulators of the STNS pattern
generating circuits, we examined their effects on the isolated STNS. The
foregut was removed from cold-anaesthetized animals, as described
above; the entire STNS (Fig. 1), including the paired commissural
ganglia (CoGs), the single STG, the single oesophageal ganglion (OG),
and connecting and motor nerves, was manually dissected from the
foregut and pinned out in a Sylgard 184-lined Petri dish in cold phy-
siological saline. The STG was desheathed to allow peptide access to the
neurons and neuropil within the ganglion. Small petroleum jelly wells
were made around relevant motor nerves, i.e., the lateral ventricular
(lvn), medial ventricular (mvn), pyloric dilator (pdn), and ventral lateral
ventricular (vlvn) nerves. Neuronal activity was recorded using bipolar
stainless steel electrodes, with one electrode inserted into the petroleum
jelly well and the other inserted into the saline bath nearby. Electrical
activity was amplified using Model 1700 AC amplifiers (AM Systems,
Carlsborg, WA, USA), and Brownlee Precision Instrumentation Ampli-
fiers (Model 210 A; Brownlee Instruments, San Jose, CA, USA). Data
were recorded on a computer through a CED Micro 1401 or Power1401
data acquisition interface using Spike2 version 7 software (CED; Cam-
bridge Electronic Design, Cambridge, UK), with a sampling rate of
10 kHz.

A petroleum jelly wall was built across the petri dish containing the
STNS so that the anterior and posterior portions of the system could be
separately superfused with saline kept at 10-12 °C with a Peltier cooling
system (CL-100 bipolar temperature controller and SC-20 solution
heater/cooler; Warner Instruments, Hamden, CT, USA) via a peristaltic
pump. Flow rate was approximately 2.5 mL/min in each portion of the
dish. Peptides were applied through the perfusion system only to the
posterior portion of the STNS, where the STG is located. To enable
blockage of the passage of action potentials through the stomatogastric
nerve (stn), a region of the nerve was desheathed and surrounded with a
petroleum jelly well; action potential propagation was blocked by re-
placing the saline within the well with a solution of isotonic (750 mM)
sucrose. To ensure complete block, the stn was subsequently transected
within the well.

Electrophysiological data were analyzed using both the functions
available within Spike2 and Spike2 scripts available at http://stg.
rutgers.edu/Resources.html. Data were analyzed statistically and
graphed using Prism 7 (GraphPad Software, San Diego, CA, USA).
Measurements were taken and averaged across ten bursts shortly before
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peptide application and at the peak of the peptide effect, or ~5-10 min
into peptide application, when any effects exerted by a peptide are
expected to be maximal. Parameters that were measured included
overall cycle frequency, burst duration and duty cycle of relevant
neurons, i.e., the dorsal gastric (DG) neuron for the gastric mill rhythm
and the pyloric dilator (PD), lateral pyloric (LP), pyloric (PY), inferior
cardiac (IC), and ventricular dilator (VD) neurons for pyloric motor
pattern, as well as the number of spikes per burst in those neurons that
occur as single copies or in pairs, ie., the DG, PD, LP, IC, and VD
neurons. We did not determine number of spikes per burst for the PY
neurons because there are multiple PY neurons, making an accurate
count impossible. For the PD neurons, which occur as a pair, our
number of spikes likely underestimates the actual number of spikes to
some extent. To determine whether the peptides altered the gastric mill
and pyloric rhythms, values of all parameters measured were compared
using paired two-tailed t-tests. Only preparations that returned to
control values in saline wash after the peptide application were used for
analysis. N-values for all experiments refer to individual animals; error
bars and values represent standard deviations.

3. Results and discussion

3.1. Identification of putative Cancer borealis peptide receptors from a
mixed nervous system transcriptome

Recently, a mixed nervous system transcriptome was generated for
C. borealis and publicly deposited in NCBI under BioProject No.
PRJNA310325 (Northcutt et al., 2016). The portions of the nervous
system used to produce this assembly were the supraoesophageal
ganglion (brain), the complete STNS (Fig. 1; including the STG) and the
cardiac ganglion (Northcutt et al., 2016). Here, this assembly was
searched for transcripts encoding putative peptide receptors using a
well-established workflow. Included in the search were receptors for all
of the known crustacean peptide families for which arthropod receptors
have been identified (Table 1), i.e., adipokinetic hormone-corazonin-
like peptide (ACP), AST-A, AST-B, AST-C, allatotropin, bursicon,
CCHamide, corazonin (CRZ), crustacean cardioactive peptide (CCAP),
crustacean hyperglycemic hormone (CHH), diuretic hormone 31
(DH31), diuretic hormone 44 (DH44), ecdysis-triggering hormone
(ETH), FMRFamide-like peptide (FLP), glycoprotein hormone (GPH),
inotocin, insulin-like peptide (ILP), leucokinin (LK), myosuppressin,
neuropeptide F (NPF), pigment dispersing hormone (PDH), proctolin,
pyrokinin (PK), red pigment concentrating hormone (RPCH), RYamide,
short neuropeptide F (sNPF), SIFamide, sulfakinin (SK), tachykinin-re-
lated peptide (TRP), and trissin. With the exceptions of allatotropin,
CHH, and ILP, transcripts encoding putative receptors for all of the
targeted peptide families were identified from the C. borealis mixed
nervous system assembly (Table 1). Translation of these transcripts
provided evidence for the existence of at least one ACP, one AST-A
(Fig. 2), one AST-B (Fig. 3), one AST-C (Fig. 4), one bursicon, five
CCHamide (Fig. 5A), two CRZ, one CCAP, one DH31, one DH44, three
ETH, two FLP (Fig. 5B), one GPH, one inotocin, one LK, two myosup-
pressin, four NPF, three PDH, one proctolin, two PK, one RPCH, two
RYamide, one sNPF, two SIFamide, one SK, three TRP, and one trissin
receptors in the crab nervous system as a whole (Table 1). For the fa-
milies in which multiple putative receptors were found, alignment of
the deduced proteins suggests that each receptor is likely to be the
product of a distinct gene; no evidence for receptor diversity arising
from alternative splicing was found in the mixed tissue assembly. For
example, the three full-length putative C. borealis CCHamide receptor
(Canbo-CCHaR) proteins (Fig. 5A) ranged in amino acid identity/si-
milarity from 48%/75% (Canbo-CCHaR-II vs. Canbo-CCHaR-III) to
54%/80% (Canbo-CCHaR-I vs. Canbo-CCHaR-III); the two full-length
putative FLP receptors (Fig. 5B) showed 24% identity/56% similarity in
amino acid sequence. The amino acid sequences of all putative receptor
proteins identified from the C. borealis mixed nervous system
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transcriptome are provided in Supplemental Fig. 1.

To increase confidence that the proteins identified here as C. borealis
peptide receptors are members of the protein families for which they
have been named, each sequence was used to search the annotated D.
melanogaster proteins in FlyBase and the non-redundant arthropod
proteins in NCBI for the most similar sequences. Here, our expectations
were that the top hits from each search would be a member of the
proposed receptor family or a closely related receptor group. As can be
seen from Supplemental Table 3, this was indeed the case for all FlyBase
searches. For example, the top FlyBase hit for the putative C. borealis
AST-A receptor (Canbo-AST-AR) was an isoform of the D. melanogaster
allatostatin A receptor 1 (Fig. 2A and Supplemental Table 3), while the
top FlyBase hits for the C. borealis AST-B (Canbo-AST-BR) and AST-C
receptors were the D. melanogaster sex peptide receptor (Fig. 3A and
Supplemental Table 3), a synonym for the AST-BR, and isoform F of the
allatostatin C receptor 2 (Fig. 4A and Supplemental Table 3), respec-
tively. Similarly, the results obtained from searches of the NCBI non-
redundant arthropod dataset (Supplemental Table 4) largely support
the protein family annotations given to the putative C. borealis peptide
receptors reported here. For example, the top non-redundant arthropod
protein hit for Canbo-AST-AR was an amphipod, Hyalella azteca, protein
annotated as a kappa-type opioid receptor, a synonym for AST-AR
(Fig. 2B and Supplemental Table 4), while the top hits in the dataset for
Canbo-AST-BR and Canbo-AST-CR were the crab, Scylla paramamosain,
sex peptide receptor (Fig. 3B and Supplemental Table 4) and the
shrimp, Neocaridina denticulata, allatostatin receptor 1 (Fig. 4B and
Supplemental Table 4), respectively. However, for several receptors,
e.g., the C. borealis proctolin receptor, there are mismatches, e.g., sex
peptide and FMRFamide receptors returned among top NCBI non-re-
dundant arthropod dataset hits, raising uncertainty in the annotations
of some receptors.

Structural domain analysis was also conducted on each C. borealis
sequence using the online program Pfam; the domains identified by
Pfam in each putative Cancer receptor were compared to those identi-
fied for the corresponding top FlyBase and NCBI non-redundant protein
hit. Our expectation for these analyses was that identical and/or highly
similar domain complements would be identified for each of the re-
ceptor sets in question, which was the case for essentially all groupings
(Pfam results for each C. borealis sequence are provided in
Supplemental Table 5). For example, Pfam identified a single rhodopsin
family seven-transmembrane receptor domain in Canbo-AST-AR (Fig. 2
and Supplemental Table 5), a domain also predicted by the program for
the D. melanogaster allatostatin A receptor 1 (Fig. 2A) and the H. azteca
kappa-type opioid receptor (Fig. 2B). Similarly, Pfam identified one
serpentine receptor class W seven-transmembrane domain in Canbo-
AST-BR (Fig. 3 and Supplemental Table 5), a domain also predicted by
Pfam in both the D. melanogaster and S. paramamosain sex peptide re-
ceptors (Fig. 3A and B, respectively). A single rhodopsin family seven-
transmembrane receptor domain was identified in Canbo-AST-CR, the
sole domain predicted by the program for both isoform F of the D.
melanogaster allatostatin C receptor 2 and N. denticulate allatostatin
receptor 1 (Fig. 4A and B, respectively). Taken collectively, the struc-
tural domain and reciprocal BLAST results obtained for the putative
receptors deduced from the C. borealis mixed nervous system tran-
scriptome support the family attributions ascribed to them here.

As a final means of vetting the annotations assigned to the C. borealis
receptors reported here, phylogenetic relationships among the 46 pu-
tative receptor sequences were evaluated (Fig. 6). Consistent with the
initial annotations, receptors largely clustered with significant boot-
strap support (> 70) in sub-type specific clades defined by putative
ligand motifs. For example, the four NPF receptors and the sole SNPF
receptor, which are predicted to bind ligands containing a C-terminal
—RXRFamide motif (where X represents a variable amino acid), clus-
tered together. Similarly, the ETH receptors and Canbo-PKR-II formed a
clade characterized by -PRXamide ligands. The presence of Canbo-PKR-
I in a CCHaR specific clade, rather than with the other -PRXamide-
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based receptors, is likely attributable to the relatively limited sequence
length of the transcript (190 amino acids), which lacks an amino ter-
minus. Interestingly, FLPR-I, which is predicted to bind -F/YLRFamide
ligands, sorted to a more basal sister branch of the clade that includes
FLPR-II, suggesting that FLPR-II may have diverged after an initial gene

duplication event.

Despite clear C-terminal sequence differences, member of the three
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allatostatin peptide families,
(-WX¢Wamide), and AST-C (-PISCF), were initially identified based on
their physiological effects in insects (Tobe and Bendena, 2013). Mem-
bers of each of these peptide families inhibited juvenile hormone
synthesis and/or release from the corpora allata in different groups of

Fig. 2. Alignment of Cancer borealis and re-
lated allatostatin A receptors. (A) MAFFT
alignment of the putative C. borealis allatos-
tatin A receptor (Canbo-AST-AR; deduced
from GEFB01012018) and Drosophila mela-
nogaster allatostatin A receptor 1, isoform B
(Drome-AST-AR1-B; Accession No.
AAF45884). (B) MAFFT alignment of Canbo-
AST-AR and the Hyalella azteca kappa opioid
receptor (Hyaaz-KOR; Accession No.
XP_018018012). In the line immediately
below each sequence grouping, “*” indicates
identical amino acid residues, while “:” and
“” denote amino acids that are similar in
structure between sequences. In this figure,
rhodopsin family seven-transmembrane re-
ceptor domains identified by Pfam analyses
are highlighted in black. In A, the residue
that varies between the transcriptome de-
rived Canbo-AST-AR sequence and that de-
duced from the cloned transcript
MH729782, i.e., Gly'”? to Ser, is shown in
red font.

ie., AST-A (-YXFGLamide), AST-B

insects (Tobe and Bendena, 2013). The discontinuity between ligand

268

structure and function suggests the possibility of some degree of
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Fig. 3. Alignment of Cancer borealis and
related allatostatin B/sex peptide receptors.
(A) MAFFT alignment of the putative C.
borealis allatostatin B receptor (Canbo-AST-
BR; deduced from GEFB01014490) and the
Drosophila melanogaster sex peptide re-
ceptor (Drome-SPR; Accession No.
AAF46037). (B) MAFFT alignment of
Canbo-AST-BR and the Scylla paramamosain
sex  peptide  receptor (Scypa-SPR;
Accession No. ANF04993). In the line
immediately below each sequence
grouping, “*” indicates identical amino
acid residues, while “:” and “.” denote
amino acids that are similar in structure
between sequences. In this figure, serpen-
tine receptor class W seven-transmembrane
domains identified by Pfam analyses are
highlighted in gray. In A, the residues that
vary between the transcriptome derived
Canbo-AST-BR sequence and that deduced
from the cloned transcript MH729783, i.e.,
Lys®*° to Arg and Arg®”® to His, are shown
in red font.

structural overlap at the receptor level. However, the expansion of
biological activity ascribed to the allatostatin family of peptides in
decapod crustaceans is suggestive of greater ligand-receptor dis-
crimination. At the transcript level, the perception of ligand dis-
crimination is further complicated by the lack of consistent, unified
annotations. To assess the utility of the predicted C. borealis receptor
repertoire to provide insights into receptor-ligand pairs, we generated a
more refined phylogenetic analysis of the allatostatin receptors within a
larger evolutionary context representing diverse arthropod species from
three subphyla (Hexapoda, Crustacea and Chelicerata) of arthropods.
Consistent with the initial C. borealis receptor phylogeny, the three
Cancer allatostatin receptors clustered in separate clades with phylo-
genetic support that suggests a possible common evolutionary ancestor
for the AST-A and AST-C receptors (Fig. 7). At the individual receptor
level, Canbo-AST-AR aligned with a H. azteca sequence annotated as a
kappa-type opioid receptor (Fig. 2B) in a Crustacea-specific grouping.
Although the Canbo-AST-B and -C receptors likewise clustered in
Crustacea-specific clades, the Canbo-AST-BR clade was composed of
Hexapoda sequences largely annotated as sex peptide receptors, which
also function as the cognate receptor for the more ancestral

myoinhibiting peptides/AST-Bs (Kim et al., 2010; Poels et al., 2010;
Yamanaka et al., 2010).

3.2. Receptor identifications expand the number of known peptidergic
signaling system for Cancer borealis

The putative peptide receptors identified here include seven for
which no peptide isoforms have been identified in C. borealis. These
peptide groups include several for which searches of the Cancer as-
sembly were conducted, but failed to identify precursor-encoding
transcripts, i.e., ACP, bursicon, ETH, NPF, and sulfakinin (Christie and
Pascual, 2016), as well as two peptide families that have not previously
been the subject of searches for precursor proteins in C. borealis, i.e.,
GPH and trissin. Using known lobster, H. americanus, GPH (both a2 and
B5 subunit prehormones) and trissin precursors (Christie et al., 2017),
the C. borealis transcriptome was searched for transcripts encoding
members of these two peptide families. Transcripts encoding putative
precursors for each family were identified. Specifically, for GPH, one
transcript encoding a 97 amino acid C-terminal partial GPa2 subunit
precursor was identified in the assembly, as was one transcript
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Fig. 4. Alignment of Cancer borealis and
related allatostatin C receptors. (A) MAFFT
alignment of the putative C. borealis alla-
tostatin C receptor (Canbo-AST-CR; de-
duced from GEFB01019215) and
Drosophila melanogaster allatostatin C re-
ceptor 2, isoform F (Drome-AST-CR2-F;
Accession No. ALI30485). (B) MAFFT
alignment of Canbo-AST-CR and the extant
portion of Neocaridina denticulata allatos-
tatin receptor 1 (Neode-ASTR1; Accession
No. AIY69136). In the line immediately
below each sequence grouping, “*” in-
dicates identical amino acid residues, while
“” and “.” denote amino acids that are si-
milar in structure between sequences. In
this figure, rhodopsin family seven-trans-
membrane receptor domains identified by
Pfam analyses are highlighted in black. In
A, the residue that varies between the
transcriptome derived Canbo-AST-CR se-
quence and that deduced from the cloned
transcript MH729784, i.e., Arg76 to Gly, is
shown in red font.

encoding a 173 amino acid full-length GP[35 subunit protein. For trissin,
one transcript encoding a 206 amino acid full-length preprohormone
was found in the C. borealis transcriptome.

Alignments of the Cancer GPH and trissin precursors with their
Homarus counterparts are shown in Fig. 8. As can be seen from these
alignments, the C. borealis GPa2, GPf5, and trissin isoforms (colored
red in the panels shown in Fig. 8) share extensive amino acid identity
with those predicted for H. americanus, e.g., the Cancer and Homarus
trissin isoforms are identical except for a single substituted position.
Although the three peptides are themselves very similar between the
two species, there is considerable variation in the signal peptides (co-
lored gray in the panels shown in Fig. 8) for all three proteins, as well as
in the precursor-related peptides derived from the trissin
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preprohormones (colored blue in the panel Fig. 8C). Homology to other
predicted crustacean GPH and trissin isoforms (e.g, Christie et al.,
2017) suggests extensive disulfide bridging is likely to be present within
the C. borealis GPa2 and GPf35 subunit peptides and in the trissin iso-
forms. Based on homology to similar glycoprotein hormones, the Cancer
GPa2 and GPf35 subunits are hypothesized to form a classic bioactive
glycoprotein cysteine knot-forming heterodimer via non-covalent
bonding, with N-linked glycosylation on the GPa2 subunit peptide (e.g,
Paluzzi et al., 2014).

One peptide group for which there is only one report of an isoform
from a member of the genus Cancer is allatotropin. Specifically, the
peptide GFKNVEMMTARGFamide, which contains the C-terminal se-
quence -TARGFamide, the hallmark of the allatotropin family, was
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B. Alignment of Cancer borealis FMRFamide-like peptide receptors

Fig. 5. Alignment of Cancer borealis
CCHamide and FMRFamide-like peptide
receptor proteins putatively derived from
separate genes. (A) MAFFT alignment of the
putative C. borealis CCHamide receptors I-
III (Canbo-CCHaR-I; deduced from
GEFB01030009; Canbo-CCHaR-II; deduced
from GEFB01036413; Canbo-CCHaR-III;
deduced from GEFB01015997). (B) MAFFT
alignment of C. borealis FMRFamide-like
peptide receptors I and II (Canbo-FLPR-;
deduced from GEFB01000837; Canbo-
FLPR-II; deduced from GEFB01020234). In
the line immediately below each sequence
grouping, “*” indicates identical amino acid
residues, while “:” and “.” denote amino
acids that are similar in structure between
sequences. In this figure, rhodopsin family
seven-transmembrane receptor domains
identified by Pfam analyses are highlighted
in black.
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identified via mass spectrometry from the crab, Cancer productus, sinus Christie and Pascual, 2016; Christie, 2016a, b), nor have any in silico
gland (Fu et al., 2005b), a major neuroendocrine organ in decapod searches revealed transcripts for putative allatotropin receptors in any
species (e.g., Christie, 2011). Although it has been searched for in a decapod (e.g., Christie et al., 2015; Christie and Yu, 2019). Moreover,
number of decapod transcriptomes, including the C. borealis assembly while mass spectral studies on a diverse array of decapods have been
investigated here (Christie and Pascual, 2016), no transcripts encoding conducted (e.g., Ma et al., 2008, 2009b, 2010; Hui et al., 2012, 2013; Ye
allatotropin precursors have been identified from any member of the et al., 2015), there have been no reports of allatotropin isoforms in any

Decapoda (e.g., Christie et al., 2015, 2017; Christie and Chi, 2015; decapod species other than the one report from C. productus (Fu et al.,
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Fig. 6. Phylogenetic relationships among putative Cancer borealis peptide receptors. Neighbor-joining tree depicting relationships among the 46 C. borealis peptide
receptor sequences identified from mixed neural tissue transcriptomic data. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. Abbreviations are as follows: ACPR (adipokinetic hormone-corazonin-like peptide receptor); AST-AR
(allatostatin A receptor); AST-BR (allatostatin B receptor); AST-CR (allatostatin C receptor); BursR (bursicon receptor); CCHaR (CCHamide receptor); CRZR (cor-
azonin receptor); CCAPR (crustacean cardioactive peptide receptor); DH31R (diuretic hormone 31 receptor); DH44R (diuretic hormone 44 receptor); ETHR (ecdysis-
triggering hormone receptor); FLPR (FMRFamide-like peptide receptor); GPHR (glycoprotein hormone receptor); InotocinR (inotocin receptor); LKR (leucokinin
receptor); MSR (myosuppressin receptor); NPFR (neuropeptide F receptor); PDHR (pigment dispersing hormone receptor); ProcR (proctolin receptor); PKR (pyr-
okinin receptor); RPCHR (red pigment concentrating hormone receptor); RYaR (RYamide receptor); sNPFR (short neuropeptide F receptor); SIFaR (SIFamide re-
ceptor); SKR (sulfakinin receptor); TRPR (tachykinin-related peptide receptor); TrissinR (trissin receptor). The tree was rooted using the Penaeus vannamei Me-
thuselah-like 1 GPCR sequence (Penva-Mth-likeR; Accession No. XP_027232612) as an outgroup.

2005b). The lack of in silico allatotropin precursor/receptor identifica-
tions, the lack of additional mass spectral support for allatotropin iso-
forms in decapods, and the fact that the original identification from C.
productus was via accurate mass matching (to an insect allatotropin
mass) and not de novo sequencing (Fu et al., 2005b), leads us to suspect
that the original identification of GFKNVEMMTARGFamide in the C.
productus sinus gland was a misidentification, and that members of the
Decapoda, including C. borealis, likely lack an allatotropin signaling

system.
3.3. Correlations between receptor gene and peptide precursor gene/peptide
isoform diversity

To date, ~200 neuropeptides have been identified from the C.
borealis nervous system via a combination of biochemistry, mass

spectrometry and/or in silico transcriptome mining (e.g, Christie and
Pascual, 2016; Christie et al., 1997; Fu et al., 2005a; Huybrechts et al.,
2003; Li et al., 2002, 2003; Stemmler et al., 2007a, b). Previously re-
ported peptides include members of 27 different families (AST-A, AST-
B, AST-C, CCHamide, CRZ, CCAP, CHH, DH31, DH44, FLP, GSE-
FLamide, HIGSLYRamide, inotocin, ILP, LK, myosuppressin, neuro-
parsin, orcokinin, orcomyotropin, PDH, proctolin, PK, RPCH, RYamide,
sNPF, SIFamide, and TRP), as well as a large number of precursor-re-
lated peptides. Only one previous study has examined the peptide
precursors in a C. borealis transcriptome (Christie and Pascual, 2016).
This study used the same transcriptome mined here for putative peptide
receptors, which enabled us to compare the number of genes encoding
peptide precursors to the number of receptor genes for each peptide
family (Table 2). A one-for-one correspondence between precursor and
receptor genes was found for CCAP, DH31, DH44, inotocin, RPCH, and
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Fig. 7. Phylogenetic analysis of A-, B- and C-type allatostatin receptors from diverse arthropods. Maximum likelihood tree depicting the inferred evolutionary history
of the putative Cancer borealis allatostatin receptors with allatostatin-like receptor sequences identified in arthropods from the Hexapoda, Crustacea, and Chelicerata
subphyla. The tree with the highest log likelihood is drawn to scale, with branch lengths measured in the number of substitutions per site. The percentage of trees in
which the associated taxa clustered together across 1000 replicates is shown next to the branches. Accession numbers for the sequences used for the phylogenetic
analysis are provided in Supplemental Table 1.
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Fig. 8. Alignment of Cancer borealis and
Homarus americanus glycoprotein hormone
and trissin precursor proteins. (A1) MAFFT
alignment of the putative C. borealis and H.
americanus glycoprotein hormone a2 sub-
unit precursors (Canbo-pre-GPa2; deduced
from GEFB01019143; Homam-pre-GPa2;
deduced from GFDA01013881). (A2)
MAFFT alignment of the putative C. borealis
and H. americanus glycoprotein hormone B5
subunit precursors (Canbo-pre-GPB5; de-
duced from GEFB01005773; Homam-pre-
GPf5; deduced from GFDA01059529). (B)
MAFFT alignment of the putative C. borealis
and H. americanus trissin precursors
(Canbo-prepro-Tris; deduced from
GEFB01013178; Homam-prepro-Tris; de-
duced from GFDA01095285). In the line
immediately below each sequence
grouping, “*” indicates identical amino acid
residues, while “:” and “.” denote amino
acids that are similar in structure between
sequences. In this figure, signal peptides are
shown in gray, while all mono/dibasic
cleavage loci are shown in black. For each
sequence, the isoform of the peptide for
which the precursor is named is shown in
red; in B, trissin linker/precursor related
peptides shown in blue.
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sNPF, ie., one precursor and one receptor gene for each family
(Table 2). In contrast, while a single precursor gene was identified for
both PK and SIFamide, two receptor sequences were identified for each
family (Table 2).

In addition, the previous study identified full-length pre-
prohormones for ten of the peptide families examined, ie., CCAP,
DH31, DH44, inotocin, ILP, neuroparsin, PK, RPCH, sNPF, and
SIFamide (Christie and Pascual, 2016); these likely represent the
complete set of pre/preprohormones for those peptide families. Al-
though no ILP or neuroparsin receptors were identified from the mixed
nervous system transcriptome examined here, receptors for members of
the other eight families were identified. Using these data, we compared
the number of distinct isoforms of a peptide group to the number of
receptor genes for the family (Table 2). Comparison of peptide isoform
diversity to receptor gene number showed a one-for-one correspon-
dence for CCAP, DH31, DH44, inotocin, and RPCH, with one peptide
isoform and one receptor present for each group (Table 2). In contrast,
mismatches were seen for the other families, i.e., one SIFamide isoform
and two putative SIFamide receptors, three distinct isoforms of sNPF
with a single sNPF receptor, and ten distinct PKs with two putative
receptors for members of that family (Table 2). Although only partial
precursors were found for other families (Christie and Pascual, 2016),
clear mismatches are likely to exist between their peptide isoform di-
versity and receptor gene number (Table 2). For example, while single
precursor and receptor genes likely exist in C. borealis for both the AST-
A and AST-B families, at least 30 and eight distinct peptide isoforms,
respectively, are predicted to exist in the crab (Table 2). Similarly, al-
though biochemical and/or mass spectral analyses have shown that C.
borealis has a single myosuppressin isoform and two TRP isoforms (e.g.,
Christie et al., 1997; Stemmler et al., 2007a, b), there appear to be two
and three receptors for these peptide families, respectively, in Cancer

H I L

(Table 2). Thus, there do not appear to be any hard and fast rules be-
tween either peptide precursor and receptor gene number or between
peptide isoform diversity and peptide receptor gene number in C. bor-
ealis.

Although there is no clear correspondence between peptide gene/
isoform diversity and receptor gene number, the fact that there appear
to be more receptor genes for some peptide groups than there are dis-
tinct peptide isoforms in the family provides a potential mechanism for
increasing the functional flexibility for some peptide groups. Peptide
families for which this seems likely in C. borealis include CCHamide
(five putative receptors for likely two peptides), CRZ (two receptors for
one peptide), myosuppressin (two receptors for one peptide), SIFamide
(two receptors for one peptide), and TRP (three receptors for two
peptides). Moreover, if receptors are differentially selective for specific
isoforms of a given family, the presence of multiple receptors in C.
borealis could expand the functional flexibility for members of the
CCHamide, FLP, NPF, PDH, PK, RYamide, and TRP families, as each
has, or is likely to have (based on data from other decapods [e.g,
Christie and Yu, 2019; Christie et al., 2015, 2017]), multiple peptide
isoforms. Thus, taken collectively, receptor complement may provide a
means for expanding the functional flexibility of nearly half of the
peptide families thus far identified in C. borealis.

3.4. Full-length cloning and expression of AST-A, AST-B, and AST-C
receptors

3.4.1. Full-length cloning

To determine whether the receptor sequences predicted from the
mixed tissue transcriptome reflected the sequences of receptors in
specific tissues, and therefore could provide insights into neuromodu-
lation in those portions of the nervous system, we selected three
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Table 2
Comparisons of the number of putative peptide receptor genes with the number
of putative peptide precursor genes/peptide isoforms for Cancer borealis.

Peptide family Number of Number of Number of
receptor peptide peptide
genes precursor genes isoforms

Adipokinetic hormone- 1 NI 1°

corazonin-like peptide

Allatostatin A 1 1 30°

Allatostatin B 1 1 8"

Allatostatin C 1 2 2¢

Bursicon 1 NI 1%

CCHamide 5 1 1°

Corazonin 2 NI 1¢

Crustacean cardioactive 1 1 1"

peptide

Crustacean hyperglycemic NI 1 1°

hormone

Diuretic hormone 31 1 1 1°

Diuretic hormone 44 1 1 1°

Ecdysis-triggering hormone 3 NI 2!

FMRFamide-like peptide 2 1 9"

Glycoprotein hormone 1 27 12

GSEFLamide RU 1 2"

HIGSLYRamide RU 1 5"

Inotocin 1 1 1°

Insulin-like peptide NI 1 1°0

Leucokinin 1 1 2P

Myosuppressin 2 NI 1¢

Neuroparsin RU 4 4°

Neuropeptide F 4 NI 3¢

Orcokinin RU NI 4°

Orcomyotropin RU NI 1¢

Pigment dispersing hormone 3 1 1°

Proctolin 1 NI 1¢

Pyrokinin 1 1 10"

Red pigment concentrating 1 1 1"

hormone

RYamide 2 NI 3¢

Short neuropeptide F 1 1 3"

SIFamide 2 1 1"

Sulfakinin 1 NI 2¢

Tachykinin-related peptide 3 NI 24

Trissin 1 1 1"

Abbreviations: NI, none identified (searched for in the C. borealis transcriptome,
but no transcript encoding the protein in question identified); RU, receptor(s)
unknown.

@ Isoform diversity based on the number of isoforms present in full-length
pre/preprohormones deduced from C. borealis transcriptomic data (Christie and
Pascual, 2016) and where the number of genes identified is likely complete.

b Isoform diversity based on the number of isoforms present in partial pre/
preprohormones deduced from C. borealis transcriptomic data (Christie and
Pascual, 2016) and where the number of genes identified is likely complete;
number of isoforms reported may be an underestimate.

¢ Isoform diversity based on the number of isoforms present in full-length
and/or partial pre/preprohormones deduced from C. borealis transcriptomic
data (Christie and Pascual, 2016) but where the number of genes identified is
likely incomplete based on data from other decapod species (e.g., Christie et al.,
2017; Christie and Yu, 2019); number of isoforms reported is likely to be an
underestimate.

4 Isoform diversity based on the number of isoforms detected via mass
spectrometry and/or other methods in C. borealis and where the reported
number is likely complete (e.g., Fu et al., 2005a; Huybrechts et al., 2003; Li
et al., 2002, 2003; Stemmler et al., 2007a, 2007b).

¢ No isoform diversity data from C. borealis; the number of isoforms reported
is a prediction based on isoform conservation in decapods for which members of
the family have been identified (e.g., Christie et al., 2017; Christie and Yu,
2019).

f No authentic isoforms of ecdysis-triggering hormone have been identified
in any member of the Decapoda and thus there is no ability at this time to
predict isoform diversity for this peptide family.

& Mature bioactive hormone consists of a heterodimer with each peptide
subunit derived from separate genes.

" Mature bioactive hormone consists of a heterodimer with each peptide
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subunit derived from the same gene.

receptors, those for AST-A, AST-B, and AST-C, to examine in more de-
tail. STG cDNAs were used as templates to amplify the full-length AST-
A, AST-B and AST-C receptor ORFs identified in the transcriptomic
data. RT-PCR products of the expected sizes (Canbo-AST-AR, 1365 bp;
Canbo-AST-BR, 1197 bp; Canbo-AST-CR, 1281 bp) were generated for
each receptor; nucleotide sequence identity relative to the tran-
scriptomic sequence was > 99% for all three receptors. There were,
however, small discrepancies in the nucleotide sequences of the cloned
products relative to those identified from the mixed nervous system
assembly that resulted in amino acid variations in their deduced pro-
teins. Specifically, the AST-AR deduced from the cloned sequence had a
single conserved amino acid substitution vs. that deduced from tran-
scriptomic data (Gly'7? to Ser). The cloned vs. transcriptome-derived
AST-BRs had two conserved substitutions (Lys*>® to Arg and Arg®”® to
His). The cloned AST-CR differed from the transcriptome-predicted
AST-CR by a single non-conserved substitution (Arg’® to Gly); these
substituted residues are noted in red font in Figs. 2-4. It is possible that
these differences represent individual or population-specific differences
in the crabs used as the initial sources of RNA, as those used for tran-
scriptome development were obtained from a supplier in Gloucester,
Massachusetts (Northcutt et al., 2016), whereas those used for cloning
were from suppliers in the mid-coast area of Maine (see Materials and
methods). No evidence for alternatively spliced transcripts was ob-
served during cloning. Consensus sequences for the respective cloned
transcripts have been deposited with GenBank under Accession Nos.
MH729782 (Canbo-AST-AR), MH729783 (Canbo-AST-BR), and
MH729784 (Canbo-AST-CR).

3.4.2. Cell surface trafficking of AST-A, AST-B, and AST-C receptor
fluorescent chimeras

Peptide receptors relay information from extracellular peptide sig-
nals to various intracellular pathways. We thus sought to examine the
potential for Canbo-AST-AR, Canbo-AST-BR and Canbo-AST-CR to
function in signal transduction by assessing their cellular localization.
Plasmids encoding each of the receptors, tagged at their respective C-
termini with the fluorescent protein EGFP, were transiently expressed
in cultured Sf9 insect cells, and localization was assessed using confocal
microscopy. In cells expressing EGFP alone, fluorescence was com-
pletely intracellular (Fig. 9). In contrast, fluorescence in cells expressing
each chimeric receptor was predominantly localized at the cell surface
(Fig. 9), indicating that each receptor had undergone typical plasma
membrane trafficking and would thus be accessible to activation by an
extracellular ligand, as would be necessary for a functional peptide
receptor.

3.5. RT-PCR profile of peptide receptor expression in the stomatogastric
ganglion

To determine which of the peptide receptors identified from the C.
borealis mixed nervous system transcriptome are part of the expressed
crab STG receptor repertoire, ~500 bp fragments of the 46 identified
peptide receptor transcripts were PCR amplified, sequenced, and com-
pared to their respective transcriptome-derived sequences. Sequence-
validated PCR products were generated for 36 of the transcripts
(Fig. 10). Although amplicons were visible for Canbo-CCHaR-III,
Canbo-ETHR-III, Canbo-NPFR-1, Canbo-PKR-1, and Canbo-RYaR-II
(Fig. 10), the product sizes differed from the expected, and sequence
analysis of multiple clones indicated that the products were the result of
non-specific amplification. No amplicons were detected using primer
sets designed to Canbo-NPFR-V, Canbo-PDHR-I, Canbo-PDHR-II,
Canbo-RYaR-I, or Canbo-TRPR-I (Fig. 10).

Based on the RT-PCR profiling data, the C. borealis STG is predicted
to have one or more receptors for ACP, AST-A, AST-B, AST-C, bursicon,
CCHamide, corazonin, CCAP, DH31, DH44, ETH, FLP, GPH, inotocin,
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Canbo-AST-AR Canbo-AST-BR Canbo-AST-CR

Fig. 9. Cell surface localization of Cancer borealis allatostatin A (AST-AR), allatostatin B (AST-BR) and allatostatin C (AST-CR) receptors. Fluorescent (enhanced green
fluorescent protein [EGFP]) chimeras of the three receptors (A) AST-AR-EGFP, (B) AST-BR-EGFP and (C) AST-CR-EGFP were transiently expressed in cultured Sf9
cells. EGFP-associated fluorescence for all three receptor constructs was observed at the cell surface. Corresponding phase contrast images are shown. Images are

representative of at least two independent transfections. Scale bar = 10 um.

leucokinin, myosuppressin, NPF, PDH, proctolin, pyrokinin, RPCH,
sNPF, SIFamide, sulfakinin, TRP, and trissin (Fig. 10). Although the
effects of ACP, bursicon, CCHamide, corazonin, DH31, DH44, ETH,
GPH, inotocin, myosuppressin, NPF, sNPF, sulfakinin, and trissin on the
neural networks within the STG are currently unknown, each of the
other peptide groups for which putative receptors were found in the
STG has been shown to modulate the gastric mill and/or pyloric
rhythms. Specifically, members of the AST-A, AST-B, and AST-C fa-
milies have all been shown to have inhibitory effects on the pyloric
motor pattern (e.g, Skiebe and Schneider, 1994; Fu et al., 2007; Ma

et al., 2009a; Szabo et al., 2011), while isoforms of CCAP, FLP, leuco-
kinin, proctolin, pyrokinin, RPCH, SIFamide and TRP have been shown
to enhance aspects of the pyloric rhythm (e.g., Marder et al., 1986;
Nusbaum and Marder, 1988; Weimann et al., 1993, 1997; Christie
et al., 1997; Swensen and Marder, 2000, 2001; Cruz-Bermudez et al.,
2006; Saideman et al., 2006, 2007; Blitz et al., 2019); pyrokinin and
SIFamide have been shown to activate gastric mill rhythms as well
(Saideman et al., 2006; Blitz et al., 2019). Thus, there is a strong cor-
relation between the detection of a putative receptor for a peptide fa-
mily in the C. borealis STG and the ability of peptide family members to

Fig. 10. RT-PCR profiling of Cancer borealis receptor tran-
scripts in the STG. Fragments (~500 base pair) of the pu-
tative C. borealis receptors were amplified from three STG
biological replicates with data shown representative.
Similar sized fragments of the C. borealis housekeeping
genes, actin (ACT) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), were likewise amplified. For greater
band clarity, negative gel images are shown. PCR products
that were sequence validated are indicated in bold font,
non-specific products and transcripts that were not ampli-
fied are indicated in italics. Unless otherwise indicated, the
abbreviations are the same as those in Fig. 6.
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Correlation between receptor presence in the Cancer borealis stomatogastric ganglion (STG) and peptide bioactivity.

Peptide family

Demonstration of bioactivity, or lack thereof, on

the STG (example reference)

RT-PCR detection of putative
receptor(s) in the STG

Correlation between bioactivity/lack of
bioactivity and receptor detection

Adipokinetic hormone-corazonin-like
peptide

Allatostatin A

Allatostatin B

Allatostatin C

Bursicon

CCHamide

Corazonin

Crustacean cardioactive peptide

Diuretic hormone 31

Diuretic hormone 44

Ecdysis-triggering hormone

FMRFamide-like peptide

Glycoprotein hormone

Inotocin

Leucokinin

Myosuppressin

Neuropeptide F

Pigment dispersing hormone

Proctolin

Not tested

Bioactive (Skiebe and Schneider, 1994)

Bioactive (Fu et al., 2007)
Bioactive (Ma et al., 2009a)

Not tested

Not tested

Not tested

Bioactive (Weimann et al., 1997)
Not tested

Not tested

Not tested

Bioactive (Weimann et al., 1993)
Not tested

Not tested

Bioactive (Saideman et al., 2006)
Bioactive (this study)

Not tested

Not tested

Bioactive (Marder et al., 1986)

Pyrokinin Bioactive (Saideman et al., 2007)

Red pigment concentrating hormone Bioactive (Nusbaum and Marder, 1988)
RYamide Inactive (this study)

Short neuropeptide F Not tested

SIFamide Bioactive (Blitz et al., 2019)

Sulfakinin Not tested

Tachykinin-related peptide Bioactive (Christie et al., 1997)

Trissin Not tested

Yes -
Yes Yes
Yes Yes
Yes Yes
Yes -
Yes -
Yes -
Yes Yes
Yes -
Yes -
Yes -
Yes Yes
Yes -
Yes -
Yes Yes
Yes Yes
Yes -
Yes -
Yes Yes
Yes Yes
Yes Yes
No Yes
Yes -
Yes Yes
Yes -
Yes Yes
Yes -

modulate the motor patterns produced by the neural circuits of the
ganglion (Table 3).

3.6. Assessment of the modulatory actions of myosuppressin and RYamide
on the Cancer borealis stomatogastric ganglion

As noted above, RT-PCR showed that most of the receptors identi-
fied from the C. borealis mixed nervous system transcriptome are likely
present in the STG of this species (Fig. 10). Numerous previous studies
have examined the modulatory effects of members of the peptide fa-
milies for which we found evidence that putative receptors are present
in the crab STG; all of these peptides were shown to exert clear and
consistent modulatory effects on the gastric mill and/or pyloric motor
patterns (e.g., Marder et al., 1986; Weimann et al., 1993, 1997; Christie
et al., 1997; Swensen and Marder, 2000, 2001; Cruz-Bermudez et al.,
2006; Saideman et al., 2006, 2007; Fu et al., 2007; Ma et al., 2009a;
Szabo et al., 2011; Blitz et al., 2019). This leads to the hypothesis that
for members of peptide groups untested in C. borealis, the detection of
putative receptors in the STG indicates a high likelihood that they will
be bioactive on the gastric mill and/or pyloric circuits; conversely, a
lack of detection of putative receptors for a peptide family in the
ganglion suggests that members of the group are unlikely to serve as
modulators of the STG pattern generators.

One peptide for which putative receptors were confirmed by RT-
PCR as present in the STG of C. borealis, but whose effects on the crab
stomatogastric networks have not yet been assessed, is myosuppressin.
This peptide has been shown to exert modulatory effects on both the
gastric and pyloric networks in the lobster, H. americanus (Kwiatkowski
etal., 2013). In the lobster, myosuppressin not only activates neurons in
each of the motor patterns, but also increases the interactions between
the gastric mill and pyloric rhythms (Kwiatkowski et al., 2013). Based
on the identification of two putative myosuppressin receptors in the C.
borealis STG, i.e., Canbo-MSR-I and II, we predicted that myosuppressin
would modulate the gastric mill and/or pyloric rhythms of the crab,
likely in a manner similar to that reported previously for the lobster. In
contrast, while two RYamide receptors were identified from the crab
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mixed nervous system assembly, i.e., Canbo-RYaR-I and II, neither ap-
pears to be present in the C. borealis STG; here, we predicted that
RYamide would not exert consistent modulatory effects on the motor
outputs of the ganglion.

To assess the effects of myosuppressin on both the gastric and py-
loric networks of C. borealis, we monitored the gastric mill rhythm using
the activity of the DG neuron, and we assessed effects on the pyloric
rhythm by recording the activity of all five of the neurons that com-
monly participate in the motor pattern, i.e., the PD, LP, PY, VD, and IC
neurons. Interestingly, although myosuppressin did modulate the motor
output of the STG in C. borealis, its effects differed markedly from those
previously reported in H. americanus (Kwiatkowski et al., 2013). Spe-
cifically, in experiments in which the single input nerve to the STG, the
stn, was intact, so that the gastric mill pattern was active, myosup-
pressin had no significant effects on any of the gastric mill parameters
measured. These included gastric cycle period, DG burst duration, DG
duty cycle, and spike frequency within DG bursts (paired t-tests be-
tween control and myosuppressin, p > 0.05 for all parameters, n = 3).
When the stn was blocked, no gastric activity was recorded; myosup-
pressin had no effects on these preparations. This is not surprising as
just two peptides, pyrokinin (Saideman et al., 2007) and SIFamide
(Blitz et al., 2019), have been shown to activate gastric mill activity in
such stn-blocked preparations, in which all other modulatory inputs are
absent.

In contrast to its effects on the gastric mill pattern, myosuppressin
exerted clear inhibitory effects on the pyloric pattern. When the stn was
intact, so that projection neurons originating in the CoGs and OG (e.g.,
Coleman et al., 1992) were able to influence neurons in the STG, the
pyloric pattern was strongly active. Under these conditions, myosup-
pressin weakly inhibited pyloric activity; notably, pyloric cycle fre-
quency decreased significantly (Fig. 11A; paired t-test, p = 0.041,
n = 5). Other burst characteristics of the PD, LP, and PY neurons, which
form the core of the triphasic pattern, were not significantly changed
(Fig. 11B, D). However, the burst duration and duty cycle of both the IC
and VD neurons was increased in concert with the longer cycle period
(Fig. 11B, D; paired t-tests, p < 0.05, n = 5). Spike frequency within
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Fig. 11. Myosuppressin, superfused at 10~ ¢ M over the STG, exerted modest modulatory effects on the pyloric motor pattern when the single input nerve to the STG,
the stn, which carries other inputs to the STG, was intact. (A) Myosuppressin elicited a decrease in pyloric cycle frequency. (B) Burst duration in the PD, LP and PY
neurons was not altered by myosuppressin, but burst duration in both the IC and VD neurons increased in duration. (C) Number of spikes per burst remained
unchanged by myosuppressin in all neurons (PD, LP, IC, VD). (D) Myosuppressin did not alter duty cycle in the PD, LP or PY neurons, but elicited an increase in this
parameter in the IC and VD neurons. * indicates significant differences, paired t-tests, two-tailed, p < 0.05. Error bars indicate standard deviations.

the bursts did not change for any of the neurons for which it was re-
corded (PD, LP, IC, VD; Fig. 11C; paired t-tests, p > 0.2 for all neurons,
n = 5). Similarly, the phases at which neurons began to fire or termi-
nated bursts were not altered by myosuppressin (paired t-tests,
p > 0.12 for all phases, n = 5; data not shown).

The effects of myosuppressin on the pyloric pattern when the stn
was blocked were much more dramatic. Under these conditions, cycle
frequency in control saline was relatively low (mean 0.22 + 0.06 Hz
with the stn blocked compared to 1.10 + 0.10 Hz when it was intact),
and the IC and VD neurons were not active. Myosuppressin (10~ ° M)
completely eliminated all pyloric activity in four of the five stn-blocked
preparations in which it was tested. In the remaining preparation, ac-
tivity was suppressed, with the pyloric cycle frequency decreasing from
0.13 Hz to 0.03 Hz, with concomitant decreases in the activity of all
pyloric neurons (Fig. 12).

Unlike myosuppressin, RYamide did not elicit clear or consistent
effects on either the pyloric or the gastric mill motor pattern. When the
stn was intact, neither gastric mill cycle frequency nor any of the DG
bursting parameters was altered by superfusion with 10~® M RYamide
(data not shown). Similarly, RYamide elicited virtually no effects on the
pyloric pattern in the stn-intact preparation, in which the pyloric
rhythm was strongly active (Fig. 13). The only statistically significant
difference between any bursting parameters was a slight decrease in IC
duty cycle (paired t-test, p = 0.0457, n = 5; Fig. 13D); however, this
change would likely be physiologically insignificant since the average
change was a decrease of <0.02 (ie, from 0.22 = 0.11 to
0.20 * 0.10). All other parameters, including cycle frequency, burst
duration, duty cycle, relative timing of bursts (i.e., the phases at which
bursts started and ended), and spike frequency within bursts of all other
pyloric neurons remained unchanged (paired t-tests, p > 0.05 for all
parameters, n = 5; Fig. 13).

In contrast to the responses to myosuppressin, which were much
more evident when the stn was blocked, RYamide elicited no effects on

A Control PY LP

B Myosuppressin (10°M)

V|VH“MW‘WWWWWWWMWW
pdnw‘m.,‘.,...n , - m-mm

5sec

Fig. 12. Myosuppressin superfused over the STG when the stn was blocked
resulted in a suppression of pyloric activity. (A) In control saline, regular bursts
of action potentials in the PY, LP and PY neurons were recorded, with a cycle
period of ~6s. (B) In the presence of 10~ M myosuppressin, firing in all three
neuron types continued, but with a much longer cycle period.

the pyloric pattern even when the stn had been blocked to remove the
influence of other neuromodulators as well as that of projection neu-
rons from the anterior ganglia (CoGs and OG) (Fig. 14; paired t-tests,
p > 0.098 for all parameters; n = 5). These data are consistent with
our predictions; the absence of detectable transcripts for the RYamide
receptors in the samples of RNA we isolated from the STG suggested
that this peptide would not exert consistent modulatory effects on the
networks within the ganglion.

While there were no consistent effects of RYamide on either the
gastric or pyloric patterns in C. borealis, the peptide did appear to elicit
individual-specific effects in two of the five stn-blocked preparations
tested. In one case, the VD neuron appeared to be activated by RYamide
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Fig. 13. RYamide, superfused over the STG at a concentration of 10~ ¢ M, did not alter any of the measured parameters of the pyloric network when the pattern was
active and the stn was intact. (A) Pyloric cycle frequency was unchanged by RYamide superfusion. (B) Burst duration in the PD, LP, PY, IC, and VD neurons was
unchanged by RYamide superfusion. (C) Number of spikes per burst did not change in the PD, LP, IC or VD neurons in the presence of RYamide. (D) Duty cycle of the
PD, LP, PY, IC, and VD neurons did not change in the presence of RYamide. Error bars indicate standard deviations.
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superfusion; in the other, the ongoing weak bursting in the PD and LP
neurons appeared to be suppressed by RYamide superfusion. Neither of
these effects was seen in any of the other preparations. Any of a number
of factors might explain these effects. For example, the peptide, when
present at a concentration of 10~ %M, might activate other peptide re-
ceptors in the ganglion (e.g, Canbo-Homam-FLPR-I and II, Canbo-
NPFR-II and III, Canbo-sNPFR, or even the two Cancer myosuppressin
receptors, all of whose putative ligands end in —-RFamide), thus exerting
effects through non-specific binding. Alternatively, RYamide receptors
could be present in the terminals of the projection neurons within the
STG. Because their cell bodies are located in the CoGs and/or OG
(Coleman et al., 1992), functional RYamide receptors could be present
on terminals within the ganglion even though the encoding transcripts
might not be detectable. Previous studies have shown that the activity
of these terminals can be altered by interactions within the ganglion
and that these terminals can exert local effects (e.g, Coleman and
Nusbaum, 1994). Thus, it is possible that such terminals are mediating
the effects of RYamide within the STG. However, the sporadic and in-
consistent nature of the RYamide effects on the STG networks argues
against this explanation. Finally, although we detected no RYamide
receptor transcripts in any of the biological replicates that we examined
(three STG RNA samples representing 15 crabs in total with five in-
dividuals per sample), it is possible that RYamide receptors are con-
ditionally expressed. Thus, the crabs that appeared to respond to
RYamide might have been in a state that led to the expression of
RYamide receptors in particular neurons, whereas the other crabs were
not in states that lead to this putative transcriptional activation.

Given the myosuppressin and RYamide physiological results, we
predict that a number of other peptide groups not yet tested on the C.
borealis STG will ultimately be shown to function as modulators of the
gastric mill and/or pyloric motor patterns. These peptide families in-
clude ACP, bursicon, CCHamide, corazonin, DH31, DH44, ETH, GPH,
inotocin, NPF, PDH, sNPF, sulfakinin and trissin, for which one or more
receptor for each group is predicted to exist in the ganglion. For sul-
fakinin, modulation of the C. borealis STG is likely to be both local and
hormonal, as cholecystokinin-like immunoreactivity (a proxy for sul-
fakinin) is present in the neuropil of the ganglion and in release term-
inals in the neuroendocrine pericardial organ (Christie et al., 1995a, b).
Immunohistochemical and mass spectrometric data suggest that cor-
azonin, PDH and sNPF may function, at least in part, as hormonally
delivered modulators of the C. borealis gastric mill and/or pyloric
neural networks (e.g., Christie et al., 1995b; Li et al., 2003; Chen et al.,
2009). As additional physiological investigations are conducted, it will
be interesting to see to what extent this hypothesis is borne out.

4. Summary and conclusions

Here, a C. borealis mixed nervous system transcriptome was sear-
ched for transcripts encoding putative peptide receptors, with 46 dis-
tinct receptors encompassing 27 peptide families identified via this
analysis. The identified receptors included one ACP, one AST-A, one
AST-B, one AST-C, one bursicon, five CCHamide, two CRZ, one CCAP,
one DH31, one DH44, three ETH, two FLP, one GPH, one inotocin, one
LK, two myosuppressin, four NPF, three PDH, one proctolin, two PK,
one RPCH, two RYamide, one sNPF, two SIFamide, one SK, three TRP,
and one trissin receptor. The AST-A, AST-B, and AST-C receptors were
cloned, sequenced and expressed in an insect cell line; each receptor
trafficked to the cell surface as expected for functional receptors.
Profiling of the C. borealis STG for evidence of the 46 receptors sug-
gested that 36 are likely expressed in the ganglion. These include at
least one for all but one peptide family for which receptor proteins were
identified; no receptor for RYamide appears to be present in the STG.
Based on the profiling data, two peptides untested for modulatory ac-
tions on the C. borealis STG were assessed for bioactivity on the gang-
lion. Myosuppressin, for which receptors are likely present in the
ganglion, exhibited clear modulatory effects, whereas a native RYamide
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isoform, for which no receptor appears to be present in the STG, elicited
no consistent modulatory effects. Taken collectively, the data presented
here support the hypothesis that receptor complement/diversity likely
plays an important role in providing functional flexibility to the CPGs
the C. borealis STG, and, in all likelihood, to the CPGs of animals gen-
erally.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cbd.2019.03.002.
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