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Fig. 5. SIFamide- and tachykinin-related peptide-like immunopositive endocrine cells are differentially distributed within the Cancer midgut
epithelium. In each of the species investigated (Cancer borealis shown), the cells labeled by the SIFamide and substance P antibodies were
differentially distributed. Specifically, the SIFamide (SIFa)-stained cells (pseudocolored green) were restricted to the epithelium of the anterior
portion of the midgut proper and the anterior midgut caeca (shown in A), whereas substance P (Sub P) immunopositive cells (pseudocolored
red) were concentrated in the posterior portion of the midgut proper and the posterior midgut caecum (shown in B). As the few substance P-
like immunopositive cells seen in the anterior midgut (arrows) were not among those labeled by the SIFamide antibody, and vice versa (e.g. the
red and green, but not yellow, cells present in A), no colocalization of the two peptides is apparent in the midgut. It should be noted that some
epithelial endocrine cells possess a short, thin, basal process that projects along the outer surface of the midgut (arrows in B). This type of
projection was seen in a subset of both the SIFamide- and TRP-like immunopositive cells (TRP cell shown). Al (anti-SIFamide) and A2 (anti-
substance P) are brightest pixel projections of 28 optical sections collected at 1.05-pm intervals. Both labels were imaged simultaneously. A3
is a merge of Al and A2. B1 (anti-SIFamide) and B2 (anti-substance P) are brightest pixel projections of 26 optical sections collected at 1.05-
wm intervals. Both labels were imaged simultaneously. B3 is a merge of B1 and B2. A1, A2, B1 and B2 are all shown at the same scale, with

the scale bar in B2 equal to 200 wm. A3 and B3 are shown at the same scale, with the scale bar in B3 also representing 200 pm.

immunoreactivity was achieved when the substance P antibody
was preadsorbed with CabTRP Ia (N=3 preparations; data not
shown), but not when this antibody was pretreated with Gly'-
SIFamide (N=3 preparations; data not shown).

Direct tissue MALDI-FTMS identification of Gly!-SIFamide
and CabTRP la in Cancer midgut tissues

Although the immunohistochemistry described above
strongly supported the presence of both SIFamide- and TRP-
like peptides in midgut epithelial endocrine cells, the identity
of the specific isoforms present remained unknown. To identify
these substances, we performed direct tissue MALDI-FTMS on
epithelial samples isolated from either the AMC or PMC of
each of the Cancer species used in this study, as well as from
the midgut proper of C. borealis. In the spectra collected from
small pieces of the PMC (N=3 samples per species), an intense

peak appearing at m/z 934.49 was consistently detected at a
high relative abundance in all species. A representative
spectrum from C. borealis is shown in Fig. 6A. The m/z 934.49
peak was identified as CabTRP Ia based upon the m/z value
measured using internal calibration with PPG (see Table 1).
This assignment was further substantiated by isolation and
measurement of MS/MS spectra that showed excellent
agreement with that of a CabTRP Ia standard (data not shown).
Spectra of the PMC samples showed no indication of a peak
corresponding to Gly'-SIFamide (i.e. m/z 1381.74) or any other
known SIFamide isoform (i.e. Ala'-SIFamide and Val'-
SIFamide).

In spectra collected from the AMC of each species (N=3
samples per species), all peptide peaks were consistently less
intense than peaks derived from the PMC; a representative
spectrum from C. borealis is shown in Fig. 6B. Peaks at both
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Fig. 6. Direct MALDI-FTMS analysis of midgut tissues. Data
presented in this figure are from Cancer borealis, although identical
peptide identifications were achieved from both Cancer magister and
Cancer productus. Regardless of species or tissue, spectra were
measured using DHB as the matrix, with conditions optimized for
accumulation of m/z 1500. (A) A representative spectrum from a small
piece of posterior midgut caecum (PMC). In PMC samples, an intense
peak appearing at m/z 934.49 was consistently detected at a high
relative abundance. This peak was identified as APSGFLGMRamide
(CabTRP Ia), based upon the m/z value measured using internal
calibration with poly(propylene glycol). Spectra of the PMC samples
showed no indication of a peak corresponding to
GYRKPPENGSIFamide (Gly'-SIFamide), i.e. m/z 1381.74, or any
other known SIFamide isoform. (B) A representative spectrum from
a small piece of anterior midgut caecum (AMC). In AMC samples, a
peak at m/; 1381.74 (corresponding to the [M+H]* ion for Gly'-
SIFamide) was detected in approximately 95% of the spectra
measured; a peak at m/z 934.49 (corresponding to the [M+H]* ion for
CabTRP Ia) was detected in approximately 40% of the spectra.
Because of the low intensities of these peptide peaks, only accurate
mass measurements were used for peptide identification in this tissue.

m/z 1381.74 and m/z 934.49 were detected in at least one
spectrum from each animal, but the peak at m/z 1381.74 was
seen more consistently than was the m/z 934.49 peak. Because
of the low intensities of the peptide peaks present in AMC
spectra, only accurate mass measurements were used for
peptide identification. The measured masses were consistent
with the assignment of these peaks as Gly'-SIFamide and
CabTRP Ia (Fig. 6B, Table 1). In all species, the relative
intensity of the peak corresponding to Gly!-SIFamide was
greater than that of CabTRP Ia (Fig. 6B).

For C. borealis, we also examined small pieces of tissue
taken from the anterior midgut near the AMC junction, from
the central portion of the midgut and from the posterior
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Fig. 7. Detection of APSGFLGMRamide (CabTRP Ia) in the releasate
from posterior midgut caecum (PMC) samples. (A) MALDI-FTMS
spectrum of 0.5 ul of sample taken after a single PMC sample was
immersed in high-K* saline containing an inhibitor cocktail for 1 h at
4°C. (B) MALDI-FTMS spectrum of 0.5 pl of sample taken after a
single PMC sample was immersed in physiological saline containing
an inhibitor cocktail for 1 h at 4°C prior to tissue transfer to high-K*
saline. The arrow indicates the m/z position where CabTRP Ia would
be found, if present in the sample. Spectra were measured using DHB
as the matrix, and conditions were optimized for ions of m/z 1000,
using the accumulation of 30 laser shots. Both A and B are shown at
the same (m/z) scale.

midgut near the PMC junction. We consistently detected a
peak corresponding to that of CabTRP Ia (i.e. m/z 934.49) in
tissue samples collected from the midgut near the base of the
posterior midgut caeca, as well as in most, but not all, samples
taken from the posterior and middle region of the midgut
proper (Table 1). Peaks corresponding to both CabTRP Ia and
Gly!-SIFamide (m/z 1381.74) were consistently detected from
midgut tissue collected from near the base of the AMC
(Table 1). No peak corresponding to Gly!-SIFamide was
detected in other midgut tissue samples (Table 1), and that
corresponding to CabTRP Ia was detected in fewer samples
at the anterior relative to the posterior end of the midgut
proper.

Immunohistochemical evidence for peptide release from
Cancer midgut endocrine cells

To determine whether Gly'-SIFamide and/or CabTRP Ia can
be released from midgut endocrine cells, we compared the
relative intensity of SIFamide- and TRP-like immunoreactivity
in tissue samples that had been incubated in either
physiological or high-K* saline. Specifically, one of the paired
AMCs from an individual was incubated in physiological
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Table 1. Exact mass measurements for APSGFLGMRamide (CabTRP Ia) and GYRKPPFNGSIFamide (Gly'-SIF) detected in the
direct analysis of tissues using MALDI-FTMS

Peptide identity: APSGFLGMRa GYRKPPENGSIFa
Ton identity: [M+H]* [M+H]*
Calculated m/z: 934.49273 1381.73753
Species Tissue® Measured m/z>* Measured m/z>*
Cancer borealis PMC 934.49398 (1.3) ND
MGP 934.49075 (-2.1) ND
MGC© 934.49265 (-0.1) ND
MG 934.49194 (-0.8) 1381.73142 (-4.4)
AMC 934.49232 (-0.4) 1381.73669 (-0.6)
Cancer productus PMC 934.49284 (0.1) ND
AMC 934.49283 (0.1) 1381.73754 (0.01)
Cancer magister PMC 934.49328 (0.6) ND
AMC 934.49392 (1.3) 1381.73837 (0.6)

*Figure given in parentheses is the mass measurement error (p.p.m.).

“PMC, posterior midgut caecum; MGP, posterior midgut; MGSE, central midgut; MGA, anterior midgut; AMC, anterior midgut caecum.
"Internal calibration with poly(propylene glycol), angiotensin II or with known phospholipid peaks.

ND, not detected.

Table 2. Depolarization-induced changes in immunolabeling intensity

Species Tissue/label Control High K* Change (%) P value
Cancer borealis AMC/SIFa 169.8+5.5 164.5+6.6 -3.1%£1.9 0.0088
PMC/TRP 158.8+8.5 150.2+7.1 -5.4%1.7 0.0009
Cancer productus AMC/SIFa 171.8+6.3 165.0+6.0 -4.0£0.6 <0.0001
PMC/TRP 168.7+4.6 160.2+5.0 -5.0+2.3 0.0032
Cancer magister AMC/SIFa 164.7£9.3 158.3+£7.6 -3.8£2.2 0.0083
PMC/TRP 161.7+8.6 155.0+9.1 -4.1+0.9 <0.0001

Paired anterior midgut caeca (AMCs) and the single posterior midgut caecum (PMC) from six individual crabs were isolated, and each PMC
was divided into two pieces. After 1 h of incubation in control saline, the saline surrounding one member of each tissue pair was replaced with
control saline, whereas the other was replaced with high-K* saline. After 1 h, all tissues were simultaneously immunoprocessed for either
SIFamide (SIFa)- or substance P (TRP)-like labeling. Values shown are the mean pixel values for each of the six preparations. Paired two-tailed
Student’s #-tests were used to compare labeling intensity in control and high-K* saline (P value). No statistically significant differences were
seen in C. borealis tissue pairs when both AMCs or PMC sections were incubated in the same saline (N=6 pairs per tissue and saline; data not

shown).

saline, whereas the other was incubated in high-K* saline (N=6
pairings for each species). Likewise, one half of the PMC from
an individual was incubated in physiological saline, whereas
the other half of the caeccum was incubated in high-K* saline
(N=6 pairings for each species). Tissue pairs were then
simultaneously immunoprocessed for either SIFamide-like
(AMC:s) or TRP-like (PMC) labeling. For the SIFamide- and
TRP-like immunoreactivity in each species, a small, but
consistent, decrease in label intensity was seen in the tissue
samples chemically depolarized by exposure to the high-K*
saline (Table 2). Pair-wise two-tailed paired Student’s z-tests
showed that this drop in label intensity was statistically
significant (Table 2). By contrast, no statistically significant
differences were seen in the C. borealis tissue pairs where both
AMC:s or both PMC sections were incubated in the same saline

[AMC physiological/physiological, P=0.415; AMC high-
K*high-K*, P=0.7089; PMC physiological/physiological,
P=0.8797; PMC high-K*/high-K*, P=0.3774 (N=6 pairs per
tissue and saline)].

Mass spectrometric evidence for peptide release from midgut
endocrine cells

To further assess peptide release from the midgut, and to
determine whether the released peptides are secreted into the
solution surrounding the exterior of the tissue, we exposed
single C. borealis AMC and PMC samples to physiological and
high-K* saline in the presence of a protease inhibitor cocktail
at 4°C. Each sample was exposed to physiological saline for
1 h, transferred to a fresh sample of physiological saline for 1 h
and then transferred to and incubated for 1 h in high-K* saline.
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Fig. 8. Detection of APSGFLGMRamide (CabTRP Ia) in the
hemolymph of unfed and fed Cancer productus using MALDI-FTMS.
To assess whether or not circulating levels of Gly'-SIFamide and/or
CabTRP Ia are influenced by the feeding status of an individual
animal, hemolymph samples were collected and analyzed from
animals held without food for approximately seven days (A), as well
as from those held without food for approximately one week but
allowed to feed at will for 2 h prior to sampling (B). As can be seen
in the representative spectra, a peak corresponding to the [M+H]* ion
for CabTRP Ia, i.e. m/z 934.49, was detectable only in the hemolymph
of unfed animals. Gly'-SIFamide was not detected in spectra from
either unfed or fed individuals. With the exception of the inset, both
A and B are shown at the same (m/z) scale.

We then assayed the second physiological saline and the high-
K* saline releasates, as well as unexposed saline standards, for
evidence of Gly'-SIFamide and CabTRP Ia using MALDI-
FTMS. In three of four high-K* PMC releasates, we detected
a peak at m/z 934.49, which corresponds to that of CabTRP Ia
(Fig. 7A). This peak was not evident in any of the physiological
saline releasate (Fig. 7B), nor was it present in either of the
saline standards. In no releasate sample (physiological or high-
K* saline) was a peak corresponding to Gly'-SIFamide (i.e. m/z
1381.74) detectable.

The presence of CabTRP la in the circulatory system is
correlated to feeding status
To determine whether the levels of Gly'-SIFamide and/or
CabTRP Ia in the hemolymph of C. productus are related to the
feeding status of an animal, we sampled and assayed for their
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Fig. 9. Schematic representations of possible triggers for peptide
release, including that of CabTRP Ia, from Cancer midgut epithelial
endocrine cells. In these schematics, intrinsic endocrine cells are
colored red and epithelial cells are colored grey. At present, the cues
triggering secretion of paracrines/hormones from the intrinsic
endocrine cells of the crab midgut epithelium are unknown.
However, two classes of epithelial endocrine cells (‘open-type’ and
‘closed-type’) have been proposed, based on ultrastructural
morphology (Endo and Nishiitsutsiji-Uwo, 1981; Fujita et al., 1988).
(A) In open-type endocrine cells, the apical projections span the
entirety of the epithelium, projecting into the gut lumen. It is
proposed that these cells monitor the extracellular environment of
the lumen, initiating (red arrows) or stopping secretion of
hormones/paracrines when a threshold level of some chemical/ionic
cue is achieved (shown here as a color gradient in the lumen). (B)
In closed-type cells, the apical projections do not extend into the
lumen. These cells are believed to be mechanosensory, monitoring
changes in distension, which trigger (red arrows) or stop the release
of hormonal/paracrine signaling agents. It should be noted that
regardless of cell type, it is unclear how large the sphere of influence
(pink oval in B) might be for a peptide released from gut epithelial
endocrine cells. Likewise, it is not clear whether there is a
directionality to release from these cells. Given that our study shows
that circulating levels of CabTRP Ia are elevated in starved animals,
and previous work has demonstrated a myotropic action for it on the
musculature of the foregut (Messinger et al., 2005), we hypothesize
that the TRP released from the midgut endocrine cells may play a
crucial role in ensuring foregut muscle contraction in times of
limited food availability. It should be noted that the endocrine cells
in both panels of this schematic are highly stylized and should not
be interpreted as representative of the morphology of epithelial
endocrine cells in a general sense.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



710 A. E. Christie and others

presence in the hemolymph of both starved and recently fed
individuals. C. productus was chosen for hemolymph analysis as
neither of the classically ascribed Cancer neuroendocrine organs,
i.e. the X-organ-sinus gland (XO-SG) system and the pericardial
organ (PO), possess TRPs in this species (Fu et al., 2005),
whereas in C. borealis, TRPs are present in the PO (Christie et
al., 1995; Li et al., 2003) and in C. magister the distribution of
TRPs is unknown. In hemolymph samples from two of the three
crabs that were held without food, an abundant peak
corresponding to that of CabTRP Ia (i.e. m/z 934.49) was
detected using MALDI-FTMS (Fig. 8A). In the third unfed crab
we were unable to make a positive identification of CabTRP Ia
because of a low intensity of all signals in the collected spectra.
In none of the three fed individuals (Fig. 8B) were we able to
detect CabTRP Ia in the hemolymph, although intense signals
from other peptides were consistently seen. Although the lack of
a peak does not necessarily indicate the complete absence of the
peptide, it does indicate that the concentration is below our
detection threshold, showing that the relative hemolymph
concentrations of CabTRP Ia differ in fed versus unfed animals.
In no sample (unfed or fed) was Gly'-SIFamide detected.

Discussion
The crustacean midgut: a major endocrine center

In his ultrastructural analysis of the C. magister midgut,
Mykles (Mykles, 1979) demonstrated the presence of cells
within the epithelium that were similar in organization to
endocrine cells described earlier in the midgut epithelia of
insects (Reinhardt, 1976; Hecker, 1977). Because the C.
magister cells contained numerous dense-core vesicles and
exhibited morphological correlates of dense-core vesicle
release, they too were hypothesized to serve an endocrine role
(Mykles, 1979). Although no investigation prior to our study
has focused on these crustacean midgut cells, much work has
been done on their insect counterparts, and the endocrine
function of those cells is now well recognized (Winther and
Nissel, 2001). Here, we have used a combination of
immunohistochemical and mass spectrometric methods to
investigate further the endocrine nature of the putative midgut
epithelial endocrine cells of C. magister, as well as those of
two related crabs, C. borealis and C. productus. In each of the
species examined, we found populations of SIFamide- and
TRP-like immunopositive cells that exhibited morphologies
identical to those of the cells described as putatively endocrine
by Mykles (Mykles, 1979). Accurate mass measurements of
midgut tissues made using MALDI-FTMS identified the
midgut SIFamide as GYRKPPFNGSIFamide and the TRP as
APSGFLGMRamide in all of the investigated species. Release
experiments showed that both peptides can be secreted from
the endocrine cells of the midgut, with at least CabTRP Ia
secreted in vivo into the media bathing the outer surface of the
midgut, which in vitro would be the hemolymph. As both of
Gly'-SIFamide and CabTRP Ia are known to be biologically
active in crustaceans (Christie et al., 1997, Swensen and
Marder, 2000; Wood et al., 2000; Swensen and Marder, 2001;

Thirumalai and Marder, 2002; Messinger et al., 2005; Christie
et al., 2006), we feel that our work supports Mykles’ hypothesis
that the crustacean midgut possesses intrinsic endocrine cells
(Mykles, 1979). Moreover, given the size of the midgut in
Cancer species and the density of endocrine cells present there,
it appears that this portion of the digestive tract may represent
a major endocrine site in this decapod genus, as it has been
shown to be in many insect species (Sehnal and Zitnan, 1996).

What physiological cues trigger hormone release from the

midgut epithelium?

Broadly speaking, gut epithelial endocrine cells are typically
classified as being either ‘open-’ or ‘closed-type’ based on their
ultrastructural morphology (Endo and Nishiitsutsiji-Uwo,
1981; Fujita et al., 1988). ‘Open-type’ endocrine cells extend
their apical processes to the gut lumen, which typically exhibits
a microvillar border. Cells of this type are hypothesized to
monitor the ionic environment within the lumen and to release
their paracrines/hormones in response to changes in the
chemical composition of this environment (Fig.9A). By
contrast, ‘closed-type’ epithelial endocrine cells do not have
their apical extensions in direct contact with the gut lumen.
Here, rather than responding to chemical cues, it is
hypothesized that the cells monitor and release their
paracrine/hormone complements in response to changes in gut
tension (Fig. 9B). It is not yet clear as to which class the
epithelial endocrine cells of the Cancer midgut belong. In his
description of the ultrastructure of the C. magister midgut
epithelium, Mykles did not state whether or not a direct contact
with midgut lumen is made by these cells, and from the electron
micrographs shown in his study, it is not possible for us to
determine this (Mykles, 1979). Our immunohistochemical
images indicate that a direct contact is likely, suggesting the
cells are ‘open-type’, but this cannot be shown unequivocally
with the methodology used here. Thus, further analysis will be
required to determine whether the epithelial endocrine cells of
the midgut of Cancer species are chemosensory,
mechanosensory or perhaps both. Moreover, the direction of
release of peptides from these midgut endocrine cells has not
been determined. From our study it is clear that Gly'-SIFamide
or CabTRP Ia are distributed throughout the cells. This
distribution of peptide could allow for paracrine release
throughout the midgut epithelium as well as secretion into the
hemolymph. Webster et al. found morphological evidence for
hormone secretion in the basal region of fore- and hindgut
endocrine cells in the crab Carcinus maenas, substantiating the
proposed release into the hemolymph for these cells (Webster
et al., 2000). The micrographs of Mykles also show vesicles
docked to, and/or in the process of fusing with, the basal plasma
membrane of the endocrine cells of the C. magister midgut
(Mykles, 1979) (i.e. fig. 13), suggesting that here too, release
into the hemolymph is likely. In our chemical depolarization
studies, we showed via immunohistochemistry that both Gly!-
SIFamide and CabTRP Ia are releasable from the midgut
epithelium, although only CabTRP Ia was detectable via
MALDI-FTMS in the releasate bathing the outer surface of the
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midgut. Although the latter finding may be a result of the
threshold for mass spectrometric detection of the two peptides,
it raises the possibility that some midgut-derived peptides may
function solely as a paracrine or as a hormone, whereas others
may serve dual roles.

Paracrine roles for midgut-derived peptides in the crab
midgut

Work from many laboratories has shown the epithelium of
the crustacean midgut to be multifunctional (for reviews, see
Vonk, 1960; Dall and Moriarty, 1983; Icely and Nott, 1992).
Lipid absorption and storage are well-documented roles played
by this tissue. The midgut epithelium is also known to be the
site of synthesis of the peritrophic membrane, a permeable
barrier that separates the food bolus from the epithelial cells of
the midgut, protecting them from mechanical damage and
attack by toxic/pathenogenic agents. The transport of sugars,
amino acids, ions and water from the gut to the hemolymph are
also controlled by the cells that comprise the midgut
epithelium. Here, we provide evidence in support of another
function for the midgut epithelium in Cancer crabs, namely
paracrine/endocrine signaling.

Prior ultrastructural analyses and physiological studies
provide several possible paracrine targets for midgut-derived
CabTRP Ia and Glyl—SIFamide. In the locust, TRPs have been
shown to stimulate contractions of the circular muscles in the
midgut (Pabla and Lange, 1999) and, although untested, the
same may be true in Cancer crabs. It is also possible that the
nerve terminals abutting the basal surface of the midgut
epithelial cells (Mykles, 1979) may be a paracrine target of the
CabTRP Ia and/or Gly'-SIFamide released from the intrinsic
endocrine cells as both peptides are known to serve
neuromodulatory roles in crustaceans (Christie et al., 1997,
Swensen and Marder, 2000; Wood et al., 2000; Swensen and
Marder, 2001; Thirumalai and Marder, 2002; Christie et al.,
2006). Moreover, midgut epithelial cells themselves may be
paracrine targets of their endocrine neighbors, thereby
modulating the ability of the gut to absorb and store lipids,
synthesize membrane and transport ions, water and other
materials. Clearly, our study opens the door for future
investigations on the paracrine actions of substances secreted
from midgut endocrine cells.

In his description of the C. magister midgut epithelium,
Mykles noted few structural differences between the cells
present in different regions of the midgut (Mykles, 1979). In
fact, the only major difference noted was that the cells in the
midgut caeca tended to possess longer apical processes than
those present in the midgut proper. In contrast to their apparent
conserved morphology, we have found that at least a subset of
the endocrine cells present in the anterior midgut are
neurochemically distinct from their more posteriorly located
counterparts (i.e. SIFamide predominating versus exclusively
TRP-positive). Although the significance of this neurochemical
compartmentalization remains to be determined, it may
manifest functionally in the site-specific paracrine control of
the midgut, as has been postulated for a similar chemical
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segregation seen in the midgut of the mosquito Aedes aegypti
(Veenstra et al, 1995). In that report, TRP-like
immunoreactivity was found in endocrine cells of the anterior
midgut and the most frontal portion of the posterior midgut. It
was hypothesized that this distribution of midgut TRP cells
could result in a localized cinching of the muscles of both the
anterior- and posterior-most portions of the posterior midgut,
thereby holding a blood meal in the posterior midgut long
enough to ensure complete digestion. Moreover, RFamide-like
immunoreactivity, possibly reflecting the presence of peptides
related to vertebrate cholecystokinin (CCK)/gastrins, i.e. a
sulfakinin, is restricted to the posterior midgut in A. aegypti.
As this same region is known to be the site of trypsin synthesis
and release, it was postulated that the RFamides were involved
in local paracrine regulation of the biosynthesis and/or release
of this protease, as has been shown to be the case for
CCK/gastrins in the vertebrate gut. Thus, as future studies are
directed at the paracrine regulation of the crab midgut by
endocrine cell-derived factors, it will be interesting to
determine whether the neurochemical regionalization we report
does in fact manifest itself functionally.

Hormonal roles for midgut-derived peptides

The ultrastructure of Cancer midgut endocrine cells suggests
that they release peptides directly into the hemocoel (Mykles,
1979). Our release studies support this hypothesis, at least for
CabTRP Ia. If so, the peptides released from midgut endocrine
cells should be able to act not only as paracrines, but also as
hormones. Previous studies on the physiological effects of
CabTRP Ia in Cancer species suggest that one hormonal role
that is almost certainly played by this peptide is
neuro/myomodulation of the stomatogastric neuromuscular
system of the foregut (Christie et al., 1997; Swensen and
Marder, 2000; Wood et al., 2000; Swensen and Marder, 2001;
Thirumalai and Marder, 2002; Messinger et al., 2005). In C.
borealis, CabTRP Ia has been shown to activate or enhance the
activity of several neuronal elements participating in the gastric
mill circuit, which drives chewing by a set of internally located
teeth, and the pyloric circuit, which controls the movement of
the pyloric filter (Christie et al., 1997; Swensen and Marder,
2000; Wood et al., 2000; Swensen and Marder, 2001). The
thresholds  for  these  actions are  approximately
10°-1078 mol I"!, which is within the range typically viewed
as hormonal in this species. Moreover, in C. productus, a
hormonally relevant concentration of CabTRP Ia has also been
shown to enhance the excitatory junctional potentials in several
gastric mill and pyloric muscles, as well as to increase the size
of contraction in at least a subset of them (Messinger et al.,
2005). In at least C. productus, no CabTRP Ia is present in
either of the two crustacean neuroendocrine organs typically
viewed as the major sources of circulating peptide hormones,
namely the XO-SG and the PO (Fu et al., 2005). Thus, the TRP-
containing midgut endocrine cells described here are prime
candidates for the source of the CabTRP Ia that hormonally
modulates the stomatogastric system.

In addition to its likely actions on the foregut, hormonally
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delivered CabTRP Ia may well influence a variety of other
targets in Cancer species, as has been shown for midgut-
derived TRPs in insects. For example, TRPs have been shown
to be myostimulatory on the hindgut (reviewed by Nissel,
1999). In all species thus far examined, all isoforms of this
peptide family have been shown to induce contractions of the
midgut, including increases in both the rate and amplitude of
muscle contractions. In fact, the effects of TRPs on the
cockroach midgut are so pronounced that it has commonly been
used as a bioassay for tracking TRPs during the process of their
purification from both insect and non-insect species [e.g.
CabTRP Ia from C. borealis (Christie et al., 1997)]. In at least
a subset of insects, no local TRP innervation of the hindgut has
been found and no hormonal source other than midgut
endocrine cells has been identified (Winther and Nissel, 2001).
Similarly, in the beetles Tenebrio molitor and Zophobas
atratus, TRPs have been shown to be cardiostimulatory
(Sliwowska et al., 2001). In both species, exogenous
application of several TRP isoforms (at hormonally relevant
concentrations) increased heart-beat frequency. Moreover, in Z.
atratus these peptides also increased the amplitude of heart
contractions. As no TRP innervation of the heart was found in
either beetle species, the cardiotropic actions of TRP were
attributed to circulating peptides, probably originating from
endocrine cells in the midgut (Sliwowska et al., 2001). Clearly
both the hindgut and heart of Cancer species too are also
potential targets of circulating CabTRP Ia and as investigations
are conducted on them, it will be interesting to see how
extensive the influence of this midgut-derived peptide may be
in crabs.

In contrast to the wealth of knowledge on the physiological
actions of TRPs in arthropods, only a single study exists on the
physiological effects of the SIFamides in this phylum. Here,
the action of Val!-SIFamide on the stomatogastric system of
the American lobster H. americanus was investigated, and like
CabTRP Ia, this peptide too was found to be a potent
neuromodulator (Christie et al., 2006). In Cancer species,
neither the XO-SG nor the PO contains Gly'- or any other
SIFamide isoform (Fu et al., 2005). Thus, if the stomatogastric
neural circuits and/or the foregut musculature are modulated by
low concentrations of this peptide, the immunopositive midgut
endocrine cells described here are a possible source of the
hormone.

A putative function for feeding-regulated release of CabTRP
la in C. productus

The gastric mill and pyloric rhythms produced by the
stomatogastric nervous system (STNS) of decapod species,
including members of the genus Cancer, are highly variable in
their expression. Work from many laboratories has shown that
much of this variation in motor pattern expression is because
of the modulatory actions of peptides released both locally
within the ganglia that comprise the STNS and delivered to it
via the hemolymph. Although the stomatogastric neural circuits
are modulated by peptides delivered both locally and
hormonally, most of the foregut musculature is likely to be

influenced only by hormonally delivered substances, as there
appears to be little direct innervation of it by peptidergic axons.

The work of Jorge-Rivera and Marder suggests that the
actions of circulating peptides on the foregut musculature play
a crucial role in ensuring foregut movement when ongoing
motor patterns are weak, such as when there is little or no food
present in the system and hence the activation of the
stretch/chemosensory receptors is minimal or non-existent
(Jorge-Rivera and Marder, 1996). It is under these conditions
that peptidergic modulation of muscle contractions is at its
strongest; without such modulation each burst of motor neuron
activity produces a relatively small contraction, one that is
unlikely to produce much, if any, muscle movement. Given that
we have shown that the circulating levels of CabTRP Ia are
elevated in starved animals, and that this peptide is myotropic
on the musculature of the foregut (Messinger et al., 2005), we
postulate that TRP release from the midgut endocrine cells may
play a crucial role in ensuring foregut muscle contraction in
times of limited food intake.

Brain-gut peptides in crustacea: rule or exception?

In addition to providing evidence in support of an endocrine
role for the midgut epithelium, we have also shown that two
known crustacean neuropeptides, Gly!-SIFamide and CabTRP
Ia, are among the complement of signaling molecules present
in the epithelial endocrine cells of that tissue. Before this study,
only two crustacean brain-gut peptides had been identified:
crustacean  hyperglycemic  hormone and crustacean
hyperglycemic hormone precursor-related peptide, both of
which are found in the nervous system and in the foregut and
midgut of the crab C. maenas (Kegel et al., 1989; Weidemann
et al., 1989; Tensen et al., 1991; Chung et al., 1999; Webster
et al., 2000; Dircksen et al., 2001). Our identification of Glyl—
SIFamide and CabTRP Ia in the Cancer midgut now brings to
four the number of fully characterized brain-gut peptides in
decapod species, and suggests the possibility that there may be
a myriad of such peptides in the midgut epithelium of decapod
crustaceans, as there are in insects.
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