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ABSTRACT: Tachykinin-related peptide (TRP) refers to a
large and structurally diverse family of neuropeptides found in
vertebrate and invertebrate nervous systems. These peptides
have various important physiological functions, from regulating
stress in mammals to exciting the gastric mill (food chewing)
and pyloric (food filtering) rhythm in the stomatogastric
nervous system (STNS) of decapod crustaceans. Here, a novel
TRP, which we named CalsTRP (Callinectes sapidus TRP),
YPSGFLGMRamide (m/z 1026.52), was identified and de
novo sequenced using a multifaceted mass spectrometry-based
platform in both the central nervous system (CNS) and STNS
of C. sapidus. We also found, using isotopic formaldehyde
labeling, that CalsTRP in the C. sapidus brain and commissural ganglion (CoG) was up-regulated after food intake, suggesting
that TRPs in the CNS and STNS are involved in regulating feeding in Callinectes. Using imaging mass spectrometry, we
determined that the previously identified CabTRP Ia (APSGFLGMRamide) and CalsTRP were colocalized in the C. sapidus
brain. Lastly, our electrophysiological studies show that bath-applied CalsTRP and CabTRP Ia each activate the pyloric and
gastric mill rhythms in C. sapidus, as shown previously for pyloric rhythm activation by CabTRP Ia in the crab Cancer borealis. In
summary, the newly identified CalsTRP joins CabTRP Ia as a TRP family member in the decapod crustacean nervous system,
whose actions include regulating feeding behavior.
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Tachykinins constitute a large and structurally diverse family
of neuropeptides in the animal kingdom, with members

present in both vertebrates and invertebrates.1−3 In the latter
group, these peptides are termed tachykinin-related peptides
(TRPs), and they share the conserved C-terminal pentapeptide
sequence FX1GX2Ramide.

4−10 While TRPs differ in their primary
amino acid sequences between vertebrates and invertebrates, the
ability to localize TRPs in invertebrates using antisera directed
against vertebrate tachykinin1 and to physiologically inhibit the
actions of TRPs using vertebrate tachykinin receptor antagonists10

in decapod crustaceans suggests that they have conserved structure
and functions in both animal groups.
With their presence in both central and peripheral tissues,

tachykinins mediate various physiological and pathological effects
including nociception, regulation of stress, pain perception,
coordination of gastrointestinal motility, stimulation of contrac-
tions of visceral and skeletal muscle, and triggering a motor
rhythm in the crab stomatogastric ganglion (STG).10−15 The
involvement of tachykinins in various physiological processes
makes them very important in drug discovery.16,17 In particular,
tachykinins play an important role in feeding, which is critical for

energy homeostasis and animal survival. In mammals, the
tachykinin peptides substance P and neuropeptide K consistently
suppress feeding behavior in rats.2,18,19 In contrast, in crustaceans,
TRPs exhibit significant changes in response to food intake20−22

and they have excitatory actions on the motor circuits for chewing
(gastric mill motor circuit) and the filtering of chewed food
(pyloric motor circuit).10,23,24

The decapod crustacean nervous system is a good invertebrate
model system to study the TRP physiological function in feeding-
related motor patterns because it is accessible and well-
characterized at the level of identified neurons.25−28 In these
animals, the TRPs are distributed in CNS interneurons, including
some within the stomatogastric nervous system (STNS).1,11,29−31

The STNS is composed of four ganglia, including the STG,
esophageal ganglion (OG) and the paired commissural ganglia
(CoG). The supraesophageal ganglion (brain) communicates with
the STNS via the inferior ventricular nerve (ivn), which connects
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to the OG, and the paired circumesophageal commissures (cocs),
each of which connects to a CoG.32 Our previous work
documented a feeding-related change in the amount of CabTRP,
including APSGFLGMRa (CabTRP Ia) and TPSGFLGMRa, in
the brain,20 suggesting an involvement of these peptides within the
CNS in feeding behavior.
In the current study, we discover a novel TRP, YPSGFLGM-

Ramide (CalsTRP), in Callinectes sapidus via a new multifaceted
mass spectrometry (MS) based platform combining multiple
microseparation techniques with various MS detection strategies.
Furthermore, we explore the feeding-related, quantitative changes
of CalsTRP in the brain and CoG of C. sapidus through tissue
extraction followed by stable isotopic labeling. The results show
elevated expression of TRPs, including CabTRP Ia and CalsTRP,
after feeding in both tissues. Using imaging mass spectrometry
(IMS), we also determined that these two TRP isoforms are
colocalized in the brain. Lastly, we show that CalsTRP has
biological activity comparable to CabTRP Ia in C. sapidus, insofar
as bath applying either peptide (10−6 or 10−7 M) to the STG
activated the gastric mill (food chewing) rhythm and the pyloric
(food filtering) rhythm. Overall, this study shows that the
multifaceted MS approach is a powerful and efficient tool for
discovery and functional study of neuropeptides in the crustacean
nervous system. The newly identified CalsTRP represents another
TRP neuropeptide family member playing a regulatory role in the
feeding behavior.

■ RESULTS AND DISCUSSION
Detection of Putative Tachykinins in Different Neural

Tissues in C. sapidus. We found that two putative TRPs
coexist in the C. sapidus nervous system. Specifically, in this
system, we observed two TRPs by accurate mass measurements
via different mass spectrometric approaches, including nanoLC-
ESI-QTOF, MALDI-FTMS, and MALDI-TOF/TOF, com-
bined with different tissue preparation methods including direct
tissue profiling, crude extract, and HPLC fractions. Figure 1a
shows the neuropeptide spectra of the brain HPLC fractions #8
and #10 acquired by MALDI-FTMS. In these spectra, CabTRP
Ia (m/z 934.49) was observed in fraction #8 and putative C.
sapidus TRP (m/z 1026.52) was observed in fraction #10,
collected at 16 and 20 min in a 120 min gradient of 5−95%
Solution B (see Methods). The similar LC elution profile and
simultaneous detection of both peaks in the CoG and STG
suggested that the peptide peak at m/z 1026.5 was likely a
novel TRP in C. sapidus. Figure 1b shows the neuropeptide
profile of CoG extraction by MALDI-TOF/TOF, wherein both
m/z 934.49 and m/z 1026.52 peaks were present, with the
latter being the most abundant peptide peak. This result agrees
with previous findings showing that TRPs are highly abundant
in the CoGs.33,34 This high abundance in the CoG may result
from the dense collection of TRP-containing nerve terminals of
the ∼100 postesophageal commissure neurons that innervate a
neurohemal structure within the CoG neuropil.30,33 Figure 1c
shows the direct tissue profile for a STG by MALDI-TOF/
TOF, in which both putative TRPs were present, albeit in
relatively low abundance compared to that in the brain (data
not shown) and CoG. If the TRP-containing neuronal
organization in C. sapidus is similar to that in C. borealis, then
the relatively low TRP abundance in the STG results from
these peptides being present only in the axon terminals of a
single pair of projection neurons, with no TRP-containing
STG neurons.10,11,31 In summary, with high sensitivity MALDI-
TOF/TOF, high resolution and high mass measurement

accuracy of the MALDI-FT MS, and the de novo sequencing
capability of ESI-Q-TOF, we readily detected two TRPs in the
brain, CoG and STG of C. sapidus, in direct tissue, crude tissue
extracts, and HPLC fractions, providing complementary data to
support the presence of TRPs in the blue crab nervous system
and enable detailed characterization of these important
signaling peptides.
De Novo Sequencing and Sequence Confirmation of

Tachykinin Peptides in C. sapidus. To confirm the identity
of CabTRP Ia and determine the amino acid sequence of the
putative novel TRP in C. sapidus observed by mass profiling, we
performed tandem mass spectrometry (MS/MS) experiments.
Two TRPs, including CabTRP Ia (m/z 934.49, APSGFLGM-
Ramide)10 and a novel peptide YPSGFLGMRamide (m/z
1026.52), were first sequenced in C. sapidus brain tissue extract
and HPLC fractions by nanoLC-ESI-QTOF. Comparison of
the two peptide sequences confirmed that the new peptide at
m/z 1026.52 is indeed a novel member of the TRP family, and
it is named CalsTRP (Callinectes sapidus TRP) in this study.
Subsequently, both TRPs were sequenced from CoG and STG
tissue extracts.
To confirm the sequence of the novel peptide, a peptide

standard with the derived sequence YPSGFLGMRamide was
synthesized and MS/MS experiments were performed using
both nanoLC-ESI-QTOF and MALDI-TOF/TOF. In Figure 2,
panels a and b show the MS/MS comparison of the standard
peptide to the peptide from brain extract by ESI-QTOF, while
panels c and d show the MS/MS comparison of the standard
peptide to the CoG extract by MALDI TOF/TOF. In panel a,
immonium ions P, L, F, Y, all y-ions (y1−y8) and a1, a2, b2−b8
were observed while b7, b8 were absent in panel b, presumably
due to relatively lower abundance of the peptide in the complex
brain extract. In panel c, immonium ions for S, P, L, R, M, Y, all
y-ions (y1−y8), a2, a5, a6, b2−b8, and some internal fragment
ions including PS-28, PSGF, and PSGFL were observed,
while in panel d all the above ions were observed except b8.
It is evident from both experiments that the fragmentation
patterns of the synthesized peptide standard and the
endogenous CalsTRP isolated from the brain and CoG tissue
extract match very well, further supporting the de novo
sequencing result and identity of CalsTRP. In comparison with
the crabs Cancer borealis and Carcinus maenas, which contain
CabTRP Ia (APSGFLGMRamide; m/z 934.49) and
CabTRP II (TPSGFLGMRamide; m/z 964.50),10,35−37 our
results show that C. sapidus contains CabTRP Ia and CalsTRP
(YPSGFLGMRamide). Thus far, CabTRP Ia is present in all
crustacean species studied, whereas one or more additional TRPs
are present in different subsets.22,34,37−40 The currently available
databases for crustaceans, such as nonredundant protein sequences
(nr), only contain several TRP prohormones from limited species
such as Homarus americanus, Procambarus clarkii, and Panulirus
interruptus that encode APSGFLGMRamide and TPSGFLGMRa-
mide.38,41 The novel TRP described here suggests the existence of
a multi-TRP containing preprotachykinin in C. sapidus that is yet
to be discovered.
Capillary Electrophoresis (CE) Separation for Im-

proved Quantitation Study. CE is a powerful modern
microcolumn separation technique that has gained widespread
use in biomolecular analysis because of its compatible buffer
system for biological samples, unparalleled resolution, and
minimal sample consumption. CE has been successfully
employed to enhance neuropeptide profiling coupled to
MALDI MS detection in our previous reports.42,43 Here, its
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coupling to MS detection successfully enabled us to address the
issues of the CalsTRP peak overlapping with an RFamide peptide
peak (see below) and the limited sample amounts available for the
analyses of CoG and brain extracts. Generally, the migration order
of peptides in CE is determined by their family specific sequences
(amino acid residues and mass) and isoelectric point values (net
charge). The TRPs have +2 net charge while the RFamide peptide
has a +3 charge under the CE separation conditions

(i.e., pH 5.0). Thus, the RFamide migrated faster than CalsTRP
which enables them to be separated.
In the C. sapidus CoG, the RFamide peptide GNRNFLRFa-

mide (m/z 1022.56) was detected (Figure 1b) with an
appreciable intensity, as was also the case in the brain sample
(data not shown). After formaldehyde labeling, CalsTRP
peptide YPSGFLGMRamide (m/z 1026.52) was present at
m/z 1054.57 with the light label and m/z 1058.59 with the
heavy label, as shown in Figure 3a. The differential labeling

Figure 1. Identification of putative tachykinins in C. sapidus brain, CoG and STG prepared with different sample processing methods using multiple
mass spectrometers. (a) HPLC fractions # 8 and #10 of brain extract analyzed by MALDI-FTMS reveal the presence of CabTRP Ia (m/z 934.39)
and putative CalsTRP (m/z 1026.52), respectively. (b) Mass spectrum of a crude CoG extract acquired on MALDI-TOF/TOF and (c) STG direct
tissue profiling on MALDI-TOF/TOF reveal the presence of two putative tachykinins by mass profiling. The abundant peaks in the spectra are
labeled with their protonated masses. Mass spectral peaks highlighted by stars are two putative tachykinins, including the previously identified
CabTRP Ia (APSGFLGMRa: m/z 934.49) and the novel putative TRP in C. sapidus (m/z 1026.52).

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn200042p |ACS Chem. Neurosci. 2011, 2, 711−722713



generated 4 Da of mass difference for the same peptide from
control and fed animals. Similarly, GNRNFLRFamide (m/z
1022.56) became the 1050.61/1054.63 pair after labeling. The
two 1054 peaks overlapped in the direct MALDI MS spectrum
and were highly difficult to resolve, even with the high-
resolution FTMS, due to their very close mass values (1054.57
vs 1054.63). To resolve these closely overlapped peptides and
thus obtain accurate expression changes of the CalsTRP
neuropeptide after feeding, a reliable separation method was
needed prior to MS analysis. CE separation was therefore
employed to separate these peptide pairs. As shown in Figure

3b, peak pair 1050/1054 eluted at 12.0 min (fraction #24) and
two TRP peak pairs (992/996 and 1054/1058) coeluted later,
at 14.5 min (fraction #29) (Figure 3c). The separation of the
two peptide pairs enabled confident assignment and accurate
quantitation of the peak pairs.
Another advantage of the CE separation approach for

neuropeptide analysis is that the sample consumption is very
low. Each loading requires no more than 50 nL of sample, and
thus, it was easy to obtain three to five technical replicates with
minimal sample consumption. Subsequently, the ratio of the

Figure 2. Tandem mass spectrometry (MS/MS) spectra of synthesized CalsTRP (YPSGFLGMRa, m/z 1026.52) and the novel CalsTRP from real
biological samples. (a) MS/MS of synthesized peptide standard YPSGFLGMRa by ESI-QTOF. (b) MS/MS of CalsTRP from brain neuropeptide
extract analyzed by nano LC-ESI-QTOF. (c) MS/MS of synthesized peptide standard by MALDI TOF/TOF. (d) MS/MS of CalsTRP from CoG
extract by MALDI TOF/TOF. Major sequence-specific fragment ions (immonium ions indicative of amino acid residues, a-, b-, and y-type ions) are
indicated in each spectrum. Comparison of synthesized CalsTRP standard and the novel CalsTRP in tissue extract reveals almost identical
fragmentation patterns, confirming the tandem MS-derived peptide sequence.
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heavy/light labeled peptide peaks can be averaged from both
biological and technical replicates.
Expression Level Change of TRPs in the Brain and

CoG between Fed and Unfed Animals Using Form-
aldehyde Labeling. Isotopic formaldehyde labeling is a well-
established, fast, and simple reaction which can be employed
for quantitative analysis of differential proteomic and
peptidomic studies.44−46 As shown in a previous study from
our group,20 formaldehyde labeling is also an efficient and
accurate method for measuring the quantitative expression
changes involved in behavioral (i.e., feeding) studies. Isotopic
formaldehyde labels the N termini of peptides with two methyl
groups, resulting in 28 and 32 Da mass shifts for each
incorporated light- and heavy-label, respectively, and 4 Da mass
differences between light-labeled and heavy-labeled peak pair
per incorporated label. This method enables detection of the
same peptide in different samples in a single spectrum, and the
calculation of the abundance differences based on the signal
intensity ratio of each peak pair. Using formaldehyde labeling
for the current study, we examined the quantitative changes of
neuropeptide expression in crab brain from five fasting and

satiated crabs, respectively. Figure 3c shows representative
MALDI-FTMS spectra from one group of brain extracts after
CE separation. Table 1a lists the five groups of average
abundance ratios (crab brain from fed vs unfed crabs) for
CalsTRP and CabTRP Ia, calculated from two replicate MS
spectra within each group. Table 1b displays four groups of
average abundance ratios for the two TRPs in the CoGs from
the fed versus unfed crabs.
Significant changes were observed between the fed and unfed

conditions for both TRPs (m/z 934.49 and m/z 1026.52).
Specifically, CabTRP Ia was consistently elevated in fed crab
brain (range: 1.20−2.24-fold increase) and fed crab CoG
(1.27−1.70-fold increase), with mean ratios of 1.64 and 1.31,
respectively (p < 0.01) (Table 1). Similarly, CalsTRP was up-
regulated in the crab brain (1.20−1.43-fold) and CoG (1.02−
1.45-fold) after feeding, with a mean ratio of 1.43 (p < 0.01)
and 1.20 (p < 0.05), respectively (Table 1).
Members of the tachykinin peptide family have been identified

throughout the animal kingdom, from mammals to invertebrates,
where they have various physiological and pathological effects on
both the CNS and peripheral tissues.18,19 For example, central

Figure 3. Representative spectra of isotopic formaldehyde-labeled mixture of extracts from the brain of a fed crab and an unfed crab before and after
CE separation. The unfed sample is labeled with FH2, and the fed sample is labeled with FD2. The heavy labeled peaks are indicated with closed
circles, and the light labeled peaks are indicated with open circles. (a) Isotopic formaldehyde labeled mixture of brain extract before CE separation
showing the overlapping of heavy-labeled RFamde and light-labeled CalsTRP at m/z 1054.62. (b) CE separation of brain extracts mixture at 12.0
min showing the labeled RFamide pair at m/z 1050.80/1054.80. (c) CE separation of brain extraction mixture at 14.5 min showing the labeled
CabTRP Ia pair at m/z 962.49/966.52 and CalsTRP pair at m/z 1054.52/1058.54.
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administration of substance P inhibits feeding behavior in chicks,47

while insect TRPs stimulate the contraction of foregut muscles
involved in feeding.48 In a previous feeding study in C. borealis,
amounts of two crustacean TRPs were increased in crab brain and
CoG after food intake,20 suggesting that this peptide family is
related to food intake in crustaceans. The increase in CabTRP Ia
levels in the brain observed in this study is consistent with our
previous results, as are the parallel results of the novel CalsTRP.
This study also presents the first quantitative expression change
(increase) of TRPs in fed versus unfed crabs in the CoG, a major
component of the STNS which generates feeding-related
behaviors.27,28

Tachykinin Localization Study in C. sapidus Brain by
MALDI Imaging. Figure 4a shows a schematic of the crab
brain with labeled neuropil regions showing distinctions
between the fused ganglia that comprise the brain. Figure 4b
shows the optical imaging of a C. sapidus brain tissue slice
before application of MALDI matrix. As shown in Figure 4c,
the previously identified CabTRP Ia was more concentrated in
the anterior (AMPN) and posterior medial protocerebral
neuropil (PMPN) and at the boundary of the olfactory lobe
(ON) in the C. sapidus brain. CalsTRP exhibited the same
localization pattern, as shown in Figure 4d. This observation is
consistent with previous results for CabTRP Ia in C.
borealis.49,50 Similarly, in fed animals, CabTRP Ia and CalsTRP
were present at relatively high amounts in the AMPN and
PMPN (Figure 4e, f). The CabTRP Ia signal intensity was
consistently higher than that of CalsTRP.
For each peptide, the signal intensity from the brain and

CoG in fed animals was higher than that of unfed ones, as is
evident by comparing the magnitude of the intensity bar in
Figure 4. Replicate imaging experiments were performed, and
the same results were observed. The elevation of both CabTRP
Ia and CalsTRP in the nervous system of fed C. sapidus suggests
that these two peptides may be encoded by the same
preprotachykinin. The increased signal in the brains of fed
versus unfed crabs also agreed with the quantitative results of
tissue extracts shown in Table 1. Although IMS cannot give
accurate quantitative results due to tissue heterogeneity and
inherent variation of MALDI signal response from complex

tissue samples, IMS provides semiquantitative assessment that
is complementary to the quantitative analysis obtained from
tissue extracts under different feeding conditions.
Our observation that, in the brains of both unfed and fed crabs,

CabTRP Ia had a higher signal intensity than CalsTRP agreed
with the tissue extraction profile of brain (data not shown), and
suggests that more copies of CabTRP Ia (APSGFLGMRamide)
are likely expressed than that of CalsTRP (YPSGFLGMRamide)
on the preprohormone. Alternatively, however, CabTRP Ia might
be more stable than CalsTRP. For example, it might be less
susceptible to peptidase-mediated degradation. Similar observa-
tions were made in C. borealis and Homarus americanus, which
have a higher abundance of APSGFLGMRamide than
TPSGFLGMRamide.34,38

YPSGFLGMRamide Activates the Gastric Mill and Pyloric
Motor Patterns in C. sapidus. Because CalsTRP levels in the
C. sapidus brain and CoG were consistently elevated after
feeding, we determined whether the novel CalsTRP neuro-
peptide had physiological actions on a feeding-related motor
circuit in C. sapidus. Specifically, we focused on the influence of
CalsTRP on the C. sapidus gastric mill (chewing) and pyloric
(filtering of chewed food) motor patterns, insofar as an
identified CabTRP Ia-containing input pathway to the CoG in
C. borealis activates a CabTRP Ia-containing CoG projection
neuron that drives these motor patterns in the STG.30

The isolated STNS preparation is shown in Figure 5a. The
gastric mill and pyloric motor circuits are located in the STG,
and selective superfusion of CalsTRP (10−6−10−7 M) to the
C. sapidus STG reversibly activated both motor patterns
(Figures 5b,c and 6). The gastric mill rhythm is a two-phase
(protraction, retraction) motor pattern that is not sponta-
neously active either in vivo or in vitro.25,27,28 On average, the
gastric mill rhythm was activated with a relatively long delay
after the start of CalsTRP (10−6 M) superfusion (3.75 ± 1.1
min, n = 5). The activation of the pyloric motor pattern after
the start of CalsTRP (10−6 M) superfusion was at a comparable
time scale (3.70 ± 1.7 min, n = 3). This prolonged delay was at
least partly due to the time required for the superfused peptide
to displace the normal saline from the inflow tubing and reach
its working concentration in the dish. The CalsTRP-activated
gastric mill motor pattern was comparable to that described
previously in other decapod crustacean species, including its
rhythmic alternating bursting of protractor (e.g., LG) and
retractor (e.g., DG) motor neurons (Figure 5b). During these
applications, the gastric mill cycle period (13.3 ± 1.7 s, n = 5)
was similar to the gastric mill rhythms elicited in C.
borealis.25,28,30 This was also the case for several additional
parameters commonly used to define the gastric mill rhythm,
including the LG neuron burst duration (4.72 ± 0.4 s, n = 5),
number of LG neuron spikes per burst (20.65 ± 1.8 spikes,
n = 5), and the LG intraburst firing rate (4.15 ± 0.3 Hz, n = 5).
The pyloric motor pattern has three active phases, followed

by a brief silent period before the next cycle begins (e.g.,
Figure 6). The active phases include two successive constriction
phases followed by dilation. These movements are driven by
identified motor neurons whose activity is readily recorded
extracellularly in a single nerve (dvn) that projects posteriorly
from the STG (Figure 5a). This motor pattern is commonly
spontaneously active in vivo and in vitro, although in some in
vitro experiments, when descending modulatory input is
removed, there is no spontaneous pyloric rhythm.25,28,30 When
there was no ongoing pyloric rhythm in C. sapidus, CalsTRP
application routinely activated this motor pattern (n = 4) (Figure 6).

Table 1. Abundance Ratios of Two Tachykinin Neuropeptides
in (a) the Brain from Fed versus Unfed Crabs from Five
Groups of Feeding Experiments and (b) the CoG from Fed
versus Unfed Crabs from Four Groups of Feeding
Experimentsa

(a)

Br 1 2 3 4 5 avg SEM p-value

934.39 1.56 1.52 2.24 1.68 1.20 1.64 0.17 <0.01
1026.52 1.4 1.52 1.27 1.70 1.24 1.43 0.08 <0.01

(b)

CoG 1 2 3 4 avg SEM p-value

934.39 1.43 1.22 1.40 1.20 1.31 0.06 <0.01
1026.52 1.02 1.24 1.45 1.08 1.20 0.11 <0.05

aOne crab brain (Br) was used to make each extract. Five pairs of crab
CoGs were used to make each extract. Each ratio is calculated based
on an average of two spectra from MALDI-FTMS analyses. The top
row in each table represents values for CabTRP Ia (m/z 934.39), and
the bottom row represents values for CalsTRP (m/z 1026.52).
Student’s t test was performed to evaluate the differences of each
peptide between fed and unfed states, and the p-value of <0.05 was
considered as statistically significant.
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We also applied CabTRP Ia (10−6−10−7 M) to the same
preparations as CalsTRP. The gastric mill and pyloric rhythm
responses to CabTRP Ia application were equivalent to their
above-reported responses to CalsTRP (Figures 5c and 6). For
example, with respect to the gastric mill rhythm (n = 5),
statistical analysis indicated that each of the studied motor
pattern parameters during CalsTRP and CabTRP Ia application
were highly likely to derive from the same distribution. These
parameters included the gastric mill cycle period (p > 0.05),
protractor phase duration (i.e., LG burst duration) (p > 0.05),
number of LG spikes per burst (p > 0.05), and LG intraburst
firing rate (p > 0.05). Similarly, the pyloric rhythm cycle period
resulting from CalsTRP and CabTRP Ia application were
statistically equivalent (p > 0.05, n = 3).
Insofar as CalsTRP and CabTRP Ia are identical except for

their amino-terminal amino acid, it was not surprising that
these two peptides were equally effective on the pyloric rhythm
in C. sapidus. In fact, an even more dissimilar TRP, the insect
LomTK II peptide (APLSGFYGVRa), can also excite the
C. borealis pyloric rhythm, although less strongly than CabTRP
Ia.10,11 In contrast, the mammalian tachykinin substance P is
ineffective on the C. borealis pyloric rhythm.11

There is a growing list of neuropeptide families with multiple
members being present in the same species, and at least

sometimes even in the same neurons.40 As in the case of
CalsTRP and CabTRP Ia, these individual family members are
often nearly identical. This has raised the still unresolved question
of what value there is, if any, for colocalizing multiple isoforms
from a peptide family for neural signaling. The possible functional
consequences of this situation include the different family
members activating different receptors, binding to the same
receptor yet activating different postsynaptic intracellular signaling
systems, and/or being differentially sensitive to extracellular
peptidase degradation.51−54 Given their comparable actions on
the gastric mill and pyloric rhythms, it seems unlikely that
CalsTRP and CabTRP Ia act via different receptors or activate
different postsynaptic signaling cascades by binding to the same
receptor. With respect to peptidase sensitivity, these two peptides
are likely to be equally sensitive to enzymatic cleavage and
inactivation by a neprilysin-like endopeptidase, which cleaves many
and perhaps all tachykinins.54,55 A neprilysin-like activity regulates
the duration of CabTRP Ia actions in C. borealis,23,24,30 and it is
likely to have the same action on CalsTRP insofar as these two
TRPs have identical amino acid sequences in their internal regions
where endopeptidases operate. However, these TRPs might also
be regulated by extracellular aminopeptidase activity, which is
present in the STG and regulates other neuropeptides therein.56,57

For example, TRPs in at least some insect species are also

Figure 4. Imaging mass spectrometry of C. sapidus brain shows the colocalization of CabTRP Ia and CalsTRP. (a) Representation of the ventral
surface of the isolated brain with labeled neuropil region and neuron clusters. The main body of the decapod crustacean brain includes the median
protocerebrum (MPC), deutocerebrum (DC), and tritocerebrum (TC). Each circumesophageal commissure (coc) projects from the tritocerebrum
to the thoracic ganglion (TG), part way between which it contains the CoG (not shown). Five major brain neuropil regions include the anterior
(AMPN) and posterior medial protocerebral neuropil (PMPN), olfactory lobe (ON), lateral antenna I neuropil (LAN), and antenna II neuropil
(AnN). Note: not all neuropil regions are indicated. (b) An optical image of one slice of C. sapidus brain before application of MALDI matrix, with
the brain regions highlighted. (c, d) MALDI-MS images of (c) CabTRP Ia and (d) CalsTRP showing their distribution in an unfed C. sapidus brain.
(e, f) MALDI-MS images of (e) CabTRP Ia and (f) CalsTRP in a fed C. sapidus brain. The relative abundance is highlighted with a color-scale bar in
each respective panel. Triplicate experiments were performed, and same results were obtained.
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regulated by extracellular dipeptidyl peptidase activity.58 If the crab
TRPs are indeed also sensitive to aminopeptidase activity, then the
amino-terminal Ala of CabTRP Ia and the amino-terminal Tyr of

CalsTRP are likely to be substrates for different aminopeptidases,
because each such peptidase has a strong preference for a specific
class of amino acids (e.g., acidic, basic, hydrophobic) at the amino-
terminal and/or penultimate amino-terminal position.55

Significance of the Novel Tachykinin. After the
discovery of substance P (SP), the first tachykinin in mammals,
in 1931,3 three other mammalian tachykinins were sequenced and
several other TRPs were detected and sequenced in invertebrates.1

While mammalian tachykinins have the conserved C-terminal
motif FXGLMamide, most invertebrate TRPs share the conserved
C-terminus GFX1GX2Ramide. In decapod crustaceans specifically,
the presence of tachykinin was first identified through
immunocytochemical and biological studies,59 and six tachykinin
isoforms were subsequently sequenced by mass spectral analysis,
including APSGFLGMRamide (CabTRP Ia), SGFLGMRamide
(CabTRP Ib),10,37 TPSGFLGMRamide (CabTRP II),37

APAGFLGMRamide (LivTRP I), APSGFNGMRamide (LivTRP
II), and APSFGLDMRamide (LivTRP III).39 Among these
isoforms, CabTRP Ia has been detected in all decapod crustaceans,
whereas other isoforms have only been detected in subsets of
decapods. Our identification of CalsTRP reveals the existence of
another TRP in decapod crustaceans, with a different amino acid
(Tyr) at the N-terminus. While it has only been detected in
C. sapidus thus far, its identification suggests the presence of a

Figure 5. Bath applied CalsTRP and CabTRP each activate the gastric
mill rhythm in the C. sapidus STG. (a) Schematic of the isolated C.
sapidus STNS. The ovals and associated symbols at the level of the
STG nerves represent the sites of extracellular recordings, as
performed in panels (b) and (c). Abbreviations: Ganglia: CoG,
commissural ganglion; OG, esophageal ganglion; STG, stomatogastric
ganglion. Nerves: dgn, dorsal gastric nerve; dvn, dorsal ventricular
nerve; ion, inferior esophageal nerve; lgn, lateral gastric nerve; lvn,
lateral ventricular nerve; mvn, medial ventricular nerve; son, superior
esophageal nerve; stn, stomatogastric nerve. (b) Top: During saline
superfusion, there was no ongoing gastric mill rhythm, as indicated by
the lack of rhythmic action potential bursts in the gastric mill nerves
lgn and dgn. Bottom: Bath-applied CalsTRP activated the gastric mill
rhythm. Note the rhythmic, alternating bursting of the LG protractor
and DG retractor motor neurons. The time scale bar pertains to both
panels. (c) CalsTRP and CabTRP Ia application each activated the
gastric mill rhythm in the same preparation. The gastric mill rhythm is
evident from the rhythmic action potential bursts of the LG protractor
motor neuron. Note the similarity in the LG burst characteristics
(cycle period, burst duration, intraburst firing rate) between the two
peptide-activated rhythms. There was a 1 h saline wash between the
two peptide applications and after the second of the applications. The
gastric mill rhythm terminated within 10 min from the onset of each
saline wash. The time scale bar pertains to all three panels.

Figure 6. Bath applied CalsTRP and CabTRP each activate the pyloric
rhythm in the C. sapidus STG. Top: In this preparation, there was no
ongoing pyloric rhythm during saline superfusion. As commonly
occurs under this condition, there was regular spontaneous activity in
the PY motor neurons and intermittent activity in the LP motor
neuron (dvn). Middle: CalsTRP application activated the pyloric
rhythm. Note the rhythmic, repeating coordinated bursting of the
pyloric motor neurons in the dvn (LP, PY, PD) and mvn (IC, VD)
nerves. As commonly occurs in other species, there was temporally
overlapping activity between the LP and IC neurons and between the
VD and PY neurons. Bottom: In the same preparation, CabTRP Ia
application also activated the pyloric rhythm. Note the similarity of the
rhythms in the presence of each peptide. There was a 1 h saline wash
between the two peptide applications and after the second of the
applications. Each pyloric rhythm terminated well before the end of
the saline wash. The time scale bar pertains to all three panels.
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novel tachykinin prohormone and opens the door for its existence
and detection in additional species.
Tachykinin receptors have a conserved sequence from

mammals to invertebrates.3 For example, the Drosophila
melanogaster tachykinin receptor NKD shares 38% identity in
the transmembrane domains with the mammalian NK3 receptor,
35% identity at these domains with mammalian NK1 receptor,
and 32% identity with the NK2 receptor.60 Moreover,
mammalian substance P produces a dose dependent change in
membrane currents by binding with the Drosophila tachykinin
receptor DTKR.61 Furthermore, the mammalian tachykinin
receptor antagonist Spantide I can suppress CabTRP Ia actions
on the C. borealis pyloric and gastric mill rhythms.10,23 Another
indication that tachykinins can influence their cognate receptors
in a foreign species, presumably due to the structural similarity of
receptors and ligands, is that LomTK II (Locusta migratoria
tachykinin II) increases inositol triphosphate levels by binding to
the NKD receptor.60

Tachykinins are involved in many physiological processes,
including the regulation of food intake. For example,
administrating the tachykinin peptides neuropeptide K and
substance P consistently suppresses feeding behavior in rat and
chick.47,62,63 However, in decapod crustaceans, feeding releases
TRP in midgut64 and causes the elevation of TRP in brain.20

Tachykinins also stimulate contractions in insects foregut and
hindgut1 and can modulate motor rhythms in the crustacean
stomatogastric nervous system.10,23,24,30,65 The up-regulation of
CalsTRP in our feeding experiments, and its effect on the STG
motor rhythms in C. sapidus, suggests that tachykinins are
feeding-related neuropeptides from mammals to invertebrates.

■ METHODS
Animals and Feeding Experiment. Blue crabs (C. sapidus) were

purchased from a local food market and maintained without food in an
artificial seawater tank at 12−13 °C for 1 week before use so that they
would be food-deprived for the subsequent experiments. In feeding
experiments, the crabs were fed small pieces of seafood until they
stopped eating, which usually took 30−45 min. The details of
dissection and the feeding experiments were described previously.20,66

Direct tissue preparation and tissue homogenization were also
performed as described previously.35 Briefly, small pieces of tissues
were dissected, followed by rinsing in acidified methanol and 10 mg/
mL of 2,5-dihydroxybenzoic acid (DHB) and prepared for MALDI
MS analysis. Acidified methanol was used for homogenization of 10
brains and 30 pairs of CoGs, and prepared for crude extract analysis or
HPLC separation as described below.
Instruments. The neuropeptide extracts from brains or CoGs

were resuspended in 0.1% formic acid solution, and then were
vortexed and briefly (10 min) centrifuged at 16 100g using an
Eppendorf 5415D tabletop centrifuge (Eppendorf AG). The resulting
supernatants were subsequently fractionated via a Rainin Dynamax
high performance liquid chromatography (HPLC) system equipped
with a Dynamax UV-D II absorbance detector (Rainin Instrument Inc.,
Woburn, MA) as described previously.36 The mobile phases included
Solution A (deionized water containing 0.1% formic acid) and
Solution B (acetonitrile containing 0.1% formic acid). About 20 μL of
extract from 10 animals was injected onto a Macrosphere C18 column
(2.1 mm i.d. × 250 mm length, 5 μm particle size; Alltech Assoc. Inc.,
Deerfield, IL). The separations consisted of a 120 min gradient of
5−95% Solution B. Fractions were automatically collected every 2 min
using a Rainin Dynamax FC-4 fraction collector.
A model 4800 MALDI TOF/TOF analyzer (Applied Biosystems,

Framingham, MA) equipped with a 200 Hz, 355 nm Nd:YAG laser
was used for direct tissue analysis, tissue extract analysis, and MALDI
imaging as described previously.20 A Varian/IonSpec Fourier trans-
form mass spectrometry (FTMS) instrument (Lake Forest, CA)

equipped with MALDI source and a 7.0 T actively shielded super-
conducting magnet was used for tissue extract analysis and quantita-
tion as reported previously.63 Nanoscale LC-ESI-Q-TOF MS/MS was
performed using a Waters nanoAcquity UPLC system coupled to a
Q-TOF Micro mass spectrometer (Waters Corp., Milford, MA) to
perform de novo sequencing as described previously.35,36

Peptide Prediction and Database Searches. De novo sequencing
was performed using a combination of MassLynx 4.1 PepSeq software
(Waters) and manual sequencing. Tandem mass spectra acquired on
the QTOF were first deconvoluted using MaxEnt 3 software (Waters)
to convert multiply charged ions into their singly charged forms. The
resulting spectra were pasted into the PepSeq window for sequencing
analysis. The candidate sequences generated by the PepSeq software
were compared and evaluated for homology with previously identified
peptides. The online program blastp (National Center for
Biotechnology Information, Bethesda, MD; http://www.ncbi.nlm.
nih.gov/BLAST/) was used to search the existing NCBI crustacean
protein database, using the candidate peptide sequences as queries.
Peptides with partial sequence homology were selected for further
examination by comparing theoretical MS/MS fragmentation spectra
generated by PepSeq with the raw MS/MS spectra. If the
fragmentation patterns did not match well, manual sequencing was
performed.
Off-Line CE-MALDI MS Analysis. Off-line CE separation was

performed on a home-built CE apparatus equipped with a capillary of
75 cm length (50 μm i.d. × 360 μm o.d.) as described elsewhere.42

The CE runs under 19 kV using ammonium acetate buffer (50 mM,
5% MeOH, pH 5.0) at room temperature (25 °C). The CE fractions
were deposited, every 30 s, onto the small matrix spots predeposited
onto the hydrophobic Parafilm, as described previously, and analyzed
by MALDI FTMS.42

In Solution Formaldehyde Labeling. A 3 μL aliquot of tissue
extract from one brain or four pairs of CoG was labeled in solution by
adding 0.7 μL sodium cyanoborohydride (NaBH3CN, 120 mM) and
then mixed with formaldehyde (FH2, 15% in H2O, 0.5 μL) for unfed
samples or deuterium formaldehyde (FD2, 15% in H2O, 0.5 μL) for
fed samples. The samples were then placed at room temperature for 10
min for the labeling reaction to be completed. Then 4 μL of each
solution was combined and mixed. The resulting mixture was spotted
on MALDI plates and analyzed using MALDI-FTMS. The spectra
were analyzed manually, and the peak pairs generated from TRPs were
selected for quantitative analysis. The relative abundance ratio for each
neuropeptide in fed crab versus unfed crab was determined by dividing
heavy labeled peak intensity with light labeled peak intensity, followed
by averaging the ratios from two replicate spectra. The Student’s t test
was performed to evaluate the differences of each peptide between fed
and unfed states, and a p-value < 0.05 was considered as statistically
significant.
Quantitative Data Analysis. Samples from fed and unfed crabs

in each experiment were differentially labeled and mixed in a 1:1 ratio.
After CE separation, each spot was analyzed twice. The peak intensity
of the monoisotope from FH2 and FD2 labeled peak pairs was
extracted from these spectra. The abundance ratio for each
neuropeptide in fed crab versus unfed crab was determined by
dividing the heavy labeled peak intensity over the light labeled peak
intensity. The average ratio and SEM were calculated from five
duplicate spectra from brain extracts and four triplicate spectra from
CoG extracts. The Student’s t test was also performed to evaluate the
differences between the fed and unfed samples, and a p-value < 0.05
was considered as statistically significant.
Electrophysiology. Electrophysiology experiments were per-

formed with male blue crabs (Callinectes sapidus) obtained from
local markets. Crabs were housed in commercial tanks containing
recirculating, aerated, artificial seawater (10−12 °C). Before dissection,
the crabs were cold-anesthetized by packing them in ice for at least 30
min. The foregut was then removed and maintained in chilled
physiological saline while the STNS was dissected from it and pinned
down in a saline-filled silicone elastomer-lined Petri dish (Sylgard 184,
KR Anderson, Santa Clara, CA).
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The isolated STNS was maintained in saline containing (in mM)
439 NaCl, 26 MgCl2, 13 CaCl2, 11 KCl, 10 Trizma base, and 5 maleic
acid (pH 7.4−7.6). During experiments, the nervous system was
superfused continuously (7−12 mL/min, 10−12 °C) with saline via a
switching manifold, to enable fast solution changes. A Vaseline well
surrounded the STG, enabling this compartment to be superfused
separately from the rest of the STNS. CalsTRP and CabTRP Ia were
each diluted to their working concentration (10−6−10−7 M) from a
stock solution immediately prior to applications. TRP superfusion was
limited to the STG compartment.
All electrophysiology experiments in C. sapidus were conducted

using the isolated STNS (Figure 5a). In all experiments, one or both
CoGs were left connected to the STG. Extracellular recordings of
pyloric and gastric mill motor neurons were made using routine
methods for this system.30 In brief, each extracellular nerve recording
was made using a pair of stainless steel wire electrodes (reference and
recording) whose ends were pressed into the Sylgard-coated dish. A
differential AC amplifier (model 1700, AM Systems, Carlsborg, WA)
amplified the voltage difference between the reference wire, placed in
the bath, and the recording wire, placed near an individual nerve and
isolated from the bath by petroleum jelly (Vaseline, Lab Safety Supply,
Janesville, WI). This signal was further amplified and filtered (model
410 amplifier, Brownlee Precision, Santa Clara, CA).
The pyloric rhythm was monitored by recording activity in the

dorsal (dvn) and/or lateral ventricular nerve (lvn) and medial
ventricular nerve (mvn). The separate activity of five of six pyloric
motor neurons can be readily recorded and analyzed in these two
nerves (dvn/lvn: lateral pyloric (LP), pyloric (PY), pyloric dilator
(PD) motor neurons; mvn: inferior cardiac (IC), ventricular dilator
(VD) motor neurons).27 The gastric mill rhythm was monitored
by extracellular recordings of the lateral gastric nerve (lgn) and dorsal
gastric nerve (dgn). In these nerves, the activity of the LG pro-
tractor motor neuron and dorsal gastric (DG) retractor motor
neuron are readily recorded. Individual pyloric and gastric mill
motor neurons were identified by their axonal pathways and activity
patterns.30,67

Electrophysiology Data Analysis. Data were collected onto a
chart recorder (Everest model, Astromed Corp.) and simultaneously
onto a PC computer using data acquisition/analysis tools (Spike2;
digitized at ∼5 kHz). Data analysis was facilitated by a custom-written
program for Spike2 (Cambridge Electronic Design, Cambridge, U.K.)
that determines the activity levels and burst relationships of individual
neurons (freely available at http://www.neurobiologie.de/spike2).
Unless otherwise stated, each data point in a data set was derived
by determining the mean of 10 consecutive pyloric or gastric mill
cycles. The pyloric cycle period was defined as the duration from the
start of two consecutive PD neuron bursts. The gastric mill cycle
period was defined as the duration between the onset of two
consecutive LG neuron bursts. A gastric mill-timed burst was defined
as a cluster of action potentials in a gastric mill neuron during which
no interspike interval was longer than 1 s. The burst duration was
defined as the duration (s) between the onset of the first and last
action potential in an impulse burst. The intraburst spike frequency
(Hz) was determined by dividing the number of spikes per burst
minus one spike by the burst duration. Figures were made from Spike2
files incorporated into CorelDRAW Graphics Suite X5 (Corel
Corporation, Mountain View, CA). Statistical analyses were performed
with SigmaStat 3.0 (Systat Software Company, Chicago, IL). All data
are expressed as the mean ± standard error (SE).
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