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ABSTRACT
The crustacean stomatogastric ganglion (STG) is modulated by a large number of amines and neuropeptides
that are found in descending pathways from anterior
ganglia or reach the STG via the hemolymph. Among
these are the allatostatin (AST) B types, also known as
myoinhibitory peptides (MIPs). We used mass spectrometry to determine the sequences of nine members of
the AST-B family of peptides that were found in the
stomatogastric nervous system of the crab Cancer
borealis. We raised an antibody against Cancer borealis
allatostatin-B1 (CbAST-B1; VPNDWAHFRGSWa) and
used it to map the distribution of CbAST-B1-like immunoreactivity (-LI) in the stomatogastric nervous system.
CbAST-B1-LI was found in neurons and neuropil in the
commissural ganglia (CoGs), in somata in the esopha-

geal ganglion (OG), in fibers in the stomatogastric nerve
(stn), and in neuropilar processes in the STG. CbASTB1-LI was blocked by preincubation with 106 M
CbAST-B1 and was partially blocked by lower concentrations. Electrophysiological recordings of the effects
of CbAST-B1, CbAST-B2, and CbAST-B3 on the pyloric
rhythm of the STG showed that all three peptides inhibited the pyloric rhythm in a state-dependent manner.
Specifically, all three peptides at 108 M significantly
decreased the frequency of the pyloric rhythm when
the initial frequency of the pyloric rhythm was below
0.6 Hz. These data suggest important neuromodulatory
roles for the CbAST-B family in the stomatogastric nervous system. J. Comp. Neurol. 519:2658–2676, 2011.
C 2011 Wiley-Liss, Inc.
V
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The crustacean stomatogastric nervous system (STNS)
contains a large number of amines and neuropeptides
(Harris-Warrick and Marder, 1991; Harris-Warrick et al.,
1992; Marder and Bucher, 2007; Marder and Thirumalai,
2002; Marder and Weimann, 1992; Nusbaum, 2002;
Nusbaum and Beenhakker, 2002; Stein, 2009). Advances
in mass spectrometry and genome sequencing have catalyzed an explosion of data characterizing the neuropeptidome in many animals, including crustaceans (Boonen
et al., 2008; Chen et al., 2010; Christie et al., 2008;
Clynen et al., 2010; Dickinson et al., 2009a; Fu et al.,
2005a,b; Ma et al., 2008, 2009a, 2010; Williamson et al.,
2001). From biochemical and electrophysiological experiments, we now know that neuronal circuits and neuroC 2011 Wiley-Liss, Inc.
V
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muscular junctions are modulated by a large number of
different substances (Cruz-Bermudez and Marder, 2007;
Jorge-Rivera et al., 1998; Marder and Bucher, 2007; Nusbaum and Beenhakker, 2002; Nusbaum et al., 2001).
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CbAST-B Distribution and Actions in the Crab STG

The allatostatins (ASTs) are neuropeptides that have
important neuromodulatory roles in arthropods. These
peptides were initially termed allatostatins by virtue of
their inhibition of juvenile hormone (JH) production in the
corpora allata of insects; however, JH is not found in crustaceans. ASTs regulate a range of important processes
and can act as inhibitors of endocrine function, as neuromodulators, on muscle, and directly on metabolic pathways (Audsley et al., 2008; Audsley and Weaver, 2003,
2009; Bendena et al., 1999; Stay and Tobe, 2007; Weaver
and Audsley, 2009). Three different families of peptides
have been called ASTs, although they have no sequence
homology and are unrelated: 1) A types, first isolated
from cockroach, that possess the sequence Y/FXFGLNH2 (Pratt et al., 1989; Woodhead et al., 1989); 2) B
types, first isolated from cricket, with the sequence
W(X)6Wamide (Williamson et al., 2001); and 3) C types,
first isolated from the Lepidopterans, with a PISCF
sequence (Jansons et al., 1996; Kramer et al., 1991).
These peptides possess similar physiological functions
but lack any sequence similarity, suggesting that there
has been convergent evolution of their function at least
three times, highlighting the importance of allatostatic
substances in arthropods.
Although ASTs were first identified in insects, all three
classes of peptides have since been identified in crustaceans (Dickinson et al., 2009b; Duve et al., 1997, 2002;
Fu et al., 2005b; Huybrechts et al., 2003; Stemmler et al.,
2009), where their physiological roles are just beginning
to be understood (Dircksen et al., 1999; Fu et al., 2007;
Jorge-Rivera, 1997; Kreissl et al., 1999; Ma et al., 2009b).
One known function is stimulating the production of
methyl farnesoate (MF) from farnesoic acid by the mandibular organs, the crustacean homolog of the insect corpora allata (Kwok et al., 2005). MF modulates molting
and reproduction in crustaceans in a manner similar to JH
regulation of these processes in insects (Bendena et al.,
1999; Stay and Tobe, 2007; Tobe and Bendena, 1999). In
addition, B-type ASTs are known for their myoinhibitory
role and are therefore also referred to as myoinhibitory
peptides (MIPs; Nässel and Winther, 2010). For consistency with other recent studies in crustaceans (Christie
et al., 2010), here we will refer to the peptides as
allatostatins.
Members of all three AST families are present in the
crab Cancer borealis and have been shown to regulate
neuronal function in the STNS (Fu et al., 2007; Ma et al.,
2009b; Skiebe and Schneider, 1994). Specifically, the
three ASTs reduce pyloric network burst frequency in a
state-dependent manner; i.e., the faster the initial burst
frequency, the less effective the AST peptide. Because
peptides from the three AST families lack sequence similarity, their inhibition of the pyloric rhythm likely is not

due to their action on the same receptor families; instead,
it is more likely that they share some downstream targets. Thus, an examination of the distribution of these
peptides and their potential targets might provide an
explanation for the apparent similarities in their actions.

MATERIALS AND METHODS
Animals and dissections
Adult C. borealis were obtained from Commercial Lobster (Boston, MA). All animals were maintained in artificial
sea water tanks at approximately 11 C without food on a
12-hour light/12-hour dark cycle. Dissections of the
STNS were performed as previously described (Goaillard
et al., 2004) in chilled physiological saline [C. borealis
(mM): NaCl 440, KCl 11, MgCl2 26, CaCl2 13, Trizma base
11, maleic acid 5, pH 7.45].

Antibody characterization
Peptide CbAST-B1 (VPNDWAHFRGSW-NH2) was synthesized by the Biotechnology Center at the University
of Wisconsin–Madison. The peptide was conjugated to
bovine serum albumin (BSA) using the carbodiimide procedure (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride; Lampire Biological Laboratories, Hypersville, PA). After a preimmune bleed, BSA-linked peptide
(0.5 mg in 500 ll Freund’s complete adjuvant) was
injected subcutaneously into New Zealand white rabbits
(Lampire Biological Laboratories). Rabbits were boosted
with BSA-linked peptide (0.5 mg in 500 ll Freund’s
incomplete adjuvant) 3 and 6 weeks later, prior to the
first production bleed at day 50. Antibody production
was verified and measured using ELISAs. This antibody
will be referred to as CbAST-B1 antibody throughout the
remainder of the article (Table 1). The ELISA design
involved capture of the specific antibody by a target
antigen coated on 96-well microtiter plates. Wells were
coated with target antigen at 1 lg/well (antigen was
diluted in 50 mM carbonate at pH 7.6). Antisera were
diluted in tenfold serial dilutions using 1% BSA in phosphate-buffered saline (PBS). Specific antibody was
detected by goat anti-rabbit IgG secondary antibody
conjugated to horseradish peroxidase (HRP). The signal
was developed using (2,20 -azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt; ABTS) substrate.
The reaction was stopped after 20 minutes, and absorbance at 405 nm was measured.
A-type AST monoclonal antibodies made against Diploptera punctata (Dippu) AST-7 (APSGAQRLYGFGL-NH2;
N-terminal coupled to BSA) were obtained from the Developmental Studies Hybridoma Bank, University of Iowa
(Stay et al., 1992; Table 1). Specificity of this antibody for
AST-7 (previously called AST I) was demonstrated in
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TABLE 1.
Primary Antibodies Used
Antigen
CbAST-B1
Dippu-AST-7

CabTRP

Immunogen

Manufacturer

Dilution

Synthetic peptide: BSA-linked
B-AST, VPNDWAHFRGSW-NH2
Synthetic peptide: BSA-linked
Diploptera punctata allatostatin 7
(formerly I), APSGAQRLYGFGL-NH2
C-terminal BSA-linked substance P

Lampire Biological Laboratories,
rabbit polyclonal, No. 7905
Developmental Studies Hybridoma
Bank (Univ. Iowa), mouse
monoclonal, No. 5F10
Accurate Chemical and Scientific
(Westbury, NY), rat monoclonal, No. NC1/34 HL

1:500–1:1,000

ELISA competition assays in which the antibody was preincubated with five different synthetic AST peptides,
including APSGAQRLYGFGL-NH2 (Stay et al., 1992), and
the presence and distribution of its immunoreactivity
throughout the STNS of C. borealis to AST-7 (APSGAQRLYGFGL-NH2) using a rabbit polyclonal has previously
been demonstrated (Skiebe and Schneider, 1994).
CabTRP-like immunoreactivity was examined with a rat
monoclonal antibody against substance P (clone NC1/
34HL; obtained from Accurate Chemical and Scientific
Westbury, NY; Table 1) conjugated to BSA with carbodiimide as coupling agent. It recognizes the COOH-terminal
part of substance P (Cuello et al., 1979). The specificity
of clone NC1/34HL for CabTRP1a in C. borealis (Table 1)
was previously shown by preabsorption controls with
CabTRP1a peptide (sequence APSGFLGMR-NH2; Christie
et al., 1997). In this previous study, also in C. borealis,
the authors showed that 104 M CabTRP1a completely
blocked all of the staining revealed by a 1:300 dilution of
clone NC1/34HL (the same antibody and dilution used in
this study). The distribution of immunoreactivity with
clone NC1/34HL in the STNS of C. borealis has been
characterized (Blitz et al., 1995; Christie et al., 1997;
Goldberg et al., 1988). The same distribution was seen in
this study.

Immunocytochemistry
C. borealis were examined to determine the distribution of the A- and B-type AST-LI as well as CabTRP-like immunoreactivity in the STNS (n ¼ 36). Dissected nervous
systems were fixed for 30–60 minutes using 4% paraformaldehyde in 0.1 M PBS (440 mM NaCl, 11 mM KCl, 10
mM Na2HPO4, 2 mM KH2PO4, pH 7.4–7.5). After fixation,
preparations were washed four times in PBS, then stored
for 0–7 days at 4 C before processing. Prior to application of the antibody, preparations were washed for 4 
15 minutes in PBS-T (0.3–1% Triton X-100 in PBS). PBS-T
containing 5% normal goat serum (NGS) and 1–5% BSA
was then applied for 2 hours, followed by four additional
15-minute washes in PBS-T alone. Antibodies against Aand B-type ASTs were applied overnight at a concentra-
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1:1,000

1:300

tion of 1:500–1:1,000 in PBS-T with 5% NGS and 1% BSA
at room temperature, following which preparations were
washed four to eight times for 15 minutes each. CabTRPlike immunoreactivity was studied with 1:300 dilution of a
substance P monoclonal antibody (clone NC1/34HL; Table 1) with 5% NGS and 1% BSA overnight at room temperature. For blocking studies, CbAST-B1 antibody was
preincubated for 1 hour at 1:1,000 with 104 to 109 M
CbAST-B1 peptide to determine the effectiveness of the
antibody. Additionally, 104 M CbAST-B2 peptide, 104
M CbAST-B3 peptide, or 104 M Dippu-AST-3 peptide
(Bachem, Torrance, CA) was preincubated with the
CbAST-B1 antibody for 1 hour to determine the specificity
of binding. All CbAST-B-type peptides were synthesized
by the Biotechnology Center at the University of Wisconsin–Madison.
Polyclonal antibodies against mouse or rabbit (raised in
either goat or donkey; Invitrogen, Carlsbad, CA) were
used to visualize A- and B-type antibodies. These antibodies were conjugated to Alexa Fluor dyes with optimal excitation wavelengths ranging from 488 to 647 nm. They
were applied to the preparations at a concentration of
1:500 in PBS-T for 2–3 hours at room temperature. Preparations were then washed four times for 15 minutes each
in PBS-T, followed by four washes of 15 minutes in PBS.
They were then mounted in ProLong Gold Antifade
Reagant (Invitrogen) or Vectashield (Vector Laboratories,
Burlingame, CA).

Soma fills
Somata were filled with 4% neurobiotin tracer (Vector
Laboratories) in 50 mM Tris buffer and 0.5 M KCl or with
10 mM Alexa Fluor 568-hydrazide potassium salt. Lowresistance recording electrodes were backfilled for 10
minutes with the tracer. For neurobiotin fills, the shaft of
the electrode was filled with 2 M KCl, leaving a gap of 1
cm between the neurobiotin solution in the tip. Neurobiotin was injected for 30 minutes using positive current
pulses of 3–6 nA, 500 msec duration, 0.3 Hz. Alexa Fluor
hydrazide was injected for 30 minutes with negative
pulses of –3 to –11 nA, 500 msec duration, 0.3 Hz.
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Preparations were fixed and processed immediately after
cells were filled. Neurobiotin was visualized by addition of
streptavidin conjugated to Alexa Fluor dyes (1:500; Molecular Probes, Eugene, OR).

Backfills
For nerve backfills, a Vaseline well was built around the
nerve, and the well was filled with diH2O for 5 minutes.
Then, the water was replaced with one of the following
tracers: 6% rhodamine- or fluorescein-dextran-10 kDa
(Molecular Probes), 4% neurobiotin tracer (Vector Laboratories) in 50 mM Tris buffer and 0.5 M KCl or 100 mM Lucifer yellow-CH lithium salt (Molecular Probes). The nerve
was cut inside the well, and the preparations were then
incubated for either 16 hours at 12 C or 48 hours at 4 C
with daily saline changes. Vaseline wells were then
removed and preparations were fixed and processed.
Neurobiotin was visualized by addition of streptavidin
conjugated to Alexa Fluor dyes (1:500; Molecular
Probes).

Image acquisition and processing
Standard fluorescent images were taken on an IX81
motorized inverted scope (Olympus) using Volocity software 4.3.2 build 23 (Improvision; Perkin-Elmer). Confocal
images were collected from a Leica SP2 or SP5 CLEM
microscope using Leica Application Suite Advanced Fluorescence (LAS AF) software 2.1.0 build 4316. For figures
3, 6 and 8, image stacks were converted to .ims files with
Imaris 7.0–7.2 (Bitplane). The Imaris Slice and Surpass
modules were used for adjusting contrast and brightness
and to display stacks as maximum-intensity projections
(Figs. 3, 8) or in gallery view (Fig. 6), and snapshots were
exported as .tif files for final figure assembly in Illustrator
CS4 (Adobe Systems). For Figures 2A and B, 4, and 5,
images were imported into Image J (NIH); point-spread
functions (PSF) were calculated using the Diffraction PSF
3D plugin, and images were converted to 16-bit using the
Parallel Spectral Deconvolution 2D plugin version 1.7.
Final editing for brightness and contrast was performed
using Photoshop CS5 (Adobe Systems). All final images
except Figure 6 are maximum intensity projections.
Images for Figure 7 were traced, digitized, and edited in
Canvas 10.0 (ACD Systems). Traces for Figure 9A were
arranged in Adobe Illustrator CS5. The plot in Figure 9B
was created in Microsoft Excel, and Figure 9 was completed in Canvas 10.0.

Direct tissue analysis
All animals were anesthetized by packing in ice for 30–
60 minutes (n ¼ 6), after which the STNS was dissected
from surrounding tissues in chilled physiological saline
(10 C), and the sheath surrounding the ganglia was

completely removed on both sides. Direct tissue analysis
was performed as described previously (Kutz et al.,
2004). Briefly, the tissue was rinsed in a droplet of acidified methanol (90% methanol: 9% glacial acetic acid: 1%
deionized water), desalted in a droplet of dilute MALDI
matrix [10 mg/ml 2,5-dihydroxybenzoic acid (DHB), aqueous], and placed on the MALDI plate. Then, 0.4 ll DHB
(50 mg/ml in 50% methanol, v/v) matrix was deposited
on top of the tissue to adhere it to the MALDI target and
allowed to crystallize at room temperature. Direct tissue
mass spectrometric analysis was performed via MALDI
TOF/TOF.

MALDI TOF/TOF
A model 4800 MALDI TOF/TOF analyzer (Applied Biosystems, Framingham, MA) equipped with a 200-Hz, 355nm Nd:YAG laser (spot diameter 75 lm) was used for all
mass spectral analyses. Acquisitions were performed in
positive ion reflectron mode. Instrument parameters were
set using the 4000 Series Explorer Software (Applied Biosystems). Mass spectra were externally calibrated using
peptide standards applied directly to the stainless-steel
MALDI target. Tandem mass spectra (MS/MS) were
achieved by 2 kV collision-induced dissociation (CID),
with air as the collision gas. Seven hundred fifty laser
shots were averaged for each MS/MS spectrum, and
sequence interpretation was performed manually.

Electrophysiological experiments
Recordings from the STG and its nerves were made as
previously described (Goaillard et al., 2004). Stainlesssteel pins were connected to an A-M Systems (Carlsborg,
WA) amplifier and placed in Vaseline wells surrounding
the lateral ventricular nerve (lvn) to obtain extracellular
recordings from axons of the pyloric network motor
neurons: the pyloric (PY), lateral pyloric (LP), and pyloric
dilator (PD) neurons. Intracellular recordings from somata
in the STG were made using sharp electrodes (15–25
MX, filled with 0.6 M K2SO4 and 20 mM KCl) and Brownlee (Automate Scientific, Berkeley, CA) and Axoclamp 2B
(Molecular Devices, Sunnyvale, CA) amplifiers. Data were
collected in Clampex 10.0 (Molecular Devices) software.
All B-type allatostatin peptides were synthesized at the
University of Wisconsin unless otherwise stated.
During experiments, preparations were superfused
continuously with C. borealis saline (10 ml/min), and
temperature was maintained at 10–12 C using a Peltier
(Warner Instruments, Hamden, CT). Spike 2 version 6.04
(Science Products GmbH, Hofheim, Germany), Clampfit
10.0 (Molecular Devices), and Excel (Microsoft) were
used for data analysis.
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(Fig. 1A,B), via direct tissue mass spectrometric analysis.
Many of these peptides belong to well-known neuropeptide families, such as the RFamides and orcokinins,
among many others. Multiple members of the B-type
ASTs were present, although they were represented
by peaks with relatively lower intensities in the spectra
(Fig. 1A, squares). Mass spectrometry also detected
B-type ASTs in the stomatogastric nerve (stn) and superior esophogeal nerve (son), which connect the STG with
the OG and CoGs. No B-ASTs were found in the inferior
oesophageal nerve (ion) or the dorsal ventricular nerve
(dvn). Tandem mass experiments were performed directly
on the tissue samples to confirm the identities of the
observed peptide peaks. As shown in the example in
Figure 1C, many immonium ions and several sequencerelated b and y ions were observed in the collisioninduced dissociation (CID) fragmentation analysis of the
B-type AST SGKWSNLRGAWamide (B3; m/z 1,260.7).
Six preparations were analyzed via direct tissue mass
spectrometric techniques, and each preparation was analyzed three times on MALDI TOF/TOF to eliminate random errors of detection. The B-type allatostatins detected
are shown in Table 2. In total, nine different isoforms
were found to be present in the STG, CoG, and stn, including
CbAST-B1 (VPNDWAHFRGSWa), CbAST-B2 (QWSSM
RGAWa), CbAST-B3 (SGKWSNLRGAWa), CbAST-B4
(NWNKFQGSWa), CbAST-B5 (TSWGKFQGSWa), CbAST-B6
(GNWNKFQGSWa), CbAST-B7 (NNWSKFQGSWa), CbASTB8 (STNWSSLRSAWa), and CbAST-B9 (NNNWSKFQGSWa).

Characterization of B-type AST staining in
the STNS of C. borealis

Figure 1. Direct tissue analysis of ganglia in the STNS. Mass
spectra were obtained from a small piece of tissue from the STG
(A) and CoG (B). Many peptides were detected, including B-type
CbASTs (indicated with squares). C: Example of an MS/MS spectra for CbAST-B3 SGKWSNLRGAWa (m/z 1260.7) from direct
tissue analysis of one STG; a, b, and y ions are indicated.

RESULTS
Identification of B-type AST peptides
in the STNS using MALDI TOF/TOF
Large numbers of previously reported neuropeptides
were observed in the STNS, including the STG and CoG
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A-, B-, and C-type allatostatins inhibit the pyloric
rhythm in the STG (Fu et al., 2007; Ma et al., 2009b;
Skiebe and Schneider, 1994). The distribution of A-type
ASTs has been well-characterized in the STNS of several
crustaceans (Skiebe, 1999; Skiebe and Schneider, 1994),
but the distribution of B-type ASTs in the STNS has not
yet been described. Using an antibody raised against the
B-type allatostatin VPNDWAHFRGSW-amide (CbAST-B1;
see Materials and Methods), we determined the distribution of CbAST-B1-like immunoreactivity (CbAST-B1-LI) in
the STNS of C. borealis (n ¼ 26).

The CoGs
The two CoGs each contain 400–500 somata and a
large neuropil (Coleman et al., 1992). In the CoGs, the
CbAST-B1 antibody stained both the neuropil and cell
bodies (Fig. 2). About 30–40 cells ranging from 15 to 30
lm in size stained brightly in each CoG (n ¼ 32 ganglia).
One or two large cells with diameters of 40–50 lm
were also sometimes apparent. Figure 2A shows a
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TABLE 2.
Allatostatins Present in the STNS*
Peptide name
CbAST-B1
CbAST-B2
CbAST-B3
CbAST-B4
CbAST-B5
CbAST-B6
CbAST-B7
CbAST-B8
CbAST-B9

[M 1 H]1 Peptide sequences STG CoG stn
1,470.7
1,107.5
1,260.6
1,165.6
1,182.6
1,222.6
1,252.6
1,293.6
1,366.6

VPNDWAHFRGSWa
QWSSMRGAWa
SGKWSNLRGAWa
NWNKFQGSWa
TSWGKFQGSWa
GNWNKFQGSWa
NNWSKFQGSWa
STNWSSLRSAWa
NNNWSKFQGSWa

6
6
6
5
1
5
5
6
5

4
4
5
2
NA
5
1
3
2

2
2
2
2
2
2
2
2

*Numbers represent the preparations in which each peptide was
detected (from a total of six).

low-magnification view of CbAST-B1-LI in the entire
CoG, and Figure 2B shows a section midway through
the same ganglion to illustrate the immunoreactive
fibers connecting the circumoesophageal connective
(CoC) to the neuropil of the CoG (white asterisk). In
this preparation, three brightly immunostained fibers
made this characteristic turn into the CoG. In other
preparations, the number of discernible fibers varied
from one to four. Figure 2C shows an example of
another preparation in which two of these fibers and
their arborizations were evident. A large CoC fiber
bundle also extended between the brain and the CoG
neuropil (Fig. 2B, double arrows). CbAST-B1-LI was
also apparent in fibers traveling in the CoC between
the brain and thoracic ganglion directly (Fig. 2B,
arrowheads).
An examination of the nerves connecting the CoGs
with other STNS ganglia demonstrated one to four
brightly labeled fibers in the son (n ¼ 15; Fig. 2B) that
could be traced from the CoGs to the stn. Some of these
fibers also extended into the dorsal posterior esophageal
nerve (dpon). In the portion of the son proximal to the
CoG, one to four small somata were apparent in 10 of 14
preparations (Fig. 2A, box; see also Fig. 2D). The son also
revealed punctate labeling throughout the length of the
nerve. In addition, one or two faintly stained fibers were
sometimes seen in the ions (Fig. 2B, top white arrow),
although this labeling was not as prominent as the son
labeling.

The OG
In C. borealis, the OG contains 14 somata (Coleman
et al., 1992). Three of these neurons extend processes
into the stn: the two modulatory proctolin neurons
(MPNs; Nusbaum and Marder, 1989a,b) and the cardiac
sac dilator neuron 1 (CD1; Vedel and Moulins, 1977). We
combined backfills of various nerves with CbAST-B1-LI to
determine which of the OG somata showed CbAST-B-LI

(n ¼ 3 for stn backfills, n ¼ 3 for ion backfills, n ¼ 2 for
son backfills).
Figure 3 shows OGs from two different preparations
labeled for CbAST-B-LI (Fig. 3A-C and Fig. 3D-F). In 11 immunostained OGs, the number of somata varied from
three to as many as 11 (e.g., Fig. 3A). Note that there are
four brightly stained somata and another six or seven
moderately to weakly stained somata in this preparation.
Note also in Figure 3A and that clearly stained fibers in
the on and in the ion can be seen, although a different
preparation (Fig. 3D) shows only five distinctly labeled
somata and no fibers in the adjacent nerves. Figure 3B
shows the results of the dye backfill from the stn for the
same preparation as in Figure 3A. At least five or six
stained fibers are seen in the on, and the two smaller,
MPN neurons and the large, CD1 neuronal somata are
brightly labeled. Additionally, fibers project into the ion
and ivn. A merge of images showing CbAST-B-LI and
nerve backfill (Fig. 3C) demonstrated that the MPNs
exhibited intense CbAST-B1-LI and the CD1 neuron was
less intensely stained. Figure 3C also showed neurons
that exhibited strong CbAST-B1-LI but were not labeled
by the stn backfill.
Backfills from a single ion labeled four somata, as
shown in Figure 3E. Among these, one small neuron
showed bright CbAST-B1-LI (Fig. 3F, asterisk). Double
label experiments showed that the single CabTRP1astaining neuron (Blitz et al., 1995; Christie et al., 1997;
Goldberg et al., 1988) with ion projections is also immunoreactive for CbAST-B1 (data not shown).

The stn-on-son junction
The stn is the only nerve connecting the STG with the
anterior ganglia (CoGs and OG), which provide descending modulatory inputs to the pyloric and gastric networks
in the STG. Coleman et al. (1992) found 55–60 mediumto large-diameter fibers in the stn. In addition to axons
from the three neurons in the OG that project to the STG,
20 pairs of CoG somata project to the stn via the sons
(Coleman et al., 1992). Additionally, up to 10 stn fibers
originate from neurons in the STG (Goldberg et al., 1988).
In 18 preparations, four to nine CbAST-B1-LI fibers were
seen in the stn. Among those, one to four fibers could be
traced from punctate staining in the son to the anterior
stn neuropil and along the stn (n ¼ 15). Punctate staining
in the anterior stn was abundant, and large and small varicosities were present at various additional sites along the
nerve (Fig. 4A, arrow; see also Fig. 4B).

STG
The STG of C. borealis contains approximately 25–26
neurons (Kilman and Marder, 1996). None of the STG
somata showed CbAST-B1-LI. However, the STG neuropil,
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Figure 2. CbAST-B1-like staining in the CoG. A: Immunoreactivity was seen in CoG cell bodies as well as in the neuropil. Immunoreactive
fibers were apparent in both the son and ion. Cell bodies and punctate labeling were often detected at the beginning of the son (boxed
region). B: Midganglion view of CbAST-B1-LI in the same preparation as in A, emphasizing the presence of processes leading from the
CoC into the CoG (asterisk). Fibers in the CoC also bypassed the CoG (arrowheads). Immunoreactive fibers in the son and ion (single
arrows) extended into the CoG neuropil. Fibers were also visible traveling between the brain and CoG neuropil (double arrows). C: High
magnification of fibers extending perpendicularly from the CoC fiber pathway to the CoG neuropil in another preparation. Note that, in this
case, two fibers can be seen extending to and branching out in the CoG neuropil. D: A cell and punctate staining in the son (see boxed
region in A). Scale bars ¼ 150 lm in A,B; 100 lm in C; 20 lm in D.
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Figure 3. CbAST-B1-LI in the OG. A–C: In one preparation, strong CbAST-B1-LI was detected in both MPN somata (asterisks) while weak
staining was detected in the CD1 soma. D–F: Rhodamine-dextran backfill of the right ion labels five cells in the OG, of which one (asterisk)
is strongly CbAST-B1-like immunoreactive. Scale bars ¼ 50 lm in C (applies to A–C) and 50 lm in F (applies to D–F).

which is surrounded by these somata, was brightly
stained, and the stained fibers were distributed diffusely
in this region (Fig. 5). CbAST-B1-LI fibers that projected

into the STG neuropil from the stn appeared to be located
mostly on one side of this nerve (Fig. 5, arrow; n ¼ 20).
Both fine fibers and bulbous swellings up to 10 lm in
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Figure 4. CbAST-B1-LI in the anterior stn. A: Overview of the anterior stn and its junction with the two sons and the on. A large region of
punctate staining is present in the anterior region of the stn. Fibers project from the two sons into the stn. Similar punctate staining was
also detected in more posterior regions (arrow). B: High magnification of the anterior region of the stn from another preparation showing
extensive punctate staining. Scale bars ¼ 200 lm in A; 75 lm in B.

size were apparent in the neuropil (Fig. 5, arrowhead). In
addition, immunoreactive fibers usually extended posteriorly 50–100 lm from the neuropil into the dvn (Fig. 5,
double arrows). It was previously shown that most peptide immunostaining in the STG is localized to the periphery of the neuropil where fine processes and branches
are numerous, whereas the center of the neuropil is occupied by the large primary neurites (Baldwin and Graubard,
1995; Kilman and Marder, 1996). CbAST-B1-LI demonstrated a similar pattern of distribution (n ¼ 30; Fig. 6).
Extensive staining was apparent as a rind around the outside of the neuropil but was sparse in the center, where
the largest neuronal processes are present.
CbAST-B1-LI in the posterior STNS (the region containing axonal processes of STG motor neurons) was rarely
seen. In a few preparations, a single small fiber posterior
to the STG in the dvn and lvn was stained. This is consistent with the fact that some neurons projecting from the
CoGs and OG send processes through the STG and into
the dvn and lvn (Coleman et al., 1992). Occasional bright
spots of punctate staining were also seen in the dvn and
lvn. The gastropyloric receptor (GPR) cells, which contain
serotonin and acetylcholine (Katz and Harris-Warrick,
1989; Katz et al., 1989) and send processes through the
lvn and dvn to the STG were not immunoreactive for
CbAST-B1. A summary of CbAST-B1 antibody staining in
the STNS of the crab C. borealis is shown in Figure 7.
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Specificity controls
Given the presence of at least nine different isoforms
of CbAST-B (Table 1), it was important to determine
whether this antibody is likely to recognize all of these
peptides or only the isoform to which it was raised.
Consequently, CbAST-B1 antibodies were preincubated
with the CbAST-B1 peptide (sequence VPNDWAHFRGSWamide) at varying concentrations (n ¼ 30). Staining was
abolished by preincubation with CbAST-B1 at concentrations of 106 M and higher. Weak staining was observed
when the antibody was preincubated with 107 M
CbAST-B1, and the staining increased in intensity until it
reached control levels following preincubation with 109
M CbAST-B1 peptide (data not shown).
Preincubations with two additional B-type ASTs indicated that the antibody is likely to recognize other
CbAST-B peptides, albeit to a lesser degree. Preincubation with 104 M CbAST-B2 (QWSSMRGAW-amide; n ¼
9) and 104 M CbAST-B3 (SGKWSNLRGAW-amide; n ¼ 7)
only partially blocked staining in the STG, but staining in
the CoGs was almost completely blocked.

Comparison of CbAST-A and
CbAST-B-LI in the STNS
The distribution of AST A-like immunoreactivity in the
STNS of various crustacean species has been previously
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Figure 5. CbAST-B1-LI in the STG is restricted to the neuropil.
STG somata were not immunoreactive, but fibers in the neuropil
were stained extensively. Bulbous structures measuring up to
10 lm in length were detected in the central neuropil (arrowhead). Staining in the stn as it enters the STG is brighter on one
side of the nerve (single arrow). Fibers extended posteriorly toward the dvn (double arrows). Scale bar ¼ 50 lm.

characterized (Skiebe, 1999; Skiebe and Schneider,
1994). To determine whether the distribution of B-type
ASTs is likely to be similar to that of the A types, we examined the distribution of A- and B-type immunoreactivity in
the same preparations. Many of the descending modulatory projection neurons in the STNS colocalize multiple

transmitters (Blitz et al., 1999; Blitz and Nusbaum, 1999;
Kilman et al., 1999; Nusbaum, 2002; Nusbaum and Beenhakker, 2002; Nusbaum et al., 2001; Thirumalai and
Marder, 2002). In examining the distribution of both ASTs,
we also wanted to determine whether any of the same
neurons colocalized members of the two peptide families.
These studies were performed using the CbAST-B1 antibody as well as antibodies raised against a cockroach Atype AST (Dippu-AST-7), which possess the same carboxy
terminal sequence as A-type ASTs in crustaceans (Ma
et al., 2009c). The CbAST-B1 antiserum was raised in rabbit, and the Dippu-AST7 antibody is a mouse monoclonal,
which aided in obtaining distinctive double labeling.
Preparations were simultaneously exposed to both the
CbAST-B1 antibody (Fig. 8A) and antibodies against
Dippu-AST-7 (Fig. 8B; n ¼ 11). In general, most cells and
cellular processes that were immunoreactive to the
CbAST-B1 antibody were not stained by the AST-A antibody. In the CoGs, AST-A-like staining was detected in
both the neuropil and the cell bodies (Fig. 8B). Neuropil
fibers that exhibited CbAST-A-LI were not the same as
those exhibiting CbAST-B-LI. This was determined by both
an examination of the 3D maximal projection images and
a slice by slice comparison of fluorescently stained fibers.
In addition, A-type neuropil staining was located more
centrally (Fig. 8C). In all preparations, two large neurons
(60 lm) were lightly but consistently stained using the
Dippu-AST 7 antibody, but not the CbAST-B1 antibody
(Fig. 8B-D). These cells were much larger than the cells
that typically stained brightly with the CbAST-B1 antibody. A subset of small cells showed bright CbAST-B1-LI
and weak Dippu-AST-7-like immunoreactivity (Fig. 8D,
blue asterisks). With a different AST-A antibody, Skiebe
and Schneider (1994) also saw two large cells and 12–
19 smaller cells in the CoG, including 8 medium-sized
(15–25 lm) and up to nine smaller (5–10 lm) cell bodies.
In our experiments, somata with a small diameter (20
lm) that were stained by the Dippu-AST-7 antibody were
apparent in two preparations. These cells were similar in
size to those stained by the CbAST-B1 AST antibody.
AST-A-immunoreactive somata were not apparent in
the OG. However, there were AST-A-LI fibers in the son
that did not colocalize with those stained by the CbASTB1 antibody (data not shown). Typically, only one to two
fibers that stained for AST-A entered the STG from the
stn, compared with the three or four CbAST-B1-like immunoreactive fibers (Fig. 8E). At this site, fibers stained with
the two antibodies were clearly distinct, with no overlap.
In the STG, both antibodies extensively stained processes
in the neuropil; somatic staining was never apparent (n ¼
8).
One major difference between the CbAST-B-type staining and that previously described for the A-type ASTs is in
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Figure 6. A series of 2.5-lm-thick optical slices in a z-stack showing CbAST-B1-LI in the STG. CbAST-B1-LI (magenta) was strongest
around the periphery of the neuropil and virtually absent near the large diameter processes of the coarse, central neuropil. A ventral dilator (VD) cell was filled with Alexa Fluor 568 hydrazide (yellow), and a second, unidentified cell was filled with neurobiotin (green). Scale
bar ¼ 100 lm.

the region of the STNS posterior to the STG. As previously
discussed, B-type fiber staining was rarely observed in
this region, although extensive A-type staining was previously described (Skiebe and Schneider, 1994). In particular, A-type AST-like immunoreactivity is seen in the GPR
cells, stretch receptor cells that play an important roles in
modulating gastric and pyloric rhythms (Beenhakker
et al., 2005; Katz et al., 1989; Katz and Harris-Warrick,
1989). In contrast, these cells exhibited no CbAST-B1-LI.
CbAST-A-immunoreactive fibers were also consistently
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observed extending past the STG neuropil into the dvn
and posterior STNS (data not shown).
To determine whether there was any cross-reactivity
between the CbAST-B1 antibody and A-type ASTs, CbASTB1 antibodies were preincubated with 104 M Dippu-AST3. These preincubation experiments resulted in STNS staining identical to that of controls (n ¼ 4; data not shown).
Thus, as predicted from the fact that there is no sequence
homology among the three AST families, A-type ASTs are
apparently not detected by the CbAST-B1 antiserum.
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Figure 7. Summary of CbAST-B1-LI in the STNS of C. borealis.

Physiological effects of CbAST-B peptides
on the pyloric rhythm
Individual members of the A, B, and C AST families of
peptides inhibit the pyloric rhythm in a state-dependent
manner (Fu et al., 2007; Ma et al., 2009b; Skiebe and
Schneider, 1994). Previous work studied the effects of
several insect AST-A peptides, CbAST-B1, and the two
C-type CbAST peptides and found that preparations with
strong initial frequencies (1 Hz) were less inhibited by
peptide applications, whereas preparations with initial
pyloric burst frequency less than 0.5 Hz were silenced
by peptide applications.
To determine whether CbAST-B2 and CbAST-B3
exerted similar effects on the pyloric rhythm as
CbAST-B1, we applied these peptides to the STG (n ¼
22). Figure 9A shows recordings from a single prepara-

tion and illustrates that high concentrations of each of
these peptides completely inhibited the pyloric rhythm.
At 105 M, all three peptides silenced the pyloric
rhythm, and these effects were readily reversible
(Fig. 9A). Note that, in the absence of IPSPs, the LP
neuron’s membrane potential hyperpolarized in the
presence of the peptides and that, in addition to the LP
neuron, the PD and PY neurons (also seen on the lvn recording) were silenced.
Figure 9B compares the effects of application of 108
M CbAST-B1, CbAST-B2, and CbAST-B3 on the pyloric
rhythm. Examination of the plot shows evidence of state
dependence, in which faster initial baseline frequencies
showed little decrease in frequency as a result of peptide
application, whereas slower initial baseline frequencies
exhibited greater decreases in frequency. To quantify
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Figure 8. CbAST-B1-LI and Dippu-AST 7 (A-type AST)-like immunoreactivity in the STNS. A: CbAST-B1-like staining in the CoG. Staining
was detected in both cell bodies and neuropil. B: A-type AST-like staining in the same preparation. Arrows point to two large somata that
were labeled. C: Overlay of A and B. D: Cell bodies in the CoG from the preparation in C, showing some neurons colocalize the two families of peptides. Overlay of green and magenta in these somata appears white (blue asterisks). E: CbAST-B1-LI (green) and Dippu-AST
7-like staining (magenta) in the STG showing segregation of fibers in the stn and neuropil. Scale bars ¼ 70 lm in C; 50 lm in D,E.

these results, we rank-ordered all of the data by initial frequency and then cut the population into two bins, above
and below the median burst frequency of 0.64 Hz. The
high initial frequency group (n ¼ 19) decreased 11.1% in
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108 M peptide, whereas the low initial frequency group
(n ¼ 18) decreased 52.6% in 108 M peptide. These values are significantly different (Mann-Whitney rank sum
test, P ¼ 0.002).
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The state-dependent action of these peptides
makes preparation-to-preparation comparisons of doseresponse curves difficult unless all of the studied preparations are from a population with similar starting frequencies. Nonetheless, previous studies estimated the EC50
for CbAST-B1 peptide at 108 M (Fu et al., 2007). We
obtained similar data in dose-response experiments for
CbAST-B2 and CbAST-B3 peptides. To remove the influence of the initial frequency on a potential comparison of
the actions of CbAST-B2 and CbAST-B3, we compared

data from preparations with initial frequencies of between
0.5 and 0.67 Hz. CbAST-B2 at 108 M decreased the
pyloric rhythm frequency by 44% (n ¼ 6), and 108 M
CbAST-B3 decreased the frequency by 37% (n ¼ 6).
These values were not statistically different (Student’s
t-test, P ¼ 0.643).

DISCUSSION
Peptides play a variety of important roles in reconfiguring the circuits that control behavior in all animals
(Marder and Bucher, 2007; Marder and Calabrese, 1996).
Some peptides reach their targets via release from
neurons with well-defined projections (Nusbaum, 2002;
Nusbaum et al., 2001), whereas other peptides reach
their targets via the hemolymph (Christie et al., 1995).
One of the salient findings from decades of work on the
modulation of the crustacean STG is that the STG motor
patterns are modulated by a very large number of amines
and neuropeptides (Marder and Bucher, 2007; Marder
and Calabrese, 1996). Moreover, at least 142 different
neuropeptides, members of at least 17 different peptide
families, were found in C. borealis (Ma et al., 2009c),
many of them in the STNS. Several questions immediately
arise. 1) Are there significant differences in the physiological actions of different members of the same peptide
family? 2) Are different members of the same peptide
family differentially distributed in the nervous system? 3)
What are the complete patterns of colocalization of peptides of the same family and of different families? The
eventual answers to these questions will require many
studies combining immunocytochemistry, mass spectrometry, and electrophysiology. The results described
here on the CbAST-B family of peptides are both interesting in their own right and a part of this larger effort.

Figure 9

Figure 9. Physiological effects of CbAST-B1, CbAST-B2, and
CbAST-B3 on the pyloric rhythm. A: Effects of 105 M peptides.
Representative intracellular recordings from the lateral pyloric
(LP) neuron (top trace) and the corresponding extracellular recording from the lateral ventricular nerve (lvn, bottom trace),
showing the activity of the PD (medium units), LP (largest unit),
and PY (smallest unit) neurons. Application of 105 M CbAST-B1,
105 M CbAST-B2, or 105 M CbAST-B3 resulted in hyperpolarization of the LP neuron and silencing of the pyloric rhythm. B:
Plot of initial pyloric burst frequency vs. final burst frequency for
preparations exposed to 108 M CbAST-B1, 108 M CbAST-B2,
or 108 M CbAST-B3 plotted to show the burst frequency in the
presence of the peptide as a function of the preparation’s initial
frequency (n ¼ 37). Preparations with a more rapid initial frequency responded less to peptide application that those with a
slower initial burst frequency (Mann-Whitney rank sum test, P ¼
0.002).
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Previous work described 10 different members of
the AST-B family in C. borealis tissues, including the
brain, pericardial organs, and sinus glands as well as
the ganglia of the STNS (Ma et al., 2009c). Nonetheless, the methods of that study were of insufficient resolution to find most of the C. borealis AST-B peptides
in the STNS. Here we detected nine of these previously
identified CbAST-Bs and described their anatomical
localization throughout the STNS. Many of these peptides were at low abundance and were seen only after
the sensitivity of direct tissue mass spectral detection
of neuropeptides was improved by physically removing
the sheath surrounding the ganglia and nerves in the
STNS. This permitted more efficient extraction of neuropeptide inside the tissue into the MALDI matrix solution,
allowing peptide profiling. It is hard to interpret the low
abundance of these peptides in extracts of the STNS,
because it is not clear how many of the different isoforms are found in the same neurons or whether they
are coreleased. Given that the physiological actions of
the three CbAST-Bs studied here were so similar, it is
possible that the low abundance of any single peptide
may be compensated for by the corelease of a number
of the isoforms from the same neurons.
As previously discussed, the nomenclature of the inhibitory peptides termed allatostatins is misleading.
Although the three allatostatin families were so named on
the basis of their activity in the insects in which they were
discovered, the AST-A, AST-B, and AST-C peptides are not
structurally related. In recent years, it has become clear
that the three groups of peptides are encoded on different genes and act on distinct receptors (Hauser et al.,
2006). AST-A, -B, and -C receptors are G-protein-coupled
receptors (GPCRs) related to three vertebrate receptor
groups: galanin (Kastin, 2006), bombesin (Johnson et al.,
2003), and somatostatin (Veenstra, 2009), respectively.
In addition, the AST-B (MIP) receptor has been tentatively
identified only in Drosophila (Johnson et al., 2003), in
which it has been shown to activate the sex peptide
receptor (Kim et al., 2010). Also, in Drosophila, AST-Bs
(MIPs) are part of a peptide signaling cascade involved in
the regulation of ecdysis (Kim et al., 2010), which might
have implications for the modulation of motor rhythms in
the STG.
Many peptide families in C. borealis have a large number of isoforms, including the FMRFamide-related peptides (FaRPs), AST-A’s, orcokinins, and CabTRPs (Ma
et al., 2009c; Stemmler et al., 2009). In some cases, the
affinity of these variants for their receptors may vary
(Skiebe and Schneider, 1994); in other cases, there may
be relatively little difference when they are bath applied
under usual in vitro conditions, but different isoforms may
have different stability or resistance to peptidases and
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therefore may be preferentially active under a given set
of physiological conditions (Cruz-Bermudez et al., 2006).
To the best of our knowledge, the antibody reported
here is the first raised against any of the crustacean ASTBs. Because of the extensive sequence homology of the
CbAST-Bs, we assume that this antiserum recognizes all
members of this family, albeit with different affinity. The
tissue blocks we performed establish that the antibody
has a higher affinity for CbAST-B1 than for CbAST-B2 and
CbAST-B3. Nonetheless, without knowing the relative
concentrations of the isoforms in the stained tissue, we
can only say that the antibody is labeling one or more of
the CbAST-B family of peptides, and more specific determination of the relevant distribution of the different isoforms will require high-resolution MALDI imaging (Chen
et al., 2009; DeKeyser et al., 2007). Likewise, although
the AST-A antibody we used is monoclonal (Stay et al.,
1992), we assume that it is likely to have a higher affinity
for the CbAST-As that have the closest homology to the
peptide against which it was raised (Stay et al., 1992),
but it may also label any of the almost 40 members of the
CbAST-A family of peptides (Ma et al., 2009c).
The double-label experiments shown here suggest relatively little colocalization between the AST-A and AST-B
families in the STNS of C. borealis, despite the fact that
these classes of peptides, along with the AST-Cs, show
superficial similarities in their physiological actions (Fu
et al., 2007; Ma et al., 2009b; Skiebe and Schneider,
1994). As mentioned above, the three AST families have
no structural similarity and in insects are known to activate different classes of GPCRs, each with homologies
to different families of vertebrate receptors (Birgul
et al., 1999; Mayoral et al., 2010; Stay and Tobe,
2007). What we do not yet know is whether these three
peptide classes are acting on the same target neurons
or whether the superficial similarity in these physiological actions results from different circuit mechanisms. In
contrast, the terminal sequences of the three forms of
the CbAST-Bs studied here are structurally very similar,
and they showed similar dose-response curves, strongly
suggesting that the CbAST-B receptor does not distinguish among these peptides. What we do not yet know
is whether these three peptide classes are acting on
the same target neurons or whether the superficial similarity in these physiological actions results from different circuit mechanisms.
The MPNs are a pair of OG neurons containing
proctolin and GABA (Blitz et al., 1999; Blitz and Nusbaum, 1999) and are important regulators of the STG
motor patterns. We now add a third cotransmitter to
the complement found in the MPNs. On some of the
MPN target neurons, the effects of CbAST-B peptides
and GABA might be synergistic. If the CbAST-B
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peptides act directly on the same neurons that
respond strongly to proctolin, these substances could
well be acting in seeming opposition, insofar as proctolin is strongly excitatory on all of its known targets
(Golowasch and Marder, 1992; Swensen and Marder,
2000, 2001). Equally interesting will be assessment of
the potential actions of the CbAST-B peptides in CD1.
CD1 is a cholinergic excitatory motor neuron that
innervates several cardiac sac muscles, and it will be
interesting to see whether its neuromuscular junctions
are modulated by this new peptide cotransmitter.
The CbAST-B family joins a large number of other neuromodulatory substances showing punctate staining in
the stn (Callaway et al., 1987; Kilman et al., 1999; Marder
et al., 1986, 1987; Mortin and Marder, 1991), in the
same vicinity where synaptic contacts are seen (Goaillard
et al., 2004; Skiebe and Ganeshina, 2000; Skiebe and
Wollenschlager, 2002). The localization of CbAST-B family
peptides at this site suggests that these peptides might
influence information flow between the anterior ganglia of
the STNS and the STG.
One of the most unusual features of the actions of all
three families of the CbASTs is their state-dependence.
Because these peptides are more effectively inhibitory
when the pyloric rhythm is relatively weak, the CbAST-B
state-dependence might be seen as a positive feedback
that amplifies any other factors that tend to decrease the
excitability of the network. On the other hand, the action
of CbAST-B family peptides that are released as a consequence of MPN activity will be potentially accompanied
by proctolin, which would tend to maintain the excitability
of the preparation, thus diminishing the potential action
of the CbAST-B-family of peptides. Interestingly, the excitatory actions of proctolin are also state-dependent, and
proctolin is also more effective when applied to preparations that show slow pyloric rhythms (Nusbaum and
Marder, 1989b). Thus, the state-dependence of the proctolin excitatory actions and the inhibitory CbAST-B peptides may be well balanced to maintain overall MPN
action.
Given that the three AST peptide families are not structurally related and are encoded by different genes, it is
remarkable that they share two seemingly unrelated
properties. Not only have all ASTs first been identified
from insects by their inhibitory action on hormone synthesis and secretion, but they also happen to be the only
neuropeptides described to date that inhibit STNS activity. Indeed, the only other known inhibitory transmitters/
modulators in this system are GABA (Cazalets et al.,
1987; Swensen et al., 2000) and histamine (Christie
et al., 2004; Claiborne and Selverston, 1984). Because
the crustacean stomach is shed during molting, and
therefore the STG motor patterns are inhibited before

molting (Clemens et al., 1999), it is possible that there
are evolutionary pressures that result in the shared use of
these three peptide families to inhibit feeding-related network activity during molting.
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